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As is universally acknowledged, the fast advances in industrialization and urbanization have caused the
rapid increase in the emission of aromatic volatile organic compounds (VOCs), which results in not only
much environmental pollution and human health hazard, but also a significant waste of resources. Under
such circumstances, it is urgent that some scientific strategies should be adopted to eliminate or reuse
those VOCs. Two important strategies for VOC emission control are adsorption and dynamic desorption
on porous carbon adsorbents (PCAs), which help to capture valuable VOCs or remove unvalued VOCs. In
this review, the research developments of selective adsorption of gaseous aromatic VOCs onto different
porous PCAs were systematically reviewed, especially the interaction mechanism between adsorbates and
adsorbents during the adsorption process. Besides, the critical influential factors for the desorption of aro-
matic VOCs onto PCAs are also discussed, and the mechanisms focused on deactivation and regeneration
of PCAs associated with the interaction mechanism of adsorbents and adsorbates are presented. Finally,
the integrated processes based on adsorption and desorption for emission control and resource recovery
are carefully summarized. Overall, this review expounds the characteristics of adsorption and desorption of
aromatic VOCs on various PCAs as well as the integrated technologies for emission control and resource
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recovery of industrial VOC exhaust. We hope that this work can lay the foundation for the efficient abate-

rsc.li/es-nano ment and recovery technologies of VOCs from industrial exhaust.

Environmental significance

Engineered porous carbon adsorbents (PCAs) are recognized as one of the efficient VOC adsorbents for recovering and eliminating industrial VOCs due to
their low cost and high adsorption capacity. In this review, starting from the emission characteristics of aromatic VOCs from industrial processes, we focus
on the elaboration of the adsorption and desorption characteristics and mechanism for aromatic VOCs, and a systematic documentation associated with
the interaction mechanism between adsorbates and adsorbents during the adsorption process onto different PCAs is presented. The integrated processes
based on adsorption and desorption for emission control and resource recovery are carefully summarized. Overall, this review expounds the characteristics
of adsorption and desorption of aromatic VOCs onto PCAs as well as the integrated technologies for emission control and resource recovery of industrial
VOC exhaust.

1. Introduction sive emission of volatile organic compounds (VOCs)." Most of
them are toxic and can result in the formation of secondary pol-
lutants, including secondary organic aerosols (SOAs),*” tropo-

spheric ozone,” and photochemical smog,*® which will

Industrial processes such as petroleum refining, furniture
manufacturing, machinery and equipment manufacturing,
printing, and many other industrial activities have led to mas-
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threaten the human and environmental health."'*** Unfortu-
nately, the industrial VOC emission has been rapidly increasing
in the past few years as modernization, industrialization and ur-
banization continue in China (rising from 15.3 to 29.4 Tg from
2011 to 2013 with an average growth rate of 38.3% each year)."
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The emitted VOCs include alkenes, alkanes, aromatics, ketones,
esters, aldehydes, alcohols, halocarbons, and nitrogen/sulfur-
containing compounds.>'*™® Among all those components, ar-
omatics are considered as the greatest atmospheric pollutants
due to their high contribution to SOAs and photochemical O;
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formation.®”"'” However, aromatics are essential raw materials
in industrial manufacture, which also makes them valuable re-
gardless of their industrial exhaust.'®' Thus, recycling and
reusing them will also bring great economic value and environ-
mental benefits.

In recent years, policies and regulations of industrial VOC
emission have been implemented by many countries and re-
gions to reduce the serious impact on the environment.'**°
To meet those regulations, numerous approaches, such as
adsorption,'®*"?*? condensation,> absorption,**2® catalytic
oxidation,>”*® biological degradation,> ' and photocatalytic
oxidation,>*® have developed rapidly to reduce the indus-
trial VOC emission. However, due to the diversity and com-
plexity of industrial VOCs, most of these technologies are
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limited to the decomposition of VOCs into H,O and CO,
which goes against the peaking carbon dioxide emissions
and carbon neutrality. Selective adsorption-based technolo-
gies, by contrast, can be recognized as economical and effi-
cient control strategies for their potential to recycle both ad-
sorbents and adsorbates,'® typically to capture highly toxic
and value-added compounds, such as aromatic VOCs, from
industrial exhaust. Thus, it is also considered as a good strat-
egy to improve the environment as well as develop the econ-
omy sustainably, which ultimately governs the design of ad-
sorbent materials in the future.

With the above advantages, numerous porous adsorbents
with selective properties including metal organic frameworks
(MOFs),*”*® porous carbon (activated carbon (AC), biochar,
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graphene, carbon nanotubes (CNTs), and ordered mesoporous
carbon (OMC)),"*?"** porous polymers (hypercrosslinked poly-
meric resins, covalent organic frameworks, porous copolymers,
and porous polystyrene),”® and some inorganic adsorbents
(such as molecular sieve, silica gel)**™' have been developed.
Among them, porous carbon adsorbents (PCAs) are recognized
as one of the efficient VOC adsorbents to remove industrial
VOCs due to their low cost and high adsorption capacity.”> The
carbon materials can be regulated by tuning the pore structure
such as the micropores, mesopores, and macropores for VOC
accessibility during the adsorption process.*>***** Porous car-
bon materials can selectively adsorb particular VOC molecules
by controlling the pore structure and surface functional groups
but show lower selectivity with non-polar VOC molecules.”>>°
Hence, it is still a challenge to design PCAs with highly selective
adsorption for some high-value VOCs because carbon materials
cannot be flexibly modulated in terms of structure and compo-
sition like MOFs. Besides the adsorption selectivity, having a
high adsorption capacity is another essential element for effi-
cient carbon adsorbents, which is closely associated with a high
specific surface area, suitable pore structure, functional groups,
and adsorption active sites. Thus, balancing the percentage of
pore structure and functional groups and their distribution
characteristics on PCAs is a key point to improve the adsorption
selectivity and adsorption capacity.

Although adsorption is the vital issue for recycling valu-
able VOCs, the effective desorption of VOC molecules from
adsorbents also plays a key role in both generation of adsor-
bents and resource recovery of VOCs. There are three issues
which need to be paid attention to when desorbing VOCs for
the efficiency and degree of desorption. Firstly, traditional
desorption methods, including thermal desorption (thermal,
electrothermal, and microwave heating desorption), vacuum
desorption, and solvent-extraction, are energy costly or go
against economical and effective desorption when recycling
valuable industrial VOCs."® Another issue lies in the initial
adsorption interaction between adsorbents and adsorbates
which is closely related to desorption, governing the condi-
tions of desorption methods. In general, these interactions
can be divided into physical interactions and chemical inter-
actions. The usual physical interactions refer to electrostatic
interactions (dipole-dipole and m-rn stacking) and van der
Waals interactions (dispersive forces); the chemical interac-
tions are hydrogen bonding and weak covalent bonding."®>’
Typically, strong adsorption interactions such as chemical in-
teractions will certainly go against the desorption process of
adsorbates, which usually causes higher energy consump-
tion.”®*° Thirdly, the hydrophobic surface, channel structure,
defects, and confinement effect of adsorbents will also have
significant impacts on the selectivity and strength associated
with these interactions.®®®* Thus, design of adsorbents for
adsorption of target VOC molecules, desorption efficiency
and difficulty should also be considered.

Previous reviews have predominantly focused on the prog-
ress on the adsorption characteristics of VOCs, but there is
almost no summary associated with the adsorption and de-
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sorption mechanism, and their correlation with emission
control and resource recovery of VOCs. In this review, we give
a systematic commentary on not only the selective adsorption
and desorption characteristics of aromatic VOCs but also
their mechanisms associated with the properties of PCAs.
Firstly, we carefully discuss the key points: the superiority
and drawback of PCAs on the selective adsorption of aro-
matic VOCs and their mechanism. Secondly, the regeneration
approaches and influential factors of adsorbents are
discussed, and the corresponding procedure effects and their
potential consequences (transformation of active sites, sec-
ondary products, etc.) are also clarified. Then, we clarify the
desorption mechanism associated with the chemical interac-
tions, VOC diffusion and adsorbent deactivation. Finally, the
integrated processes based on adsorption and desorption for
emission control and resource recovery are carefully summa-
rized. We are confident that this comprehensive review will
provide information and be instructive for understanding the
basic principle of aromatic VOC adsorption on porous adsor-
bents which will promote the emission control and resource
recovery of typical VOCs in practical industrial exhaust.

2. Emission characteristics of
aromatic VOCs from industrial
processes

As important chemical raw materials and organic solvents,
aromatic VOCs such as BETX (benzene, toluene, ethylben-
zene, and xylenes) are vital components of the total industrial
emission due to their wide use in industrial processes of the
petroleum industry, surface coating industry, vehicle
manufacturing, printing industry, paint manufacturing, med-
icine production, and storage and transport."**>® Thus, the
recycling and reuse of these aromatic VOCs will be conducive
not only to reducing the environmental hazard but also to
earning secondary economic values. However, the process of
effective recycling is complicated as the composition, propor-
tion, and concentration of aromatic VOCs are distinctively
different in different industrial emission sources. Hence, a
summary of emission characteristics based on the composi-
tion and contribution of aromatic VOCs from different emis-
sion sources is of great significance for emission control and
resource recovery of aromatic VOCs.

2.1 Emission from the petroleum industry

The petroleum industry refers to a number of plants includ-
ing petrochemical plants (crude distillation, catalytic crack-
ing, catalytic reforming, hydrocracking, coking, refining, re-
finery gas processing, etc.), basic chemical plants (production
of secondary products), feedstock storage tanks, and waste-
water treatment plants, which are the major emission sources
of VOCs during petrochemical processing."*®” In these pro-
cesses, aromatic VOCs account for a major proportion even
though alkanes are the most abundant species, which are
principally emitted from unexpected leaks and process waste

This journal is © The Royal Society of Chemistry 2021
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streams and during handling products or reactants.'*®® As
shown in Table S1,i the aromatic VOCs emitted from these
processes are toluene, styrene, benzene, ethylbenzene, di-
ethylbenzene, ethyltoluene, 1,3,5-trimethylbenzene, m/p-
xylene, and 1,2,4-trimethylbenzene.®®*”® The mass concentra-
tions of aromatic VOCs in source samples differ widely, prob-
ably because of various emission strengths or leakage from
the process unit. As previously reported, the alkanes contrib-
uted the most to the VOC emission (ranging from 62.4 wt%
to 75.4 wt%), and the percentage of aromatics only ranged
from 6.1 wt% to 7.7 wt% in the petrochemical plant.®® How-
ever, aromatic VOCs are considered to be the abundant spe-
cies due to their contribution to the production of large
quantities of organic chemicals in the basic chemical plant,
such as aromatic hydrocarbon-containing polymers and fine
chemicals.®® Another source of fugitive aromatic VOC emis-
sion (the second largest contributor of TVOCs, 21.1 wt% to
45.5 wt%) in addition to the alkanes (the largest contributor)
is from wastewater treatment facilities.”” Although paraffin
emissions in the petrochemical industry occupy a major part,
aromatic VOCs play an important part in certain plants.
Therefore, the emission control and resource recovery of aro-
matic VOCs are particularly important in some plants of the
petroleum industry.

2.2 Emission from storage and transportation

The VOC emission from storage and transportation refers to
the emission produced from oil storage (crude oil, fuel oil, die-
sel oil, and gasoline) and organic liquids (toluene, xylene, ben-
zene, and ethylbenzene), due to some particular industry struc-
tures (Table S21).>”* The VOC emission of a fixed roof storage
tank primarily includes evaporation loss during the static stor-
age (small breathing loss) and working loss during the delivery
and receipt of materials (large breathing loss).”” Due to the
working losses, a large amount of aromatics, including styrene,
toluene, benzene, xylene, and ethylbenzene, will be emitted
from the storage of organic solvents and organic raw materials
in petrochemical and chemical industries.”>”® In addition, a
mass of aromatic VOCs, including xylene, toluene, benzene,
ethylbenzene, 1,3,5-trimethylbenzene, ethyltoluene, and 1,2,3-
trimethylbenzene, will also be produced in the course of the
loading, leakage, and trans-shipment of crude oil, fuel oil, die-
sel oil, and gasoline.>”* In order to decrease the emission of
these harmful gases, recovery technologies are usually adopted
to realize the recycling of these VOCs.”>””

2.3 Emission from paint manufacturing and surface coating
industry

The aromatic VOC emissions from paint manufacturing and
surface coating are attributed to the use of aromatics-
containing raw materials or solvents. As listed in Table S3, the
aromatic VOC emission from paint manufacturing includes
toluene, m/p-xylene, o-xylene, ethylbenzene, and styrene.®”*”%7°
Besides, the surface coating industry includes metal surface
coating, wood furniture coating, plastic surface coating, fabric

This journal is © The Royal Society of Chemistry 2021
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surface coating, vehicle manufacturing (automobiles and
trucks), and other coating processes. In these processes, aro-
matics are often used as solvents to dilute paint or improve the
drying effect, which certainly produce a lot of aromatic VOCs
(the details can be seen in Table S4}). Especially in fugitive
emission, a large amount of aromatic VOCs, such as toluene,
ethylbenzene, mj/o/p-xylene, o/m/p-ethyltoluene, 1,3,5-trimethyl-
benzene, styrene, and 1,2,4-trimethylbenzene,®>’*"%808 g
emitted from spraying, airing and drying processes, which will
pose a risk to the workers and environment. Therefore, it is very
necessary to realize the emission control of these worthless
VOCs. However, for these value-added VOCs with high concen-
tration, the method of recovery and reuse is of great significance
for resource saving and reducing the burden of terminal
treatment.

2.4 Emission from the printing industry and other source
profiles

The printing industry includes gravure printing, letterpress
printing, offset printing, flexographic printing, and 3D print-
ing. Aromatic VOC emission in the printing industry may oc-
cur from the printing process and cleaning the operation sys-
tem, solvent recovery and drying process, including toluene,
benzene, m-ethyl toluene, styrene, m/p-xylene, o-xylene,
1,2,3,5-tetramethylbenzene, and 2-ethyl-1,4-dimethylbenzene
(Table $5%).%%78:80:818586 Most emission of VOCs, especially,
the fugitive emission, occurs while printing, using an organic
solvent in ink or cleaning the machine. For example, aro-
matics of fugitive emission from gravure printing account for
10.6 wt% and from letterpress printing 51.11 wt%.”® Al-
though aromatic VOCs account for the main emission com-
ponents in the printing industry, the overall concentration
and proportion are relatively low compared with other VOCs.
Therefore, emission control measures rather than resource
recovery are usually adopted to reduce the emissions of these
pollutants.

These problems also exist in other industrial processes
such as medicine production, plastic production, synthetic
rubber/fiber production, manufacture of chemical raw mate-
rials, boiler manufacture, and shoemaking, which also pro-
duce aromatic VOCs, such as m/p-xylene, toluene, ethylben-
zene, o-xylene, benzene, styrene, and 1,2,4-trimethylbenzene
(Table S67).>7*7%%” These VOCs are highly volatile, easily dif-
fusing to the whole facility and difficult to be collected in the
exhaust-collecting system, which will bring environmental
and health hazards.

Considering the above threat posed by the emission of
VOCs, it is urgent to control or reduce the VOC emission.
However, the difficulty lies in the fact that VOCs can only be
collected under well-ventilated conditions but the manufac-
tories equipped with a treatment or exhaust collection system
either do not operate or operate only at fairly low efficien-
cies.*®®® Thus, some strategies such as optimizing the indus-
trial processes, reducing the use of volatile solvents in the
raw materials, adopting new materials and new energy,
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developing more reasonable sealing equipment, and using
exhaust gas recovery and elimination equipment can be used
to reduce the fugitive VOC emission.

3. Adsorption and desorption of
aromatic VOCs onto PCAs and their
mechanism

Porous carbon adsorption is considered as one of the most
promising and economic strategies for emission control and
resource recovery of industrial VOCs due to its high efficiency
and low cost.”® The core issues of porous carbon adsorp-
tion commonly involve the adsorbents with high adsorption
capacity, stable physical and chemical properties, efficient
desorption, etc.”* Therefore, many PCAs including AC, acti-
vated carbon fiber (ACF), biochar, graphene, CNTs, and
OMC,**>™? have been developed for removing or recovering
different aromatic VOCs. These adsorbents can be designed
as unique functional structures with high adsorption selectiv-
ity for recovering or removing highly toxic aromatic
VOCs.'%°7%% In this section, we systematically summarize the
structural characteristics of different PCAs and their selective
adsorption properties for aromatic VOCs. What's more, the
key effects of the pore structure, specific surface area, hydro-
phobic surface, and surface functional groups of adsorbents
on the adsorption or desorption process are also discussed.
Finally, the relationship between the adsorption and desorp-
tion mechanism of the PCAs and the characteristics of aro-
matic VOCs was carefully reviewed.

3.1 Adsorption of aromatic VOCs onto PCAs and its
mechanism

3.1.1 Adsorption onto PCAs. Porous carbon adsorbents
can be designed as a particular structure for recovering some
value-added aromatic VOCs or removing worthless VOCs by
controlling the pore structure, hydrophobic sites, n-electronic
structure and functional groups (Fig. 1).'%%%°>1%3 Here, we
made a detailed review on the adsorption of aromatic VOCs
by PCAs to illustrate the correlation mechanism between the

Macropore
Mesopore Hydrophobic
Micropore sites

T-electronic
structure

Functional
group

Porous carbon

Fig. 1 Basic structure of porous carbon adsorbents.
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adsorption selectivity of aromatic VOCs and the basic charac-
teristics of PCAs.

Activated carbon. Activated carbon (AC) has a microporous
structure with less than 2 nm of pore size, and can be used
as an adsorbent to recover most types of VOCs including
aromatics, esters, alkanes, and aldehydes.'®" The adsorption
capacity is often closely related to the microporous structure
of AC.'® Izquierdo et al. reported a series of ACs with high
surface areas (1128 m”> g™') and high micropore volumes
(0.52 cm?® g™) for adsorption of toluene. Due to the high
percentage of microporosity (64.6% to 89.1%), AC exhibited a
high adsorption capacity of 7.44 mmol g™ for toluene.'®
This mainly benefits from the accessibility of micropores for
toluene and their high-density distribution in AC. Besides,
the pore structure of AC plays an important role in selective
adsorption of aromatic VOCs because the micro-pore on AC
determines the size selection of VOCs according to the nature
of aromatics,'” and the porosity of AC also contributes more
to the adsorption capacity of aromatic VOCs."'*® For example,
AC derived from peanut shell shows higher adsorption capac-
ity for toluene as compared with p-xylene and ethyl benzene,
particularly in low vapor concentration ranges, which is due
to the right pore size for access to toluene except for the hy-
drophobic surface.'® In addition, AC is a natively nonpolar
adsorbent due to the absence of oxygen functional groups
such as COOH, -OH, and C-O-C, which often tend to adsorb
hydrophobic VOCs, such as aromatic VOCs.'*” For instance,
the adsorption capacity of AC is higher for toluene than for
alcohols because aromatic VOCs show higher affinity for AC
due to their hydrophobic surface.'””'*® That is, the surface
hydrophobicity and microporous structure of AC together de-
termine the adsorption capacity and selectivity for different
types of VOCs."®'*” Therefore, surface functionalization and
fabrication of hierarchical pores on AC will provide a big
chance to achieve the selective adsorption, separation, and
recovery of different types of VOCs.

Activated carbon fibers. Activated carbon fibers (ACFs) are
typical dimensional carbon materials, and often obtained
from the carbonization and activation of polyacrylonitrile
fibers, cellulose fibers, phenolic resin, etc.*°''* As ACFs
consist of microfilaments with a high specific surface area,
they present fewer mass transfer limitations and lower
pressure than the solid of AC."*> Generally, the larger total
specific surface area and micropore volume of ACFs can
result in higher adsorption capacities for VOCs."'® ACFs with
narrow micropores show superior adsorption capability to
VOCs, and in particular, ACFs with ultra-microporous struc-
ture (dpore < 1 nm) have higher adsorption capacity for aro-
matic VOCs compared with ACFs with microporous structure
(1 nm < dpore < 2 nm)."*'*”"*? Due to surplus n-electrons on
ACFs, the m-electron rich region can also promote the adsorp-
tion of aromatic hydrocarbon on the carbon surface though
n-n stacking interaction."*®'** ACFs are hydrophobic mate-
rials as well as AC, which can easily adsorb non-polar or weak
polar VOCs such aromatic VOCs.'*****> As previous reported,
ACFs possessed higher adsorption capacity for toluene and
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benzene compared to polar acetaldehyde, which was attrib-
uted to the hydrophobic property."'® However, ACFs have lim-
itations in that their surface contains a very small number of
oxygen groups, and the surface oxygen groups could restrict
this interaction and weaken the adsorption of aromatic hy-
drocarbons.'™® Hence, it is necessary to remove the water va-
por before aromatic VOC adsorption.

Biochar. Biochar is mainly produced by the slow pyrolysis
of biomass (such as corn straw, rice husk, wheat straw,
bamboo, pine wood) in inert atmosphere at 700 °C.'®'
Biochar has been thought to be a low-budget substitute and
extensively used in VOC removal due to its rich source and
milder pyrolysis conditions compared with commercial
AC."™ The adsorption properties of VOCs on biochars are
closely related to their structural properties including pore
size, surface area, bulk properties, and hydrophobic proper-
ties, all of which are determined by the source type and pyrol-
ysis conditions."*® It has been widely reported that removing
the oxygen containing groups (increasing hydrophobicity)
and increasing the aromaticity of biochar through tuning the
pyrolysis temperature can consequently improve the adsorp-
tion of hydrophobic VOCs.""*"*! Besides, the formation of
n-7 electron donor-acceptor interactions and hydrogen bond-
ing interactions on the surface sites of biochar will also influ-
ence the adsorption selectivity and capacity of aromatic
VOCs."*" However, the problem is that the adsorption mecha-
nism of aromatic VOCs on biochar needs further research to
promote the applications of biochar in VOC recovery due to
the complexity of the VOC system.

Graphene. Graphene is a typical two-dimensional material
consisting of repeating hexagonal carbon rings, similar to the
structure of the benzene molecule. The m and ¢ bond interac-
tion between graphene and benzene molecules can increase
the pervaporation performance of membranes for separating
aliphatic/aromatic hydrocarbon mixtures.”>'** Generally,
non-polar aromatic VOCs are mainly subject to electrostatic
interactions, n-m bonds and hydrophobic interactions be-
tween the hydrophobic surface and aromatic VOCs in the ad-
sorption process. Because of its hydrophobic surface,
graphene shows high affinity for non-polar aromatic VOCs.
rGO with a hydrophobic surface shows a longer breakthrough
time and higher adsorption capacity than GO with oxygen-
ated functional groups in the adsorption of benzene and tolu-
ene.”® Because of the presence of the hexagonal carbon ring
and hydrophobic surface, the hydrophobic interactions be-
tween aromatic VOCs and graphene, n-n bonds and electro-
static interactions might be the effective forces for aromatic
VOC adsorption on graphene.'®*%9%123124 1¢ s reported that
activated graphene shows a higher specific surface area and
surface properties for the adsorption capacity and selectivity
of aromatic VOCs.**'?® For instance, after heat treatment at
around 800 °C under KOH activation, enlargement of the
pristine graphene surface and specific surface area is ob-
served, with maximum volume capacities of 630 and 3510
m® g for acetaldehyde and toluene gas, respectively. The
higher removal efficiency for toluene (98%) than for acetalde-
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hyde (30%) is due to the m-m interactions between toluene
molecules and the surface of pristine graphene."’

Carbon nanotubes. Similar to the constituent unit of
graphene, the CNT is a one-dimensional tubular structure
formed by rolling up graphite sheets resulting in © confine-
ment."**'*” CNTs have been attracted much attention in the
removal of aromatic VOCs owing to their high specific sur-
face area and lower mass transfer resistance.”> Recently,
many adsorption interaction mechanisms of aromatic VOCs
on CNTs have been discussed, which include n-n interac-
tions, hydrophobic interactions, electrostatic interactions,
and hydrogen bonds."**"*#'2° However, the individual mech-
anism cannot explain all the adsorption interactions between
aromatic VOCs and CNTs. The basic structure and nature
such as the side chain and polarity of several benzene deriva-
tives should be also considered, which will influence the ad-
sorption mechanism."?”"*° For instance, Chen et al found
that the hydrophobicity of several aromatic derivatives and
the adsorption affinity are not significantly correlated."*" Be-
sides, the functional group of CNTs is also an important fac-
tor for adsorption selectivity because it can not only change
the hydrophobic properties and surface area of CNTs, but
also seriously affect the surface charge distribution of CNTs,
which is closely related to the strength of electron-donor-
acceptor (EDA) n-7 interaction between aromatic VOCs and
the benzene-like ring (Fig. S11).'2%"271317133 Although many
literature studies discuss the mechanism of adsorption from
n-n interactions, few reports explain them by quantitatively
analysing the individual interaction.

Ordered mesoporous carbon. Ordered mesoporous carbon
(OMC) is a kind of mesoporous material with a large pore
volume, high specific surface area, tunable pore size, and
mechanical stability, which can serve as an adsorbent for
VOC adsorption.*>** 37 1t is reported that the surface
chemistry and pore size of OMCs are considered as two of
the most important factors that affect the adsorption
selectivity and capacity of organic compounds.'*® OMCs with
well-controlled pores with pore size larger than 3.5 nm and
bimodal-like pore size distribution endow the adsorbates
with a higher diffusion rate than some conventional adsor-
bents like AC."®*> As for the adsorption of aromatic VOCs,
OMCs show high adsorption capacity for aromatic com-
pounds as compared with alkanes, which is attributed to the
higher n-m interaction between OMCs and the benzene
ring.*>'*® Compared with microporous adsorbents, OMCs
have unique advantages. Although microporous adsorbents
such as ACs show high adsorption ability to VOCs because
the pore size of ACs is close to the molecule sizes of VOCs,
the strong affinity will unavoidably increase the difficulty of
VOC desorption due to their high mass transfer resistance.
OMC s with relatively large pore size can completely overcome
this shortcoming, and the adsorbed VOCs can be
decomposed easily due to their higher diffusion rate.'®

Functionalized PCAs. The modification of PCAs aims to
enhance the trapping efficiency and adsorption selectivity of
gaseous VOCs by improving their surface functionalities.
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Wang et al. reported carbonized polydopamine adsorbents
(C-PDASs) for aromatic VOC adsorption.” It was found that, at
low pressure, the adsorption capacity of C-PDAs for VOCs in-
creased with the surface O and N contents of C-PDAs, and
their adsorption capacities for C;Hg and C4Hgs were up to
1455.8 and 1491.9 mg g " at a P/P, of 0.6, which were much
higher than those of many other adsorbents. Kim et al. com-
pared three types of ACs modified with sulfur/amine/amino-
silane groups for benzene adsorption.”*® It indicated that
ACs modified by incorporating sulfur/amine (electron-donat-
ing) groups can acquire high surface acidity to show greatly
enhanced capturing capability to benzene compared with
other modified adsorbents. Besides, the functionalized PCAs
also can be used as gas sensors for VOC detection."** Ndiaye
et al. presented the gas sensor responses of functionalized
CNTs to xylene and benzene vapors.’*! It was found that the
desorption process was very quick with a very short response
time in the absence of a methyl group (benzene) as compared
with aromatic VOCs bearing methyl groups (xylene). This
demonstrates that the entire gas response is driven by n-=n in-
teraction and m-alkyl or alkyl-alkyl interaction, i.e., van der
Waals interactions.

3.1.2 Adsorption mechanism. Commonly, the adsorption
mechanism of VOCs on PCAs includes pore selectivity and
electrostatic attraction. These adsorption mechanisms, espe-
cially in selective adsorption, are closely related to the charac-
teristics of PCAs (functional groups, pore structure, hydro-
phobicity, etc.), characteristics of VOCs (polarity, structure,
etc.), and environmental variables (water, etc.).>>'**> Here, the
importance of the research on the adsorption mechanisms of
VOCs and their close relationship with the interaction be-

(A)  Pore selectivity :i (C)

Pore<1.inm 1.1nm<Pore<2.5nm I

:: @C @0 oH © Activesite « electron

i g 1\ > .
:: J:\"Iﬁa J‘J'J JéI é ‘t”
i! Toruene

Hydrophobic »0" ¢

View Article Online

Environmental Science: Nano

tween VOCs and PCAs, adsorption capacity and adsorption
selectivity are displayed. In addition, some new mechanisms
or expounding mechanisms from a new perspective are also
discussed in this summary.

In terms of the characteristics of PCAs, the adsorption
rate, adsorption selectivity, adsorption capacity, and adsorp-
tion strength of VOCs usually depend on the pore structure,
specific surface area, functional groups and hydrophobicity
(Fig. 2)."** Yang et al. studied the kinetics and behaviors of
toluene adsorption on ACs with various pore structures.'*® It
was found that the adsorption rate during external surface
adsorption, particle diffusion and final equilibrium were de-
termined by the pore volume and structure, specific surface
area, and ratio of meso- and macro-pores to the total pore
volume. Although meso- and macro-pores contribute more to
interfacial mass transfer, the micropores dominate the ad-
sorption capacity and main adsorptive sites of adsorbents. Lu
et al reported a N-doped hierarchical porous carbon
possessing high adsorption capacity for toluene (up to
585 mg g ')."*” They found that the pore size of the micropo-
rous material was the major contributor to the adsorption ca-
pacity for toluene, and this result was also proved in a previ-
ous report (Fig. 2A and B).'** Furthermore, the pore size also
determined the adsorption selectivity, because only the suit-
able size of VOC molecules can access into the microporous
structure of PCAs."”” In addition, the adsorption strength as-
sociated with interactions between PCAs and VOCs mainly
depends on functional groups including -OH, -COOH, =—O
and other modified groups (-NH, and -NO,) (Fig. 2C). Vohra
et al. explored the role of the functional groups on the sur-
face and the interaction between the functional groups and
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Fig. 2 Adsorption mechanism of VOCs on PCAs. (A) lllustrations of the H/wall distance for benzene, DCM, and cyclohexane molecules,
respectively; (B) the contribution and utilization rates of different pores for toluene adsorption at 100 ppm; (C) the competitive adsorption process
(reproduced with permission from ref. 143. Copyright 2017 American Chemical Society, ref. 144. Copyright 2020 Elsevier, and ref. 113. Copyright

2019 Springer).
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benzene rings in the adsorption, and found that the surface
oxygen-based groups possibly initiate an electron donor-ac-
ceptor mechanism with the benzene aromatic ring m elec-
trons.**® Su et al also found the positive contribution of
oxygen-containing and nitrogen-containing functional groups
to electrostatic force for VOC adsorption.’*® Furthermore, the
hydrophobic sites of PCAs was usually regarded as the main ad-
sorption sites for aromatic VOCs due to their enhanced n-n
stacking interaction. Yu et al. investigated the adsorption per-
formance of GO and rGO for toluene and benzene.** It was
found that the adsorption capacity of rGO for toluene
(304.4 mg g') and benzene (276.4 mg g') was higher than
that of GO. The enhanced adsorption capacity was attributed
to the hydrophobic surface of rGO, resulting in the increase
of the hydrophobic sites and improvement of the hydropho-
bic interaction between the benzene ring and rGO. These re-
sults all showed that suitable pore structure, functional group
modification and hydrophobic n-n active sites could signifi-
cantly improve the adsorption selectivity of aromatic VOCs
on PCAs.

Besides, the characteristics (molecular polarity or struc-
ture) of VOCs will lead to the competitive adsorption mecha-
nism of VOCs on PCAs. Stronger adsorption affinity was ob-
served between the adsorbent with a weak polar surface and
weak polar VOCs than polar VOCs. PCAs with a weak polar
surface and benzene-like ring structure commonly showed ex-
cellent adsorption performance for aromatics such as BTEX,
attributed to their properties of weak or non-polarity and
structure of benzene aromatic ring m electrons. Chen et al
studied the competitive adsorption of toluene, cyclohexane,
and methyl ethyl ketone on mesoporous graphitized car-
bon.”® It was found that, at 298 K, mesoporous graphitized
carbon possessed the highest dynamic adsorption capacity of
4.63 mmol g™' to toluene, because of the n-n interaction be-
tween the aromatic ring and graphene sheet. Rajabi et al
displayed the competitive adsorption mechanism of hexane,
acetone, p-xylene, and toluene on biochar.">" They found that
chemical interactions via electrostatic attraction, hydrogen
bonding and pore-filling were the main mechanisms for VOC
adsorption. Besides, environmental variables such as humid-
ity also play a significant role in competitive adsorption of
VOCs on PCAs. Huang et al. indicated that pore filling oc-
curred with increased relative humidity since the water mole-
cules with high polarity showed higher affinity to the surface
functional groups, and the water molecules preferentially oc-
cupied the adsorption sites to form water clusters through
hydrogen bonding.'” Su et al. pointed out that humidity
caused the pronounced decrease in the non-electrostatic con-
tribution to all functional groups of AC, leading to a decrease
of adsorption capacity of VOCs."*

Recently, numerous reports also have elaborated on the
adsorption mechanism of VOCs on PCAs from a relatively
novel perspective, such as linear solvation energy relationship
(LSER) and linear free energy relationships (LFER). The LSER
method is frequently used to clarify the adsorption interac-
tions for VOCs with various characteristics, which is helpful
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for improving the understanding of the interactions that af-
fect VOC adsorption onto adsorbents and their contributions
to adsorption."® Li et al investigated the interactions be-
tween VOCs and multiwalled CNTs (MWCNTs) by regressing
the obtained log Ky with LSER.">* They found that the car-
boxyl and carbonyl groups of MWCNT offer high adsorption
capacity for VOCs due to the hydrogen-bond acidity
and mn-/n-electron pair interactions. Jia et al investi-
gated the adsorption interactions between AC and
VOCs at various initial water contents using the combi-
nation of LSER and Dubinin-Radushkevich equation.'” It
was found that the initial water vapor can decrease the ad-
sorption capacity and partition coefficient of VOCs, especially
at low VOC concentration. According to LSER, the electron
acceptor ability and dispersive force of VOCs play major roles
in adsorption. LFER has been frequently used to model mo-
lecular interactions between different environmental media
and organic pollutants.'®® Li et al. investigated the VOC ad-
sorption mechanisms on MWCNTs using the LFER ap-
proach.”® They found that the hydrogen-bond donor and ac-
ceptor on the surface of the sorbent contributed to the
sorption in the gaseous phase compared with the negative
one found for sorbents completely in water. Those results
show that LSER and LFER are useful to predict the adsorp-
tion performance of VOCs on adsorbents and facilitate the
design of efficient systems for VOC removal or recycling.
Although there have been many studies on the adsorption
mechanism of VOCs on PCAs, many of which are only at the
laboratory stage with relatively clean conditions. The complex
environment (including fine dust, high boiling point oil, sul-
fur/nitrogen-containing VOCs) encountered in the actual in-
dustrial process will significantly decrease the removal effi-
ciency of VOCs, and the related mechanism is rarely
researched. In particular, the research on the interface change
mechanism after PCAs adsorbed VOCs is also insufficient.

3.2 Desorption of aromatic VOCs onto PCAs and its
mechanism

Desorption is an important step in recovery or post-
processing of VOCs for adsorbents. A perfect sorbent for
preconcentrating VOCs should not only possess boundless
adsorption capacity for interesting compounds but also
completely desorb these compounds at moderate tempera-
tures. However, it is difficult to reach the ideal level men-
tioned for the adsorption capacity and desorption efficiency
of the same adsorbent. This is because the desorption is not
only related to the desorption strategies, but also affected by
the surface molecular structure and pore structure of the ad-
sorbent."® Among them, it will not only involve the accessibil-
ity of the adsorbate during the adsorption process, but also
the steric hindrance effect caused by the change of the pores
and the surface molecular force during the desorption pro-
cess of the adsorbate, which will depress the diffusion and
mass transfer efficiency of VOC molecules in the pore chan-
nel. Moreover, in many cases, the adsorbent is not completely
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inert but has some weak activities (such as oxidation or re-
duction activity). During the desorption process, the adsor-
bate will receive external energy and undergo a conversion re-
action on the active interface, which usually induces the
formation of hardly volatile species, and subsequently causes
blockage of pores and passivation of active surfaces."®

3.2.1 Desorption strategies. Desorption strategies include
purge gas stripping, displacement desorption, vacuum swing
desorption, and thermal swing desorption.’®® These desorp-
tion technologies have great differences in desorption effi-
ciency and relevance to adsorbents except for their process-
ing properties. In this section, the characteristics,
advantages, and disadvantages of these desorption technolo-
gies in desorption of aromatic VOCs are summarized.

Purge gas stripping. Purge gas stripping is conducted by
passing an inert gas at the same pressure and temperature
used while adsorbing. The adsorbate can be desorbed under
the effect of partial pressure drop caused by the inert gas
passing through the fixed bed.'* Desorption is known as an
endothermic process, but the strategies of purge gas
stripping are usually limited due to the lack of external
energy resulting in lower desorption efficiency. Montes-
Moran reported a series of sludge-based adsorbents for re-
moving odorous VOCs. Desorption experiments under similar
conditions demonstrate that a large part of the VOCs pre
adsorbed is irreversibly adsorbed. For highly microporous
materials, only the molecules adsorbed in the outer-most
pores can be desorbed.'® Although purge gas stripping has
low desorption efficiency, it has low requirements on
equipment.

Displacement desorption. Displacement desorption means
that the adsorbent is regenerated by a competitive adsorbed
species (desorbent) that displaces the species previously
adsorbed. Typical displacement desorption, such as organic
solvent extraction and acid aqueous washing, can achieve
efficient desorption of VOCs. Falletta et al. attempted to use
CH;OH as a extraction solvent of VOCs for regeneration of
polyaniline (PANI)-based materials, and found that the best
PANI-based material demonstrated high adsorption/desorp-
tion efficiency retention after more than four cycles of solvent
extraction.’® Kim et al. found that acid aqueous washing
(H,SO,4 and C,H,0,) combined with thermal air is also an ef-
fective method for recovering the micro-porosity of the spent
AC, and this combined technique can be reused to remove
toluene without obvious loss of its adsorption ability."®* It
can be seen from the above examples that displacement de-
sorption is a very effective method for adsorbent regeneration
at some levels. However, because the new desorbent is intro-
duced in the process, it needs to be separated from both the
adsorbent and product, so that the adsorbent can be reused
and the adsorbate can be effectively recovered.

Vacuum swing desorption. Vacuum swing desorption
usually carries out the desorption process under vacuum for
separating VOCs from adsorbates, which is an important part
of vacuum swing adsorption (such as pressure swing
adsorption).”® Due to relatively less energy consumption,
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lower capital investment, and shorter recycle time in industry
applications, vacuum swing desorption has been extensively
applied to recover VOCs. The vacuum swing desorption
process is not only related to the porous structure but also
the interaction force between the adsorbate and adsorbent.
He et al. found that the desorption rate of o-xylene over
mesoporous silica gel is faster than that over microporous sil-
ica gel in the vacuum but it will be restricted by the interac-
tion force between the adsorbate and adsorbent.'®® This is
mainly because the confinement effect (adsorption interac-
tions) of the pore interface in the adsorbate will severely in-
hibit the mass transfer and diffusion of VOC molecules al-
though the driving force of the higher-pressure difference
can promote the gasification process of VOCs.'®* That is, vac-
uum swing desorption cannot achieve 100% desorption effi-
ciency, and it will gradually decrease as the cycle runs.'®*"%°
These retained VOC molecules occupy the adsorption sites of
the adsorbents, resulting in the loss of their original adsorp-
tion capacity in the end.

Thermal swing desorption. Thermal swing desorption is
carried out by heating the adsorbents with flow gas, which
mainly provides an external energy to achieve rapid mass
transfer and desorption. Because of its fast and efficient
properties, thermal swing desorption has been widely used in
adsorbent regeneration and VOC recovery. Kong et al
reported a high desorption performance of p-xylene on car-
bon-silicon adsorbents during thermal desorption. The ad-
sorption capacity in the fifth cycle was around 201 mg g* as
compared with the initial adsorption capacity (229 mg g™'),
which dropped by only 1.5% for the last test.'®® However,
thermal desorption will be affected by the pore structure of
the adsorbent and will cause incomplete desorption. Typi-
cally, in some adsorbents with sinusoidal and straight chan-
nels, aromatic VOCs, such as toluene, are much easier to be
desorbed from the channel intersection and external surface,
but they are difficult to be desorbed from the sinusoidal and
straight channels.'® Furthermore, the microporous structure
will severely limit the desorption efficiency to aromatic VOCs,
because the microporous structure has a stronger steric effect
and mass transfer resistance.'®” In this case, aromatic VOCs
can only be completely desorbed at high temperatures.

Photoinduced desorption. Photoinduced desorption means
that the adsorbents convert light energy to heat energy under
light induction to realize VOC desorption. Liu et al. used the
photoinduced method to investigate the desorption behavior
of styrene over Ag nanoparticles incorporated in MOFs."®® It
was found that silver nanoparticles could convert light energy
into thermal energy upon exposure to simulated solar light,
and then this localized heat initiated the thermal desorption
of the adsorbed styrene from Ag/UiO-66. Thus, efficient in
situ regeneration of Ag/UiO-66 was successfully realized
under sun light illumination. Owing to the rapid VOC
desorption and adsorbent regeneration, photoinduced
desorption can be selected as one more promising candidate
method for VOC removal or recycling. However, there are
relatively few studies in this area, especially the light-induced
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desorption mechanism and its relationship with the surface
changes of the adsorbent are still unclear.

3.2.2 Influencing factors on desorption. Desorption of aro-
matic VOCs is influenced by many factors including the tem-
perature of the external environment and the structure and
characteristics of the adsorbent. The clarification of influenc-
ing factors on desorption aims to reveal their key interaction
mechanism for VOC desorption.

Temperature.  Temperature-based desorption is a
conventional strategy for recovering the adsorbate and
allowing adsorbent reuse. For some adsorbents such as AC
and zeolites, the high temperature allows the complete
elimination of the adsorbates; however, for some polymers,
these adsorbents are not stable at high temperatures (>350
°C),*®16%17% Thege unstable adsorbents can be only used at a
very low temperature, which leads to many adsorbates
remaining after regeneration. Hence, the selection of optimal
desorption temperature should not only consider the
desorption efficiency but also the properties of the
adsorbent. Besides, the efficiency of a temperature-based de-
sorption strategy depends on the adsorption intensity as
well as adhesion of adsorbents-adsorbates. Due to the un-
equal adsorption force on porous adsorbents, the desorption
efficiency of VOCs varies greatly in a certain temperature
range. The optimal desorption temperature is often deter-
mined by the interaction intensity between adsorbates and
adsorption sites, which is usually obtained by temperature
programed desorption (TPD)."”"'”? To qualitatively determine
the interaction intensity, Li et al used the parameter AT
(difference in temperature between the boiling point of aro-
matic VOCs and temperature of the highest desorption peak)
to evaluate the affinities of ZSM-5/SBA-15 for toluene, and the
highest AT of the ZSM-5/SBA-15-hexagonal prism was very
consistent with its adsorption properties of having the stron-
gest adsorption capacity and the longest breakthrough time
for toluene."'”

Porous structure. The porous structure associated with the
specific surface area is a key factor in the VOC adsorption
and desorption process. Generally, a microporous structure is
beneficial for enhancing the adsorption capacity but adverse
for the desorption efficiency due to its high mass-transfer re-
sistance.’” To enhance the mass transfer, the fabrication of
a hierarchically porous structure, including micropores,
mesopores and macropores, is often considered.'’® Kosuge
et al. studied the desorption differentiation of toluene and
benzene in mesoporous silicas and microporous AC and
found that the desorption rate and efficiency in mesoporous
silicas were much higher than those in AC; meanwhile, the
complete elimination of VOCs in mesoporous silicas needed
a lower desorption temperature than that in AC (mesoporous
silica, 150 °C; AC, 300 °C)."”” It is not difficult to speculate
that the mesoporous structure of mesoporous silicon can pro-
vide more space for the mass transfer and diffusion of VOCs,
and the rapid transfer of VOC molecules will block the micro-
pores of AC and cause slower mass transfer and diffusion,
leading to low desorption efficiency."”*'””
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Composition and functional groups. The composition has
significant relevance with interactions between adsorbents
and aromatic VOCs. For example, in benzene-ring contain-
ing microporous carbon or materials, the n-n stacking inter-
action will make the desorption of aromatic VOCs in a mi-
croporous environment more difficult."**'”® Under this
typical interaction, microporous carbon has better selectivity
and stronger force for aromatic VOCs, but the aromatic
VOCs can only achieve desorption under higher external en-
ergy.”’>'”717% The functional groups in some adsorbents
can be complementary to desorption processes. For some
hydrophobic porous silica adsorbents, the rapid desorption
of aromatic VOCs can be achieved under low external en-
ergy, which is attributed to the weak interactions of weak
n-system hydrogen bonding between aromatic VOC mole-
cules and silanols on the silica surface.'”>'5%'58! However,
the desorption complexity of VOCs is jointly determined by
factors such as composition, pore structure and basic func-
tional groups other than a single factor. Hence, how to bal-
ance the interactions between the adsorbate and adsorbent
associated with these factors, to achieve efficient, stable,
and low-energy desorption of the adsorbate from the adsor-
bent, is a core challenge for developing adsorbent materials
in the future.

3.2.3 Desorption mechanism and deactivation. In the pres-
ent research, the adsorption mechanism of VOCs has been
extensively studied; however, there are still relatively few
studies on the desorption mechanism either at the theoreti-
cal level or the experimental level. Herein, thermal desorp-
tion, as a typical method of VOC recovery and adsorbent re-
generation, is used as a sample to illustrate the desorption
mechanism. The thermal desorption process can be grouped
into three stages. The first stage is the evaporation of VOCs
adsorbed on the surface layer; the second stage is the desorp-
tion of toluene adsorbed on mesopores and micropores dur-
ing the multi-layer adsorption process; in the third stage, res-
idue VOC molecules adsorbed in narrow micropores on the
internal face start to desorb.'®* This is just an ideal model to
speculate on the adsorption and desorption process of aro-
matic VOCs. Actually, just as the adsorption mechanism de-
scribed, the desorption mechanism is also a relatively com-
plicated process, which can be summarized into three
aspects such as the relevance between the chemical interface
and the adsorbent, diffusion mechanism, and deactivation
mechanism (Fig. 3)‘158,165,171,176,178,183,184

In terms of chemical interfaces, it commonly
determines the desorption difficulty of VOCs because strong
adsorption interaction need higher energy to achieve com-
plete VOC desorption. Lin et al. used the Pearson HSAB the-
ory to interpret the influence of local hardness of carbon
surfaces on the mechanism of adsorption/desorption for
DCM of the ACs modified with various metal ions.'”* Ac-
cording to the HSAB principle “hard acids prefer to be
bonded to hard bases”, the interactions between AC and
hard-acid DCM were enhanced when AC was doped with
hard-acid metal ions, and the desorption activation energy
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Fig. 3 Desorption mechanism of VOCs on porous carbon materials (reproduced with permission from ref. 176. Copyright 2020 Elsevier).

of DCM on the hard-acid metal ions/AC is higher than that
on the original AC.

In addition, mass diffusion is closely related to the de-
sorption rate, which is determined by the porous structure
and steric hindrance. For aromatic VOCs, the porous struc-
ture of adsorbents contributes greatly to mass diffusion, and
the hierarchical pore, such as meso/micro pores, is surely
beneficial for enhancing the desorption performances. More
importantly, the mesoporous structure of adsorbents can sig-
nificantly improve the diffusion constant of aromatic VOCs,
which provides a high-speed access for VOC diffusion.’®® In
some respect, the desorption efficiency of VOC molecules is
also associated with their properties; for example, the con-
densed phase of VOCs with a lower boiling point in the
mesopores is likely to be more easily vaporized at a low de-
sorption temperature, which is controlled by both external
and internal diffusion mechanisms."”®

The key influencing factors of desorption including chemi-
cal interfaces, porous structure, and properties of VOCs are
also closely related to deactivation of PCAs because the
strong chemical interaction and steric hindrance will cause
VOC molecules to react with the active interface when
accepting the external energy during the desorption process,
thereby blocking the pores, occupying the active sites, and re-
ducing the porosity, bringing a sharp drop in the adsorption
capacity of the adsorbent."*®'®> Furthermore, some unstable
VOCs will also undergo thermal polymerization and pyrolysis
on the interface, which cause the adsorbent deactivation be-
cause of the formation of some high-boiling point products
attached to the adsorption site."”*'® Typically, in molecular
oxygen containing systems, oxygen free radicals are generated
to accelerate initiation reactions, leading to thermal oxida-
tion of non-desorbed VOCs. The desorption reaction mecha-
nism can be summarized as follows:'”®
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1) Initiation reactions.

a. Ph-H — Ph' + H’

b. Ph-CH; — Ph-CH,’ + H'

¢. Ph-CH,~CH; — Ph-CH,-CH," + H'

d. Ph-CH,~CH,~CH,~CH; — Ph-CH,-CH,-CH,-CH, + H’

where Ph = phenyl group.

2) Propagation reactions.

a. Ph’ + Ph(Alkene + CH;3) — Ph-H + Ph(Alkene + CH,)’

b. Ph-CH, + Ph(Alkene + CH;) — Ph-CHj,
+ Ph(Alkene + CH,)’

c. Ph' + Ph(C,H,) — Ph-H + Ph(C,Hg)

d. Ph-CH, + Ph(C,H,) — Ph-CH; + Ph(C,Hs)'
3) Termination reactions.

a. Ph-CH," + Ph-CH,~CH," — Ph-CH,-CH,~CH,-Ph
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b. Ph(C,Hg)" + Ph(Alkene + CH,)
— Ph(C,Hy)-Ph(Alkene + CHj)
(Alkene substituted biphenyl + C,H)

c. Ph(C,Ho)-Ph(Alkene + CH,)"- + -Ph(Alkene + CH,)
— Ph(C,Hy)-Ph(Alkene)-Ph(Alkene + CHj,)
(Alkene substituted terphenyl + C,Ho)

d. Ph(C,4H,)-Ph(Alkene)-Ph(Alkene + CH,)'-
+ -Ph(Alkene + CH,)" — Ph(C,H,)-Ph(Alkene)-
Ph(Alkene)-Ph(Alkene + CH,)
(Alkene substituted phenyl terphenyl + C,Ho)

In summary, the study of the desorption mechanism is an
important preliminary basis for adsorbent regeneration and
VOC recovery technologies. However, no matter what kind of
desorption technology has been adopted, how to avoid adsor-
bent deactivation under the premise of ensuring efficient ad-
sorption is the key scientific problem.

4. Integrated technologies for VOC
emission control and resource
recovery

Waste gas treatment technology based on adsorption or de-
sorption plays an irreplaceable role in VOC emission control
and resource recovery. The integrated technologies of
adsorption-based VOC emission control include adsorption-
catalytic oxidation, adsorption-photocatalytic oxidation, ad-
sorption-biotrickling  filtration,  adsorption-nonthermal
plasma, etc., which have been widely used in the treatment of
industrial VOCs. In terms of resource recovery of VOCs, the
used technologies include adsorption-desorption-condensa-
tion recovery, adsorption-membrane separation and so on.
All of these technologies associated with emission control or
resource recovery are closely related to adsorption or desorp-
tion. In this summary, we have carefully reviewed the role of
adsorption or desorption in different emission control and
resource recovery technologies and discussed the synergistic
mechanism among them.

4.1 Emission control

4.1.1 VOC control technologies based on PCA-adsorption.
Emission control technologies, by coupling adsorption tech-
nology based on PCAs or other porous materials with cata-
lytic oxidation (catalytic combustion), photocatalytic oxida-
tion, biotrickling filtration, and non-thermal plasma (NTP)
oxidation technology, have aroused great interest in treat-
ment of industrial waste gas. The adsorption component in
the integrated technology can facilitate efficient degradation
and transformation of VOCs under the oxidation of free radi-
cals or the action of bacterial colonies, of which the funda-
mental purpose is to improve the selective conversion effi-
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ciency of VOCs to CO,. Alvarez-Merino et al. developed a
number of WO,/AC materials for the catalytic combustion of
toluene.'®® Due to the hydrophobic character of the AC sur-
face, WO,/AC materials show higher activity and CO, selectiv-
ity at low reaction temperatures through preventing the ad-
sorption of H,O generated during combustion of toluene,
thereby preventing the deactivation of active centres. Never-
theless, using the WO,/AC system is frequently limited by its
gasification temperature (about 400 °C), which restricts the
ability to increase conversion values by rising the tempera-
ture of reaction. An's group has developed a series of adsorp-
tion-photocatalytic technology materials for degradation of
aromatic VOCs. For example, by coupling CNTs with TiO,,
the mass transfer and conversion efficiency of gaseous sty-
rene can be significantly enhanced compared with pristine
Ti0,."*” "% Zhang et al. also coupled CNTs with visible-light
photocatalytic Au/TiO, to obtain an efficient and stable ad-
sorption-photocatalyst, which greatly reduced the accumula-
tion of VOC conversion products and improved the selective
conversion of CO,.>>"*® However, adsorption-photocatalytic
technologies are limited to application in disposal of VOCs
with low concentration. Besides, the biotrickling filtration
method has been considered to be an effective technology for
VOC emission control. Appling this method, PCAs can be
used as packing materials, which can improve the transfer of
hydrophobic VOCs from gas to liquid.'*'*" Malhautier et al.
used AC as a packing material in the biofilter to evaluate the
VOC removal performance.'®> For a load of 110 g VOC m™
AC h™, after a 55-day operation, the removal efficiency was
higher in the biotic (85%) than in the abiotic filter (55%).
Nevertheless, AC used as a packing material in biofilters to
treat mixtures of VOCs is limited due to its poor affinity for
pollutants including acetone, methanol, and halogenated
compounds. Further, the cyclic operation of VOC adsorption
and NTP assisted regeneration has attracted increasing inter-
est because of cost-effectiveness and optimized energy con-
sumption. Xu et al. reported an efficient adsorption-NTP cat-
alyst for benzene removal."® It was found that the coupling
of the CuO/AC adsorption catalyst with NTP significantly im-
proved the benzene removal efficiency (96.5%). However, the
energy consumption and the formation of unwanted by prod-
ucts are still important concerns for removing VOCs from
waste gas with NTP."**

Though the affinity between VOCs and active interfaces
can be improved by PCA-based adsorption materials, ineffi-
cient disposal techniques or weak anti-interference ability
can cause the deactivation of active components, making it
difficult to face the challenge of the complex industrial VOC
system. Therefore, the development of VOC emission control
technology with high efficiency and stability is still difficult.
So the research and development of adsorption-catalytic ma-
terials, high-efficiency bacterial strains and their correspond-
ing in-depth mechanism are the top priority.

4.1.2 Integrated technologies for VOC emission control.
The emergence of integrated technologies is mainly because
of the low efficiency and variability of a single technology,
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which cannot meet the emission standards for the disposal
of VOCs in the actual industrial process. This is mainly be-
cause the industrial exhaust system includes a large amount
of fine dust, high-boiling point oil, and sulfur/nitrogen-con-
taining VOCs, which will lead to rapid deactivation of active
components. Considering these problems, many integrated
technologies have been developed and used in emission con-
trol of real industrial exhaust systems,®9195:197

Integrated technologies, such as biotrickling filtration—-
photocatalytic oxidation, electrostatic precipitation-photocat-
alytic oxidation, etc., have been developed by An's group for
VOC emission control (Fig. 4). For example, Li et al. investi-
gated an integrated technology of biotrickling filter-photocat-
alytic flow system at the pilot scale for elimination of VOCs
emitted from a municipal solid waste transfer station."®® Dur-
ing the whole 60-day operation, the average removal efficien-
cies were >92%. Chen et al. investigated the integrated tech-
niques of electrostatic precipitation and photocatalysis for
VOC elimination in an e-waste dismantling workshop.'*® No
obvious difference was observed in the level and composition
of VOCs, but electrostatic precipitation could eliminate
47.2% of total suspended particles, significantly decreasing
the side effect of the particles on the subsequent photo-
catalysis. After photocatalytic purification, high average re-
moval efficiencies were achieved, for aliphatic hydrocarbons
(95.4%), aromatic hydrocarbons (95.7%), and halogenated hy-
drocarbons (87.4%), as well as nitrogen- and oxygen-
containing compounds (97.5%) over the 60-day operation. Be-
sides, organic waste gas in a paint plant was also treated
using an integrated system with biotrickling filtration—photo-
catalysis at the pilot scale by the same group.'®® It indicated
that the removal efficiencies of the main components includ-
ing toluene, ethyl acetate, xylene, ethyltoluene, ethylbenzene,
and trimethylbenzene were within the range of 79.4-99.8%
by the integrated technology even after 90-day operation.

Photocatalytic
Oxidation

]!
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OLE 7
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@ KR B
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Fig. 4 Integrated technologies for VOC emission control (A, biotrickling
filtration-photocatalytic  oxidation; B, electrostatic precipitation-
photocatalytic oxidation) (reproduced with permission from ref. 195 and
196. Copyright 2017 Elsevier and Copyright 2012 Elsevier).
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These integrated technologies can realize the emission con-
trol of the complex VOC system with high efficiency and sta-
bility as well as solve the interference of particulate matter
and humidity in industrial exhaust systems. However, due to
the limitations of the process, these integrated technologies
can only be used for the disposal of low- and medium-
concentration VOCs. The emission control of high-
concentration VOCs usually adopts catalytic oxidation or
combustion, but it usually encounters high energy consump-
tion and disposal costs due to their high temperature and
the noble metal needed.?**>°*

4.2 Resource recovery

VOC emission not only brings much environmental pollution
and human health hazards, but also a great waste of re-
sources. Therefore, many recovery technologies such as ad-
sorption, absorption, condensation, and membrane separa-
tion have been employed to recycle VOCs emitted from
industrial stationary sources, gas stations, oil & gas storage
and transportation, etc.>°> Each of these recovery technolo-
gies has its applicability and limitations because the most
suitable recovery plan must be selected on the basis of the
properties of the recovered gas (VOCs), the volume of gas and
the utility conditions of the work area. Here, the merits and
demerits of four recovery technologies and their integrated
process in VOC recovery are reviewed, and the tendency of
their development is discussed.

4.2.1 Resource recovery based on adsorption or desorption
technology. Adsorption technology can be used for resource
recovery of VOCs mainly due to its high efficiency and stabil-
ity, low equipment and operating costs, and recyclable adsor-
bents.”> However, during the recovery process, the bearing ca-
pacity and regeneration of the adsorbent as well as the
subsequent recovery of VOCs are important issues to be con-
sidered. Hence, a series of integrated technologies such as
adsorption-temperature swing/vacuum swing/microwave de-
sorption, vacuum swing adsorption-condensation recovery,
and adsorption-desorption-condensation recovery have been
developed.””% Ramalingam et al. investigated dichloro-
methane recovery on an AC bed in a combined temperature
and vacuum pressure swing adsorption process.*’® It indi-
cated that the integration of thermal and vacuum regenera-
tion allowed achievement of 82% recovery of dichlorometh-
ane; moreover, it reduced the temperature of the AC bed
from 93 °C to 63 °C, which significantly shortened the
cooling time before starting the process over again. Han et al.
reported a hybrid process of temperature swing-vacuum pres-
sure swing adsorption (TS-VSA) to investigate the behaviors
of adsorption and desorption of n-butyl acetate and p-xylene
(typical polar-nonpolar VOCs) on AC.>°” It was found that AC
can steadily run for recovery and removal of VOCs using this
hybrid process with >85% of adsorption capacity being main-
tained. Ambrozek et al. found that toluene was able to be re-
covered in the medium condensation temperature range,
even at medium temperature of the purge gas using the
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integration of a thermal swing adsorption system with
closed-loop regeneration of the adsorbent.”’® Besides, to
meet the needs of different engineering and economic condi-
tions, other adsorption-based integrated technologies such as
fixed bed adsorption-steam replacement regeneration-con-
densation recovery, fixed bed adsorption-vacuum regenera-
tion-absorption recovery, and zeolite rotor concentration
have been also developed to recover VOC waste gas.>*>>*°

Although the adsorption-based integrated technologies
have the characteristics of low energy consumption and high
adsorption efficiency, the adsorption efficiency and capacity
are also dependent on the efficiency of the adsorption device.
Due to the limited capacity of the adsorbent, the adsorbent
needs to be replaced regularly with new ones. The regenera-
tion process will gradually cause the capacity of the adsor-
bents to decrease or even be deactivated. Therefore, it is diffi-
cult for the adsorption method to withstand a large load and
it is generally more suitable for the recovery of low-
concentration VOCs.

Besides, PCAs, as one of the most effective adsorbents in
adsorption-based integrated technology, have a wider market
demand because of their low cost, high adsorption capacity,
reproducibility, etc. Nevertheless, now and then, PCAs often
suffer from a number of problems such as pore blocking,
combustion, inefficient desorption of high-boiling point sol-
vents, and hygroscopicity."**'”® These problems will all lead
to difficulty in regeneration, high operating costs, and sec-
ondary waste in the process of resource recovery of VOCs. In
addition, low selectivity is also an important problem faced
by such carbon materials in the resource recovery of VOCs,
including: (1) low selectivity will cause the competitive ad-
sorption of VOCs with water or other waste gas, resulting in
the occupation of effective active sites, and the adsorption ca-
pacity of the target VOCs will drop sharply; (2) the structural
defects will also lead to the deactivation of the adsorbent and
difficulty in regeneration. Hence, the research and develop-
ment of PCAs with high adsorption capacity, high selectivity
and stability are the mainstream direction in the future.

4.2.2 Other technologies for resource recovery. Consider-
ing the defects of adsorption-based technologies, membrane
separation, absorption, and condensation-based technologies
have been developed to be applied in gas stations, petro-
chemical storage tanks, petroleum refinery and automobile
painting process for VOC recovery. As early as 1990, GKSS
Forschungszentrum (Germany) developed an integrated pro-
cess of membrane separation and condensation to achieve
oil and gas recovery, and this process can effectively improve
the separation efficiency of the gas membrane and the recov-
ered oil and gas existing in a liquid state.’* However, the
process was too complicated and had a high failure rate. Af-
ter many improvements, the newly Vaconovent system devel-
oped by GKSS has been able to achieve stable and efficient
oil and gas recovery.*'> For VOC recovery in a petrochemical
storage tank, Shen reported an integrated technology of ab-
sorption-membrane separation-pressure swing adsorption
applied for BTX oil vapour recovery (Fig. 5).>'* It was found
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Fig. 5 Integrated technologies for VOC recovery (reproduced from
ref. 213 with permission from Environmental Protection of Chemical
Industry, copyright 2021).

that this integrated process has wide applicability for recov-
ery of BTX from oil vapour produced in refineries/chemical
plants, and it was proved to be the best solution for BTX oil
vapour recovery with high separation efficiency, good recov-
ery effects, and high exhaust gas emission standards. In addi-
tion, Zhang et al. investigated the upgrading of integrated
technology of condensation-membrane separation-pressure
swing adsorption to recycle oil and gas from refineries, and a
higher efficiency (99.96%) for non-methane hydrocarbon re-
moval was obtained after upgrading.”® Kim et al. used a
membrane system for the recovery of VOCs from the painting
process.”’ It was found that the integrated membrane sys-
tem showed better performance than the single stage
process.

Although the integrated technologies based on the above
have been applied in the VOC recovery of many industries,
they still can only be applied in a few industrial processes
due to issues such as high investment cost and floor space,
energy consumption, low service life and applicability. There-
fore, the development of VOC recovery integrated technolo-
gies with intelligence, integration, miniaturization and en-
ergy saving materials is the key research direction in the
future.

5. Conclusions and future
perspectives
5.1 Conclusions

This article started from the emission characteristics of aro-
matic VOCs from industrial processes, focusing on the elabo-
ration of adsorption and desorption characteristics as well as
the mechanism for aromatic VOCs, and a systematic docu-
mentation of the interaction mechanism between adsorbates
and adsorbents during the adsorption process on different
PCAs has been presented. Besides, the critical influential fac-
tors for desorption of aromatic VOCs onto PCAs are summa-
rized, and the mechanisms focused on the deactivation and
regeneration of PCAs associated with the interaction of adsor-
bents and adsorbates are carefully discussed. Finally, the in-
tegrated processes based on adsorption and desorption for
emission control and resource recovery are systemically sum-
marized. Overall, this review expounds the characteristics of
adsorption and desorption of aromatic VOCs on PCAs as well
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as the integrated technologies for emission control and re-
source recovery of industrial VOC exhaust. We hope to pro-
vide references for the efficient abatement and recovery of
VOCs from industrial exhaust.

5.2 Future perspectives

Aromatic VOCs are important parts of industrial waste gas,
but they are also an important “urban resource”. While meet-
ing the stringent emission standards in an effective and eco-
nomical manner, many issues remain to be resolved to real-
ize the utilization of aromatic VOCs. Here are the future
efforts which should be focused on:

(1) In terms of material design, the construction of an ef-
fective adsorbent should not only take into account high se-
lectivity and high adsorption capacity, but also the renewable
capacity of the adsorbent and the availability of the adsor-
bate, such as designing adsorbents with hierarchical porous
and ordered meso-porous structure. However, it is still a big
challenge to design adsorbents with high selectivity and high
regeneration efficiency for aromatic VOCs. The current adsor-
bents generally have low selectivity and regeneration effi-
ciency. Apart from that, the adsorbent and adsorbent cannot
be effectively reused, which severely limits their practical in-
dustrial applications due to high cost. Besides, the correla-
tion between the desorption properties and adsorption active
sites (i.e., acid sites, metal sites, n-electronic structure, defect
sites, and active functional groups) should be established to
efficiently capture more aromatic VOCs, which ultimately
helps to deepen our understanding of the desirable proper-
ties and aid the future adsorbent design.

(2) For the benefits of emission control, the adsorption
technology should be combined with other recovery and
elimination technologies to form a more effective VOC emis-
sion control system. A single adsorption removal technology
cannot meet the current emission standards. The develop-
ment of more efficient tandem adsorption recovery technol-
ogy and the combination of pollutant control technology
(such as catalytic oxidation, photocatalytic oxidation) can not
only realize resource recovery, but also eliminate useless ex-
haust gas, which is of great significance for environment im-
provement as well as the sustainable development of the
economy.

(3) In terms of the mechanism, more work should be done
for understanding the desorption mechanism: i) combining
experiment with theory to explore the distribution, interfacial
interactions, steric hindrance effects and diffusion mecha-
nism of aromatic VOCs in the pore structure of the adsor-
bent; ii) demonstrating how the release and desorption
mechanisms of VOCs are affected by desorption technologies
and desorption conditions at the molecular level; iii) deriving
greater knowledge of the deactivation mechanisms of various
adsorbents by developing correlations between interfacial
physical chemistry and their adsorption-desorption perfor-
mance, and exploring effective regeneration methods for
deactivated adsorbents (in situ regeneration in particular), to
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cut down operating costs and ultimately improve the viability
of the industry.

(4) For the sake of VOC recovery, aromatic VOCs should be
not only recovered from industrial VOC exhaust gas, but also
separated as a single component. Industrial VOC exhaust gas
contains not only various highly toxic aromatic VOCs, but
also alkanes, alkenes, aldehydes, ketones, esters, VOCs, etc.
Most of these adsorbents have adsorption effects on these
VOCs and retain a certain adsorption capacity, which makes
the subsequent separation process of aromatic VOCs compli-
cated. To separate them more efficiently, some issues should
be of concern as follows: i) developing efficient integrated
technologies for recycling different types of high value-added
VOCs; ii) optimizing integrated technologies and materials to
achieve high-purity aromatic VOCs with high added-value.
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