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This review paper encompasses a variety of adsor-
bent materials (carbon-based, oxygen-based, organic 
polymers, and composite materials) that are used 
by numerous investigators to treat different types of 
VOCs. MOF-based composite materials are future 
adsorbents as an alternative to zeolites and activated 
carbon, but further research to address the problem of 
costly treatment steps is the need of the hour. Mag-
netic composite materials are also emerging adsor-
bents for the VOCs removal, which have attracted the 
attention of many researchers. This comprehensive 
review of adsorbents enables budding researchers to 
cautiously scrutinize and select the appropriate adsor-
bent depending on the characteristics of the target 
VOCs.

Keywords  Adsorption · VOCs · Adsorption 
capacity · Adsorbent material · Benzene · Toluene

1  Introduction

Volatile organic compounds (VOCs) belong to the 
class of organic chemicals that are described by low 
boiling points. Several definitions of VOCs are pro-
posed by various international agencies. As per the 
US Environmental Protection Agency (US EPA), 
“VOCs are carbon-bearing compounds excluding 
CO, CO2, H2CO3, metal carbides or carbonates, and 
(NH4)2CO3, which participates in atmospheric pho-
tochemical reactions”. VOCs belong to the class of 
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organic chemicals that are described by low boil-
ing points. As per the World Health Organization 
(WHO), VOCs are organic compounds having vapor 
pressures over 133.32 Pa and boiling points between 
50 to 260℃ at 1  atm pressure (Zavyalova et  al., 
2008) and based on their boiling points VOCs can be 
either (i) very- and semi-volatile organic compounds 
(VVOCs & SVOCs), or (ii) particulate organic mat-
ters (POMs). VOCs may have different molecular 
structures and based on the extent of the molecular 
polarity they are classified as polar and non-polar. 
The comprehensive categorization of VOCs is dem-
onstrated in Fig. 1. In addition, pesticides, herbicides, 
and organophosphate esters also belong to the family 
of VOCs.

The VOCs are usually discharged from anthropo-
genic and natural sources. The spike in urbanization 
and industrialization in the last two or three decades 
are the two major reasons behind the incessant rise 
in VOCs emissions from anthropogenic sources. For 
instance, in China, VOCs emissions were predicted 
to increase at an average annual rate of over 5.9% 
(Zhu et  al., 2020). Figure  2 shows the percentage 
contribution of VOCs emitted from various anthro-
pogenic sources with industrial emissions being 

highest at 43%. The industries responsible for the 
generation of VOCs in greater amounts are related to 
petroleum refining, solvent manufacturing, and coal 
combustion (He et  al., 2019). Coal combustion in 
power plants among the various industrial processes 
is reported to be the main source of VOCs emission 
i.e. 37% (Yan et  al., 2017). Coal combustion results 
in the generation of the most hazardous air pollutants, 
popularly known as BTEX (benzene, toluene, eth-
ylbenzene, and xylene). In addition to anthropogenic 

Fig. 1   The classification of 
different VOCs. Reprinted 
with Permission from Zhu 
et al. (2020). Copyright 
Elsevier 2020

Fig. 2   VOCS emission from different sources. Reprinted with 
Permission from Yang et al. (2019a). Copyright Elsevier 2019



Water Air Soil Pollut         (2025) 236:795 	 Page 3 of 43    795 

Vol.: (0123456789)

sources of emission, there are biogenic emission 
sources which mainly come from natural sources. 
There are two sources of biogenic VOCs emissions, 
namely, terrestrial and oceans. Natural sources can 
emit up to 1150 × 1012  g carbon/year as compared 
to 142 × 1012  g carbon/year through human activi-
ties (Li et  al., 2002). Isoprenes and monoterpenes 
are the two commonly known biogenic VOCs with 
the contribution of isoprenes from terrestrial sources 
around 500 × 1012 g carbon/year (Muller et al., 1992). 
Oceans are also regarded as a great VOCs emission 
source as it was reported that microlayers of seawater 
were supersaturated with acetone and acetaldehyde 
(Singh et al., 2003). There have been a lot of studies 
that established the involvement of ocean biology in 
the generation of VOCs. Marine sources were found 
to emit dimethyl sulfide and methyl iodide in good 
amounts. Further, it was also discovered that ocean 
water also acted as a sink for VOCs.

The harmful effects of VOCs on the ecological 
environment and the health of human beings have 
also been extensively reported in the literature. VOCs 
are responsible for the formation of ozone due to their 
reaction with NOx, one of the primary ingredients of 
smog which causes serious health concerns to human 
beings. PM2.5 formation also occurs when oxygen-
ated VOCs undergo condensation and nucleation. 
The emission of VOCs also contributes to the green-
house effect. The harmful effects of VOCs are listed 
in Table 1.

There are various control techniques available 
for the abatement of VOCs which are further clas-
sified into destruction and recovery methods. The 

destruction techniques comprise of thermal oxida-
tion, catalytic oxidation, and biofiltration. Whereas, 
adsorption, absorption, condensation, and mem-
brane separation are a few of the recovery tech-
niques. The pros and cons of all the available con-
trol techniques are presented in Table 2.

Amongst the available VOCs treatment tech-
nologies, adsorption is regarded as one of the pre-
ferred techniques on account of the advantages it 
offers such as less energy consumption hence low 
operational cost, flexibility of operation, and high 
efficiency. There are a large number of porous 
materials that are available for this application, the 
characteristics of these materials such as adsorption 
capacity, hydrophobicity, pore size, stability, etc., 
were investigated in detail in this review paper.

Most of the earlier review papers in this field 
dealt only with carbonaceous materials as it is the 
most popular and widely employed adsorbent. This 
paper reviewed carbon-based materials, oxygen-
containing materials, organic polymers, and com-
posite materials. The interaction between VOCs 
and adsorbents along with the methods to enhance 
adsorption performance were also discussed. A lit-
erature review was performed by considering the 
research papers published from 2000 to 2025. A 
literature search was executed by using the key-
words such as"adsorption"and"volatile organic 
compounds"in Scopus and Science Direct. Fur-
ther, the search was done for various adsorbents 
employed for the VOCs adsorption. In this study, an 
attempt was made to cover a variety of adsorbents 

Table 1   Effect of VOCs on 
health and environment

S.NO Type of VOCS Impact on health/environment

1 Acetone May cause coughing, dizziness, dullness and headache
2 Benzene May cause nausea, vomiting, etc
3 Carbon Tetrachloride Possible carcinogen, Harmful to aquatic organisms
4 Formaldehyde Eye, nose, throat irritation
5 Toluene Effects kidney, nervous system, liver
6 Methyl Ethyl Ketone Person with pre-existing eye, skin or respiratory condi-

tions may be more susceptible
7 Chlorophenols Precursors to PCDD/F formation which are highly toxic
8 Xylene May cause drowsiness and dizziness, irritating to skin 

and eyes, toxic to aquatic organisms
9 Vinyl Chloride Possible carcinogen
10 Chlorobenzene Precursors to PCDD/F formation which are highly toxic
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that can be used for the capture of VOCs to enable 
researchers to judiciously select an adsorbent.

2 � Materials

2.1 � Carbon‑Based Materials

Carbon-based materials are the most versatile and 
popular adsorbents for the adsorption of VOCs. The 
large surface area, adjustable porosity, and, most 
importantly, its moderate cost is some of its attributes.

2.1.1 � Activated Carbon

Activated carbon (AC) is considered one of the 
well-accepted and recognized adsorbents among the 
research community working in the field of adsorp-
tion of VOCs. Its highly porous structure, large sur-
face area, and excellent chemical stability are some 
of its characteristics that enhance the adsorption abil-
ity of activated carbon. Moreover, it is cost-effective 
also. Activated carbon can be manufactured by uti-
lizing a variety of raw materials containing large 
amounts of carbon content (carbonaceous materials). 
The precursors generally employed for the prepa-
ration of activated carbon are pepper stalks (Dolas 
et  al., 2023), corn cob (Bagheri & Abedi, 2009; 
Jawad et al., 2020), green coffee (Bozaci & Acarali, 
2023), coffee grounds (Ching et  al., 2011), nut-pea-
nut shells (Yang & Lua, 2003), banana trunk (Danish 
et al., 2022), moso bamboo (Yuan et al., 2021), cas-
sava stem (Sulaiman et al., 2018), rice straw (Sangon 
et al., 2018), palm kernel shell (Karri & Sahu, 2018), 
tannery solid waste (Yuvaraj et  al., 2018), barley 
husk, corn cob, and Agave salmiana leaves (Canales-
Flores & Prieto-Garcia, 2020), coconut shells (Zhang 
et  al., 2020), dirty plastic waste (Cansado et  al., 
2022), agro-industrial residues such as cork powder 
and peach stones (Cabrita et  al., 2010), municipal 
solid waste (Karimi et  al., 2020), carob waste (Vie-
gas et al., 2020), pomelo peel (Sun et al., 2021). The 
AC is generally available in granular, pellet, or pow-
der form. A lot of literature is available in the field 
of preparation of AC along with its modification and 
suitability as an adsorbent for the removal of VOCs. 
AC is considered as one of the promising adsorbents 
in the field of dyes removal (Akbar Ali et al., 2020; 
Azzouni et  al., 2023; Grigoras et  al., 2020), heavy 

metals adsorption (Liu et al., 2023; Gorzin & Abadi, 
2017; Worku et  al., 2023; El-Nemr et  al., 2023), 
CO2 capture (Cruz Jr. et al., 2023; Lim et al., 2023; 
Wang et  al., 2023; Xing et  al., 2023), SO2 adsorp-
tion (Jacobs et al., 2023), NH3 adsorption (Cardenas 
et  al., 2023; Wu et  al., 2023), phenol removal (Cao 
et al., 2020; Dehmani et al., 2023; Zhang et al., 2023), 
adsorption of pharmaceuticals (El Mouchtari et  al., 
2020; Jaria et  al., 2020), dissolved organic matter 
from landfill leachate (Zeng et  al., 2020), indoor air 
purification (Zheng et al., 2023), flavonoids removal 
(Lu et al., 2023), and adsorption of VOCs (Gupta & 
Kumar, 2020; Lashaki et al., 2023). To date, a lot of 
studies have been conducted for the adsorption of 
VOCs on AC to access its adsorption capacity under 
varying operating conditions. Oh et  al. (2010) stud-
ied the adsorption behavior of methanol, ethanol, 
methyl ethyl ketone, benzene, n-propanol, toluene, 
and o-xylene on granular activated carbon (GAC) at 
101.3 kPa and in 298–323 K temperature range. The 
adsorbent’s surface area and pore volume were 804.6 
m2.g−1 and 0.4734 cm3.g−1, respectively, and the 
adsorption capacities of these various VOCs lay from 
10.4 to 89.4 mg. g−1. Liu et al. (2011) employed AC 
entrapped with stainless steel fibers having a specific 
surface area of 769 m2.g−1 for the adsorption of tolu-
ene. The breakthrough time was found to increase by 
15 min in comparison to adsorption over GAC. Kal-
luri et al. (2008) used microfibrous entrapped carbon 
adsorbent for hexane adsorption and found substantial 
improvement in the breakthrough time compared to 
adsorption on the same size of AC. Li et  al. (2011) 
performed adsorption of o-xylene over chemically 
treated GAC. For this, separate solutions of 10  M 
nitric acid (NA), 9 M sulfuric acid (SA), 7.3 M phos-
phoric acid (PA), and 10 M sodium hydroxide (SH) 
were prepared. GAC particles were then dipped in 
each of these solutions to obtain modified GACs 
named GAC/NA, GAC/SA, GAC/PA, and GAC/SH. 
GAC/SH possessed the highest BET surface area of 
868 m2.g−1 with a maximum adsorption capacity of 
295.403  mg.g−1. Kim et  al. (2006) adsorbed ben-
zene and toluene on AC treated with 1 wt% H3PO4 
whose specific surface area was found to be 1109 m2.
g−1. The adsorption capacity for benzene and tolu-
ene was obtained to be 499.9 mg.g−1 and 372.6 mg.
g−1, respectively. The incomplete desorption of AC 
results in the formation of a heel, which adversely 
affects the longevity and regeneration cost (Jahandar 
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Lashaki et al., 2016). It was attributed to irreversible 
adsorption, including chemisorption. The adsorption 
of various VOCS vapors on activated carbon are sum-
marized in Table 3.

It is apparent from Table  3 that a fairly good 
adsorption capacity of up to around 900  mg VOCs 
adsorbed/g AC can be achieved under various condi-
tions. The capacity of the adsorbent is also strongly 
dependent upon its physicochemical properties 
such as pore volume, surface area of the adsorbent, 
pore structure, pore size, etc. along with the proper-
ties of VOCs molecules and adsorption conditions. 

However, the flammable nature of AC poses a risk of 
fire in case of exothermic adsorption processes. Fur-
ther, the high resistance, pore blocking, and hygro-
scopic nature of activated carbon limit its implemen-
tation in the control of VOCs.

2.1.2 � Biochar

Biochar is a solid material consisting of high carbon 
content which is obtained by heating the carbonaceous 
material especially biomass in the absence of oxygen 
(Fig. 3). Notably, the raw materials employed for the 

Table 3   Summary of applications of AC on VOCS adsorption

Adsorbate Adsorption capacity, 
mg.g−1

Conditions Reference

Methanol 10.6 25 °C, 120 mL.min−1, 6000 ppmv Oh et al. (2010)
Ethanol 15.9 25 °C, 120 mL.min−1, 6000 ppmv Oh et al. (2010)
Benzene 27.5 25 °C, 120 mL.min−1, 6000 ppmv Oh et al. (2010)
o-Xylene 90.4 25 °C, 120 mL.min−1, 6000 ppmv Oh et al. (2010)
Methyl Ethyl Ketone 24.3 25 °C, 120 mL.min−1, 6000 ppmv Oh et al. (2010)
n-Propanol 30.3 25 °C, 120 mL.min−1, 6000 ppmv Oh et al. (2010)
Toluene 59.2 25 °C, 120 mL.min−1, 6000 ppmv Oh et al. (2010)
o-Xylene 305.7 22–27 °C, 45 mL.min−1, 2176–2239 mg.m−3 Li et al. (2011)
Toluene 401.79 25 °C, 30 mL.min−1, 5 mg.L−1 Mohan et al. (2009)
Cyclohexane 229.4 27 °C, 0.55 mL.min−1, 72.76 mg.L−1 Gironi and Piemonte (2011)
Benzene 340 30 °C, 250 mL.min−1, 1000 ppmv Cal et al. (1996)
Toluene 240.6 28 ± 1 °C, 0.076 m.s−1, 70 ppmv Shiue et al. (2010)
Benzene 220 30 °C, 2000 mL.min−1 0.015P0, Chiang et al. (2002)
Hexane 403.2 25 °C, 0.8P0 Ramos et al. (2010)
Benzene 561.6 25 °C, 0.8P0 Ramos et al. (2010)
Toluene 552 25 °C, 0.8P0 Ramos et al. (2010)
Hexane 369.6 25 °C, 0.8P0 Cardoso et al. (2008)
Toluene 22.5 24℃, 0.9P0 Bajwa et al. (2016)
Benzene 31.1 24℃, 0.9P0 Bajwa et al., (2016)
Xylene 27.5 24℃, 0.9P0 Bajwa et al. (2016)
Hexane 25 24℃, 0.9P0 Bajwa et al. (2016)
Toluene 350 21℃, 250 mL.min−1, 100 ppmv Anfruns et al. (2011)
Methyl Ethyl Ketone 220 21℃, 250 mL.min−1, 100 ppmv Anfruns et al. (2011)
Limonene 640 21℃, 250 mL.min−1, 50 ppmv Anfruns et al. (2011)
Ethyl Benzene 339 25℃, 0.99P0 Bedane et al. (2019)
Toluene 368 25℃, 0.99P0 Bedane et al. (2019)
p-Xylene 318 25℃, 0.99P0 Bedane et al. (2019)
n-Hexane 244 25℃, 95 mL.min−1, 0.0013 g.cm−3 Dobre et al. (2014)
2-Propanol 357 25℃, 95 mL.min−1, 0.000248 g.cm−3 Dobre et al. (2014)
Benzene 892 20℃, 0.986P0 Xu et al. (2017)
Toluene 692 20℃, 0.986P0 Xu et al. (2017)
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synthesis of activated carbon and biochar along with 
the manufacturing techniques are the same. The tem-
perature needed for carrying out pyrolysis operation 
in the case of biochar production is relatively lower 
(around 700℃). Biochar offers advantages such as the 
availability of abundant feedstocks accompanied by 
low manufacturing costs. Hence, it is seen as an effec-
tive and potential replacement for activated carbon. 
The cost incurred during the production of biochar is 
reported to be only one-sixth of the commercial acti-
vated carbon. The major field in which biochar has 
been extensively employed is related to soil fertility 
in agriculture. The type of feedstock employed for the 
production of biochar influences its physicochemical 
properties which subsequently affects its performance 
as an adsorbent. Table 4 shows a variety of raw mate-
rials when subjected to different pyrolysis tempera-
tures leading to the production of biochar with differ-
ent specific surface areas and adsorption capacities. 
Pyrolysis temperature between 500—550℃ yielded 
surface area as high as 110 m2. g−1 for sludge-based 
biochar compared to biochar derived from other raw 
materials (Table  4). The two influencing parameters 
that determine the adsorption characteristics of bio-
char are its aromaticity and polarity. The molar ratios, 
H/C and O/C, in biochar, are utilized to estimate aro-
maticity and polarity. Low H/C indicates higher aro-
maticity which is attributed to the greater pyrolysis 
temperature that subsequently results in the produc-
tion of biochar with a greater extent of carbonization. 
High pyrolysis temperature expedites the removal 
of surface functional groups containing oxygen thus 
enhancing its aromaticity and at the same its affin-
ity towards hydrophobic VOCs (non-polar aromatic 
hydrocarbons). The adsorption capacity of biochar 
produced at 700℃ was found to be more compared to 
biochar produced at 300℃ in adsorbing trichloroeth-
ylene, a non-polar compound (Ahmad et  al., 2013). 

Chen et  al., (2008) also reported similar results 
wherein nitrobenzene and naphthalene were adsorbed 
onto biochar prepared in the temperature range of 
100–700℃. Moreover, greater pyrolytic temperatures 
cause specific surface areas to increase and the pore 
size of the resulting biochar to decrease. It is also 
evident from Table 4, that the highest specific areas 
of 467.8 and 517.28, respectively, were obtained 
when biochar from pistachio shells and bamboo, 
respectively, were produced at higher pyrolysis tem-
peratures of 900 and 1000℃, respectively. The high 
polarity (i.e., high O/C ratio) biochar is found to be 
more suitable for the adsorption of hydrophilic VOCs 
(aldehydes and ketones) and it also suggests the pres-
ence of more acidic functional groups. Ball milling is 
one such operation that augments the hydrophilicity 
and polarity of biochar by bringing in oxygen-holding 
functional groups on the surface (Zhang et al., 2021).

The dominant mechanisms responsible for the 
uptake of organic compounds on biochar are reported 
to be π-π interactions, hydrogen bonds, hydrophobic 
interactions, and electrostatic effects (Wang et  al., 
2013). While the following mechanisms are sug-
gested for the adsorption of VOCs: electrostatic inter-
actions, polar VOCs—hydrophilic site interactions, 
non-polar VOCs – hydrophobic site interactions, and 
partition in non-carbonized content (Fig.  4). In gen-
eral, the controlling adsorption mechanism is influ-
enced by the pyrolysis temperature. At lower pyroly-
sis temperatures (100—300℃), the non-carbonized 
portion in char is quite more owing to which partition 
mechanism plays a dominant role in VOCs removal. 
Higher non-carbonized organic matter is also a conse-
quence of the occurrence of the high amount of vola-
tile matter in biochar yielded at lower temperatures 
(Kumar et  al., 2019). Biochars produced at higher 
temperatures (400 −700℃) utilize the adsorption of 
VOCs onto the surface as the key mechanism (Ahmad 

Fig. 3   General concept of 
pyrolysis process (Amalina 
et al., 2022). Open access 
under the CC BY license
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et al., 2014). Zhang et al. (2021) found a reduction in 
the adsorption capacity of biochar after five adsorp-
tion–desorption cycles, establishing it as an effective 
and reusable adsorbent for VOCs. Notably, the pro-
duction of biochar is also accompanied by the release 
of VOCs, a deleterious effect on the environment 

(Zhu et  al., 2020). Notwithstanding, the application 
of biochar as an adsorbent for VOCs abatement still 
needs to be explored by the research community. 
The superior properties (good adsorption capacity 
and low cost) of biochar are a testament to its suit-
ability for VOCs adsorption. The complex adsorption 

Table 4   Summary of physiochemical properties and environmental applications of biochar

Biochar type Pyrolysis 
Tempera-
ture, ℃

Specific 
surface area, 
m2.g−1

Adsorbate Tem-
pera-
ture, ℃

Maximum Adsorp-
tion capacity, qm
mg.g−1

Reference

Dyes Removal
Korean cabbage 

biochar
500 11.44 Crystal violet 30 1304 Sewu et al. (2017)

Vermicompost 
derived biochar

700 76.296 Methylene blue 30 27.35 Yang et al. (2016)

Pulp and paper 
sludge biochar

750 174 Methyl orange 25 20.53 Chaukura et al. (2017)

Hydrolyzed rice 
straw biochar

450 232.31 Brilliant green 30 111.11 Saifurrehman et al. 
(2016)

Bamboo biochar 1000 517.28 Acid black 172 20 384.62 Yang et al. (2014)
Eucalyptus wood 

particles biochar
450 Malachite green 30 156.25 Singh et al. (2016)

Pistachio shells 
biochar

900 467.8 Congo red 30 614.7 Saghir et al. (2022)

Raw industrial 
sludge biochar

750 157 Methylene blue 20 48.5 Jellali et al. (2022)

Sludge and lirioden-
dron leaves biochar

550 39.485 Methyl orange 25 85.1 Cheng et al. (2021)

Heavy metals removal
Palm kernel cake 

residue biochar
350 89.385 Pb2+ 30 49.64 Maneechakr and 

Mongkollertlop 
(2020)

Peanut shell biochar 400 6.45 Cd2+ 25 188.6 Shan et al. (2020)
Seaweed biochar 550 50.24 Zn2+ 25 22.25 Shin (2017)
Manganese-rich 

pokeweed plants 
biochar

500 20.233 Cu2+ 25 248.309 Yang et al. (2021)

Polycyclic aromatic hydrocarbons (PAHs) removal
Sewage sludge-based 

biochar
700 Phenanthrene 25 87.33 Guo et al. (2017)

Antibiotics removal
Sludge derived 

biochar
550 110 Fluoroquinolone 25 19.80 Yao et al. (2013)

Walnut shell biochar 500 Sulfonamide 25 46 Geng et al. (2021)
Pesticides removal
Eucalyptus wood 

chips biochar
450 10 Imidacloprid, 

Acetamiprid and 
Methomyl

25 32.42, 14.75, and 
4.87

Srikhaow et al. (2022)

Sugar cane filter cake 
biochar

380 19.8 Thiamethoxam 25 10.17 Fernandes et al. (2021)



Water Air Soil Pollut         (2025) 236:795 	 Page 9 of 43    795 

Vol.: (0123456789)

mechanism involved needs to be understood thor-
oughly to enable the efficient utilization of biochar 
for VOCs removal. Table 5 presents the application of 
biochar as an adsorbent for capturing various VOCs.

2.1.3 � Activated Carbon Fiber

As the name indicates, activated carbon fibers (ACFs) 
are fibrous, and comprised of carbon-rich materi-
als. It can be converted into various shapes such as 
yarn, thread, felt, fabric, paper cloth, etc. for its use 
in various engineering applications (Yue et al., 2017). 
It is known as third generation form of activated car-
bon followed by granular activated carbon and pow-
dered activated carbon (Huang et al., 2021). The raw 

materials employed for the development of ACF are 
poor renewable like cellulose (viscose rayon) fibers, 
polyacrylonitrile fibers, phenolic resin fibers, and 
pitch fibers. The price associated with the manufac-
ture of ACF is the major limitation in its use as an 
adsorbent which can be offset by using rejects of 
commercial polymer fibers or coal pitch-based fibers 
as starting materials (Fuertes et al., 2003). The prepa-
ration of ACF requires the carbonization of organic 
fibers followed by activation with steam or carbon 
dioxide at 700–1000℃ (Tang et  al., 2007). As com-
pared to AC, ACF has a unique thin fiber shape com-
plemented with straight and short micropores which 
assists in enhancing the adsorption kinetics as well as 
the rates of mass transfer (Zhu et al., 2020). Besides, 

Fig. 4   Postulated mecha-
nisms of the interactions 
of biochar with organic 
contaminants. Circles 
on biochar particle show 
partition or adsorption. 
I – electrostatic interac-
tion between biochar and 
organic contaminant, II 
– electrostatic attraction 
between biochar and polar 
organic contaminant, and 
III – electrostatic attraction 
between biochar and non-
polar organic contaminant. 
Reprinted with Permission 
from Zhang et al. (2017). 
Copyright Elsevier 2017

Table 5   Summary of 
applications of biochar on 
VOCS adsorption

Adsorbate Adsorption 
capacity, 
mg.g−1

Conditions Reference

Benzene 2.9 25 °C, 45 mL.min−1, 10 ppmv Vikrant et al. (2020)
Methyl Ethyl Ketone 43 25 °C, 45 mL.min−1, 10 ppmv Vikrant et al. (2020)
p-Xylene 130.21 25℃, P0 Zhang et al. (2021)
Acetone 110.1 25 °C, 0.2 mL.min−1, 200 ppmv Rajabi et al. (2021)
Toluene 166 20 °C, 50 mL.min−1, 1000 ppmv David (2023)
Acetone 152 20 °C, 50 mL.min−1, 1000 ppmv David (2023)
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it has a huge surface area accompanied by superb 
physical properties (Huo et  al., 2021), and owing 
to its fibrous nature, the pressure drop across the 
adsorbent bed is also quite low (Meng et  al., 2019). 
Undoubtedly, these advantages make ACF a potential 
adsorbent.

Usually, the textural properties of the porous 
adsorbent determine its adsorption capacity includ-
ing ACF. It has been reported that ACFs formed by 
narrow micropores (< 1 nm) have greater adsorption 
ability compared to ACFs with wider pores especially 
at lower concentration of VOCs (Fuertes et al., 2003). 
Rodenas et al. (2011) also observed that a large vol-
ume of micropores (< 0.7 nm) was mainly responsible 
for the adsorption of benzene at low concentrations. 
Baur et al. (2015) found that ACF with ultra-micropo-
res (< 1 nm) had better adsorption strength compared 
to one comprising semi-micropores (1–2  nm) for 
toluene in the 8 −10 ppmv concentration range. Liu 
et  al. (2019) found that ACF cloth possesses a dis-
tinct micropore structure with a width of micropores 
lying between 0.61–0.69 nm. Hence, ACF with nar-
row micropores is considered to be one of the desired 

features for effective VOCs adsorption. The pore size 
distribution is depicted in Fig. 5.

The lesser concentration of oxygen groups on the 
ACF’s surface makes ACF inherently hydrophobic. 
As reported, the concentration of oxygen groups on 
the ACF surface is between 735 to 865  µmol.g−1 
whereas it is between 1570 to 4289 µmol.g−1 for AC 
(Huang et al., 2021). Hence, the adsorption capacity 
of ACF is influenced by the polarity of the VOCs. 
Non-polar and weak polar VOCs have good affin-
ity for ACF while polar VOCs exhibit poor affinity 
towards ACF. Wang et  al. (2021) prepared ACF by 
employing reductive carbonization owing to which 
its capacity to adsorb non-polar VOCs (benzene) 
increased by 8 times compared to ACF prepared by 
traditional methods. On the contrary, Gaur et  al. 
(2006) noticed that the existence of any electronega-
tive oxygen on the surface of ACF had an adverse 
impact on the adsorption of BTX (benzene, toluene, 
and m-xylene). Balanay et al. (2011) discovered that 
the capacity of ACF with surface areas similar to 
GAC (1500 m2.g−1) was high for airborne toluene 
(non-polar VOCs).

Fig. 5   Pore size distribu-
tion of ACF sample (Huang 
et al., 2016). Open access 
under the CC BY license
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As discussed, the adsorption of polar VOCs on 
ACF is abysmal. Hence, there is a need to modify the 
surface of ACF to make it suitable for hydrophilic 
adsorbents. Usually, surface functional groups can 
be developed by modifying ACF with sulfuric acid, 
nitric acid, and phosphoric acid. Huo et  al. (2021) 
prepared ACF with abundant functional groups by 
employing the steam secondary activation method 
and found that water facilitated the adsorption of eth-
anol vapors. Song et al. (2017) found the adsorptive 
capacity for toluene in the presence of water vapor 
on ACF activated with Fe3O4 and it was quite large 
when the same adsorbate composition was adsorbed 
on untreated ACF. The adsorption of polar VOCs can 
also be enhanced by impregnating metal oxide nano-
particles onto ACFs. Wang et  al. (2021) carried out 
electrothermal desorption of ACF for regeneration 
by moderate electric power with complete recovery 
of adsorption capacity. Also, Huo et al. (2021) found 
ACF to have outstanding regeneration ability with 
recovery of 94% adsorption efficiency by nitrogen 
purging at room temperature. Notwithstanding the 
excellent adsorption capacity of ACFs its utility in the 
industries is quite limited. This is due to costly fiber 
precursors accompanied by high processing costs. 
The use of ACF as an adsorbent for the removal of 
VOCs is demonstrated in Table 6.

2.1.4 � Carbon Nanotubes

The research and innovation in the field of nanotech-
nology led to the development of carbon nanotubes 
(CNTs) which was discovered by Iijima in 1991 
(Iijima, 1991). CNTs are comprised of one or more 
graphene (allotrope of carbon) layers rolled coaxi-
ally in the form of a cylinder whose length is gener-
ally greater than 20 µm with a radius not more than 

100 nm (Zhu et al., 2002). CNTs are synthesized by 
making use of the following techniques: (i) chemi-
cal vapor deposition, (ii) electric arc discharge, (iii) 
laser ablation, and (iv) plasma-enhanced chemical 
vapor deposition (Shoukat & Khan, 2021). The high 
yield of CNTs is obtained in the electric arc discharge 
method and laser ablation method. CNTs are prepared 
in two distinct varieties i.e., single-walled carbon 
nanotubes (SWCNT) comprising of one graphene 
layer and multi-walled carbon nanotubes (MWCNT) 
made up by rolling more than one graphene layer 
with an interspacing of 0.34 nm between two concen-
tric cylinders (Zare et al., 2015). The properties that 
make CNTs a promising adsorbent are large specific 
surface area, inherent hydrophobicity, high aspect 
ratios, readily modified surfaces, and hollow cylindri-
cal structure (Gupta et al., 2013). As an adsorbent it is 
widely employed for dye removal (Costa et al., 2023; 
Lee et  al., 2023), removal of heavy metals (Krishna 
et  al., 2023; Li et  al., 2023), CO2 removal (Omidfar 
et al., 2015; Sekiya et al., 2018), CH4 removal (Feng 
et al., 2018; Shkolin et al., 2018), ammonia removal 
(Vikramaditya & Sumithra, 2014; Yan et  al., 2015), 
hydrogen adsorption (Kaskun et al., 2020), adsorption 
of organic compounds (Anjum et  al., 2019; Ersan, 
2021; Han et al., 2022; Memetova et al., 2023), VOCs 
abatement (Dai et al., 2021; Diaz et al., 2007; Zheng 
et al., 2006).

It has been reported in the literature that polar-
izability is a key factor in deciding the adsorption 
strength of CNTs (Dai et al., 2021; Li et al., 2016a). 
The graphene layers naturally are hydrophobic 
which makes CNTs a suitable candidate for adsorp-
tion of non-polar or weakly polar VOCs molecules. 
Kupreenko et  al. (2022) learnt, that with decreas-
ing dipole moment of the adsorbate, the adsorp-
tive strength of CNTs rose. Similarly, the adsorption 

Table 6   Summary of 
applications of ACF on 
VOCS adsorption

Adsorbate Adsorption 
capacity, mg.g−1

Conditions Reference

Toluene 538.8 30℃, 86.5 ppmv Kim et al. (2012)
Acetone 106.71 25℃, 150 mL.min−1, 3000 mg.m−3 Meng et al. (2019)
Methanol 133.06 25℃, 150 mL.min−1, 3000 mg.m−3 Meng et al. (2019)
Toluene 720 25℃, 7 L.min−1, 500 ppmv Balanay et al. (2011)
Ethanol 72.63 25℃, 150 mL.min−1, 300 ppmv Huo et al. (2021)
Toluene 569 25℃, 500 mL.min−1, 1200 ppmv Lin et al. (2013)
Benzene 310 25℃, 90 mL.min−1, 200 ppmv Rodenas et al. (2011)
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of isopropyl alcohol onto CNTs was found to be 
decreasing at higher relative humidities suggest-
ing the hydrophobic nature of the adsorbent (Hsu & 
Lu, 2009). Hence, to enhance the adsorptive capac-
ity of polar VOCs molecules several modifications 
were made by the researchers namely, the oxidation 
of SWCNTs with NaOCl for the adsorption of iso-
propyl alcohol (Hsu & Lu, 2009), functionalization 
of CNTs via carboxylation and nitration increased 
breakthrough volume by 300% when ethanol vapors 
were adsorbed (Hussain et al., 2009). The mechanism 
of VOCs adsorption is primarily by physisorption for 
non-polar molecules and in general chemisorption for 
polar VOCs which is evident from the heat of adsorp-
tion studies done by various researchers. Shih and Li 
(2008) found that the magnitude of heat of adsorp-
tion for non-polar VOCs namely, trichloroethylene, 
benzene, and hexane indicated physical adsorption on 
MWCNTs while higher heat of adsorption in the case 
of acetone vapor reflected chemisorption as a govern-
ing mechanism. The heats of adsorption of organic 
vapors (MEK, toluene, hexane, and cyclohexane) 
were found to be 1–4 times their respective heats of 
vaporization which represented physical adsorption 
as the key mechanism (Agnihotri et  al., 2005). The 
presence of amorphous carbon in CNTs facilitates 
the adsorption of organic vapors as it enhances the 
surface heterogeneity and Kupreenko et  al. (2022) 
showed nitrogen doping as one of the techniques for 
increasing amorphous carbon. This fact was also cor-
roborated by Shih and Li (2008) that amorphous car-
bon on the exterior layers results in greater sorption 
capacity for organic vapors. The topological defect is 
another vital factor that aids in the strong adsorption 
of oxygen and hydrogen molecules on the surface of 
CNTs (Grujicic et  al., 2003; Mehmood et  al., 2013; 
Mishra & Kundalwal, 2022). Shih and Li (2008) 
found that acetone got chemisorbed on topological 

defects present in CNTs indicating strong chemical 
interactions. The aggregation or bundling of CNTs 
is another challenge that needs to be addressed as 
it impairs its adsorption capacity by blocking the 
available adsorption sites. In aqueous solutions, the 
addition of anionic surfactants, proteins, or other 
chemicals etc.; improves the dispersion of CNTs 
(Gotovac et al., 2006; Ihsanullah et al., 2016; Pan & 
Xing, 2008) while in gas phase adsorption support-
ing method is generally employed to avoid bundling 
of CNTs. Tulaphol et al. (2016) embedded MWCNTs 
in SiO2 particles to alleviate the effect of aggrega-
tion. Table 7 depicts the applications of CNTs for the 
adsorption of VOCs.

2.1.5 � Graphene

Graphene (an allotropic form of carbon) is com-
prised of monolayered atoms in a two-dimensional 
structure in the form of a sheet packed in a hexago-
nal honeycomb matrix. The common methods for 
manufacturing graphene include micromechanical 
exfoliation, electrochemical exfoliation, pyrolysis, 
chemical vapor deposition, epitaxial growth, hydro-
thermal self-assembly, and nanotube slicing (Mbay-
achi et al., 2021; Peng et al., 2017). The adjacent car-
bon atoms are joined through sp2 hybridization which 
is responsible for its superb properties such as high 
thermal conductivity, and great mechanical strength 
accompanied by excellent chemical stability. These 
properties make graphene a suitable candidate for 
its applications in various areas of science and engi-
neering such as electronic gadgets, sensors, photon-
ics, biomedicines, and energy storage (Fu et al., 2025; 
Kong et al., 2021). Graphene also exhibits high sur-
face area owing to which it has wide applications in 
the environmental field as an adsorbent (Chen et al., 
2019) for (i) heavy metals removal (Kong et al., 2021; 

Table 7   Summary of 
applications of CNTs on 
VOCS adsorption

Adsorbate Adsorption 
capacity, 
mg.g−1

Conditions Reference

Formaldehyde 62.49 25℃, 2.6 L.min−1, 1.5 mg.m−3 Yang et al. (2017)
Isopropyl alcohol 83 25℃, 0.08L.min−1, 500 ppmv Hsu and Lu (2009)
Toluene 175 25℃, 5000 ppmv Agnihotri et al. (2005)
Methyl ethyl ketone 120 25℃, 5000 ppmv Agnihotri et al. (2005)
Benzene 218.4 30℃, 0.03 atm Crespo and Yang (2006)
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Peng et  al., 2017), (ii) aromatic organic contami-
nants adsorption (Apul et al., 2013; Ma et al., 2020), 
and (iii) VOCs abatement (Bai et  al., 2013; Kuna-
seth et  al., 2017; Szczesniak et  al., 2018a). The two 
varieties of graphene that are normally employed by 
researchers for the adsorption of VOCs are graphene 
oxide (GO) and reduced graphene oxide (rGO). The 
difference between these two is the oxygen groups 
that are available on their surface. GO is a result of 
the oxidation of graphene with carboxylic, hydroxyl, 
or epoxide groups; the oxygen-comprising groups. 
On the other hand, rGO is obtained by eliminating 
functional groups from GO by employing techniques 
such as chemical reduction, reduction via natural anti-
oxidants, thermal annealing, microwave and photo 
reduction, and electrochemical reduction (Minale 
et  al., 2020; Yu et  al., 2016). The GO owing to the 
availability of oxygen functional groups is suited for 
the uptake of hydrophilic VOCs while the hydropho-
bic character of rGO facilitates the adsorption of aro-
matic VOCs. In one of the comparative studies made 
by Yu et al. (2018a), the adsorption capacities of GO 
and rGO were found to be 216.2 and 276.4 mg.g−1, 
respectively, when a gas stream containing 50  ppm 
benzene concentration was made to flow through 
the adsorption column. Similarly, the capacity of 
rGO-SnO2 (metal oxide/rGO composite material) 
for benzene was found to be 23.3 mg.g−1, the maxi-
mum amongst other composites of metal oxides and 
graphene that were prepared (Khan et al., 2019). The 
other parameters that influence the VOCs adsorp-
tion on graphene-based materials are specific surface 
area, pore volume, and pore size distribution (Kumar 
et al., 2020). The specific surface area of graphene in 
composite form was reported to be more in compari-
son to graphene available in pristine form. In one of 

the studies undertaken by Sun et al. (2014), the sur-
face area of MIL-101/GO composite was found to 
be 3502.2 m2. g−1 much more than 236.4 m2. g−1, 
the surface area reported for GO (Yu et  al., 2018a). 
Consequently, the higher surface area of MIL-101/
GO composite resulted in excellent hexane uptake 
of 1042.1 mg. g−1. The reduction of GO to rGO also 
led to a marginal rise in the surface area from 236.4 
m2. g−1 to 292.9 m2. g−1 (Yu et  al., 2018a). One of 
the methods to enhance the surface area is through 
KOH activation as it results in the production of 
pores whose size is greater than 2  nm (Szczesniak 
et al., 2018b). Yu et al. (2018a) successfully regener-
ated rGO by application of heat at 150℃ and found 
it a promising adsorbent for VOCs under dynamic 
adsorption/desorption. Hence, graphene-based deriv-
atives especially graphene in the composite form 
have been found to exhibit all the attributes of a good 
adsorbent for the abatement of VOCs. However, the 
synthesis of graphene, its tendency to aggregate, 
and the associated cost pose a great challenge for 
the researchers which need to be addressed before its 
implementation on an industrial scale. The adsorption 
capacities of graphene for different VOCs are shown 
in Table 8.

2.1.6 � Carbon–Silica Composites

The synthesis of carbon–silica composite (CSCs) 
consists of impregnating precursor of carbon-bear-
ing material into mesoporous silica followed by 
carbonization at high temperatures in the absence 
of oxygen (Fig. 6). For the first time, Glover et  al. 
(2008) prepared CSC by impregnating furfuryl 
alcohol in MCM-41, a well-known siliceous mate-
rial. The uniqueness of CSCs lies in the presence 

Table 8   Summary of 
applications of graphene on 
VOCS adsorption

Adsorbate Adsorption 
capacity, 
mg.g−1

Conditions Reference

Benzene 276.4 10℃, 40 mL.min−1, 50 ppmv Yu et al. (2018a)
Toluene 304.4 10℃, 40 mL.min−1, 50 ppmv Yu et al. (2018a)
n-hexane 1042.1 25℃ Sun et al. (2014)
Toluene 183 25℃, 120 mL.min−1, 1300 mg.m−3 Dai et al. (2019)
Benzene 23 25℃, 50 mL.min−1, 50 ppmv Khan et al. (2019)
Benzene 289.8 20℃, 0.98P0 Guo et al. (2016)
Toluene 1.9 25℃, 30 ppmv  Kim et al., (2018a, 2018b)
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of two discrete phases namely, carbonaceous (non-
polar) and siliceous (polar). Since it is well estab-
lished that the mutual interaction between adsorbent 
and adsorbate is influenced by their polarities. A 
non-polar surface (carbon) in nature readily adsorbs 
adsorbates of weak polarity while the polar surface 
(siliceous) has a high affinity towards polar adsorb-
ates. CSCs that are equipped with both polar and 
non-polar surfaces as potential adsorption sites 
have an edge over single-phase adsorbents (Fur-
tado et al., 2013). Moreover, the higher surface area 
with good adjustable pore size distribution are the 
other properties of this material. The filling of car-
bon precursor into mesopore silica also assists in 
reducing (i) large pores into micropores, and (ii) 
diffusional path. The amount of carbon loading 
determines the size of pores and it was reported by 
Clippel et al. (2010) that carbon loading of less than 
5 wt% resulted in the generation of mesopores while 
carbon loading of more than 22 wt% led to the pro-
duction of micropores and bi-porosity was observed 
for intermediate loadings. Similarly, Twumasi et al. 
(2012) observed that the generation of microporo-
sity along with pore size distribution was chiefly 
dependent upon % carbon loading and method of 
synthesis. Carbonization temperature is also an 
important parameter that controls microporosity 
(Furtado et al., 2013). CSCs, owing to their typical 
pore size distribution, display higher VOCs adsorp-
tion capacity in comparison to the parent material. 
Lu et  al. (2020) demonstrated that the adsorption 
capacity of CSC for toluene increased with the rise 
in carbon content, from 11.76 to 22.91  mg. g−1 
increasing the % carbon content from 3.09 to 9.1. 
The adsorption capacity of CSC (22.91  mg. g−1) 

was also found to be more than that of the parent 
material, SiO2 (1.63  mg. g−1). Janus et  al. (2011) 
obtained the sorption capacity of methyl ethyl 
ketone onto CSCs to be 257  mg. g−1, more than 
that of parent material, MCM-41 (197  mg. g−1). 
Twumasi et  al. (2012) found enhanced uptake for 
toluene when CSC was prepared with 45 wt% car-
bon in comparison to 32 wt%. The uptake capacity 
of CSCs for adsorption of benzene was found to be 
5.06  mmol. g−1, greater than that of activated car-
bon, 4.37 mmol. g−1 (Dou et al., 2011). Similarly, in 
one of the studies, CSCs showed higher adsorption 
capacity for benzene and ethyl benzene in compari-
son to activated carbon (Mohammadi & Moghad-
das, 2015). Glover et  al. (2008) showed that CSCs 
reached equilibrium in less time in comparison to 
MCM-41. Janus et  al. (2011) found high stability 
of carbon silica nanocomposite adsorbents in ten 
consecutive adsorption desorption runs indicat-
ing excellent reproducibility without any signifi-
cant loss of adsorbent capacity. Mohammadi and 
Moghaddas (2015) found no noticeable change in 
the adsorption capacity of silica aerogel-activated 
carbon composites after regeneration. The lesser 
mass transfer resistance on account of a shorter dif-
fusion path, and enhanced affinity towards VOCs; 
contribute to the higher rates of adsorption, hence 
making CSCs a promising adsorbent for abatement 
of VOCs. By considering a factor of fire hazard, the 
higher spontaneous ignition temperature of CSCs 
than AC enables them to be successfully utilized 
for commercial applications (Twumasi et al., 2012). 
Table  9 shows the applications of CSCs for the 
removal of VOCs.

Fig. 6   Conceptual depic-
tion of CSC creation. 
Reprinted with Permission 
from Glover et al. (2008). 
Copyright Elsevier 2008
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2.2 � Oxygen‑Containing Materials

2.2.1 � Zeolites

Zeolites are crystalline aluminosilicates with well-
organized distribution and evenly sized micropores 
with pore sizes usually less than 2 nm. It is a three-
dimensional framework of TO4 tetrahedron block, 
where T is either a Si4+ or Al3+ atom with T occu-
pying the central position surrounded by four oxy-
gen atoms. The adjacent tetrahedrons are connected 
through the sharing of oxygen atoms which leads to 
crosslinking and eventually creates cages and chan-
nels. The replacement of Al3+ with Si4+ tends to 
create a net negative charge over the entire frame-
work that is neutralized by the presence of cations 
(Ca2+, K+, Na+, etc.) located in the cavities or cages 
(Malamis & Katsou, 2013). To date, 250 different 
forms of zeolites are known with diverse pore topol-
ogies (Salmankhani et  al., 2021). Zeolites can be 
applied as a molecular sieve, adsorbent, or catalyst for 
environmental remediation including the removal of 
VOCs (Jafari et al., 2018; Mekki & Boukoussa, 2019; 
Wu et al., 2021). Some of the desirable properties of 
zeolites that make them appropriate for these appli-
cations are their hydrophobicity, great surface area, 
nonflammability, and adjustable porosities. Moreover, 
zeolites exhibit outstanding hydrothermal and chemi-
cal stability that enables their regeneration at a tem-
perature of 150℃ much lower than that for carbon-
based materials where desorption is performed over 
300℃ (Su et  al., 2010; Yin et  al., 2022). The appli-
cations of zeolites for the adsorption of VOCs have 
been comprehensively explored by the research com-
munity. It has been reported in the literature that the 
factors influencing the amount of VOCs adsorbed on 
zeolites are: (i) Si/Al ratio, (ii) pore characteristics, 
(iii) cation type, and (iv) specific surface area (Kim 

& Ahn, 2012; Li et al., 2021). Kim and Ahn (2012) 
studied the adsorption and desorption characteristics 
of VOCs (benzene, toluene, ethanol, methanol, etc.) 
on the physiochemical properties of mordenite and X- 
or Y-type faujasite zeolites. The adsorption capacity 
of faujasite-Y was found to be the highest and large 
mesopore volume along with the strong pore structure 
were found to be the influencing factors. Microwave 
heating was found to be more effective for the regen-
eration of zeolites compared to conventional heating. 
Li et al. (2021) reported that most VOCs waste gases 
are accompanied by water vapor where hydrophobic-
ity of the adsorbent is a key parameter in enhancing 
the adsorption of VOCs. In view of this, the authors 
investigated the adsorptive properties of nine com-
mercial zeolites for p-xylene under humid condi-
tions. The results revealed the Si/Al ratio, indicative 
of surface hydrophobicity (large Si/Al ratio implies 
higher hydrophobicity), and pore diameter as the 
important parameters for p-xylene adsorption. The 
highest adsorptive capacity obtained was 100  mg.
g−1 after simultaneously optimizing both parameters. 
Adsorption capacity was further enhanced by 25% 
after subjecting zeolites to alkali treatment which 
also resulted in a decrease in desorption temperature. 
Kang et al. (2018) computed the adsorption capacity 
of dichloromethane vapor under a humid environment 
on ZSM-5 zeolites and found that zeolite containing 
the highest Si/Al ratio displayed the greatest capac-
ity of 179.2 mg.g−1. Huang et al. (2014) observed that 
ZSM-5 zeolite showed superior adsorption perfor-
mance in adsorbing smaller VOCs molecules (acetone 
and benzene) than larger VOCs molecules (cyclohex-
ane and cyclohexanone). Wu et  al. (2021) investi-
gated the adsorption behavior of cyclohexane, butyl 
acetate, toluene, MEK, and isopropanol, respectively, 
on binder-fee dealuminated Y/ZSM-5 composite. The 
adsorption capacities for toluene, butyl acetate, and 

Table 9   Summary of 
applications of CSCs on 
VOCS adsorption

Adsorbate Adsorption 
capacity, 
mg.g−1

Conditions Reference

Methyl Ethyl Ketone 257 10℃, 20 mL.min−1, 93,757 ppmv Janus et al. (2011)
Benzene 22.91 30℃, 166 mL.min−1, 1000 mg.m−3 Lu et al. (2020)
Benzene 394.68 45℃ Dou et al. (2011)
Ethyl Benzene 954.5 25℃, 85 mL.min−1, 1115 ppmv Mohammadi and 

Moghaddas 
(2015)
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cyclohexane were found to be larger than MEK and 
isopropanol owing to higher surface area, wider pore 
diameter, and larger micropore volume of composites. 
The results also indicated that composites were suita-
ble for the adsorption of larger VOCs molecules. The 
dealuminated composites on account of their higher 
hydrophobicity were found to be an appropriate can-
didate for adsorption under humid conditions. Moreo-
ver, the regeneration ability of composites was found 
to be better. Another research by Li et  al. (2020) 
showed that ZSM-5/SBA-15 composites possessed 
excellent adsorption capacities in the absence of 
water vapor due to the availability of intercrystalline 
mesopores responsible for significantly reducing the 
toluene’s diffusion pathway. These composites were 
also found suitable under humid conditions due to the 
incorporation of SBA-15. It is apparent from the lit-
erature review that zeolites are better adsorbents than 
conventional adsorbents due to their properties like 
excellent thermal stability, good pore network, good 
regeneration ability, and customized Si/Al ratio as per 
requirement. However, a few limitations need imme-
diate attention to make zeolite a promising adsorbent 
in the field of VOCs removal: (i) a time-consuming 
and complex synthesis process, and (ii) precursors 
used in the preparation of zeolites are costly. Table 10 
demonstrates the use of zeolite in the field of VOCs 
adsorption.

2.2.2 � Metal–Organic Framework

Metal–organic frameworks (MOF), first synthesized 
in 1995 (Yaghi et  al., 1995), are a kind of hybrid 
porous material. The structure of MOF consists 
of metal ions or clusters as the coordination cent-
ers which are linked through coordination bonds 
to organic ligands containing oxygen or nitrogen, 

eventually forming a three-dimensional crystal-
line framework (Fig.  7). The techniques applied 
for the synthesis of MOF include slow evapora-
tion and diffusion method, solvo(hydro)-thermal 
and iono-thermal method, microwave-assisted 
method, mechanochemical method, electrochemi-
cal method, sonochemical method, microemul-
sion method (Raptopoulou, 2021). Some of the 
remarkable attributes that prompt the researchers 
to explore MOFs as potential adsorbents are high 
surface area, outstanding thermal stability, high 
porosity, open metal sites, and an adjustable pore 
network (Li et al., 2025; Wang et al., 2020). More-
over, the use of different combinations of metal 
centers and organic ligands results in the forma-
tion of diverse MOF structures and functionalities 
(Ghanbari et al., 2020). The MOF retains its origi-
nal structure and crystallization order even after 
regeneration while conventional adsorbents do not 
exhibit this property (Zhao et al., 2018). There are 
various types of MOF reported in the literature that 
have been synthesized to capture VOCs: IRMOF, 
PCN, ZIF, MIL, and UiO etc. (Lu et al., 2024; Xie 
et  al., 2022). Vellingiri et  al. (2017) tested diverse 
MOF (UiO-66, UiO-66(NH2), ZIF-67, MOF-199, 
MOF-5, and MIL-101(Fe)) for the adsorption of 
toluene. The equilibrium adsorption capacity was 
found to lie between 159 (MOF-199) to 252  mg.
g−1 (UiO-66(NH2)). The highest adsorption capac-
ity of UiO-66(NH2) was ascribed to the hydrogen 
bonding between toluene and micropores available 
in the framework. However, considerable reduc-
tions in adsorption capacities were found with the 
increase in humidity. UiO-66(NH2) also maintained 
its adsorption capacity even after three cycles of 
adsorption–desorption processes while the adsorp-
tion capacities of other MOFs reduced to half after 

Table 10   Summary of 
applications of zeolites on 
VOCS adsorption

Adsorbate Adsorption 
capacity, mg.g−1

Conditions Reference

Mesitylene 184 100 ppmv, 10% humidity Nien et al. (2017)
Benzene 1.72 10℃, 50 ppmv Aziz and Kim (2017)
Butyl acetate 234 30℃, 250 mL.min−1, 1000 ppmv Wu et al. (2021)
Toluene 139 30℃, 250 mL.min−1, 1000 ppmv Wu et al. (2021)
p-xylene 100 35℃, 100 mL.min−1, 50 ppmv Li et al. (2021)
Toluene 100 40℃, 100 mL.min−1, 400 ppmv Li et al. (2020)
Acetone 165.88 25℃, 0.5P0 Cosseron et al. (2013)
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three adsorption–desorption cycles. Pei et al. (2021) 
synthesized Fe-based MOF derivative (M-350), a 
partially carbonized material obtained by calcin-
ing MIL-100(Fe) at 350℃, for adsorbing oxygen-
ated VOCs such as methanol, formaldehyde, and 
acetone. M-350 displayed 61.5% more breakthrough 
adsorption capacity than pure MIL-100(Fe) and it 
was also 24.7 and 6.5 times larger than commer-
cial activated carbon and zeolite, respectively. The 
plentiful coordinatively unsaturated Fe sites act-
ing as Lewis acid led to a strong affinity for oxy-
genated VOCs. Chevalier et  al. (2019) utilized the 
HKUST-1 framework for adsorbing a mixture of 
VOCs (toluene, o-xylene, ethanol, acetone, and 
acetaldehyde) at extremely low concentrations 
(0.5–2.5 ppmv) under different humidity levels. The 
adsorption capacity was found to be highest for tol-
uene (23.8 wt%) under mono-pollutant conditions. 
However, the results of the adsorption of five gas 
mixtures revealed the amount of toluene adsorption 
to be the least. Here, the selectivity was found to be 
dependent on steric activity and Cu-adsorbate inter-
action in large pores. Adsorption capacities dropped 
sharply with an increase in RH. The uptake capacity 
became stable after the first adsorption/desorption 
cycle. Yang et  al. (2013) investigated synthesized 
MOF-177 for removing VOCs such as acetone, ben-
zene, toluene, xylene, ethylbenzene, etc. present in 

air. The effect of humidity on VOCs adsorption was 
also taken into account. Excellent adsorption capac-
ities of VOCs (> 200 mg.g−1) were obtained even at 
higher humidity levels, with small-size VOCs mol-
ecules, for instance, benzene and acetone exhibited 
capacity as high as 800 and 589  mg.g−1, respec-
tively. The high adsorption capacity of MOF-177 
was attributed to its high surface area and great pore 
volume (2970 m2.g−1 and 1.11 cm3.g−1). Adsorption 
of VOCs was found to be slightly hampered by the 
presence of moisture in air but performance of acti-
vated carbon gets highly affected at higher relative 
humidities. Yang et  al. (2011) showed the satura-
tion adsorption capacity of MIL-101 to be 1290 mg.
g−1 for benzene at P/Po = 0.55 at 25℃, much higher 
than HY zeolite (258  mg.g−1) for benzene under 
same conditions. The humidity plays a vital role, 
which severely affects the adsorption capacity of an 
MOF. Yang et  al. (2013) found that increasing the 
relative humidity (RH) from 0 to 50% led to a sharp 
decrease in the toluene adsorption on MOF-177. It 
was attributed to the adsorption of water molecules 
on some of the sites which subsequently impedes 
the VOCs adsorption on the pores. The crystal 
structure of MOF-177 was found to be damaged 
after being exposed to air for more than 3  days. 
Vellingiri et  al. (2017)  reported shorter break-
through times in the case of toluene adsorption on 

Fig. 7   Composition of 
MOFs nanocages and 
crystals. The empirical 
formulas for each MOF 
in the desolvated form are 
also indicated. Adapted 
from Ejeromedoghene et 
al. (2022). Under Creative 
Commons CC-BY-NC-
ND license



	 Water Air Soil Pollut         (2025) 236:795   795   Page 18 of 43

Vol:. (1234567890)

MOF-199. Competitive adsorption between the 
VOCs molecules and water molecules at higher RH 
was the main reason cited for this behaviour. Cheva-
lier et al. (2019) showed that the adsorption capac-
ity of HKUST-1 framework fell by 43% and 97% at 
20% and 40% RH, respectively. Undoubtedly, MOF 
is an excellent adsorbent for VOCs capture due to its 
tailored pore network and superb physicochemical 
properties. As a consequence of this, its adsorption 
capacity is well ahead of AC and zeolites. However, 
limitations like its powder form which restricts its 
application in dynamic conditions, and synthesis 
cost; make it unfeasible as well as unaffordable for 
its implementation in industries (Pauletto & Ban-
dosz, 2022). The use of MOF for the adsorption of 
VOCs is shown in Table 11. The techno-economic 
comparison of MOFs with carbon-based adsorbents 
is summarized in Table 12.

Similar to MOF, Covalent organic framework 
(COF) is another class of porous materials composed 
of organic building blocks linked through strong 
covalent bonds. Issaka et  al. (2025) successfully 
adsorbed per- and polyfluoroalkyl substances (PFAS) 
from various matrices on COFs. Jiang et  al. (2018) 
synthesised PAF-110  with excellent structural and 
thermal stability for selectively separating acetylene 
from ethylene. He et al. (2021) prepared nitrogen-rich 

COF (SCU-COF-2) for the adsorption of elemental 
iodine and methyl iodide vapor.

2.2.3 � Clay

Clay is a fine-grained naturally occurring particle 
on the surface of the earth which is mainly com-
prised of silica, alumina, water, and weathered rock. 
Hence, clays are known as hydrous aluminosilicates, 
a mixture of clay minerals, other minerals, and metal 
oxides. Clay minerals are known to occur in three 
forms, namely, kaolinite, montmorillonite, and illite. 
The following properties establish clay as a superior 
adsorbent compared to some of the commercially 
available adsorbents: (i) abundant availability, (ii) low 
cost, (iii) high specific surface area, and (iv) non-toxic 
nature (Adeyemo et al., 2017; Mojahedimotlagh et al., 
2024). In some situations, pre-treatment of clays is 
also necessitated to improve their adsorption capacity. 
The favorable network of mesopores and micropo-
res along with the high rate of mass transfer quali-
fies clay as a suitable adsorbent for VOCs removal 
(Zhu et  al., 2020). Deng et  al. (2017) calculated the 
adsorptive capacities, under dynamic conditions, of 
three different types of clay minerals (montmorillon-
ite, kaolinite, and halloysite) by taking benzene as a 
model VOCs. The maximum adsorption capacity of 

Table 11   Summary of 
applications of MOF on 
VOCS adsorption

Adsorbate Adsorption capac-
ity, mg.g−1

Conditions Reference

Toluene 224 25℃, 0.0379 bar Vellingiri et al. (2017)
Benzene 227.3 25℃, 2 ppm, 5% humidity Zhu et al. (2017a)
Toluene 250 25℃, 0.4P0, 30% humidity Yang et al. (2013)
Benzene 1290 25℃, 0.55P0 Yang et al. (2011)
Methanol 114.24 15℃ Chen et al. (2020)
Toluene 238 23℃, 750 mL.min−1, 2.5 ppm Chevalier et al. (2019)
Acetaldehyde 14 23℃, 750 mL.min−1, 2.5 ppm Chevalier et al. (2019)
Ethanol 165 23℃, 750 mL.min−1, 2.5 ppm Chevalier et al. (2019)

Table 12   Techno-
economic comparison of 
MOFs with carbon-based 
adsorbents ( Gargiulo et al., 
2020)

S.NO Parameter MOFs compared to carbon-based adsorbents

1 Cost High cost of preparation
2 Adsorption capacity Reasonably good
3 Selectivity Highly selective towards adsorption of specific VOCs
4 Regeneration capacity Regeneration capacity is quite high
5 Industrial implementation Limited
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141.2 mg.g−1 was obtained for montmorillonite while 
the lowest uptake of 56.7 mg.g−1 was found for kao-
linite. The availability of interlayer micropores was 
chiefly responsible for the higher adsorption capac-
ity of montmorillonite and in kaolinite, there was 
no interlayer space available. Dammak et  al. (2014) 
made a comparison of the adsorption capacity of raw 
clay and organoclay (modified clay) for removing 
o-xylene vapors. The organoclay’s adsorption capac-
ity was found to be 604  mg.g−1, much higher com-
pared to raw clay (310 mg.g−1). The modification of 
raw clay primarily resulted in changing the surface 
properties from hydrophilic to organophilic owing 
to which organoclay exhibited higher adsorption 
capacity. Yang et al. (2019b) concluded that different 
desorption techniques, depending upon the type of 
VOCs, are necessary for the effective regeneration of 
clay.

Hence, raw clay can be employed as an effec-
tive adsorbent for VOCs removal on account of its 
excellent thermal stability and affordable price. The 
undeveloped pore structure and occurrence of silanol 
groups on the surface of the clay are some of the 
drawbacks that restrict its use in the field of VOCs 
adsorption. These limitations can be offset by modi-
fying the surface of clay with acid which in turn 
enhances its adsorptive capacity and hydrophobicity. 
Table 13 depicts the use of clay for VOCs adsorption.

2.2.4 � Silica Gel

Silica gel is a polymeric inorganic substance with 
an amorphous structure. It is comprised of silanol 
groups (Si–OH) dispersed on its surface with siloxane 
groups (Si–O-Si) present in the inner core (Shokoohi 
et al., 2015). Silica gel is conventionally prepared by 

using alkoxysilanes i.e., tetramethylorthosilicate and 
tetraethylorthosilicate; as precursor materials (Flores-
Lopez et  al., 2020). Nowadays, the sol–gel method 
is one of the widely used techniques for the prepa-
ration of silica gel. Its successful application as an 
adsorbent is attributed to its superb mechanical and 
thermal stability, presence of functional groups on its 
pore surface, and high surface area (Benvenutia et al., 
2019). To date, the use of silica gel as an adsorbent 
for VOCs control is quite limited. Sui et  al. (2019) 
tested silica gels with different pore size distributions 
for the adsorption of o-xylene vapors. Microporous 
silica gel displayed higher breakthrough time and a 
greater percentage of adsorbent utilization compared 
to mesoporous silica gel. The favorable isotherm 
and steep concentration front observed in the case 
of microporous silica gel were found to be the decid-
ing factors. Kim et  al. (2017) performed continuous 
adsorption experiments and compared the adsorption 
capacity of silica xerogel with commercially avail-
able silica gel and activated carbon for acetaldehyde 
removal. The silica xerogel exhibited more surface 
area than commercial silica gel. Moreover, its adsorp-
tion capacity and lifetime were almost double that of 
activated carbon at low concentrations of acetalde-
hyde. It was ascribed to the plentiful silanol and silox-
ane groups present on the surface of the synthesized 
silica xerogel, responsible for the selective acetylene 
adsorption. Sigot et al. (2015) employed silica gel for 
the removal of octamethylcyclotetrasiloxane, a VOCs 
containing silicon (VOSiC) present in the biogas. 
The adsorption capacity of 222 mg.g−1 was obtained 
when a synthetic N2 gas + VOCs mixture contain-
ing 30  ppm VOCs was processed. Sui et  al. (2017) 
reported much more complete desorption of tolu-
ene from silica gel as compared to activated carbon. 

Table 13   Summary of 
applications of Clay on 
VOCS adsorption

Adsorbate Adsorption 
capacity, 
mg.g−1

Conditions Reference

Toluene 90.4 60℃, 50 mL.min−1, 2000 ppm Zhu et al. (2017b)
Benzene 141.2 25℃, 3 mL.min−1 Deng et al. (2017)
o-Xylene 604 20℃, 0.7P0 Dammak et al. (2014)
Toluene 320 23℃, 0.75 P0 Cortes et al. (2008)
o-Xylene 6.869 20℃, 630 mL.min−1, 6.4 g.m−3 Fakhfakh et al. (2018)
Toluene 122.92 25℃, 300 mL.min−1, 1000 ppm Yang et al. (2019b)
Carbon tetrachloride 530 25℃, 0.4 P0 Zhu et al. (2005)
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Sui et  al. (2019) observed lesser heel formation and 
faster desorption rate of xylene due to weak interac-
tion between silica gel and xylene. Silica gel was also 
reported to be the most appropriate adsorbent for the 
removal of VOSiC vapor compared to zeolite and 
activated carbon. However, the use of silica gel as 
an adsorbent for the removal of VOCs still requires 
greater insights for a comprehensive understanding of 
the adsorption mechanism. The applications of silica 
gel for adsorbing VOCs are shown in Table 14.

2.3 � Organic Polymer

Organic polymers are distinct types of materials 
that are connected by covalent bonds and exhibit 
high porosity. The frameworks are interlinked with 
light non-metallic elements such as C, H, N, O, and 
B; eventually leading to the structure with features 
like superb stability, low density, and great surface 
area (Liu et  al., 2025; Lu et  al., 2021). There are 
vast applications of organic polymers reported in lit-
erature like gas adsorption, catalysis, chemical sen-
sors, and energy storage (Chakraborty et  al., 2023; 
Chowdhury et al., 2022; Kaur et al., 2011; Kou et al., 
2011; Kundu et  al., 2016; Ma et  al., 2019; Modak 
et  al., 2012). Hypercrosslinked polymer (HCP) and 
macroporous polymer are the two broad categories of 
organic polymers. The microporous organic material, 
a low-cost material, upon undergoing Friedel- Crafts 
alkylation reaction results in the formation of HCPs 
(Wang et al., 2015a). The involvement of a large num-
ber of cross-linking reactions does not allow polymer 
chains to collapse into a dense and non-porous state 
owing to which HCP possesses a permanent porosity 
of 0.5–2 nm. The macroporous polymer, on the other 
hand, comprises mainly mesopores and macropores. 
Some of the desirable properties of HCP like tailor-
able porosity, outstanding thermal stability, flex-
ible regenerability, and hydrophobic properties under 

humid environments; make it a prominent candidate 
for the removal of VOCs. Wang et al. (2015a) synthe-
sized hydrophobic HCPs with a surface area of 1394 
m2.g−1, pore volume of 1.55 m3.g−1, and average 
pore diameter of 4.4 nm for the removal of benzene. 
Static adsorption experiments revealed the adsorption 
capacity of HCPs to be better than most of the tra-
ditional adsorbents. The dynamic adsorption experi-
ments exhibited almost the same breakthrough times 
under dry conditions as well as under humid condi-
tions (RH = 80%), thus indicating high selectivity 
towards benzene even in the presence of water vapor. 
Vinodh et al. (2015) also concluded that HCPs to bet-
ter adsorbents for VOCs such as toluene, chloroform, 
and ethyl methyl ketone under humid conditions. 
Ghafari and Atkinson (2018) modified styrenic poly-
mers by one step hyper cross-linking method to boost 
adsorption capacity due to the addition of micropores. 
Wang et  al. (2016) synthesized cost-effective HCP 
with a surface area of 1345 m2.g−1 which displayed 
superhydrophobic nature and superb adsorbing power 
for benzene. Feng et al. (2024) developed HCP from 
waste polystyrene foam for the adsorption of monocy-
clic aromatic hydrocarbons. The adsorption capabili-
ties of o-xylene, toluene, and benzene were found to 
be 422, 283, and 116 mg.g−1, respectively. Zhu et al. 
(2024) synthesized a superhydrophobic polymer with 
a rich pore structure and a high specific surface area 
of 1780 m2.g−1 for adsorption of benzene at a rela-
tive humidity of 90% and found a 10% (insignificant) 
decrease in adsorption, indicating its application 
at high humidity levels. Yu et  al. (2024) developed 
novel hydrophobic porous HCP for adsorbing tolu-
ene vapors with an adsorption capacity of 322.05 mg.
g−1. The adsorption was found to be unchanged even 
under high humidity levels (70%). The large sur-
face area and outstanding hydrophobic nature of 
HCP make it an excellent adsorbent for the removal 
of VOCs both under dry and humid environments. 

Table 14   Summary of 
applications of silica gel on 
VOCS adsorption

Adsorbate Adsorption 
capacity, mg.g−1

Conditions Reference

o-Xylene 650 25℃, 400 Pa Sui et al. (2019)
Octamethylcyclo-

tetrasiloxane
222 25℃, 400 mL.min−1, 30 ppmv Sigot et al. (2015)

Toluene 325 25℃, 1.5 kPa Sui et al. (2017)
Toluene 205 25℃, 450 mL.min−1, 12,000 ppmv Sui et al. (2017)
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However, the complex synthesis process of HCP is 
the main challenge, the area in which a lot of work 
needs to be done. Table  15 illustrates a few studies 
that employed organic polymer for the removal of 
VOCs.

2.4 � MXenes

MXenes belong to the family of two-dimensional 
transition metal carbide/nitride and have recently 
received attention from researchers in the field of 
environmental remediation. Their large surface area, 
highly adjustable structure, hydrophilic nature, and 
abundant active sites make them suitable for the 
adsorption of a large number of environmental pollut-
ants (Liao et al., 2024; Solangi et al., 2023). They are 
widely employed for the adsorption of heavy metal 
ions, organic dyes, radionuclides, etc. Kim et  al., 
(2018a, 2018b) synthesised a Ti3C2Tx MXene gas 
sensor for detecting VOCs (acetone, ethanol, and pro-
panal) at parts per billion (ppb) level in the range of 
50–100 ppb. Chlikhy and Mazroui (2024) employed 
Ti2CO2  MXene for the detection of VOCs, and the 
results suggested its high sensitivity and selectivity 
towards isopropanol. To date, there are limited stud-
ies available in the literature related to the adsorption 
of VOCs on MXenes. Hence, MXenes can be further 
explored as a potential candidate for the adsorption of 
VOCs in the future owing to its unique characteristics.

2.5 � Composite Materials

The inability of the adsorbent made by a single 
material to meet all the features of a good adsorbent 
prompted researchers to design a composite material 

with excellent adsorption capacity in treating multi-
component mixtures under high humidity conditions. 
Composite materials have been reported to be applied 
successfully in various fields like chemical sen-
sors, gas storage, catalysis, adsorption, etc. (Falcaro 
et  al., 2016; Ojha et  al., 2019). Several studies have 
described the growing interest in the fabrication of 
MOF- and zeolite-based composites for the removal 
of VOCs. MOF is known to be a potential adsorbent 
in the field of VOCs treatment owing to its properties 
already mentioned under “Metal–organic framework” 
heading. MOFs are found to be inadequate for cap-
turing light VOCs due to the absence of strong dis-
persive forces. This is attributed to the larger space 
occupied by the voids, restricted unsaturated metal-
lic centres, and unlocked framework (Kumar et  al., 
2017). These shortcomings were overcome by coat-
ing the surface of MOFs with a dense array of atoms 
which eventually led to the development of MOF/
carbon (MOF-C), MOF/metal oxide, MOF/silica, and 
MOF/organic polymer. Zheng et al. (2018) developed 
MIL-101/GrO and found its adsorption capacity for 
carbon tetrachloride to be 2368.1 mg.g−1, 16% higher 
in comparison to the adsorption on MIL-101. Higher 
surface area, strong dispersive forces, and the addi-
tion of crystal defects; were the main reasons cited for 
the increase in uptake. Also, the uptake capacity of 
MIL-101/GrO was reported to be far above AC and 
zeolites (600 and 430 mg.g−1). Li et al. (2016b) pre-
pared Cu-BTC@GO composites and applied them for 
toluene adsorption. This composite material exhibited 
a surface area of 1362.7 m2.g−1 and an adsorption 
capacity of 9.1  mmol.g−1, 47% more than Cu-BTC. 
The water stability of Cu-BTC@GO composites was 
found to be enhanced in comparison to Cu-BTC as 

Table 15   Summary of 
applications of organic 
polymer on VOCS 
adsorption

Adsorbate Adsorption 
capacity, 
mg.g−1

Conditions Reference

Benzene 1392.3 25℃, 0.8P0 Wang et al. (2016)
Benzene 149 25℃, 50 mL.min−1, 550 ppmv Wang et al. (2016)
Benzene 1494.4 25℃, 0.9P0 Wang et al. (2015a)
Benzene 132.6 25℃, 50 mL.min−1, 530 ppmv Wang et al. (2015a)
Chlorobenzene 520 30℃, 2.5 kPa Long et al. (2010)
Pentane 484.6 20℃, 60 kPa Wu et al. (2012)
Cyclohexane 1736 25℃, 0.06 MPa Gao et al. (2016)
Ethyl Methyl Ketone 217 18℃, 4000 mL.min−1, 5000 ppmv Vinodh et al. (2015)
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the latter completely lost its structure when soaked in 
water for 10 h. The availability of carbonaceous mate-
rial also prevents the poisoning of empty Lewis metal 
sites inside MOF, thus increasing interactions with 
small-sized VOCs molecules (Liu et al., 2016).

Zeolite is regarded as one of the potential adsor-
bents for the removal of VOCs due to its proper-
ties like great surface area, hydrophobic character, 
and excellent thermal stability (Zhang et  al., 2012). 
Still, two drawbacks limit its adsorptive capacity: (i) 
nanoparticle agglomeration results in reduced effec-
tive surface area, and (ii) nanoparticles exhibit a 
microporosity smaller than 1 nm resulting in greater 
mass transfer resistance to macromolecules such 
as o- and m- xylene. Hence, to address these prob-
lems, a strategy was devised to develop hierarchically 
porous composite materials with a coating of zeolites 
on macroporous supports. It aids in eliminating the 
effects of agglomeration and at the same time dif-
fusion path is shortened (Yuan et  al., 2016). Diato-
mite (Dt) is one of the supports that is favored by the 
researchers on account of its low cost and well-devel-
oped porosity. Yu et al. (2015a) prepared a diatomite/
MFI-type zeolite hierarchically porous composite 
followed by desilication for 1 h which led to the dis-
tribution of mesoporosity concentrated at 7 nm. The 
benzene uptake on this composite material was found 
to be 62.5 mg.g−1, much higher than the Dt (11.1 mg.
g−1). The high capacity was ascribed to the termi-
nal silanol group formation upon desilication and 
increase in porosity. Yuan et  al. (2016) fabricated a 
diatomite/silicalite-1 composite for the adsorption of 
benzene vapors. It demonstrated an adsorption capac-
ity of 246 mg.g−1 much higher than silicalite-1nano-
particles and commercial zeolite. The introduction of 
macroporosity due to Dt helped in lowering the mass 

transfer resistance offered by silicalite particles and 
greater points through which benzene could enter into 
the composite finally led to the enhanced adsorption 
capacity of a composite material. Yuan et al. (2016) 
showed steady reversibility of composite materials 
after 4 adsorption/desorption cycles.

It is concluded that the extra cost incurred on 
account of the pre-treatment steps involved in the 
preparation of hierarchically porous composites 
makes the overall process expensive. Hence, there is 
a need to discover relatively simple and flexible syn-
thesis routes for their preparation on which future 
research should be focussed. The use of composite 
materials in the field of VOCs adsorption is shown in 
Table 16.

2.6 � Magnetic Composite Materials

Magnetite (Fe3O4), a nanoadsorbent, exhibits a unique 
magnetic property known as superparamagnetism. 
Its stability, along with unparalleled physical/chemi-
cal properties, is one of the characteristics of Fe3O4, 
which can be utilized in the field of adsorption. 
Kutluay et  al. (2025) synthesized a novel magnetic 
nanoadsorbent (MNA), Fe3O4@SiO2, containing 
p-aminobenzoic acid (p-AMBA) as functional groups 
for the adsorption of toluene. The adsorption capacity 
of 555 mg.g−1 was found in comparison to 188 mg.
g−1 for Fe3O4  and 321  mg.g−1 for Fe3O4@SiO2. 
Ece et  al. (2025) developed Fe3O4@SiO2@4-PCA 
core–shell magnetic nanocomposite for the removal 
of xylene with an adsorption capacity of 649 mg.g−1 
much higher than Fe3O4  (251  mg.g−1) and Fe3O4@
SiO2 (372 mg.g−1). Ok et al. (2023) designed perlite-
supported Fe3O4@SiO2@8-hydroxyquinoline-5-sul-
fonic acid (perlite-Fe3O4@SiO2@8-HQ-5-SA) to 

Table 16   Summary of 
applications of composite 
materials on VOCS 
adsorption

Adsorbate Adsorption capacity, 
mg.g−1

Conditions Reference

Toluene 837.2 25℃, 0.9P0 Li et al. (2016b)
Benzene 246 25℃, 3 mL.min−1 Yuan et al. (2016)
Benzene 62.5 25℃ Yu et al. (2015a)
Benzene 82.68 25℃, 1 mL.min−1, 

1.51 mmol.L−1
Yu et al. (2015b)

Carbon tetrachloride 2368 25℃, 150 mbar Zheng et al. (2018)
Toluene 116 30℃, 15 mL.min−1 Chu et al. (2018)
Acetone 1165.8 15℃, 161.8 mbar Zhou et al., (2014)
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investigate the competitive adsorption of toluene, eth-
ylbenzene, and xylene. The adsorption capacities for 
these VOCs were found to be 558  mg.g−1, 680  mg.
g−1 and 716 mg.g−1, respectively. Magnetic compos-
ite materials emerged as a promising adsorbent for 
the abatement of VOCs in recent years and are con-
sidered a sustainable material for the protection of the 
environment.

3 � Factors Affecting VOCs Adsorption

3.1 � Characteristics of Adsorbent

The properties of adsorbent such as specific surface 
area, pore structure, and surface functional groups 
greatly affect the adsorption of VOCs which are dis-
cussed in this section.

3.1.1 � Specific Surface Area

Specific surface area is supposed to be one of the 
essential properties of any adsorbent as it determines 
the sites available for the adsorption of VOCs to take 
place (Tan et  al., 2025). Usually, it is said that the 
higher the surface area higher the adsorption capac-
ity of any adsorbent which has also been documented 
in the literature. Xiang et  al. (2020) enhanced the 
specific surface area by 1.4–29.1 times by subjecting 
biochar to the ball milling operation and found the 
adsorption capacity to increase by 1.3–13 folds. Simi-
larly, on comparing activated carbon fibers for ben-
zene adsorption having surface areas 1826 and 1026 
m2.g−1 the adsorption capacities were found to be 310 
and 200 mg.g−1, respectively (Rodenas et al., 2011).

The higher surface area of an adsorbent can only 
be achieved by either generating new pores or by 
making unreachable pores accessible. The various 
techniques that are generally employed for the sur-
face modification of adsorbent include treatment 
with acid, base, ozone, plasma, etc. (Bhatnagar et al., 
2013). Biochar produced at greater pyrolytic tem-
peratures results in higher surface area owing to the 
opening of clogged micropores. Physical methods 
such as steam activation or CO2 activation are other 
widely used techniques to enhance the surface area of 
the adsorbent. Romero-Anaya et al. (2010) produced 
a series of spherical activated carbon by employing 
steam and CO2 as an activating agent. A surface area 

of 1880 m2.g−1 was obtained when the adsorbent was 
treated with steam at 840℃ for 6 h, while a surface 
area of 2586 m2.g−1 was obtained when the adsorbent 
was treated with CO2 at 880℃ for 24  h. The tolu-
ene adsorption capacities for these adsorbents were 
found to be in the range of 430–460  mg.g−1 much 
higher than commercial activated carbon (310  mg.
g−1). Similarly, Huo et  al. (2021) employed a steam 
secondary activation method for improving the sur-
face area of activated carbon fiber. Kim et al. (2006) 
prepared modified activated carbons by impregnat-
ing them with various acids and bases. The activated 
carbon impregnated with 1 wt% H3PO4 showed the 
maximum specific surface area of 1109 m2.g−1 and 
the greatest adsorption capacities for benzene, tolu-
ene, p-xylene, methanol, and ethanol. The specific 
surface area is not the sole criterion that determines 
the adsorption capacity of the adsorbent. Gil et  al. 
(2014) prepared a variety of microporous activated 
carbon from biocollagenic wastes of vegetable tan-
ning after chemical activation by alkaline agents such 
as KOH, NaOH, and K2CO3. The activated carbon 
with specific surface areas of 798 and 729 m2.g−1 dis-
played adsorption capacity for toluene to be 656 and 
431 mg,g−1, respectively, while one having the high-
est surface area of 2719 m2.g−1 exhibited the lowest 
adsorption capacity of 346  mg,g−1. Similarly, Ban-
sode et al. (2003) found 59.9% adsorption for bromo 
dichloromethane on the phosphoric acid-activated 
almond shell (1340 m2.g−1) while 85.4% adsorption 
was obtained on steam-activated peacan shell (917 
m2.g−1). Hence it can be concluded that the adsorp-
tion phenomenon is a complex process with several 
other factors that also play a decisive role in the deter-
mination of adsorption capacity.

3.1.2 � Pore Size

The porosity of an adsorbent along with a favorable 
pore size distribution is one of the vital characteris-
tics in determining its ability to capture VOCs. Three 
types of pores exist depending upon the pore diam-
eters, namely, macropores (pore diameter > 50  nm), 
mesopores (pore diameter ranging between 2 to 
50 nm), and micropores (pore diameter < 2 nm). The 
micropores act as the main sites where adsorption of 
VOCs eventually occurs. Mesopores act as the trans-
port channels between macropores and micropo-
res that facilitate the movement of VOCs molecules 
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and thus help in reducing the adsorption time. Usu-
ally, macropores are only available on the external 
surface of the porous adsorbents. The percentage 
contribution of these pores to the total surface area 
is (i) macropores (around 5%), and (ii) meso- and 
micropores (about 95%). The well-evolved micropore 
structure is chiefly responsible for the good adsorp-
tive capacity of an adsorbent. Notably, the narrower 
micropores (pore diameter < 0.7 nm) engender higher 
diffusion resistance leading to lower adsorption rates. 
Yu et  al. (2018b) employed activated carbon treated 
with HNO3 and H2O2 at high temperatures to produce 
adsorbents with different pore structures and func-
tional groups for acetone adsorption. It was found 
that AC-N (activated carbon with HNO3 modifica-
tion), despite its lower total surface area of 382 m2.
g−1 than AC-T (activated carbon with heat treatment) 
with 399 m2.g−1, displayed a higher adsorption capac-
ity of 5.49  mmol.g−1 compared to 4.35  mmol.g−1 
of AC-T. The higher capacity was attributed to the 
higher microporous surface area of AC-N (329 m2.
g−1) along with a well-developed pore structure. It 
was concluded that for physical adsorption to occur, 
micropore structure was one of the important factors. 
Shu et al. (2016) prepared Fe-loaded activated carbon 
with ultrasonic assistance to prepare adsorbents with 
different textures. It was found that micropores in the 
range of 0.7–2  nm contributed significantly to the 
enhanced adsorption capacity. Qi et  al. (2018) syn-
thesized porous carbon spheres of 1.2  mm diameter 
and reported that favorable micro/meso/macro hier-
archal pore structure is a desirable property for the 
concurrent removal of benzene and H2S. Qian et  al. 
(2015) produced activated carbon microspheres with 
a BET surface area of 1104 m2.g−1 with micropores 
ranging between 0.4–1.5  nm, believed to be chiefly 
responsible for the overall surface area. The adsorp-
tion capacity of the chloromethanes in mL.g−1 was 
found to be almost equal to the micropore volume 
of the adsorbent. Mao et  al. (2016) successfully fit-
ted the Dubinin–Radushkevich adsorption isotherm 
for the adsorption of toluene and acetone on activated 
carbon synthesized from agricultural residues, the 
isotherm mainly employed for microporous adsor-
bents. Rodenas et al. (2005) highlighted that narrow 
micropores (< 0.7  nm) governed the overall adsorp-
tion process for VOCs, especially benzene, at low 
concentrations. Although, the microporous volume 
corresponding to narrow micropores is extremely 

important for the adsorption of VOCs but at the 
same time it slows down the rate of adsorption. The 
higher intra-particle diffusion rate in the mesopores 
leads to enhanced rates of adsorption in mesopores 
compared to micropores. Horng et  al. (2008) evalu-
ated the micropore diffusion coefficients of chloro-
form, acetonitrile, and acetone on sludge adsorbent 
and activated carbon fiber. The diffusion coefficient in 
sludge adsorbent was found to be 10–4 cm2.s−1 higher 
than activated carbon fiber (10–8 to 10–7 cm2.s−1). It 
was attributed to the higher mesopore fraction with 
a pore diameter of 2.65 nm in sludge adsorbent and 
mainly micropore with a pore diameter of 1.72  nm 
in activated carbon fiber. Wang et  al. (2015b) found 
rapid diffusion along with excellent adsorption capac-
ity of benzene, cyclohexane, and hexane on ordered 
mesoporous carbon. The favorable pore size distri-
bution (bimodal-like) with 5 and 1.8  nm pore sizes 
caused a higher diffusion rate of adsorbates in ordered 
mesoporous carbon compared to conventional adsor-
bents. Similarly, Wang et  al. (2014) concluded that 
mesopores played a vital part in augmenting the 
adsorptive capacity for intermediate to high-concen-
tration VOCs on cross-linked micro-mesoporous pol-
ymeric adsorbents. The effective adsorption of VOCs 
onto the adsorbent is found to be dependent upon the 
size of the pore and the size of the VOCs molecule. 
Based upon their sizes three cases can occur: (i) size 
of the VOCs molecule > pore size, no adsorption 
due to steric hindrance. (ii) size of the VOCs mole-
cule = pore size, strong adsorption of VOCs but hard 
to desorb. (iii) size of the VOCs molecules < pore 
size, enhanced adsorption capacity due to capillary 
condensation. VOCs tend to desorb readily in case 
the size of the VOCs molecule is much smaller than 
the pore diameter. In light of these three cases, it was 
reported by Kim et  al. (2006) that the adsorption of 
large VOCs molecules like o-xylene, m-xylene, and 
MEK was suppressed with a decrease in pore size 
while the adsorption of small molecules like etha-
nol and methanol got enhanced. Contrary to the fact 
that the size of VOCs molecule should be smaller 
than pore size, in some cases it was also observed 
that even smaller VOCs molecules in comparison to 
pore diameter are not able to enter the pores. Kim and 
Ahn (2012) reported that adsorption of small non-
aromatic molecules (3.8–5.3 Aº) in comparison to 
large aromatic molecules (5.8–6.8 Aº) on mordenite 
and faujasite occurred easily even though the size of 
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micropores was greater than the molecular size of 
adsorbate molecules. The amount of VOCs adsorbed 
was found to be dependent upon the mesopore vol-
ume rather than the total pore volume. As a rule of 
thumb, the ratio of pore diameter to the size of the 
VOCs molecules should lie between 1.7 −3 for effec-
tive adsorption. The size of the majority of VOCs, in 
general, is almost comparable to that of the narrow 
micropores excluding BTEX molecules. Sometimes 
it is not possible to study the influence of pore sizes 
by experimental techniques. In those cases, molecular 
dynamics (MD) simulation or density functional the-
ory (DFT), a computational tool, explains the adsorp-
tion mechanism at the molecular level by developing 
an idealized model (Nasab et  al., 2023). Chen et  al. 
(2022) employed MD simulation to estimate the 
adsorption capacities of ordered mesoporous silica 
for VOCs such as acetone, ethyl acetate, and toluene. 
It was done by simulating various pore sizes of 2 nm, 
3 nm, and 4 nm, respectively. This study also revealed 
the adsorption mechanism in which the interaction 
energy effect between the adsorbent and VOCs played 
a major role. The quantitative structure–activity rela-
tionship (QSAR) is another method to predict VOCs 
removal as a function of physico-chemical properties. 
Hung and Lin (2007) predicted the saturation adsorp-
tion capacity of VOCs at higher relative pressures on 
activated carbon. The QSAR-based k and pore size 
distribution estimated W0, the two parameters used 
in the Dubinin-Radushkevich (D-R) equation, were 
employed to determine the adsorption capacities. 
Somer et  al. (2024) elucidated the use of statistical 
molecular design (SMD) with QSAR to estimate the 
removal of unanalysed VOCs from plastic waste.

3.1.3 � Surface Chemical Functional Groups

The surface chemistry of the adsorbent surface is 
known to be one of the significant factors that influ-
ence VOCs adsorption. The type of functional groups 
present on the adsorbent’s surface depends upon the 
kind of raw material used and the modification tech-
niques the adsorbent is subjected to. The surface 
modification is generally performed after the activa-
tion step. The modification can be done by making 
use of physical, chemical, or electrochemical tech-
niques aiming to insert or eliminate functional groups 
of activated carbon like carboxylic, phenolic, amine, 
hydroxyl, etc. (Bhatnagar et  al., 2013; Yu et  al., 

2018b). Surface chemistry is mainly governed by the 
availability of the heteroatoms of surface functional 
groups like oxygen, nitrogen, halogen, sulfur, etc. 
The vital species considered for adsorption on porous 
carbon are reported to be oxygen and nitrogen. The 
treatment of adsorbent with N-containing compounds 
aids in the introduction of nitrogen which further 
imparts basic properties to the adsorbent. The oxygen 
groups on the other hand are introduced via oxida-
tion. Oxygen groups contribute to the surface acidity 
and hence such adsorbents facilitate the adsorption 
of hydrophilic VOCs. In general, acidic treatment or 
treatment with ozone are the two methods for intro-
ducing surface oxygen groups on the carbon-based 
material. The acid modification employs sulfuric 
acid, nitric acid, phosphoric acid, hydrochloric acid, 
etc. as the commonly used reagents for this purpose 
(Bhatnagar et al., 2013). During treatment with acids, 
both dehydration and oxidation take place simultane-
ously which retains the framework of the adsorbent 
but alters its physical and chemical properties (Hu 
et  al., 2016). Aguayo-Villarreal et  al. (2017) modi-
fied biomass residue by using phosphoric acid as an 
activating agent to enable the introduction of phos-
phate groups that subsequently enhanced its adsorp-
tive capacity (237.3 mg.g−1) for 1-butanol due to the 
interaction of hydroxyl groups and phosphate groups. 
Yu et al. (2018b) prepared HNO3-modified AC which 
owing to abundant surface carboxylic groups readily 
adsorbs acetone, a well-known strong polar VOCs, 
with an outstanding uptake capacity of 318.42  mg.
g−1. It might be attributed to the interaction between 
acetone and main active site. Jaramillo et  al. (2010) 
changed the basic character of the activated carbon 
to an acidic character by subjecting it to ozone treat-
ment with the value of pHpzc (pH of the point of zero 
charge) as low as 3.6 by conducting the zeta potential 
experiments (Peng et  al., 2025). However, the avail-
ability of the surface oxygen groups hinders the inter-
action between hydrophobic VOCs and the π-electron 
rich zone of carbon-based adsorbent materials. Hence, 
hydrophobic or non-polar VOCs tend to adsorb on the 
surface which does not hold surface oxygen. Li et al. 
(2011) discovered that the capacity of coconut shell-
derived activated carbon after treatment with acids 
for capturing o-xylene (hydrophobic VOCs) was 
21.6% less than the unmodified one. Hence, appropri-
ate modification methods need to be applied to enable 
higher adsorption capacity for hydrophobic VOCs. 
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There are two modification methods, namely, ther-
mal treatment and alkali treatment, which are exten-
sively used to improve the adsorption of hydrophobic 
VOCs. Thermal treatment involves the decomposi-
tion of surface functional groups when adsorbent is 
exposed to higher temperatures for activated carbon 
it was reported that at 150–300℃: carboxylic groups 
decompose, at 300–500℃: acid anhydride and lac-
tone decompose, and at 500–800℃: groups such 
as ethers, hydroxyl and carbonyl decompose (Ding 
et al., 2016; Jaramillo et al., 2010). In one of the stud-
ies, activated carbon was subjected to thermal treat-
ment under an inert atmosphere of helium at 900℃ 
to eliminate surface functional groups (Rodenas et al., 
2005). The treatment of activated carbon with alkali, 
the second method, has also been employed by vari-
ous researchers. The decrease in concentration of 
surface oxygen after alkali treatment is attributed 
to the occurrence of redox reaction between porous 
adsorbent and alkali reagents at high temperatures 
that causes the O/C ratio to decrease. To date, vari-
ous studies have established that alkali-treated acti-
vated carbon is a potential candidate for adsorbing 
hydrophobic VOCs (benzene, toluene, o-xylene) and 
on the other hand, demonstrates lower adsorption 
capacity for hydrophilic VOCs (ethanol and acetone). 
Contrarily, there are some studies available that indi-
cate that surface functional groups alone are not an 
important factor that affects the adsorption capac-
ity of polar or non-polar VOCs. Horng et al. (2008) 
found that the adsorption capacity of chloroform (low 
dipole moment) on polar AC was 146 mg.g−1 much 
higher than 74  mg.g−1 on a non-polar AC. Hence, 
the inference drawn from this work was that oxy-
genated surface functional groups were not the sole 
criteria for determining the affinity between adsorb-
ate and adsorbent and it was the physical properties 
of the adsorbent which played a pivotal role and can’t 
be ignored. Similar results were also reported by Diaz 
et al. (2005). In the same line, Gil et al. (2014) also 
reported that no definite correlation existed between 
adsorbents’textural properties and surface functional 
groups on the VOCs adsorption capacity and the bal-
ance between various adsorbent properties should be 
properly considered to explain the high adsorption 
capacities of various adsorbents. X-ray photoelectron 
spectroscopy (XPS) analysis is performed to deter-
mine the concentration of oxygen-containing groups 
on activated carbon adsorbent. Yang et  al. (2024) 

observed an O1s peak at 532.5 eV for C-O and found 
oxygen concentration to be 14.11 at% after surface 
modification with nitric acid in comparison to 4.87 
at% in the raw sample. Deryło‑Marczewska et  al. 
(2019) noticed O1s signals with the peak position 
at 532–533  eV for carbonyl and carboxylic groups, 
increasing the atomic concentration of oxygen from 
3.6 to 5.8%. Drewniak et  al. (2016) confirmed the 
oxidation of graphene through Fourier Transform 
Infrared Spectroscopy (FTIR) spectra. The widest 
peak occurred in the range of 3320–3430  cm−1 on 
account of C–OH stretching vibrations of a hydroxyl 
group. Aragaw (2020) observed the FTIR spectrum 
of graphene oxide with an intense peak occurring at 
3457 cm−1 due to stretching vibrations of –OH group 
from different alkoxy and carboxy functional groups.

4 � Characteristics of Adsorbates

The properties of VOCs such as molecular structure, 
polarity, and boiling point also influence the adsorp-
tion capacity of an adsorbent.

4.1 � Molecular Structure

The adsorption capacity of carbon-based adsorbent 
materials is highly dependent upon the molecular 
structure of a VOCs in terms of its accessibility to 
adsorption sites available on the adsorbent. Smaller 
VOCs can enter into the pores more easily than 
larger VOCs molecules. The size of the VOCs refers 
to the cross-sectional area of the VOCs molecules. 
The uptake capabilities of AC and metal–organic 
frameworks for VOCs were found to be inversely 
related to the molecular sizes of VOCs (Qian et  al., 
2015). Besides, the molecular size, the shape of the 
VOCs molecules also affects the adsorption capac-
ity. Notwithstanding, the cross-sectional areas of o-, 
m-, and p-xylene are almost the same (0.375, 0.379, 
and 0380 nm2, respectively), the adsorption capac-
ity of p-xylene onto carbonaceous adsorbent is more 
than other forms of xylene. It is the methyl-directing 
groups present at different positions owing to which 
these three forms of xylene acquire different molecu-
lar shapes. It was highlighted by Yang et al. (2011), 
that methyl groups interact with the adsorption sites 
of the carbon adsorbent prior to the benzene ring. 
The greater distance between the methyl groups in 
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the case of m-xylene, and o-xylene compared to the 
pore size of the adsorbent was the reason cited due to 
which their entry into the pores was restricted. On the 
other hand, two methyl groups in the case of p-xylene 
which are aligned to the benzene ring at an angle of 
180º enabled its entry into the pores. The influence 
of molecular shapes entering MIL-pores is shown in 
Fig. 8.

4.2 � Molecular Polarity

The polarity of the VOCs molecules determines the 
extent of adsorption onto the surface of the carbona-
ceous adsorbent material. Usually, polar VOCs mol-
ecules tend to adsorb readily on adsorbents carrying 
polar groups while non-polar molecules get easily 
adsorbed on adsorbents with non-polar groups. The 
activated carbon is largely considered to be a non-
polar adsorbent but owing to the occurrence of some 
oxygen groups and inorganic impurities, it imparts 
some polarity. Given its non-polar surface, carbon-
based adsorbent is not an appropriate choice for 
treating humid gas mixtures. Bansode et  al. (2003) 
observed higher percentage adsorption of non-polar 
VOCs, CCl4 on activated carbons derived from vari-
ous sources (77.5%, 86.2%, and 81.2%) in compari-
son to acid-treated AC with polar groups (39.6%). 
Likewise, Horng et al. (2008) reported higher adsorp-
tion capacity for weakly polar CHCl3 (205 mg.g−1) on 
commercial activated carbon relative to 151  mg.g−1 

on ACF which exhibited polarity due to the presence 
of carbonyl groups. Carbonaceous materials possess 
polarity to some extent either inherently or it is intro-
duced by treating adsorbent with ozone or nitric acid. 
The favorable dipole–dipole interaction among VOCs 
molecules and adsorbent leads to the reduction in 
intermolecular potential energy that eventually assists 
the adsorption process. Qian et  al. (2015) employed 
activated carbon microspheres for the adsorption 
of CH2Cl2, CHCl3, CCl4, and CH3I. The adsorption 
capacity for polar VOCs, CH2Cl2 and CH3I with 
dipole moments of 1.8 and 1.59 respectively, were 
found to be higher than weak- and non-polar VOCs, 
CHCl3 and CCl4 with dipole moments of 1.1 and 0, 
respectively.

4.3 � Boiling Point

The physical adsorption is analogous to vapor–liquid 
transition in the sense that it is easier for high boil-
ing point species to convert into liquid than one with 
low boiling point on account of greater intermolecu-
lar forces. Hence, VOCs having high boiling points 
preferentially adsorb onto carbonaceous material in 
comparison to VOCs with low boiling points (Guo 
et  al., 2013). Besides, liquid-like condensation is 
known to be an important phenomenon in the adsorp-
tion of VOCs over adsorbent material which also 
makes the boiling point of VOCs a vital parameter 
(Chiang et al., 2001). Gupta et al. (2015) found longer 

Fig. 8   Scheme of ethylbenzene, p-xylene, o-xylene and m-xylene entering into MIL-101 pores. Reprinted with Permission from 
Yang et al. (2011). Copyright Elsevier 2011
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breakthrough times when xylene was adsorbed onto 
GAC compared to toluene adsorption under the same 
conditions. It was due to the higher molecular boil-
ing of xylene. Giraudet et al. (2014) reported adsorp-
tion capacities of low boiling VOCs, dichloromethane 
and ethanethiol were 0.21 and 0.18 mol.kg−1, respec-
tively, lower than the high boiling point VOCs, silox-
ane D4 (1.23  mol.kg−1). Oh et  al. (2010) adsorbed 
seven VOCs on AC and found that higher boiling 
point VOCs exhibited higher adsorption capacities. 
An empirical formula was also obtained between 
the adsorbent capacity and VOCs boiling point. The 
uptake capacities of other porous adsorbents such as 
clay were also found to have influenced the boiling 
point of VOCs in the same manner (Qu et al., 2009). 
The strong affinity of high boiling point VOCs with 
the adsorbents tends to displace the already adsorbed 
lower boiling point VOCs. Wang et al. (2012) noticed 
this phenomenon when the authors adsorbed a mix-
ture of eight organic compounds on beaded activated 
carbon. The dislodgement of low boiling point VOCs 
by the high boiling point VOCs caused higher con-
centrations of low boiling point species in the effluent 
gas after the breakthrough. Giraudet et al. (2014) con-
ducted dynamic multi-component adsorption experi-
ments and found concentrations of dichloromethane, 
ethanethiol, and isopropanol at the exit of the column 
to be greater than their corresponding inlet concen-
trations. It was attributed to the favorable interaction 
between siloxane D4 (high boiling point VOCs) and 
adsorbent that replaced adsorbed lower boiling point 
VOCs. The stronger affinity makes desorption of high 
boiling point VOCs difficult in comparison to low 
boiling point species. The complete desorption of low 
boiling compounds such as dichloromethane and iso-
propanol were observed while siloxane D4 was found 
to be partially desorbed at a temperature of 420  K 
(Giraudet et al., 2014).

5 � Conclusion and Outlook

The VOCs, undoubtedly, are the most undesired 
species present in the air which causes severe dam-
age to human beings and the environment. There 
are various control techniques reported in the lit-
erature for their abatement but they suffer from one 
or the other drawback related to cost, efficiency, 
energy, and harmful byproducts. Adsorption of 

VOCs emerges as the most favored technique for 
the removal of VOCs. The variety of porous materi-
als that are available as adsorbents, their adsorption 
performance, interaction mechanism along modi-
fication methods have been reviewed in this work. 
The pros, cons, and applications of various adsor-
bents are summarized below, which can act as a 
guideline for future researchers in the selection of 
an adsorbent:

Undoubtedly, activated carbon exhibits higher 
adsorption capacity owing to high surface area, and 
pore volume but its flammable nature, hygroscopicity 
are some of the challenges that restrict its application 
on the industrial scale.

Biochar is a low-cost adsorbent with superb 
adsorption capacity. But its production is accompa-
nied by the release of VOCs. Moreover, the complex 
interactions between VOCs molecules and biochar’s 
surface groups require in-depth investigation for the 
efficient use of biochar.

ACF exhibits excellent adsorption capacity, but 
being hydrophobic, it is not suitable for treating polar 
VOCs. Notably, the main constraint of the use of ACF 
in the industries is attributed to the high cost of fibre 
precursors and processing.

The main challenge faced by CNTs is their ten-
dency to aggregate, which leads to a reduction in their 
adsorption capacity. It is known to be a good adsor-
bent for the removal of non-polar VOCs. Similarly, 
graphene is also found to be prone to severe aggrega-
tion, and further, its complicated synthesis associated 
with high cost confines its use on an industrial scale.

The ability to readily adsorb both polar and non-
polar VOCs is one of the unique attributes of CSCs. 
Its higher spontaneous ignition temperature than 
AC facilitates its widespread use in commercial 
applications.

The higher adsorption capacity, excellent thermal 
stability, and easy reproducibility are some of the 
characteristics of zeolite that make it a conventional 
adsorbent for the removal of VOCs. But its complex 
synthesis process and high cost are some of the limi-
tations that need to be addressed by the researchers.

MOF is an excellent adsorbent due to its tailored 
pore network and superb physicochemical properties 
with adsorption capacity much greater than AC and 
zeolite. Its high cost makes it an unaffordable option 
for the industries. Humidity is also a key limitation in 
the case of MOFs.
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The low price and good thermal stability make 
raw clay an alternative option for VOCs adsorp-
tion. Its drawbacks include (i) an undeveloped pore 
structure, and (ii) the presence of silanol groups on 
the surface of the clay.

Greater insights are still required in the case 
of silica gel for VOCs adsorption, although it is 
regarded as a good adsorbent for capturing VOSiC 
vapors.

Organic polymer is considered a promising 
adsorbent under both dry and humid conditions. Its 
complex synthesis process hinders its application 
on a large scale.

Though composite materials possess great 
adsorption capacity. But the cost of pretreatment 
steps involved in developing hierarchically porous 
structured composite materials is an additional 
expense. In recent years, the application of mag-
netic composite materials has gained momentum, 
but still, a lot of research is going on in this area.

Out of the various adsorbents investigated, MOF-
based composites can be employed as an alternative 
to the prevalent adsorbents such as zeolites and AC, 
as they offer high surface area, controllable poros-
ity, and good hydrophobicity. The surface chemistry 
along with the adsorbent’s textural properties mark-
edly influences the adsorption process. Large sur-
face area and pore volume significantly improve the 
adsorption capacity of the adsorbent. The surface 
functional groups, polarity, and boiling point of the 
adsorbate greatly influence the adsorption behavior. 
However, there is no quantitative correlation exists 
between surface chemistry, textural properties, and 
adsorptive capacity. The surface chemistry of the 
adsorbent can be varied by introducing functional 
groups which is achieved by treating it with acid or 
alkali.

Despite a good amount of work that has been 
done in the field of VOCs adsorption, still there are 
grey areas in which focused research is required: 
(i) increase in adsorption capacity and selectivity 
through appropriate modification techniques, (ii) 
improvement in hydrophobic property of adsorbents 
under humid environment, (iii) development of low-
cost adsorbents with outstanding stability like MOF 
based composites, (iv) improvement in adsorption 
of low boiling point VOCs, and (v) suitable method 
for the desorption of high boiling point VOCs.
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