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The serious harm of volatile organic compounds (VOCs) to the ecological environment and human health
has attracted widespread attention worldwide. With economic growth and accelerated industrialization,
the anthropogenic emissions of VOCs have continued to increase. The most crucial aspect is to choose
the appropriate adsorbent, which is very important for the VOCs removal. The search for environmentally
friendly VOCs treatment technologies is urgent. The adsorption method is one of the most promising
VOCs emission reduction technologies with the advantages of high cost-effectiveness, simple operation,
and low energy consumption. One of the most critical aspects is the selection of the appropriate adsor-
bent, which is very important for the removal of VOCs. This work provides an overview of the sources and
hazards of VOCs, focusing on recent research advances in VOCs adsorption materials and the key factors
controlling the VOCs adsorption process. A summary of the key challenges and opportunities for each
adsorbent is also provided. The adsorption capacity for VOCs is enhanced by an abundant specific
surface area; the most efficient adsorption process is achieved when the pore size is slightly larger than
Received 21st June 2023, the molecular diameter of VOCs; the increase in the number of chemical functional groups contributes

Accepted 11th August 2023 to the increase in adsorption capacity. In addition, methods of activation and surface modification to

DOI: 10.1039/d3dt01930f improve the adsorption capacity for VOCs are discussed to guide the design of more advanced
rsc.li/dalton adsorbents.
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consequence of increasing global awareness." VOCs, character-
ized by their potential toxicity, carcinogenicity, and mutageni-
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city, are not only hazardous to human health but also harmful
to the environment.> Long exposure to VOCs can lead to
serious damage to the respiratory, nervous, and hemopoietic
systems and even critical diseases including cancer and cardio-
vascular diseases. Moreover, it has been demonstrated that
VOCs are the key precursors for the formation of photochemi-
cal smog, secondary aerosol, and ozone.>* Therefore, the
effective control of VOCs emission is becoming an increasingly
vital issue around the world and still a long way off.

For now, the existing VOCs emission control methods are
mainly divided into recycling and destruction methods.
Recovery methods are primarily adopted for the VOCs waste
gas with high concentration and recovery value, including
methods of condensation, adsorption, absorption, and mem-
brane separation.” Among them, adsorption receives wide-
spread attention owing to its characteristics of cost-effective-
ness, flexible operation, and low energy consumption.
However, for most industrial source VOCs, actually, the
destruction process including combustion, low-temperature
plasma technology, photocatalysis, biological process, direct
combustion, and catalytic combustion dominates, especially
combustion.®” It has been regarded as the mainstream treat-
ment technology of VOCs waste gas because of its high treat-
ment efficiency, ability to eliminate odor and low pollution.
Worth mentioning is that adsorption and concentration prior
to the industries emitting VOCs are characterized as low con-
centration and high air volume is of great importance for the
combustion process to reduce operating load and costs, reduce
energy consumption and ensure combustion treatment
efficiency.>® Apparently, adsorption plays a vital role in VOCs
elimination in both recycling and destruction processes and
deserves special attention.

Adsorbents are the key in VOCs adsorption technology,
which directly determine the cost of investment, operation,
and the safety of the process. It is expected in industrial appli-
cation that an ideal absorbent possesses a large specific
surface area, porosity and adsorption capacity and exhibits
excellent selectivity for different gas adsorption, high mechani-
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cal strength, thermostability and easy regeneration. For this,
number of adsorption materials have sprung out since ancient
times, and activated carbon (AC) can be called the originator,
which can be traced back to 400 B.C. Even now, ACs have the
widest application for VOCs adsorption in varieties of scen-
arios." Certainly, there also exist weaknesses in ACs such as high
carbon loss, poor thermal stability, flammability and explosive
nature."* Therefore, other carbon-based materials such as acti-
vated carbon fiber (ACF), charcoal, carbon nanotubes, and gra-
phene were gradually developed.>'>™® At the same time, to
achieve selective adsorption of VOCs, molecular sieves, a kind of
important inorganic microporous material, were discovered.
Depending on the aperture, they are classified as microporous
molecular sieves (zeolite A, zeolites X and Y, p-zeolite, ZSM-5,
MFI-zeolite, etc.), mesoporous molecular sieves (MCM, SBA, KIT,
etc.) and hierarchical molecular sieves."®'” In the 1990s, metal
organic frameworks (MOFs), a porous structure composed of
metal ions and organic connectors, firstly came out, exhibiting
excellent VOC adsorption performance. The last 20 years have
witnessed the amazing development of MOFs, benefiting from
their characteristics of huge specific surface area, multiple active
sites and high and adjustable porosity."®>° There are thousands
of MOFs now, containing a series of IRMOFs, MILs, ZIFs, UiO,
etc. In addition, there also exist other new adsorption materials
like hypercrosslinked polymeric resins (HPRs), minerals, mag-
netic nanoparticles, etc.

Except for the exploitation of new adsorbents, great efforts
have also been paid to the modification of all kinds of adsor-
bents to optimize the adsorption performance, based on their
respective features.>'”>* During this, it is of great necessity to
understand the key factors controlling VOCs adsorption,
which may guide to break through the bottlenecks of adsorp-
tion technology for industrial applications. The specific
surface area, pore structures, and surface functional groups
are proved to be the key ones, and their influences have been
widely discussed these years.

This paper gives a comprehensive overview of the core work of
adsorption technology used for VOCs elimination over the years,
and critical emphasis will be given to the primary adsorption
materials and their modification methods, as well as the discus-
sion of the key factors controlling VOCs adsorption (Fig. 1).
Furthermore, a critical overview regarding the challenges and
opportunities for each adsorbent is proposed, along with some
suggestions about future research aspects where efforts should
be made. We hope to build a bridge between materials and VOCs
adsorption performance for an in-depth understanding of the
adsorption technology, providing guidance for the design of
more advanced and excellent adsorbents.

2. Sources and hazards of VOCs

Due to differences in perspective or focus, different countries
or organizations have different definitions of VOCs.>* Even for
the same country or organization, with the deepening of
understanding and the advancement of practice, the definition
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Fig. 1 Graphic outline of this review.

of VOCs has gone through a gradual process of improvement.
The World Health Organization (WHO) defines VOCs as a type
of organic compound that exists in the air as vapor at room
temperature with a saturated vapor pressure exceeding 133.32
Pa and a boiling point between 50 °C and 260 °C. The defi-
nition of VOCs in the American Society for Testing and
Materials (ASTM) standard ASTM D3960-1998 is any organic
compound that can participate in atmospheric photochemical
reactions. Unlike SO, and NO,, which are relatively single
sources, VOCs come from a wide and complex range of sources
and can be mainly divided into natural and anthropogenic
sources based on the different entities that generate VOCs.>>’
Natural sources refer to VOC emissions caused by natural
factors, which can be divided into biological emissions (emis-
sions from vegetation, oceans, soil microorganisms, etc.) and
non-biological process emissions (forest combustion and vol-
canic eruptions). Anthropogenic sources refer to VOC emis-
sions caused by human activities, which can be roughly
divided into industrial sources, transportation sources, dom-
estic sources, etc. Among them, industrial sources account for
the largest proportion of emissions, which mainly come from
industries such as petrochemicals, coal chemical industry,
basic chemical raw material manufacturing, furniture manu-
facturing, etc. From another perspective, the sources of VOCs
can be further divided into indoor and outdoor sources. The
common indoor sources mainly come from building and dec-
orative materials, with formaldehyde and benzene derivatives
being the most common, with formaldehyde accounting for
the largest proportion, followed by xylene, toluene, and
benzene. Outdoor sources mainly include various industrial
exhaust gases and automobile exhaust generated by
transportation.

Most VOCs have the common characteristics of low boiling
point, high vapor pressure and strong photochemical reactiv-

This journal is © The Royal Society of Chemistry 2023

View Article Online

Perspective

ity. They are easily volatile at room temperature, characterized
by a pungent odor, toxicity, flammability and explosion. From
the perspective of VOCs’ harm to the atmospheric environ-
ment, under the irradiation of ultraviolet light, the hydro-
carbons contained in VOCs undergo a photochemical chain
reaction with NO, and SO, to generate secondary pollutants
such as Os, peroxyacetonitrate (PAN), aldehydes, and organic
acids, which are emitted into the air with peculiar smell and
odor. O; further oxidizes SO,, NO,, and VOCs in the atmo-
sphere, generating anions such as SO;*>~ and NO;~, which
combine with cations such as NH,", Ca®, and Mg”" in the
atmosphere to form inorganic PM2.5. The primary pollutants
formed by the direct emission of VOCs and the secondary pol-
lutants formed by a series of reactions of VOCs can form
photochemical smog in the air. In addition, VOCs will form
highly active free radicals under light, and further reactions
between highly active free radicals and other intermediate pro-
ducts with toluene, xylene, etc. will produce semi-volatile pro-
ducts. These semi-volatile products will then be distributed
between the gas phase and the particle phase. Under suitable
environmental conditions, semi-volatile organic compounds
will enter the particle phase, causing an increase in particles.
These generated particles are secondary organic aerosols.

In terms of the harm of VOCs to human health, long-term
exposure can lead to death and serious chronic diseases. For
example, benzene is highly toxic and carcinogenic. Its acute
poisoning can lead to anesthesia, headache, dizziness,
lethargy, and insanity. Toluene can affect the central nervous
system, liver, kidneys, and skin. High concentrations of for-
maldehyde, widely used in industry, can cause nasopharyngeal
carcinoma and damage cells and tissues.

3. Classification and modification of
adsorbents

The adsorption method has the characteristics of high cost-
effectiveness, flexible operation, and low energy consumption,
and is considered one of the most promising VOC treatment
technologies, with adsorbents being an important component.
Therefore, the selection of adsorbents is the primary key issue
to be solved in adsorption treatment technology. Generally,
ideal adsorbents should have advantages such as large specific
surface area and pore volume, more active adsorption sites,
high thermal stability and chemical properties, large adsorp-
tion capacity, fast adsorption rate, and strong regeneration. At
present, AC, zeolite molecular sieves, and MOFs are currently
the mainstream VOC adsorption materials, especially AC,
which is the most widely used adsorption material. Table 1
summarizes the performance, advantages and disadvantages
of different VOC adsorption materials.

3.1 AC

AC is a porous carbon-containing material with a well-devel-
oped pore structure, large surface area, excellent chemical
stability, rich functional groups, and other excellent physical
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properties, which can be in full contact with gases or impuri-
ties, thereby giving specific powerful adsorption performance
for the adsorption of VOCs.**° In general, AC can be divided
based on raw materials such as biomass AC (the precursors are
wood chips,®® walnut shells,** coconut shells,*® etc.), coal-
based AC (the precursors are anthracite coal®* and lignite®®)
and AC fibers (the precursors are polyacrylonitrile,®® inter-
mediate phase asphalt,”” phenolic resin,*® etc.). The prepa-
ration process mainly consists of carbonization and activation.
Carbon materials can be used for the selective adsorption of
VOCs by adjusting the pore structure and controlling the
surface functional groups during the adsorption process.>
The high adsorption capacity and selectivity of porous carbon
are closely related to the large specific surface area, suitable
pore structure, abundant surface functional groups, and
adsorption sites. In particular, the micropores are the main
adsorption sites for VOCs, while the mesopores provide trans-
port channels for the diffusion of VOCs.”

3.1.1 Biomass-AC. Biomass carbon material is a carbon-
rich material that is usually thermochemically transformed at
less than 700 °C and exhibits higher carbon yields, particularly
at slow pyrolysis rates.*” Renewable biomass and biomass
waste are considered to be promising precursors for AC, which
is widely used for the treatment of pollutants, including in-
organic and organic pollutants, as well as pesticides and anti-
biotics.*" The adsorption performance of biomass carbon is
closely related to its specific surface area and pore size struc-
ture, as well as to the type of biochar and pyrolysis
conditions.”>** Zhang et al.** evaluated the adsorption per-
formance of 15 different biomass carbon prepared from five
common raw materials including bamboo (BB), sugarcane
bagasse (BG), Brazilian pepper wood (BP), sugar beet tailings
(BT) and hickory wood (HW) through gas phase adsorption
experiments. AC synthesized under slow pyrolysis at
300-600 °C was used for the adsorption of VOCs with adsorp-
tion capacities ranging from 5.58 to 91.2 mg g~ " (Fig. 2a).

The adsorption capacity of biomass-AC is related to the
combined effect of its surface area and non-carbonated
organic matter (NOM) content. Biochar with high pyrolysis
temperature and large specific surface area is mainly based on
physical adsorption, while biochar with low pyrolysis tempera-
ture and small specific surface area is based on a partitioning
mechanism (Fig. 2b). Kaikiti et al.*® synthesized a series of
bio-based porous carbons from four fruit sources (pomegra-
nate peels (PB), prickly pear peels (PPB), carob bean gum (CB)
and locust bean gum (LBGB)) by slow pyrolysis (350 °C and
550 °C). The adsorption performance of four volatile organic
compounds (VOCs), consisting of cresols, dimethyl trisulfide
(DMTS), hexane, and benzene, was systematically and compre-
hensively compared. The doping of heteroatoms (e.g., O, N,
and S) is effective in improving the surface chemistry of AC. In
particular, AC containing nitrogen functional groups (ie.,
N-doping) can achieve a significant increase in the adsorption
capacity. Yang et al.”® prepared a series of N-doped biomass
porous carbons from three types of food waste (bones, crab
shells, and shrimp shells) by pyrolysis at 400-900 °C with a

This journal is © The Royal Society of Chemistry 2023
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(1) biochar produced at low pyrolysis temperature with little surface area
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Fig. 2 (a) Adsorption performance and mechanism of VOCs onto
different biomass-AC,** Copyright 2017, Elsevier. (b) Schematic diagram
of combined effect of surface area and NOM on VOC sorption by
biochar,** Copyright 2017, Elsevier. (c) Synthesis of HPC and N-doped
HPC from food waste components (bone, protein, and chitin) for VOC
adsorption,*> Copyright 2022, Elsevier.

rate of 10 °C min~". The pyrolysis process is divided into two
stages: the pyrolysis of proteins and the thermal decompo-
sition of inorganic salts (Fig. 2c). Several gaseous products
(CO, and H,0) are released during the pyrolysis of proteins to
form abundant micropores. As the pyrolysis temperature
increases, inorganic salts begin to decompose to produce CO.
In addition, the inorganic salts can be used as pore-forming
templates and activators. The bone-derived biomass porous
carbon has a large specific surface area (1405.06 m> g~) and
high pore volume (0.97 cm® g™'), exhibiting an adsorption per-
formance of 288.12 mg g~ for toluene and an adsorption rate
of 0.189 min™".

In summary, biomass charcoal is available from a wide
range of sources and still has great potential for application in
VOC adsorption due to its excellent adsorption efficiency and
low cost. In addition, biochar has a number of drawbacks,
including flammability, easy clogging of pores, and hygrosco-
picity. The production of biochar may release environmentally
harmful VOCs. As the adsorption process of VOCs on biochar
is very complex, further studies on the adsorption process and
mechanism are needed to promote the application of biochar
in volatile organic compound emission reduction.

3.1.2 Coal-based AC. Coal-based AC is prepared from
anthracite, petroleum coke, lignite, and other coal resources
with high-temperature carbonization and activation to obtain
AC with a large specific surface area and high porosity.*”
Modified AC from abundant coal resources is expected to be
an efficient adsorbent for VOCs. AC as an adsorbent has not
only physical adsorption, but also chemisorption, and its
chemisorption is mainly due to its surface having a certain
amount of surface chemical functional groups.*’ The main
component of anthracite is carbon, which is predominantly
aromatic in composition and can be converted directly into

Dalton Trans., 2023, 52,12169-12184 | 12173
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carbon material under the right conditions. Zhang et al.*® pre-
pared coal-based activated carbon (CAC) for the removal of
cyclic volatile methylsiloxanes (cVMSs) from waste leachate
using a one-step process with anthracite coal as the raw
material. ¢cVMSs are hydrophobic volatile organic pollutants.
When CAC is added to water, cVMSs tend to move on the
surface and inside the CAC. Zheng et al*® prepared three
different AC using low-rank bituminous coal as the raw
material by the KOH activation method. The adsorption experi-
ments on methane under high pressure revealed 313.15 K as
the critical temperature point for methane adsorption. Below
the critical temperature, the adsorption capacity decreases
rapidly with increasing temperature. Xiao et al’® activated
anthracite coal by the microwave activation method for the
adsorption of polycyclic aromatic hydrocarbons (PAHs). The
effects of microwave activation time, AC dosage, and other
factors on the adsorption performance were investigated, indi-
cating that the AC prepared by the microwave activation
method had a better removal effect on phenanthrene.

Coal-based AC with a reasonable pore structure, good
adsorption performance, high mechanical strength, and the
advantage of recyclability is used as a VOC adsorbent. In
addition, anthracite can be activated and fired at high temp-
eratures to form columnar or honeycomb microporous AC with
large specific surface area and low resistance through different
processes. The use of coal is more limited due to its complex
composition and the ease of secondary pollution caused by
handling ash.

3.1.3 Activated carbon fibers. Activated carbon fibers
(ACFs) are another form of AC; they have unique properties
compared to AC and exhibit a well-arranged fiber structure. In
addition, ACFs can be made into the desired formats, such as
paper cloth, fabric, felt/carpet and other shapes.’ The raw
materials used in the preparation of ACFs are usually syn-
thesized from different materials (polyacrylonitrile, bitumen,
phenolic resin, etc.) through high temperature (700-1000 °C)
carbonization and activation. Fig. 3a shows a schematic
diagram of electrostatic spinning technology. A mixture of a
polymer and functional material is usually mixed under mag-
netic stirring and ultrasound to obtain a homogeneous spin-
ning solution.?® The spun fibers are then collected on a roller
under pressure and the influence of an electrostatic field. The
ACFs are obtained after a series of treatments (pre-oxidation/
carbonization and activation). In contrast to AC, ACFs have a
thin fiber shape combined with short and straight micro-
porous pore channels, giving them faster adsorption kinetics
and mass transfer rates (Fig. 3b). Therefore, ACFs can be excel-
lent adsorbents for the adsorption of VOCs.

PAN is the most commonly used polymer precursor for
electrostatic spinning due to its high melting point, which can
be oxidized into a thermally stable conjugated structure while
retaining its original shape. PAN-based fibers are ideal precur-
sors for ACF preparation due to their flexibility and the ability
to adjust the strength and modulus of the fibers by controlling
the carbonization temperature. Awad et al.*® prepared PAN/
cellulose nanocrystalline fibers with uniform diameter distri-
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Fig. 3 (a) Schematic diagram of electrostatically spun fibers,*®
Copyright 2020, Elsevier. (b) Diagram of the adsorption mechanism of
VOCs by ACFs,® Copyright 2017, Elsevier.

bution. The resulting nanofibers have a large specific surface
area of 3497 m”> ¢~ ' and high pore volume of 2.62 cm® g~ *. The
adsorption capacities of methyl ethyl ketone and cyclohexane
are up to 1.7 and 1.8 g g™, respectively (Fig. 4a and b). Apart
from the PAN, pitch with low cost and high carbon content
can also be used as a precursor for fibers. Yue et al.>” prepared
ACFs with low cost and high adsorption performance using
isotropic pitch as the raw material by melting and blowing, air
stabilization, N, carbonization and CO,/H,O activation
(Fig. 4c). The obtained ACFs are typical microporous adsor-
bents with a large specific surface area of 1000-2000 m* g™*
and high microporous volume of 0.435-0.715 cm® g~'. They
have a strong adsorption affinity for chloroform vapor, and the
adsorption capacity was 1004 mg g~ at 22 °C. In addition, the
adsorption capacity of ACFs can be improved by modifying
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them for VOCs. Metal oxide nanocrystalline aerogels have been
reported to be used as effective adsorbents for a variety of oxi-
dized VOCs compared to AC, and these materials exhibit
higher adsorption capacities. Recently, Baur et al.>*> developed
an efficient adsorbent combining ACFs with alkali metal
oxides (CaO, La,O;, ZnO, MgO, and Al,03). Compared to
unmodified ACFs, this adsorbent provides up to 10 times the
amount of acetaldehyde adsorbed. The results show that the
metal oxide modification improves the affinity of ACFs for
polar VOCs due to the introduction of surface oxygen groups.

In short, the microporous structure of ACFs is more condu-
cive to VOC adsorption than AC. The specific surface area and
porosity of carbon fibres can be regulated by an activation
process, which increases the surface area and porosity. ACFs
are naturally hydrophobic and have a small number of chemi-
cal functional groups on the surface, which facilitates the
adsorption of non-polar or weakly polar volatile organic com-
pounds. Notably, the application of ACFs in practical industry
is limited due to the high cost of fiber precursors and their
associated processing costs.

The disadvantages of AC affect its ability to adsorb VOCs.
AC is a naturally non-polar adsorbent, which inevitably limits
the adsorption of hydrophilic VOCs. In addition, the porous
structure of AC is mainly in the microporous range (less than
2 nm), which hinders the access of VOC molecules, especially
those with larger molecular sizes, into the pores. More impor-
tantly, the disordered pore structure of ACs increases the
diffusion resistance and prolongs the adsorption equilibrium.

3.2 Zeolite Molecular sieves

Zeolite Molecular sieves, with features to sieve molecules at
molecular size based on their unique and highly ordered pore
structures, have been widely used for VOCs adsorption.®*®*
Though they exhibit a much smaller specific surface area and
poorer adsorption capacity than other adsorption materials,
extremely uniform and controlled pores can be designed and
accessible only from molecular sieves; therefore, it facilitates
the selective adsorption of VOCs. Zeolites are the typical micro-
porous molecular sieves including zeolite A, zeolites X and Y
(faujasite type), B-zeolite, and ZSM-5, and the attention of
researchers is primarily focused on the regulation of the Si/Al
ratio and hydrophobic modification for greater adsorption—-de-
sorption of VOCs.*>"®® Guvenc et al.®® found that the adsorp-
tion site of MTBE on ZSM-5 was mainly concentrated at the
pore intersection (Fig. 5a and b), while the Al element in
ZSM-5 would promote the adsorption of water molecules,
thereby creating a competitive relationship to inhibit the
adsorption of organic pollutants (Fig. 5c). The Si/Al ratio of
zeolites greatly affects the adsorption performance of VOCs,
especially when water is present. Bhatia et al.”® analyzed the
influence of the Si/Al ratio on the adsorption capacity and
found that the presence of water vapor would greatly inhibit
the adsorption of ethyl acetate by silver-loaded Y molecular
sieves (Si/Al = 40), but a bare effect was observed for
AgZSM-5 molecular sieves with high silicon-aluminum ratio
(Si/Al = 140). As claimed by Wang et al.,®® there was a large
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Fig. 5 MTBE and water density fields in (a) ZSM-5/95 and (b) ZSM-5/
95S at the maximum MTBE loading. MTBE density field is in white, and
water density increases from blue (near-zero density) to red. Aluminum
atoms and sodium cations are represented as pink and purple spheres,
respectively. Straight and sinusoidal channels run in the vertical and
horizontal directions, respectively. (c) Comparison of MTBE and water
adsorption capacity of ZSM-5/95 and ZSM-5/95S as a function of MTBE
fugacity. Water fugacity is constant at 3.5 kPa.®® Copyright 2012, ACS. (d)
The diagram of the effect of hydrophilic Si—-OH on the catalytic per-
formance of molecular sieves.®® Copyright 2021, Elsevier. (e) The sche-
matic diagram of the prepared NaY@meso-SiO, core—shell composites;
(f) the hydrophobicity of zeolite before and after modification.”*
Copyright 2022, Elsevier.

amount of hydrophilic Si-OH on the surface of molecular
sieves, which would easily combine with H,O, avoiding the
adsorption of VOCs (Fig. 5d). Hence, hydrophobic modifi-
cation is always a research priority, and the commonly used
strategies are silanization modification, dealuminization, acid
treatment, etc.®® Kremer et al.”' synthesized the ultrastable Y
molecular sieve (USY) with good hydrophobic properties by
skeleton dealumination removal of Y zeolite. Zhang et al.”>
modified NaY molecular sieves by TMCS (a silane reagent),
leading to the increase of water contact angle from 0 to 69.2°,
and the toluene adsorption capacity was enhanced by 78% at a
relative humidity of 80%. Liu et al.”® coated mesoporous SiO,
with different shell thicknesses on the surface of NaY and
formed a NaY@meso-SiO, core-shell composite, as displayed
in Fig. 5e and f, which significantly improved the hydrophobi-
city of NaY zeolite and the diffusion of VOCs.

The bottleneck of zeolites is the large gas diffusion resis-
tance due to the smaller pores, resulting in evident difficulty
in desorption."®’* Then, an era of ordered mesoporous
materials came out along with the first synthesis of MCM-41
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in 1992,” followed by the development of a series of meso-
porous materials like MCM-n, SBA-n, KIT-6, MSU-n, FDU-n,
etc.”®7® Tuning surface functional groups, morphology and
different origin of silicon sources are the main concerned
aspects of this field. To avoid the competitive occupation of
adsorption sites between water molecules and toluene mole-
cules, as shown in Fig. 6a-c, Yu et al.”® functionalized MCM-48
by the co-condensation method, which presented excellent
dynamic toluene adsorption capacity under both dry con-
ditions (194.62 mg g~') and 20% RH (122.42 mg g ). Zhou
et al.®® developed amino-functionalized spherical mesoporous
silica (ASMS) via an easy 3-aminopropyltrimethoxysilane
(APTES) treatment, showing great toluene adsorption capacity
(98.1 mg g') and outstanding regenerability by thermal de-
sorption. Liu et al®' reported phenyl modified KIT-6 with
much better toluene selective adsorption and a far better
hydrophobicity (Fig. 6d and e), which can be attributed to the
conjugated w-electron effect between the aromatic rings of
phenyl groups and toluene molecules within the mesoporous
channels.

In the nearest ten years, the hierarchical molecular sieves
spring up. It is a new composite containing different levels of
channels connected to each other, which not only maintains
the characteristics and advantages of each level of pores, but
also produces synergistic effects through coupling, exhibiting
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Fig. 6 (a) Schematic diagram of toluene adsorbed on MCM-48 adsor-
bents functionalized via different methods under wet conditions;
adsorption cycle of co-M48(1:5)-100/48: (b) RH = 0 and (c) RH =
20%,”° Copyright 2022, Springer. (d) The breakthrough curves of
toluene adsorption (100 ml min~ N, gas flow with 1000 ppm toluene;
0.1 g sample with 40-60 mesh; adsorbent bed diameter: 6 mm, length:
15 mm; 60% RH at 25 °C); (e) the schematic diagram of the dynamic
adsorption process.®* Copyright 2018, Elsevier. (f) Schematic diagram of
the modification of USY by NH4HF, + NaOH or NH4HF, + NH;OH solu-
tion; (g) and (h) toluene adsorption amount—time curves of different
USY samples under different pressure conditions,®> Copyright 2019,
Elsevier.
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better performance than traditional porous sieves containing
only one grade of pore structure.®**® Currently, researchers
focus on the adjustment of the pore characteristics by chan-
ging the preparation conditions, the type and dosage of the
template agent, and alkali treatment to obtain good perform-
ance materials. Feng et al.®* etched the USY zeolite by NaOH
and NH,HF, to remove part of non-framework Al and Si, and
the obtained material contains a large number of both micro-
pores and macropores, showing evidently increased toluene
adsorption capacity (Fig. 6f-h). Han et al.*” introduced a water-
soluble polyacrylamide (PAM) hydrogel into the SAPO-34 syn-
thesis system and prepared hierarchical SAPO-34 with both
micropores and mesopores, whose catalytic life is prolonged
by about three times with highly enhanced adsorption per-
formance. Jiang et al.®® reported meso-microporous ZSM-5 by
hydrothermal synthesis, and excellent adsorption and desorp-
tion performance (the adsorption capacity is up to 47.02 mg
¢~ 1), water resistance (the adsorption capacity decreased only
4.64%), and renewability (the adsorption and desorption
efficiency are up to 95% and 97%, respectively) were achieved.

In a word, from the discovery of original natural zeolites to
the development of a large number of new synthetic zeolites,
from microporous crystalline aluminosilicate molecular sieves
to ordered mesoporous materials and microporous materials,
and to hierarchical molecular sieves, the optimization of pore
structure and adsorption capacity for the zeolite molecular
sieve has progressed with marvellous rapidity. Meanwhile, the
hydrophobicity has also been greatly improved contributed by
the ingenious modification methods. Attention in the future
should be paid to the enhancement of cycle stability and
regeneration performance, super stability in different rugged
environments, and operating economy, to better serve the
adsorption, catalysis and separation of VOCs.

3.3 MOFs

MOFs are organic-inorganic hybrid materials with periodic
network framework structures formed by self-assembly of
metal ions or metal clusters and organic ligands, which are
developed from coordination chemistry. It is worth noting that
by selecting matching organic ligands, the structure of MOFs
can be flexibly controlled.®* MOF materials have attracted the
attention of many scholars since their birth in the 1990s.%°
After nearly 30 years of research, scientists’ enthusiasm for
MOF materials has not abated; their ever-changing structure
and potential properties make them one of the research hot-
spots in chemistry and materials science. The MOF-1 (Cu (4,4
bpy)1.5-NO3(H,0); »5(4,4-bpy)) with an adamantane type
network structure was synthesized by O. M. Yaghi et al. with
4,4'-bipyridine and Cu(NOj3),-2.5H,0.”* In 1999, a landmark
MOF-5°*> using terephthalic acid and Zn>" was synthesized
with a pore size distribution concentrated at 8 A and a
Langmuir specific surface area of up to 3917 m*> g, far
exceeding conventional materials such as AC and molecular
sieves. Owing to their high specific surface area, adjustable
pore structure, numerous controllable functional groups, and
large-scale production characteristics, MOFs have unique
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application prospects in many fields such as energy storage,
electrochemical reactions, sensors, biomedicine, and
especially VOC adsorption. In recent years, the technology of
controlling and managing VOCs based on MOF materials has
gradually emerged as a rising star, and MOFs have become a
promising class of microporous VOC adsorption materials.
Various types of MOFs have been synthesized, including
IRMOFs, ZIF series, MIL series and UiO series, for the treat-
ment of VOCs. IRMOF materials are the most representative
MOF materials and have a regular branching structure, which
endows them with a large specific surface area and high poro-
sity. Several typical IRMOFs, such as MOF-5, IRMOF-3,
MOF-199, and so on, were prepared.®® The most studied one is
MOF-5, which is a three-dimensional MOF with a simple cubic
structure constructed by a solvothermal method using a rigid
organic ligand terephthalic acid (BDC) and a transition metal
Zn. Yaghi et al. (Fig. 7a).”> have found that the saturated
adsorption capacity of MOF-5 for VOCs such as dichloro-
methane, chloroform, benzene, and hexane can reach 1211,
1367, 802, and 703 mg g~ ', respectively. Through further
research, they found®’ that the adsorption capacity of MOF-74
and MOF-199 for tetrahydrothiophene, benzene, dichloro-
methane, and ethylene oxide was one order of magnitude
higher than that of Calgon BPL AC, with a maximum of 59
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times. The ZIF series is a tetrahedral framework material
mainly synthesized by the reaction of imidazole ligands (Ims)
with Co(m) or Zn(m). Boudjema et al.°* conducted a sorption
capability experiment on commercial ZIF-8 and found that it
would preferentially adsorb n-hexane, with a saturated adsorp-
tion capacity of 250 mg g . Xie et al.®® prepared amino func-
tionalized ZIF-8 with many microporous structures and func-
tional groups, which endow it with outstanding VOC adsorp-
tion performance. Its maximum adsorption capacities for
aniline, benzene, and toluene are 245.31, 185.68, and
207.49 mg g, respectively (Fig. 7b and c). The MIL series has
strong flexibility, high water stability, and good selectivity.
Among them, MIL-53, MIL-100, and MIL101 are the most
representative, and have received widespread attention.
Tehrani et al°® prepared hierarchical micro-mesoporous
MIL-101(Cr), which exhibited 235.3 + 0.05 and 291.6 =+
0.04 wt% adsorption efficiency for benzene and toluene,
respectively. Therefore, MIL-101 can be used as an efficient
adsorbent and has broad application prospects in the adsorp-
tion and removal of VOCs. In addition, the UiO series of MOF
materials also enriches the classification. Zhao et al.*” syn-
thesized defective UiO-67 by changing the amount of benzoic
acid. When the molar ratio of Zr*" to benzoic acid is 1:10,
there are more adsorption sites, higher benzoic acid content,
stronger n-n stacking, and excellent adsorption diffusion be-
havior in the 67-ben-10 sample, and the sample exhibits the
maximum adsorption capacity for toluene, which is 480 mg
g, Vellingiri et al.°® compared the adsorption of toluene by
different types of MOFs under environmental conditions. As
shown in Fig. 7d, the order of equilibrium adsorption capacity
of all MOFs is ZIF-67 (224 mg g~ ') > Ui0-66 (166 mg g~ ') >
MOF-199 (159 mg g ) > MIL-101 (98.3 mg g~ '). The maximum
adsorption capacity of ZIF-67 is attributed to the maximum
specific surface area (1401 m* g™").

Even so, there are still some drawbacks of MOFs as VOC
adsorbents. VOCs in the environment usually coexist with
gaseous water molecules (humidity). In addition, water vapor
in industrial flue gas is about 10%. Most MOF materials are
highly sensitive to water, which not only harms the crystallinity
of MOFs but may also cause hydrolysis of metal-organic
bonds, leading to final structural collapse and porosity loss. In
addition, humidity significantly inhibits the adsorption of
VOCs by MOFs, mainly through competitive adsorption
between gaseous water molecules and VOC molecules. Zhang
et al.®® found that the adsorption capacity of Cu-BTC for
toluene significantly decreased by 28.5% after exposure to air.
And as the exposure time prolongs, its adsorption capacity for
toluene continuously decreases. After 3 months of humid air
aging, the crystal structure of Cu-BTC collapsed. Meanwhile,
with the degradation of the internal structure of Cu-BTC, its
pore structure is severely damaged, and the BET surface area
retention rate is less than 40% (Fig. 7e). Therefore, how to
solve the above shortcomings is important for MOFs as VOC
adsorbents. Dong et al.'® designed a novel bimetallic MOF
PCN-250 (Fe,Co) to improve MOFs’ humidity tolerance.
Performance testing found that for dry acetone gas with a flow
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rate of 160 min g™, the adsorption capacity of PCN-250 (Fe,Co)
was 355 mg g~ '. When the gas humidity increases to RH = 40%,
about 93% of the acetone capture capacity is still retained, indi-
cating that MOF adsorbents have good tolerance to the humidity
of acetone vapor. In addition, PXRD measurements show that
PCN-250 (Fe,Co) also exhibits good stability towards VOCs. The
enhanced adsorption performance is partly attributed to the
introduction of open Co(u) sites, and the adsorption mechanism
is different under humid and dry conditions, as calculated by
DFT. Since water molecules are more likely to adsorb on metal
sites under humid conditions, the H atoms of H,O* adsorbed on
Co(u) atoms subsequently attack O; first to form free radicals,
which improves the performance of adsorption and catalysis;
however, this is not a general strategy.

In summary, the huge specific surface area, adjustable pore
structure and remarkable physicochemical properties of MOFs
make their adsorption performance superior to that of tra-
ditional adsorbents, which are one of the most promising
adsorbents for VOCs at present. However, the expensive cost
and poor water resistance of MOF materials limit their wide-
spread industrial applications. Although their stability and
selectivity can be adjusted by hydrophobic modification, they
are still not advantageous in practical applications.

4. Key factors and removal
mechanism of VOCs adsorption
4.1 Key factors of VOCs adsorption

Adsorption is regarded as one of the most promising VOCs
treatment technologies owing to its characteristics of cost-
effectiveness, flexible operation, and low energy consumption.
However, drawbacks like limited adsorption capacity, difficulty
in regeneration, high replacement cost, and susceptibility to
environmental factors especially water vapor, dust, etc. still
limit the industrial application of adsorption. How does one
break through these bottlenecks from the perspective of
special design of adsorbing materials? Analyzing and extract-
ing the key factors controlling VOCs adsorption are considered
as the top priority. It is widely reported that it is the specific
surface area, pore structure and surface functional groups that
primarily affect the adsorption performance of adsorbents.
Therefore, understanding and adjusting these key factors are
the focus courses in the present research.

4.1.1 Specific surface area and pore structure. The specific
surface area is one of the crucial factors for adsorption
materials, directly determining their performance of VOCs
adsorption. Often, the larger, the better. It is demonstrated
that the adsorption capacity of VOCs exhibits a good linear
relationship with the specific surface area of materials and
pore volume.*>'** On the basis of this, designing and synthe-
sizing new adsorbents with increasing surface area is always a
hot topic. From the primary molecular sieve with an average
specific surface area of 800 m* g™, hypercrosslinked polymeric
resin (average specific surface area of 1225 m”> g™'), AC
(average specific surface area of 1404 m”> g'), to MOFs
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(average specific surface area of 2653 m”> g™ %), it is seen that
the specific surface area of adsorbents is continuously iterat-
ing and updating, along with the new discovery of adsorption
materials. Certainly, this research is continuing.

Recently, the Yang Kun group'® reported MOF-177 pre-
pared by the solvent thermal method, whose Langmuir and
BET specific surface area are 4170 m”> g~' and 2970 m” g/,
respectively, showing excellent adsorption capacity for several
VOCs like acetone, benzene, toluene, ethylbenzene, o-xylene,
m-xylene, etc. Fig. 8a displays the MIL-101 with a specific surface
area of 3891 m” g™ " reported by Jhung et al.,'*" which exhibited a
huge benzene adsorption capacity of 1303 mg g~ and rapid
adsorption rate of 5.15 mg g~ ' s~ at 30 °C and pressure of P/P, =
0.5 (Fig. 8b and c). Another way to increase the surface area of
adsorbents is to activate them by types of gases (air, water vapor,
CO,, etc.) at a certain temperature and pressure, or chemical
reagents like strong acids, alkaline hydroxides and salts, which
has been widely studied for ACs. Liu et al.'® obtained the ACs
with a specific surface area of 3708 m”> g~" via the activation treat-
ment by KOH. Jain et al.'® prepared a type of mesoporous AC
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Fig. 8 (a) Schematic of the crystal structure of MIL-101. Each inter-
section of the schematic structure (right) corresponds to a supertetrahe-
dron built up of trimers of chromium octahedra and terephthalate moi-
eties (left); (b) sorption isotherms of benzene at 30 °C on MIL-101(40), a
commercial active carbon, HZSM-5 zeolite, and mesoporous silica
SBA-15; (c) sorption kinetics of benzene on MIL-101(40), MIL-101(CH),
and active carbon at 30 °C in the vapor phase. The inset shows the sorp-
tion kinetics near equilibrium for clarity,'°* Copyright 2007, Wiley. (d)
Schematic of the improved chemical activation process; (e) PMCR (per-
centage molasses color removed) of AC prepared under different pre-
treatment conditions as a function of mesopore area and OFG,%?
Copyright 2015, Elsevier. (f) Comparation of the defective UiO-67 and
origin UiO-67; the adsorption capacity of the 67-ben-10 benzene series
for (g) the defective UiO-67 and (h) UiO-67.%7 Copyright 2022, Elsevier.
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with a specific surface area of 2450 m* g™ by incorporating H,0,
as an oxidizing agent during hydrothermal pre-treatment of the
raw material (coconut shell), and claimed that the specific
surface area of ACs is seriously dependent on the ratio of activa-
tors (Fig. 8d and e).

Except for specific surface area, pore structure properties
like pore size and shape also play a vital role for VOCs adsorp-
tion. As for pore size, there are four types: macropores
(>50 nm), mesopores (2-50 nm), micropores (<2 nm) and
narrow micropores (<1 nm), the first three of which approxi-
mately correspond to HPR, zeolite, MOFs and ACs, respect-
ively. In particular, hierarchical molecular sieves or ACs con-
taining both micropores and mesopores have been developed
these years as previously discussed. Then, how does one select
the most suitable adsorbent for the adsorption of the target
VOCs? It has been verified that it is the most effective adsorp-
tion process when the pore diameter is slightly larger than the
molecular diameter of VOCs. When the pore size is far larger,
the pore would be just like a channel showing extremely week
adsorption force between the material and VOCs molecules,
and thus reduce the adsorption performance. As studied by
Crespo,'®® the carbon nanotubes with a pore size of 1.2 nm
and 1.68 nm were employed for the adsorption of benzene and
cyclohexane, and the 1.2 nm one exhibited greater VOC
adsorption capacity. Since most VOC molecules are on the
micropore or even narrow micropore-scale, micropores are
usually considered as the primary adsorption sites for VOC
adsorption. It is reported by Lillo-Rédenas et al'®” that
toluene can be adsorbed both in the micropores and narrow
micropores, and emphasized that the volume of narrow micro-
pores is just the controlling factor for its adsorption, especially
at low concentration. However, materials with only micropores
or even narrow micropores have been verified to be not the
optimum. Notably, the diffusion of VOCs is equally important
during their adsorption process, and mesopores can just fit to
this procedure. Tsai et al.'®® analyzed and calculated the
adsorption kinetic curve of several VOCs molecules adsorbed
on ACs, and concluded that the diffusion coefficient of VOCs
in mesopores can be about three orders of magnitude higher
than in micropores. Zhao et al.’’ developed a strategy to opti-
mize both the adsorption sites and diffusion behavior of
UiO-67 by changing the amount of benzoic acid in the precur-
sor solution, and the obtained defective UiO-67 achieved a
toluene adsorption capacity of 480 mg g ' (Fig. 8f-h).
Mechanism study showed that the adsorption performance
was related to the polarizability of the VOC molecules, the
method of pore entry and the molecular size.

Based on the above discussion, it is clear that the specific
surface area and the pore structure exhibit a combined effect
on the adsorption performance of materials, which is a dialec-
tical process and greatly dependent on the character and struc-
ture of the targeted VOC molecules.

4.1.2 Surface functional groups. The type and number of
functional groups on the surface of AC are also key factors
affecting the adsorption capacity of VOCs.®> The surface func-
tional groups on the surface heteroatom (O, N, S, and halogen)
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can effectively improve the surface chemical properties of AC.
The oxygen and nitrogen groups on AC are considered to be
the most significant adsorption types.

Oxygen functional groups are divided into three types:
acidic, neutral and basic functional groups. Carboxylic acids
are formed by liquid phase oxidation, while hydroxyl and car-
bonyl groups are formed by gas phase oxidation. These
oxygen-containing functional groups are more inclined to
adsorb polar VOCs by forming hydrogen bonds.>''° The
amount of adsorption of polar compounds is affected by the
number of oxygen-containing groups. Usually the carboxyl and
hydroxyl groups show strong electronic absorption capacity.
Adsorption of benzene is mainly caused by the formation of
an electronic complex between the carboxyl group (acidic
group) and the benzene ring, which firmly binds the benzene
ring to the surface of the adsorbent through hydrogen-
bonding interactions with oxygen-containing functional
groups.’® Fig. 9 shows the relationship between the adsorption
capacity and the number of functional groups for benzene and
methanol. Among them, the relative adsorption coefficient of
benzene (0.98152) is higher than that of methanol (0.95638).
There is a linear relationship between the saturation sorption
amount and the number of chemical functional groups. As the
number of functional groups increases, the saturation sorption
of VOCs also increases. An et al.'®® explored the enhanced
adsorption effect of various functional groups on the surface
of the carbon model and the optimal adsorption position of
polar formaldehyde molecules in the AC model through a
mathematical modeling system. The results showed that the
adsorption of formaldehyde by the carboxyl group consists of
two main parts: the first part of the carboxyl group and the for-
mation of hydrogen bonds with formaldehyde; the second part
can only be adsorbed by the weaker van der Waals forces. As
the carboxyl groups would adsorb multiple layers of formal-
dehyde, the adsorption force on the outer formaldehyde mole-
cules gradually weakened, accompanied by the appearance of
desorption. However, its overall adsorption effect is signifi-
cantly stronger than that of several other functional groups
studied. Zhao et al.""" investigated the effect of oxygen-contain-
ing functional groups on the competing adsorption mecha-
nisms of non-polar benzene molecules and polar water mole-
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Fig. 9 Relationship between adsorption capacity and the amount of
surface functional groups,*? Copyright 2020, Elsevier.
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cules on the surface of carbon materials. It was determined
that the carboxyl group has a strong influence on the hydro-
philicity of the carbon material. The ether group will release
adsorption space for benzene adsorption on the surface of the
carbon material, facilitating the adsorption of benzene.

Nitrogenous functional groups are mainly available through
pyrolysis of nitrogen-containing compounds (organic: mela-
mine and urea; inorganic: ammonium oxalate; nitrogenous
macromolecules and nitrogenous biomass: proteins, chitin,
and microalgae). NH; treatment is another common method
of introducing nitrogen-containing functional groups, both to
increase the amino-N group and to increase the nitrogen
content of biochar. Xu et al.>® recovered the cork wine stopper
and prepared it into a VOC adsorption material through
ammonia activation, which contained rich amino functional
groups and showed good adsorption capacity for acetone,
toluene and benzene.

4.2 Removal mechanism of VOC adsorption

4.2.1 Removal mechanism of AC. Density functional theory
(DFT) can give useful insights into the mechanism and nature
of the interaction of the VOCs with the AC. Sharafinia et al.**°
successfully synthesized a set of AC adsorbents prepared from
leguminous plant particles. The carbon atoms around the
porous sites as well as the oxygen atoms of the AC have nega-
tive potentials. This means that the latter position is the most
favorable region for electrophilic attack. The hydrogen atoms
of the hydroxyl group and the dangling hydrogen atoms
located at the edge of the AC have positive potentials,
suggesting that these sites may interact with nucleophiles.
DFT calculations show that the adsorption of VOCs on AC
occurs by charge transfer from VOCs to AC, and the VOC mole-
cules preferentially adsorb on the defective sites of AC with
negative values of adsorption energy and Gibbs free energy
change. Meng et al.''” prepared lignin-based ACFs by the
electrospinning method for VOC removal. The large specific
surface area and microporous structure of the adsorbent con-
tribute to adsorption, while the role of chemical functional
groups is related to the polarity of VOCs. For single-component
dynamic adsorption, the molecular polarity of VOCs plays a
crucial role in the adsorption process. For multicomponent
adsorption, methanol and acetone prefer to be adsorbed on
the polar groups on the surface of the adsorbent through
dipole-dipole interactions, and the adsorption process is
physisorption. Guo et al.'*® developed a facile strategy to modify
AC by the mixture of siloxane with long and short chains.
Water has the highest E,4s (—0.16 eV) on the OH-modified
carbon layer through hydrogen bonding interactions.
Therefore, the adsorption of water precedes the adsorption of
ethanol, ethyl acetate or toluene on the carbon layer. E,qs on
the carbon layer modified by Si showed that the synergistic
effect of hydrogen bonding interactions between the adsorbed
molecules and the -OH group of Si increased the adsorption
energy for ethanol, ethyl acetate, toluene and water. In particu-
lar, the E,qs values for ethanol and ethyl acetate (—0.81 and
—0.77 eV) were higher than that for water (—0.73 eV). This indi-
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cates that the adsorption of ethanol and ethyl acetate is predo-
minant on the silica-modified carbon layer (Fig. 10). The main
adsorption sites for toluene can be transferred to the inner
regions of the carbon layer. However, water molecules are still
present only on the boundary of the carbon layer. The number
of adsorption sites in the inner region of the carbon layer is
larger than in the boundary region. It can be concluded from
the DFT analysis that siloxane modification can improve the
selectivity of AC to VOCs.

4.2.2 Removal mechanism of zeolites. It has been widely
proved that DFT is an effective way to shed light on the adsorp-
tion mechanism at the molecular level. Yin et al.’® studied the
typical VOC adsorption by metal (Ni, Co, Cu, and Mn)-oxide
nanoparticle loaded NaY zeolite, and DFT results showed that
the interaction of metal-oxides with isopropanol (E, = —0.72
eV) and acetone (E, = —0.699 eV) is greater than that with
toluene (E, = —0.177 eV) due to their oxygen functional groups
(the coexistence of coordination bonds and hydrogen bonds);
thus, NaY@CoO exhibited excellent adsorption performance
for isopropanol (189 mg g~') and acetone (124 mg g') under
RH = 50%, much higher than toluene. Besides, VOCs can just
adsorb on NaY by weak van der Waals forces (E, = 0.042-0.073
eV), while the loading of metal-oxides enhances the adsorp-
tion ability of VOCs and the strong competitive adsorption
between water molecules and VOC molecules is greatly
reduced, making the adsorption capacity of NaY@M,O, for
VOCs significantly improved under high humidity conditions.
For better guidance of the design of adsorbents, Hessou
et al'* systematically investigated the interaction between
sodium-exchanged faujasite Y zeolite and a large set of VOCs
by DFT calculations. It is found that styrene presents the stron-
gest interaction with NaY zeolite (130 kJ mol™"), while

a .
T i
b\é )¢

el

E,y,=-0.08eV E,,=-014eV E,,=-015eV E,,=-0.16eV

Eu_=A7eV
Fig. 10 Adsorption geometries of ethanol, ethyl acetate, toluene and

water by (a) OH-modified and (b) Si-modified carbon layers,'®
Copyright 2021, ACS.
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methane the weakest (25 k] mol ™), indicating that this type of
zeolite may be unsuitable for methane adsorption.

In addition, in situ diffuse reflectance Fourier transform
infrared spectroscopy also provides a way to take a closer look
at the molecular mechanism of adsorption. Kang et al.'** ana-
lyzed the adsorption of gaseous DCM and water vapor on FAU
and MFI zeolites, as shown in Fig. 11a. Compared with the
spectra of gaseous DCM, the peaks (757 and 742 cm™%),
assigned to the asymmetric and symmetric stretching
vibrations of the C-Cl bond, exhibit no shift on all the zeolites,
indicating that the C-Cl bond is relatively independent and
barely influenced by the surface of the adsorbent. However,
the peaks around 3200-3100 em™ " (stretching vibrations of
C-H bonds) exhibit an evident red-shift in both cases, suggesting
that the C-H bond of DCM is weakened or elongated when the
molecule is adsorbed on the surface of the solid. In addition,
the disappearance of the peak around 1267 cm™ (rocking
vibrations of the two H atoms) is observed when DCM is
adsorbed on FAU zeolites, along with the appearance of a new
peak from 1199 to 1055 cm™, implying that the rocking
vibrations of the two H atoms of DCM are constrained by the
pore space. Thus, it is supposed that DCM should be in inti-
mate contact with the surface of FAU zeolites via an H atom,
while for MFI zeolites, both of the peaks remain, indicating
that DCM is relatively free in the middle of the pores in MFI
zeolites without strong interaction with the pore walls
(Fig. 11Db).

4.2.3 Removal mechanism of MOFs. MOF materials exhibit
efficient adsorption performance in VOC removal due to their
large specific surface area, abundant tunable porosity, and
open metal sites. However, MOFs with different compositions
and structures have different bonding ways to different types
of VOCs, resulting in different reaction mechanisms.’** In
summary, when there are no special functional groups in VOC
molecules, such as aliphatic-VOCs, they tend to rely on non-
specific adsorption, such as van der Waals forces. At this time,
the adsorption performance is mainly determined by the pore
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Fig. 11 In situ DRIFTS spectra of DCM on FAU (a) and MFI zeolites (b)
compared with the spectrum of gaseous DCM at a temperature of
30 °C.**3 Copyright 2018, ACS.
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structure of MOFs, and is accompanied by poor selectivity.
When aromatic ring functional groups exist in VOC molecules,
adsorption is often dominated by stronger n-n host-guest
interactions. At the same time, the ligand molecules of MOFs
are also required to have a large number of aromatic groups to
selectively adsorb such VOCs. When the polar functional
groups are present in the molecules of VOCs, the variation of
the types of polar functional groups shows different reaction
mechanisms, such as hydrogen bonding interactions, electro-
static interactions, acid-base interactions, and unsaturated
metal coordination interactions. For example, VOC molecules
containing functional groups such as N, O or F usually rely on
hydrogen bonding interactions. If the VOCs with N or
O-functional groups have certain acid-base properties, and
electrostatic interactions, acid-base interactions may become
dominant; the adsorption of VOCs containing sulphur is more
inclined to interact with unsaturated soft metals. For gases
with more complex compositions, the selectivity and adsorp-
tion capacity of MOFs may be impaired, especially by water
vapour. Moisture can adsorb and occupy the adsorption sites
in the structure of MOFs, thus reducing the adsorption of
VOCs. Meanwhile, moisture tolerance can be improved by
hydrophobic modification."*> However, the adsorption of
VOCs by MOFs is still a complex process, and thus the adsorp-
tion process and mechanism need to be further investigated
by using in situ characterization techniques and DFT
calculations.

5. Conclusions and perspectives

This review focuses on VOC pollution control technology and
provides a detailed introduction to three typical adsorption
materials as VOC adsorbents, including AC, molecular sieves,
and MOFs. Relevant insights and modification methods for
improving adsorption capacity, regeneration performance, and
susceptibility to environmental factors have been proposed.
And the factors that affect the adsorption performance of
adsorbents, namely specific surface area, pore structure, and
surface functional groups, were elaborated in detail. However,
there is still a significant gap between the practical application
and experimental research of adsorbents in real emission
environments and many issues need further research.

(1) Although the large surface area and pore volume of AC
adsorbents have a positive effect on the adsorption capacity of
VOCs, the use of ACs for large-scale applications at the indus-
trial level still presents certain challenges: (i) incomplete de-
sorption will affect the lifetime and regeneration cost of the AC
due to irreversible adsorption. The material design should
consider not only the high adsorption capacity, but also the
regeneration capacity of the adsorbent as well as its accessibil-
ity. (ii) The flammability of ACs may cause fires, especially
during exothermic adsorption. (iii) The high permeability,
pore resistance and hygroscopicity of AC limit its wide appli-
cation in VOC treatment. (iv) The detailed mechanism of
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adsorption conditions in the adsorption process for AC
adsorption of VOCs needs to be more refined.

(2) Zeolite molecular sieves are a big family containing
micropores, mesopores, and hierarchical pores, and it is the
rapid development of the adjustable pore structure and
specific surface area that gives zeolites excellent adsorption
capacity for VOCs. However, the hydrophilicity of most mole-
cular sieves limits their practical industrial applications, since
H,0 would preferentially adsorb and occupy the sites, avoiding
the adsorption of VOCs. Thus, hydrophobic modification is an
eternal topic for all types of zeolites and great advances have
been made through silanization modification, dealuminiza-
tion, acid treatment, surface functional group tuning, etc., but
hardly sufficient. Further research is also required to further
enhance the tolerance in the presence of moisture. In
addition, even though some of the zeolites have been commer-
cialized, developing high-quality mesoporous or hierarchical
zeolites through more cost-efficient and environment-friendly
synthesis methods needs to be investigated in upcoming
works. Notably, during the practical applications, it is
appealed that the cycle stability and regeneration performance,
and super stability in different rugged environments of zeo-
lites are urgently needed, which were concerned in few
studies. Attention in the future should be paid more on those
issues, to better serve the adsorption, catalysis and separation
of VOCs.

(3) MOFs have a tunable pore structure and excellent
physicochemical properties, making them promising VOC
adsorbents for research. On the one hand, the high prepa-
ration cost of MOF materials limits their practical application
as adsorbents. How to industrialize and commercialize MOF
materials is one of the key factors determining the future
development of MOF materials. On the other hand, the MOF
structure must be carefully designed, and suitable inorganic
(nodes) and organic ligands (linkers) must be selected to con-
struct special MOFs for specific applications; subsequently,
the changes of selectivity and adsorption capacity of MOFs
must be tested under the coexistence of various volatile
organic compounds; another key point is to solve the problem
of stability of MOFs under humid conditions. However, com-
pared to the many research results that have been reported so
far, there are still very limited MOF materials that can really
achieve high adsorption efficiency, which remains a challenge.
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