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Abstract: Volatile organic compounds (VOCs) have attrastedd-wide attentiorregardingheir serious
hazardn ecological environment and human health. Industrial preseseh adossil fuel combustion,
petrochemicals, painting, coatings, pesticides, plasticgributed to the large proportionarithropogenic
VOCs emission Destructive methods (catalysis oxidation and biofiltrationand recovery methods
(absorption, adsorption, condensation and membrane sepahati@anpeen developed fgOCsremoval
Adsorption isestablishedas one of the most promisingtrategiesfor VOCs abatementhanks toits
characteristics ofosteffectivenesssimplicity and low energy consumptiohe prominentprogressn
VOCs adsorptiotby different kinds oporous materialgsuch azarbonbased material®xygencontained
materials, organic polymers and compositescarefully summarized in this work, concerning the
mechanism of adsorbaselsorbent interactionmodificationmethod for the mentioned porous materjals
andenhancement of VOGgIsorptiorcapacity This overview is t@rovide a comprehensive undersiing

of VOCs adsorptiomechanismandup-to-date progress of modification technologies for different porous
materials.
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Introduction

VOCsreferto a group oforganicsubstances charadtad by their low boiling poinfWang et al.,
2007) The various definitions of VOCs are conducted by main international organiz#ttaarsbe defined
as any compound of carbon, excluding carbon monoxide, carbon dioxide, carbonic acid, metallic carbides

or cabonates, and ammonium carbonate, which participates in atmospheric photochemical yeactions
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proposedby US Environmental Protection Agency (US ERMunter et al., 2000)The World Health
OrganizatioNWHO) regards VOCs as organic compounds with saturapdr pressure over 133.322 Pa
and boiling point ranging from 502 6 0 at at mo(Zapyaleva ét al., 2p08)de cormnmome
VOCs can be classified into several groups on the basis of their different prof@atied.on the boiling
point, the VOCs can be divided into very volatile organic compounds (\&y,0€DCs, semivolatile
organic compounds (SVQ¥Fandparticulate organic matters (PGMy WHO. For the molecular structure,
the VOCsincludealkanesalkenesaromatic hydrocarbons, alcohoddehydes, ketonesic. Moreover,

the polar and nonpolar VOCs are distinguished according to the degree of mgbetardy (Li et al.,
2012 Wang et al., 202,8Vieng et al., 2019)The detailed classification about the common VOCs is shown
in Fig. 1.

(1) <50 ~ Very Volatile Organic Compounds (VVOCs)
e.g. methane, formaldehyde, methyl mercaptan, adehyde, dichloromethane

(2) 50~260N~ Volatile Organic Compounds (VOCs)
— e.g. ethyl acetate, ethyl acohol, benzene, methyl ethyl ketone, methylbenzene,
— Boiling point trichloromethane, xylene, benzyl ene, nicotine
el (3) 260~400N~ Semivolatile Organic Compounds (SVOCs)
e.g. dursban, dibutyl phthalate, diethyl phthalate

| (40 400N~ Particulate Organic Matters (POMs)
e.g. polychlorinated biphenyl, benzopyrene

__ (1) Alkanes
e.g. ethane, propane, butane, pentane

L (2) Alkenes
e.g. ethylene, propylene, butene, butadiene

L— (3) Aromatic hydrocarbons

VOCs |— Molecular structure e.g. benzene, toluene, xylene, styrene

(7 groups) — (4) Halogenated hydrocar bons
e.g. dichloromethane, trichloromethane, trichloroethane

— (5) Alcohols

e.g. methanol, ethanol, isoprene, butanol

[— (6) Aldehydes

e.g. formaldehyde, acetaldehyde, propionic aldehyde, butyraldehyde

(7) Ketones
e.g. acetone, butanone, methyl ethyl ketone

(2) Polar
— e.g. acetone, isopropyl alcohol, butanone, methanol, trichloromethane,
Molecular polarity dichloromethane, ethanol

(2 groups)

| (2) Nonpolar
e.g. benzene, toluene, ethylbenzene, xylene, cyclohexane, ethylene

Fig. 1. The classification oflifferentVOCs

The emission of biogenic VO@®nsisting of isoprene and monoterpeaesounts for almost 90% of
total global emissionfGuenther et al., 1995With the accelerated urbanization and industrialization, the
emission amount of VOCs from anthropogenic sources in China atietptetbbe persistently increase
above 5.9% annuallfrom 194 Tg in 2005 to 25.9g in 2020 (Wei et al., 2011)As shown in Fig2, the

anthropogenic emission sources of VQ&@e primarily derival from industrial process (43%), vehicle



86
87
88
89
90
91
92
03
94
95
96
97
08
99

100

101

102

103
104

105
106
107
108

exhausts (28%), daily life (15%) and agricmk (14%)IndustrialVOCs emissions are extensively involved
in petroleum refinement, solvent production, use of fossil fuels, coal combustidhlestt.al., 2019Yang

et al., 2019; Baltrenas et al., 201Among them,the VOCs emission amourftom coal combustion
accounts for a large proportion of 37#bthe industrial sourcegYan et al., 201y Benzene, toluene,
ethylbenzene, and xylene (BTEX) &mown agnajor VOCs speciesmittedfrom coalcombustionwhich
have been all identified as hazardous air pollutants (HAPS) by the USHaRAgiotis et al., 199A/OCs

as the importanprecursorf ozone, photochemical pollutants and secondary organic aerosols)(SOA
poseserious harmito both the ecological environment and human he@h.condensation and nucleation
of OVOGs (oxygenated volatile organic compounds), SCaéhd SNAs (secondary nitric aerosolgan
contribute toPM2.5formation(Weber et al., 2007)/OCs arealsoresponsible for the greenhouse effect,
especiallymethane, which is more than 20 times more potent thanM&st VOCs in particular aromatic
compounds and polycyclic aromakigdrocarbons are malodorous, toxic and carcinogeriiaman health
even at low concentration (abov& hgm), leading taespiratory inhalation and skin mucasaldamage

of nervous and blood systeniis addition, some VOCs such as ethylene and propy@e=widely used in

the petrochemical industry. Although these compounds are less toxic and less harmful to the human body,
they are flammable and explosiasthe solubility reaches a certain amo(@astreHurtado et al., 2013

Main et al., 1988
14%

Agriculture
fertilization\
biomass combustion N T
15%
Daily life
feces
smoking

cooking
decoration

43%

Industrial processes
/ pharmaceutical engineeri

cosmetic manufacturing

electronics manufacturing
petroleum refinement
leather manufacturing
ink manufacturing
coal combustion
use of fossil fuels
material synthesis

dry cleaning paper making
office supplies i textile dyeing

- solvent use
28%;/ spraying
Vehicle exhaust: pringting

gas emissions
interior decoration

Fig. 2.VOCs emission from diérent anthropogenic sources in China in 20d&ng et al., 2019;
Baltrenas et al., 20}.1



Table 1

Comparison of different VOCs treatment technologies.

Treatment Principles Temperature  Concentration Efficiency Costs Contaminant products  Advantages Disadvantages References
technologies ppm %
Destruction technolodes
Thermal/catalytic Catalysts are used to reduce t 300-820 20-1000 90-98 High CO, NOx Simple and easy Catalystpoisoning (Yang et al., 2019;
oxidation temperature of complete oxidatic complete nonrecyclable AlejandroMarti et
of VOCs treatment al., 2018
high efficiency
Photocatalytic Catalysts produce free radica <90 <500 100 High Strong oxidant OH. Fast and efficient Low concentration (Kim et al., 2018;Jo
oxidation with strong oxidizing ability under radicals low energy secondary pollution et al., 2009
the radiation of light consumption
Biofiltration Oxidation occurs under the actic <50 <5000 60-95 Low Acetaldehyde, Propanol, Simple low cost  Slow reaction ratehig  (Mohamed eal.,
of microorganisms Acetone Security equipmenthigh 2016;Lu et al.,
pressure drop 2010
Plasma catalysis Plasma isproduced under stront <80 <500 74-81 High Formic acid, Carboxylic Simple operation Low concentration (Sultana et al., 2015;
electric field, which bombard: acids, NOx,@ Low energy incomplete treatment Luengas et al.,
organic compounds and destro consumption 2015)
their chemical structure, thu wide scope of
degrading application
Recovery technologes
Absorption Dissolve VOG in water or Low 500-15000 90-98 Low/Mo  Spent solvent Simple process Limited absorption (Luengas et al.,
chemical solvents derate recycled capacity 2015; Heymes et al.,
2006
Adsorption Use porous materials as 0-60 700-10000 80-97 Moderate Spent adsorbent Cost Poor thermal stability (Luengas et al.,
adsorbents effectiveness pore blockagelimited  2015; Shih et al.,
flexible operation  adsorption capacity 2008
low energy
consumption
Condensation VOC is cooled to liquid at low <700 >5000 70-85 High - High High investment cost  (Luengas et al.,
temperature concentrations high operating cost 2015; Belaissaoui et
recycle al., 2016
Membrane The separation, purification an 0-45 200050000 90-95 Moderate Clogged membrane High efficiency High investment cost  (Luengas et al.,
separation concentration of different VO£ /High high recovery 2015; Zhen et al.,

are realized by selectiw

separation of membrane

efficiency

2006)
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Stringent regulations have been proposeddiatrol VOCs by developed countri@dS legislation
calls for a 90% reduction in emissions of 189 pollutants over the next few years where VOCs occupies
about 70% of those pollutant@jolade et al., 2009A large number of pogtrocessing technologiésve
beendeveloped for VOCs abatement, which can be categorized into destruction technology and recovery
technology. The destruction technology can decompose VOCs intoH2® and noroxic or less toxic
compounds through different chemical or biologicakthods, such as therntalytic oxidation,
photocatalytic oxidation, biofiltration and plasma catalyElee recovery technology, termedadssorption,
adsorption, condensation and membrane sepayationseparate VOCs via changing the conditions of
temperature and pressure in the proc8$ge advantages and disadvantages of those VOCs treatment
technologies are summarized in Table 1.

Adsorption is regarded as one of the most promising VOCs treatment technologies owing to its
characteristics of cogdffectiveness, flexible operati, and low energy consumptiof number of porous
materials (such as carbtased materials, oxygemontaining materials, organic polymers, composites etc.)
were investigated for improving the adsorption of VOCs in termsaghcity, hydrophobic property,
thermalstabilityand regenerabilitylt is needs to be noted that activated carbon, zeolite and organic polymer
are considered as three of the most popular adsorbents for VOCs treatment estimated by thESdBPA
Guerrercet al., 2007; Zhu et al., 2017; Long et al., 2011; Zaitan et al., 2008)

Maodification technologes are employed to adjust specific surface areas, chemical functional groups
and pore structure of VOCs adsorbent, in ordamiarove their adsorption performee The previous
reviewsare mainly focused onarbonaceous materiadsd their modifications, whil¥ OCs adsorption
performance ofome other absorbents is inadequately reported in the litef@uomzdez-Gara 2018; Le-

Minh et al.; 2018, Le Cloirec 2012; Zhang et al., 201@)this work, VOCs absorption performance of
different porous materials would be comprehensively reviewed, including tactivarbon, biochar,
activated carbon fiber, graphene, carbon nanotube, zeolite, metal organic framework, clays, silica gel,
organic polymer and composites. The interactions between adsorbate and adsorbent interidibely
discussed for obtaining diffent modification methods to enhancing the adsorption capacity of the
adsorbent. The work is trying to provide a comprehensive understanding of VOCs adsorption and guidance

for future research directions in this area.
2. Porous materials for VOCs adsorption

2.1.Carbonbased materials
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2.1.1 Activated carbon

Activated carbor{AC) is considered aa versatile adsorbent owing to its large specific surface area
(600~1400 rag?), well-developed porstructure (0.5%.4 cn?® gt) andhigh VOCs adsorption capability
(10~600 mgy?). IndustrialAC commonly usse carbonaceous materadthe precursosuch agoal, wood,
coconut shejlpeat and lignitecostof which productionis ranging from $1000 to 1506 {Zhao et al.,
2018) It can bemanufactured in form of pellegranule, powdepr sphereafter the process of carbonization
and activatior(RomereAnaya et al., 2015Environmental applications of AC have been widely studied
such as wastewater treant, soil remediation and air purificatioaspeciallyfor VOCsdisposal.

Yang et al.(2018)investigatedadsorptionbehaviors ofACsont ol uene at am N ,
atmosphere, whiclderived fromdifferent raw materialsincluding wood, coal and coconshell The
specificsurface area artdtal pore volumeanged from 570 to 1284%g?, 0.25 to 0.83 cAyg?, respectively.
The adsorption capacity of these Amged from 62.5 to 184.0 mgt.gThe woodbased ACwith the
largest surface area and total @eolumehadthe maximal adsorption capacity 184 mg g*. Under the
similar adsorption conditions exceptet tolueneconcentration o2000ppm, Li et al. (2012)found that
theadsorption capacity afommercialAC wereover 260 mgy?, thesurface areand total pore volumef
which were 932 nf g and0.432 cm g2. Yu et al. (2018 exploredthe impact offunctional groups on
adsorptiorof coconut shell based ACat27 , 500 ppm and NatmosphereThenitric acidmodified AC
exhibited highadsorptiorcapacity of 433 mg g* on acetongwhich might be attributed to theteraction
betweercarboxylic groupsnd acetoneSimilarly, Zhou et al. (2018)bserved magnesium oxide modified
AC alsopresentedhigh equilibrium amount of acetor{é32.7 mg ¢) at25 |, 85.21 gm?. It indicated tha
introduced oxygen functional groups offeractive siteswhich had strong adsorption affinity qolar
acetone.

In summary, lte adsorption performana# AC on VOCs is influenced by adsorption conditions,
physicochemical propertied adsorbentlt seems thafC is suitable to beaised to adsorb VOCs at room
temperature, low/medium concentration andtinospher¢Amitay-Rosen et al., 2035The largesurface
area and pore volumef AC have positive effects othe adsorption capacitjor VOCs Specially,the
chemical functional groups on tA€ surface are also theyfactor forcertainvOCsadsorption However,
challenges offurther largescale applications of AC to industrial leagke still existing. Firstly,Jahandar
Lashaki et al(2016)implied that heel formationduring the incompletelesorptionprocess, affect the
lifetime and regeneration cost of AThis could be attributed to the irreversible adsorption including
chemisorptionadsorbate coupling or decomposition. SecontHjariet al. (2018)Wang et al(2016)and
Wang et al. (2014pointedthat the flammabilityof AC may cause fire riskspeciallyin the exothermic
adsorptiorprocessMoreover,high transmission resistang@re blocking and hygroscopicitf AC also

restrictits widespread applicatiom VOCs abatemer{tVang et al., 2014)

200
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2.1.2 Biochar

Biochar is a representative memloéthe carbon familywhichis regarded aa potential alternative
of commercialAC due to its abundant feedstocks, and efficlemt cost(Aguayc Villarreal etal., 2017)
Compared tcAC, biochar is produced in the milder pyrolysis conditiorder an inert atmosphefgow
pyrolysis and relatively low temperatuwe<700 €) (Fig. 3) (Abdul Manap et al., 201&hen et al., 2019a;
2019b) Abundantcarbonrich materials, such as wood materials, agriculturalfarestryresidues, fruit
byproducts, etc., can be used for biochar produdiityao et al., 2018 Its production cost 0820 ttis
much cheaper thatthat of AC ($1000 to 1500%) (Suzuki et al., 2007)The features of biochar highly
dependon raw materials and production conditions. Generally, the raw materials with high lignin and
mineral content tend to produce high yield of biockend he mineral content may decrease as the
increasingpyrolysis temperature and tifiBuliman et al., 2006 The biochar producddom carbonization
is a disordered elementary graphitic crystallite with a rudimentary pore str(iggiret al., 2011)

Zhang et al.(2017 evaluated 15 biocharsarbonizedfrom 5 common feedstocks facetone,
cyclohexane, and toluemgsorptiorat room temperature and 50 min'* VOCs. Thespecificsurface area
of these biochars ranged from 0.1 to 388grh and the adsorption capacity wexeless than 9@ng g*.
The adsorption performance of untreated biocghegre supposed to hawgeat potential to improve.
Physical or chemical activatioare often usedfor biochas to developlarge specific surface areand
microporous structuréShen et al., 209 2018d. Physical activations conducted ahigh temperatures
(around700 €) in the atmosphere of oxidizing gases such as steam, &Qor a nkture ofthem The
carbonization and chemical activation can be operated in a single step, where virgin biochar impregnated
with activating agents are heated at temperature 6880@C. The reagentsréquently used are acid, alkali
andmetal salt(AguaycVillarreal et al., 2017Hu et al., 2017Bedane et al., 2018Khan et al. (2019
developed biowastderived biochars with KOH activation fot2 which showed high adsorption capacity
of 144 mg ¢ on benzeneCompared witlhevirgin biochar thespecificsurface area artdtal pore volume
were increased from 228 to 138¥%.g*, and0.02 to 0.51 crhg™. Hsi et al.(2011) prepared a series of
biochars from biotreated agricultural residues for toluene adsongcadequate 50% #D (g)/50% N
steam activationThewater molecule could react with the carbon surface to generate carbonyl and carboxyl
groups during the activation proce$be treatediocharwaswith large sirfacearea 0950 nt g and high
adsorption capacity of 227 mg',gwhichwas comparable to commercial ACham et al(2011) studied
theadsorption performanad phosphoric aci@ctivatedbiocharon tolueneat room temperature, 460 ppm
The esults showed that high removal efficierufy93%wasobtainedoy impregnatingacid concentration
of 30% Apart from the increased surface area (1484yth the oxygerfunctionalgroups introduced by

acid also enhanced the chemical adsorption.
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Fig. 3. Theconventionatarbonization and activation process of ha{Shen et al., 2020 2019b.

Biomass

Briefly, thepore structure afintreatediocharis undevelopedconfiningits VOCs adsorption capacity
The physicochemical properties of biochean be improved a lot by physical or chemicaldification
Biochar isregarded aa potential alternative to commercial AC due to its abundantaierials effective
low cost and low energy consumptioBimilar to AC, there are drawbacks dfiochar include the
flammability, pore blocking and hygroscopicity. Moreow&e production of biochar may cause the release
of VOCswhich are harmful for the environmenthé indepth research on the complicated interaction

betwveen surface groups of biochar and VO@sdto betaken far more effort.

2.1.3 Activated carbon fiber

Activated carbon fiber (ACF) developed in the
made into yarn, thread, fabric, felt/carpet, pagleth and other shapes to optimize process designs for
engineering usgrue et al., 2017)The rav materials used in preparation of ACF are usually poor renewable
such as viscose, polyacrylonitrile fibers and pitch fil{Besur et al., 2015)ig. 4illustrates a schematic of
electrospinning systenand characteristics of ACFs. THeomogenos spinning solutioncontained
spinnable functional material and polymeipreparecoy magnetic stirring and ultrasonication, ahen
thenanofibersarecollectedon the roller under the on of the electrostatic fielGeal., 2018;Bai et al.,
2013) ACF is a pure carbonaceous solid with surface area and micropore volumelafg16% g, and
0.360.92m3 g? (Liu et al., 2019) Its pore width isusually concentrated between 0.5 and 1 nm. The
commercially available ACF is very expenstige tohigh-costraw materials, fiber spinning and weaving,

subsequent thermal processas well ashuge weight losses during activatidinlike AC, ACF exhibits

1
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faster adsorption kinetics, higher mass transfer rate due tbiritiber shape with short and straight
micropore Furthermore, théibrous structure can overcome the difficulty of high pressure duggpressed

mass transfer limitationis the adsorptio bed(Meng et al., 2019)So far, ACF is widely utilized in the

fields of chemical and biochemical adsorption and separation, air and water purification, catalysts or

catalystsupports, masks, medical care purposes(¥éte et al., 2017)

Electrospinning System Microscopic image
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N Wll 2
‘;. {| ‘
A i! |
e ' wg; i
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240 | . |
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Fig. 4. Schematic of electrospun fibrous membrane @ratacteristics of ACHGe al., 2018; Bai et
al., 2013)

ACF with The high micropore volume of 0.486715cm® g and large surface area of 102000 nt
g! was prepared byyue et al. (2017). lhad strong adsorption affinity for chloroform vaparhich
adsorption capacitwas1004 mgdat 2 Qimilarly,Liu et al.(2019)foundthe activateetarbon fiber
cloth (ACFC)had thaunique micropore structureith pore widthranging from0.61to 0.69 nm whichwas
superior tahat ofcommercial ACIt exhibited high capture efficiency of isobutane (3®nderrelative
humidity of 5-80% Lin et al.(2012 reported thaACFs had lessurface oxygen grougs< 9 0 0 % mo |
thanAC (10064 5 0 0 ¢Y)nBedidesit wasfound that virgin ACFs tended to adsarbnpolar VOCs
(benzene, tolueneather tharpolar VOCs(acetaldehyde, aceton@aur et al., 2015.illo -Rdlenas et al.,
2005a;201M). To break this limitation, Yet al. 008) investigated thadsorptiorperformance o€CuSQ
modified ACFon ethanolat low concentration angl 0 . Compared withoriginal ACF, theadsorption
capacityof modified ACF was increased from 480 to 560 mglg addition,Baur etal. (2015 usedACFs

10
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modifiedby La;Os, CaO, MgO, ZnO, F©, and AkOs to adsortacetaldehydat2 5 , heliumatmosphere
and 1300 ppmvTl he adsorption capacitf La,Os/ACF increasedrom 3.2 to 20 web compared to original
ACF. It indicatedthatthe modificationby metal oxidesmproved the affinity between ACF and polar
VOCsdue tothe irntroducedsurface oxygen groups.

As a result,hemicropore structure of ACF ®uperior to that oAC for VOCs adsorptioywhile there
arefew amount ofchemical functionagiroupso n t h e A C Fhis sesutisa thehydiopghobic nature
of ACF, whichis beneficial foradorbing nonpolar or weak polavOCs. The modification tectologies
enable to introducexygenfunctional groupso enhance the affinithetween the AC& surface and polar
VOCs(Yietd., 2008 Song et al., 20171t is worth to note that the limited applicatiohACF in practical
industry ascribed to the high cost of fiber precursors and their associated processifgieatal., 2016
Niknaddaf et al., 2016

2.1.4 Graphene

Graphene with the twdimensional (2D) structure is consist of a sheet with hexagonally arrayed
carbon atoms that share? $yybridized orbitals of one carbon with three neighl@hriri et al., 2019
The common preparation methods include exfoliation, hydrothermalhssginbly, chemical vapor
deposition and nanotube slicifigu et al., 2008)Graphenéhasexcellentelectricalconductivity ranging
from 3000~5000 WnK! (far beyond that of the copper), ultrahitjieoreticalspecific surface area along
with great mechanical strengfAllahbakhsh et al., 201%u et al., 2018 Therefore, graphene has been
applied in electronics, sensors, photonics, energy storage, biomedicine, and environment treatment owing
to its outstandingohysicochemical characteristiRlutnar et al., 2018

Graphene oxide (GO) and reduced graphene oxide (rGO) are the typical derivatives of graphene. The
former is tke product of graphene oxidation with different oxygemtaining groups such as carboxylic,
hydroxyl, and epoxide groups. The latter is produced by eliminating the functional groups of GO by
chemical treatment or thermal anneal{&in et al., 2000 Yu et al.(2018)compared the performance of
benzene and toluene adsorption on GO and a&©@om tenperature 50 ppm and BNatmosphereThe
surface areas of GO and r@@re 236.4 and 292.6’mg", respectivelyThe rGO showed highadsorption
capaciies on benzene and toluen276.4 and 304.4 mg?') than that of GO (216.2 and 240.6 m§.gt
might bedue to more hydrophobic natutewer oxygen contenandmore defect sitesf rGO. In addition,
Sunet al.(2014) synthesized MIEL01(Cr)/ GO compositevhich was with large surface area of 3562
g!and pore volume of 1.75 émg. Results showed that the composite had thexane uptake of 1042.1
mggltat 25 ,  wh i c hthamwthas of AQu Tie lyreat imgydvesnenbald be attributedo not
only increasng specificsurface area, but alstrongersurface dispersive forces of the M1I01@GOby

the introduction of the GO with dense arrays of atdragkshmiet al. (208) reported magnetic graphene
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oxide(MGO) nanoparticles had high surface areas, nano size, high sorption performance, robust structures,
magnetic nature at widanging pH, and excellent chemi@aldthermal stabilitiesMGO based matéals
wereappliedfor the remediation of pollutants like metal ions, radionuclides, dyes, pesticides and,opioids
which were expected to be employed for VOCs treatment.

It can be concluded that rG&xhibits strong hydrophobicity due to the removal of plentiful oxygen
groups, which favor adsorbimgnpolaror weak polavOCs. Specially, MOF/GO composite seems to be
a potential candidate as an efficient adsorbent for VOCs adsorpiitevever, the relave complicated
synthesis and severe aggregatmingrapheneremain great challenges fais industrial applications.
Therefore, replacement or removal of certain chemicals is required to be further discovered and studied to
shorten the fabrication periahd resulin a better fabrication methd®iaz et al., 2007; Li et al., 2012
Koduru et al., 2019).

2.1.5 Carbon nanotube

Carbon nanotube (CNT) is comprised of a graphene sheet, which is rolled up in form of a cylindrical
structure with sphybridized carbon aton{¥ashist et al., 20111t can be divided into singi&alled carbon
nanotube (SWCNT) and multialled carbon nanotube (MWCNT) based on their arrangement of graphene
cylinders(Raphey et al., 2039t is commonly synthesized by the methods of arc discharge, laser ablation,
and chemical vapor depition (CVD).The arc discharge and laser ablation methods prefer a higher yield
compared to CVD metha@malley et al., 1998)CNT is anovel nanomaterial with unique characteristics
like electrical conductivity, optical activity, and mechanistiength. In addition, the larger surface area,
natural hydrophobicity as well as strong thermal stability make CNT superior to remove trace contaminants
from liquid and gas phagéjima et al., 1991Na et al., 201p However, the utilization of CNTs for VOC
abatement is gterare.

Yang et al. (2008) evaluated the adsorptiobpehaviorof CNT for indoor formaldehydeat low
concentratior{1.50 mg m?), which adsorption capacity was 62.49 myg Iy demonstrated thdhe surface
of CNT exhibited good hydrophobicity and consistency, whiclan maintain a strong interaction with
organic compounds gsomising adsorbentn order to promote the applicationtteatpolarVOCs, Hsu
et al.(2012 usedhe functional SWCHN oxidized by NaOCto adsorb isopropyl alcohol vapor in air stream
and the adsorption capacity wa@2 mg g¢. Furthermore, modified MWCNT through covalent
functionalizationpreparedo adsorbpolar VOCsby Hussainet al.(2009. The polar functionality on the
MWCNT surface dramatically altered their sorption characteristics, which prolongeck#iehrough time

from 12 to 35 min for ethanol
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Although CNT is a optionalVOCs adsorbents, iis worth to notethat aggregation of CNT till a
challengéor its wide applicationTo overcome the CNT aggregation, surface oxidation and coating with

surfactantgs effective solutions for dispersion CNii liquid phase.

2.2 Oxygencontaired materials
2.2.1 Zeolite

Zeoliteis with crystalline aluminosilicate framewodndconsists ofnfinite threedimensional (3D)
arrangement of TexetrahedronT is Al or Si)(Mekki et al., 2019 Thetwo tetrahedrons share the oxygen
atoms, resulting in crosslinking in space that generdtasnels and regular dimensions of cavities which
can accommodate organic small moleculégstructural formulaf zeoliteis Awg)l (AlO2)x(SiOz)y In(H20)
(A: Ca, Na, K, Ba, Sr and other cations), whichadataining 1621 wt.% of water Zeoliteis widely used
as chemical sieveadsorbent andatalystdue to its excellent properties such as hydrophobitzitge
surface area (25800 m? g1), tunable porosities, nonflammability. Specialilge textural properties of
zeolite can be tailored by varyirthge Si/Al ratio(Nien et al., 2017)Carborbasedmaterialsoften suffer
from the drawbacks of flammability and regeneration difficulty. The superior hydrothermal and chemical
stability of zeolite enable t@vercomethese problemgJafari et al., 2018)Besides, lie temperature of
completedesorptiorfor zeolite is as low as 150, while that for carboivased materia is over 308C (Su
et al., 2010)As shown in Fig.5zeolitesincludingsilicalite-1 (MFI-structure type)beta (*BEAstructure
type), SSZ£23 (STTstructure type), andhabazite (CHAstructuretype), have considerable potentials
adsorbent$or VOCs adsorptiofCosseron et al., 201.3

Fig.5. Structuresof the MFktype zeosil (a),*BEAtype zeosi(b), STT-type zeosil (¢) and CHA
type zeosil (d).
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MFI zeolites (ZSM5) and FAU zeolites (NaX and NaY) with different Si/Al ratios were synthesized
by Kanget al.(2018. Their adsorptive removal of dichloromethane vapdar 3 3D00 ppnwere assessed
It showedthat ZSM5 (200) with the highest Si/Al rat204.5 showed the best adsorption capaify9.2
mg g1) and was barely affected der the relative humidity of 200%. Zhu et al.(2017 also obtained
innovative allsilica beta zeolite with excellent hydrophobi¢ityhich surfaceareaand total pore volume
were 638 mg?, 0.31 cmg?, respectivelylt exhibitedtheadsorption capacityf 206.8 mg ¢ on nhexane
at2 5 andhydrous condion, which wadittle different with that at anhydrous conditidree et al(2011)
investigated adsorption and thernd@sorptionof acetone and toluene vapors in dealuminategkdiite
bedat2 0 4500 ppmand N atmospherewhich surfacareaand total pore volume were 704 gt, 0.47
cn?® gt, respectivelyThe resultsuggested that-Yeolite could be reused without a significant decrease in
uptake after several regeneration cychigar et al.(2015 alsostudiedthe desorptiorstudyof n-hexane
(500 ppm)on NaY under microwave heating power of 150 W, wlsalfaceareaand total pore volume
were750 ntg?, 0.34 cnig?, respectivelylt foundthatthe adsorption capacity afedNaY remaied98%
of that of fresh Na\after two regenmation cycles

Consequently,hte adsorption capacity of zeolite VOCsis comparable to that of AGue toits
tunablespecific surface and postructure The Si content of zeolite is associated with its water resistance,
which can be tailored in the synthesis procgssliteis regarded one of the conventional adsorbtmits
VOCs adsorptiorthanksto its highadsorption capacity, goatiermal stabilityand easy reproducibility
However, thesynthesis process of zeoliseconplex and timeconsuming. In addition, the source materials,
such as tetraethyl orthosilicate and cetyltrimethyl ammonium bromide are relatively exmemspared
to AC. These shortcomgs would be detrimental for the widespread application of synthetic zeolites
(Tamonet al., 1999Deng et al., 2017)

2.2.2 Metal organic framework

Metal organicframework (MOF)firstly discovered byHoskins et al(1989, is a novel class of
crystalline hybridporous materialsDifferent kinds of porous MOFs are presents in €ighey are
constructed from metal ions or clusters coordinated with orday@indsin ordered one, two, or three
dimensional framework&Silva et al., 205). Evaporation solvent method, diffusion method, hydrothermal
or solvenithermal methodultrasonic and microwave method can be uUsethe synthesis of MOEZhu
et al., 2019 Notably,the structure of MOF can be flexibly controlled through selecting matching organic
ligands.MOF has been attracted worldwide interest over the last two decadtssifstinguished properties,
such aslltra-high and surface area (up to 3000g1), excelentthermal stability$4 00 ), t ai |l or abl
structure and facile functionalizatio(Yang et al., 201)1 The great potential applications of MOFs in gas

storage, separations, heterogeneous catalysis aldhgevising have beevidely explored(Luebbers et
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376 al., 2010)The openmetalsites on the pore surfaces of MOFs available for enhancing diverse VOCs
377 adsorption. Unlike conventional adsorbents, MOF enatdesemain their permanent structure and

378 crystalline order after regeneratithao et al., 2018)

< 9

HKUST-1 [CuSIF5(4,4"-bpy)] MOF-14 MOP-1

PCN-14 DO-MOF [Be12(OH):2(BTB):] UMCM-2
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" 3‘\.4&; » \\,r"lﬂ L\\v ik 3 .
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2 ~ N “f‘\\r = R R »
379 MOF-200 UTSA-20 IRMOF-74-XI1 NU-125
380
381 Fig. 6. Schematic diagram of differekinds of porous MOF£Silvaet al., 205).
382
383 Diverse types of MOFs including MIL serigdiO series along with ZIF series, have been synthesized

384 to treat VOCs containment¥ellingiri et al. (2017 compared the different types of MOFs for toluene
385 adsorption under ambient conditiofi$ie equilibrated adsorption capacities of all MOFs were measured
386 the order of ZIF67 (224 mg d*) > UiO-66 (166 mg d*) > MOF-199 (159 mg d*') > MIL-101(98.3mg
387 d'1). The maximum adsorption capacity of ZBF mightbe attributed to the largest surface area of 1401
388 m? gl Xian et al.(2015 also found that adsorption capacities of MIQ1 for 1,2dichloroethane, ethyl
389 acetate and benzene wed60.9 510.2 and 293.7 mg d*!, which weremuch higher than those of

390 conventional adsorbents. However, tdsorptioncapacitiesof MIL-101 were significantly decreased
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under thenumid condition due tolte competitive adsorption between water molecule and V@@svel
enhanced hydrophobMIL(Cr)-Z1 using naphthalene dicarboxylic acid as ligand was synthesiz2dlby
et al.(2017), thesurface area artdtal pore volumef whichwere 2080 rhg?, 1.23 cnig’. Theadsorption
capacity of MIL(Cr}Z1 on benzenat2 0 andtherelative humidiy of 5, 40 and 60% wer261.7, 229.6
205.4mg d?, respectivelyShafiei et al. (2018 synthesized a new modified MILO1(Cr) by a new linker
to cluster molar ratio (2:1 instead of 1:1) and different modulators (HF and)Ht#@surface area and
pore volumeof whichwere4293 nt g?, 2.43 cmig?. The regeneration efficiency ofodifiedMIL-101(Cr)
(99.7 %) was higher than that of commercial AC (87.2Kdin et al.(2018 investigated the adsorption
performance of aminkinctionalized MOF (MIl:125NH,) for VOCs. The results showed that the
adsorption capacities tend to follow the ordepofarity among the VOCs {pylene < toluene < benzene
< acetone < isopropanallie tostrong interaction betweemine groupsndpolar VOCs

In short,MOF is the most promising adsorbent for VOCs adsorption due to its tunable pore structure
and extraordiary physicochemical propertieGenerally, the adsorptiocapacityof MOF on VOCs is
superior taconventional adsorbents (AC and zeolifdje modification technologies can be flexibly applied
for MOF to enhance thHeydrophobigropertyand adsorptive settivity. Nonetheless, some drawbacks are
also exidghg to hinderits industrial application such as weak dispersive forces owing to their large amount
of void space as well as the insufficiemtenmetalsites beneficial focoordination and catalys{&hu et
al.,, 2019 Wang et al., 2008 Furthermore the utilization of MOFfor VOCs adsorptionis still an

unaffordable option on accountité high preparation cogampieri et al., 2018)

2.2.3 Clay

Clay is a class of watdyearing aluminosilicate minerals with layered structuses] it is the
compositionof rock and soilLiu et al., 2018) Kaolinite, montmorilbnite, halloysiteare three common
representatives of clay minerals. They hbheenpervasively applied to bedsorbents, catalysts, carriers,
and templatedue tatheir strongheat resistanc@ndabundant raw materialPeng et al., 2017)As reported,
estimated deposits of €rentonite alone consist of 2.5 billion tons of matenahe global worldThecost
($ 40 tY) of nature clays is much cheaper than th&®©f(Morozov et al., 201:4Qu et al., 2009)The large
surface area, unique combined micand mesoporosity arfdg mass transfer rates make clagcomea
potentialadsorbenfor VOCsabatement

Deng et al(2017) evaluated the adsorption performance of porous clay mirferdtenzeneit3 0
and N atmophere Compared to conventional adsorbepisstine clays had unitamnicroporestructure
and the pore size ramgjrom 0.4to 0.8 nm, the surface area and total pore voluofevhichranged from
17.9 to 107.7 rhg?, 0.050 to 0.270 chy?. Theadsorption capacityn benzeneanged from 56.7 th41.2

mg g*. In order to improve théextural property and adsorptiocapacityof clays, Wanget al. (2016
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explored the effestof hydrochloric acidmodificationon clay mineralsfor toluene adsorptioat 2 5
2000 ppm and NatmosphereThe results demonstratdthtthe adsorption capacitf acid-activated tay
on toluene increaseflom 44.6 to 90.4 mg-fasthe increased surface area from 228 to 32%#and
introduced surface functional grouftswvas reported biKimura et al (1998 that the surface silanol groups
on the surface of clalgad strong hydrophilicitywhich is easy to absorb waterthe air.Organosilanes
with different head groups and chiead properties, were used bu et al.(2018 to modify thesurface
properties of diatomitefor methane.The surface silylation altered the surfaoé diatomite from
hydrophilicity to hydrophobicity, which promoted the adsorpsefectivityof methaneunderthe humid
condition.

It can be concluded thaaw clay ha been proposed as alternativeadsorbent for VOCs adsorption
due to low cost and desirable thermal stabillye alsorption affinity between clagnd VOCs is limited
due to thepresence osilanol groups (SOH) on the clags surfaceand the undeveloped pore structure
Modified methods such aacid and organic modificatiorare regarded as the affirmative measures to
overcome the above difficulty amthprove the adsorption capacity or hyphobicity of clay

2.2.4 Silica gel

Silica gel (SG) is an amorphous inorganic material with a 3D tetrahedral structure andgsdapsl
onthe surface. Its molecular formula is m&8 0 (Yang et al. 2003. Thesynthesis of SG ig/pically
usingtetramethoxysilanas the primary precurs@im et al., 2017. SGhasexcellent thermal, mechanical,
and chemical stability, low density, high micropossurface area, and plenty functional grougpsch as
silanols and siloxanesihs a novelporous adsorbent, the research on SG for VOCs adsorption is seldom
reported

SGwasemployed for toluenadsorptiorat2 5 and 12000 pprby Sui et al.(2017), thesurface area
and total pore volumef which were765.6 n? g* and0.444 cm g*. The resultdimplied thatSG wasa
suitable adsorbentfor toluene adsrption with high concentratiomlue toits rapid adsorption, high
adsorption capacitf?d37.4 mg ¢) and longer lifetimeSigot et al(2015 compared three adsorbenfsAC,
zeolite and SGor the adsorption of VOSi@ t 2 Ibwasfound that SG was the most efficient adsorbent
for VOSIC vapor,the adsorption capacitgf which was 250 mgg?. However, SG often preserngeor
adsorption performance under humid environment due to hydrogiigien hydroxyl on the silica surface.
The modification method of coating trimethylchlorosilane (TMCS) assisted with micromadtion
certified by Huang et al.,, 201%nabled toimprove thehydrophobicity of SG surface effectively.
Furthermore, the sufficient and-depth researchesn adsorption mechanismof SG for VOCs are

imperative.
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459 2.3 Organic polymer

460 Organic polymer is composedlafht, nonmetallic elements such as C, H, O, N, and B with extrgmel
461 lower density than other known porous mater{sa et al., 201}p It can be divided into two categories:
462  hypercrosslinkedpolymer (HCP) and macroporoupolymer HCP represents a novel class of
463 predominary microporous organic materialvhich is lowcost and mostly synthesized tye Friedel

464  Crafts alkylation reactiorfFig.7) (Wang et al., 2015 The permanent porosity0.6~2 nn) in HCP is
465  attributed to extensive crosslinking retwons, which hinders the polymer chains from collapsing into a
466 dense, nonporous state. Such highly crosslinked nature of HCP conferkigfheimner specific surface
467 area (up to 1000~1500%yg). While macoporous polymer is main with mesopore and macrof@&0
468 nm)(Xu et al., 2013, Jia et al., 201 ®rganic polymeespecially HCP has garnered an increasing amount
469 of interest for VOCs removalvhichpresents tailorable porosity, lightweighttong thermastablity, and
470 flexible regenerabilityMoreover, HCP exhibits hydrophobic nature urttierhumid conditiordue to the

*f@ﬂ
SN I/\/\
© FeCl; DCE \® é ®

471  absence ofurface chemicdlinctional groups.

472 /

473

474 Fig. 7. FriedelCrafts polymerization using formaldehyde dimethyl ac@tdng et al., 20156
475

476 Long et al.(2012 prepared a novel HCP with high surface dfe244.2 M g') and specific bimodal

477  pore size distribution in the regions of microporei@.8 nm) and mesanacropore (3070 nm). It showed
478 that the adsorption capaci0.553 ml ¢t) onbenzenat3 0 and N atmospheraverehigherthan hat of
479 AC (0.411 ml ¢@). Similarly, Zhanget al. (2012)and Wang et al. (2014)obtained HCB with well-
480 developed microporous and mesoporous structures for enhancing adsafrpti@xane, dichloromethane
481 and 2butanonea t  2tBe adsorption capacities which were0.955, 134&nd 1.130 rihgt. Wangetal.
482 (2016)developed a novel HCRith surface areaf 1345 nt g via onestep FriedéICrafts reaction. The
483  synthesized polymer presented superhydrophobic nature and excellent adsorption cab&ciieneat
484 2 5 and 800 ppniTheadsorption capacity ¢iCP on benzene was 12408 g at 30 % relative humidity
485  whichkept about 90% of th41.37.4mg g?) at dry condition
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Therefore HCP would be potentialadsorbent for air purification and environmental protection under
both dry and humid conditions due to its large surface amhsuperhydrophobic naturdHowever,
complex synthesis processesy hinder its development and popularization in laiggale and real
application(Wang et al., 201,6/Nang et al., 2013

2.4. Composite materials

The adsorbentith a singlematerial is hard tsatisfy practical needs ithe complicatedindustrial
applicationsuch as mulkcomponent and high humidit€omposite materialith hierarchically porous
structureexhibitsremarkably improved adsorption performarigau et al., 201p It has been appliedn
the fields of photelectronicsgas storage, adsorptisaparation, heterogeneous catalysis, chemical sensing,
and drug deliveryOjha et al., 2019 The preparation of hierarchical nanocomposites dras/n rise
attention, and mumerous studieseveakd that MOFbasedandzeolitebased compositegre the potatial
adsorbent$or VOCsabatement under different conditions

As mentionedn section 0f2.2.2 MOF hadultrahigh surface aretynableporosity andstable thermal
propery, which exhibits outstandingadsorptioncapacity for VOCsHowever its large amount of void
space, insufficient unsaturated metallic centers as well as open framework fail to provide strong dispersive
forces to capture light weighted VOCs vap(iril et al., 2019. In order to overcome these difficulties,
surface coating of a denagrangement of atoms and a porous network is imperative. Varioustdsye
composites such as MOF/carbon (MG, MOF/metal oxide, MOF/silica and M@¥ganic polymehave
been developeds theefficient adsorbents for aipurification Notably, the addition otarbonbased
materials such as G&@ CNT into MOFhave shown increasirgurface area, dispersion foraed active
sites on the crystal surfa¢ghu et al., 201P Zhenget al.(2018)reported thathe adsorption capacity of
MIL -101/GO orcarbon tetrachloridevas up to 2368.1 mgtat3 0 , which increased 16% in comparison
with that of pure MIL-101 (2044.4 mgg?). MIL-101/GrO composites were well above those of
conventional adsorbents, such as(@Q0 mg ¢') and zeolitd430 mg ¢). As shown irFig. 8, CuUBTC/GO
obtained byLi et al. (2016 exhibitedthe maximumtolueneuptake of 9.5mgg*at2 5 , whichhad an
increase of 47% in comparison with BT C. More interestingly, the watestability of Cu-BTC/GO had
greatly been enhanced. After soaked in water for 1t0sti|l remainedorigind structure and porosity and
its BET surface area remained 1205 gn. It may be ascribed to the coordination between the oxygen
groups in the GO and €umental center in GBTC. Furthermorethe presence of carbonaceous materials
enabled to preverthese unoccupied Lewis metal sites inside MOFs from being poisoned by blocking the

channels, whiclenhanced adsorption interactions with small \&@t®leculed_iu et al. (2016)
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Fig. 8. Mechanochemical synthesis of ®TC/GOcomposites and effects onuehe adsorption
performancdLi et al., 2016.

Zeoliteis considered as the conventional adsorli@nYOCscapturedue to itshydrophobicity large
surface area, controllable porositieand nonflanmability. However, the drawbacks ohanoparticle
agglomeration and monomodal microporosity @) are still existing, whicthinder the diffusion and
mass transfer of certain macromolecules such as mesitylergene and oxylenéLiu et al., 2019.
Therefore coating zeolite crystals at the surface of macropasopports to fabricate hybrid composites is
an effective strategy to overcome these difficulties. Various materials including clay minerals, MOFs,
ordered mesoporous silicates, etc. hasenapplied as permanent supports. Among them, diatomite (Dt)
is an attractive support with low cost, waleveloped porosity as well as predominately masoporous
structure (50800 nm). Yu et al. (2018; 2015h preparedhierarchically porous Dt/MFlype zeolite
composites with higér benzene adsorption capacity of 62.5 migagt ~ 2ib comparison with DtThe
Dt-coated zeolites enabled to integrate the advantages of both zeolites and supports. The resultant
hierarchically porous structure (mesoicropores or mackmicropores) was beneficial for improving the
efficiency of diffusion performance and mass transp¥uan et al. (2016) also synthesizedt/silicalite
composite for benzene uptakem industrial processédsy a facile premodification in situ synthesis route.
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The results showed that the composite exhibited ceraditly high benzene adsorption capa46.0 mg
ghat 2which was much high¢han that oDt or silicalite. It might be due to thmproved dispersity
and reduced mass transfer resistance. Additionally, the pore strootildde regulatedhrough varying
the zeolitecontent andthe pole volumeranged from 0.051 to 0.720 égp.

Some other composite materials such as GAC/ACF, GO/CNT, SiC, etc. also have potential to be the
effective adsorbents for VOQsipture It is worth notingthat thepre-synthesis or pretreatment process of
the hierarchically porous structured composites may cause the extra eifisnrset al., 208). Thus, the
development of simple and flexible synthesis method for composite adsadstitsieecdto be placed
emphasis in future research work.

The physiochemical properties and performance of different porous materi&gl®&s adsorption

are summarized in Table 2.

2.5. Other porous materials

Fly ash (FA) as a kind of industrial waste is mainly derived from-figead power plants. Icontains
valuable oxide components, such as ;Sifl;0;, CaO, MgO, NgO, and TiQ, and esserdl elements,
including P, K, Mg, Zn, Fe, Mn, and othdfSe et al., 2018 Based on its unique characterisiinsluding
honeycomb structure, functional groups, unburned carbon content in thdMash researches have
reported that FA and itderivatives (zeolite)are optional adsorbefdr heavy metals removal from aqueous
solutions.Ge et al.(2019) pointed that FA in théorm of electrospun nanofibrous membranes higth
adsorption capacity for trapping of BTX aromatic hydrocarbons and heavy met&lamlsira et a2016
obtained the similar results by synthetic zeolites from fly ash for an effective trappiglpoés, toluene
and benzene. In brief, FA is a chedprable, easyo-use promisingadsorbent for adsorbing some harmful
substances and the research of its application on VOCs adsorption is still lacking.

Sewage sludge as a potential precursor of aésorfor wastewater treatment constitutes a
paradi gmati c appriecatdiuem acfontcdpt Aizer an ant hropo
shortcoming of limited specific surface arémfruns et al.(2011) prepared adsorbents from pyrolysed
sewagésludge following two different methodologies, namely acid washing and activation with alkaline
hydroxides for toluene, methyl ethyl ketone and limonene abatement. The adsorption performance of
sludgebased adsorbents (with specific surface area up to 1663)was comparable to commercial AC

Many other porous maials such as titanate nanotulhee et al., 2010 carbon cryogels microsphere
(Tamon et al., 1999)rderedmesoporous carbofTang etal., 2015)etc. are envisioned to make more

efforts to improvethe efficiency of VOCs adsorption in tpeacticalapplication.
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Table 2

Summary of physiochemical properties and performance of different porous materials for VOC adsorption.

Adsorbent Specific surface areas Total pore volume  Adsorbate Adsorption capacity Adsorption Condition References

mz.gl cm3.g'1 mg.gl
ACs
Coalbase 838 0.436 Toluene 137.3 N2, 200 ppm (Yang et al., 2018
AC 952 0.458 Acetone 147.5 N2,25 , 2000 ppm (Li et al., 2012
Coconut shelbase 868 0.500 Benzene 336 N2, 30 , 400 mL/min (Liu et al., 2016)
Coatbase 893 0.418 Chlorobenzene 51.26 5% O, 200 ppm, 300 ml mih (Guo et al., 2018
Biochars
Cotton stalks 1256 0.88 Toluene 319 N2, 25 , 300 ppm, 30 ml mih (Hu et al., 201y
Date Palm Pits 1100 - Benzene 93.7 N2, 23 ppmv, 1100 ml mih (Vohra et al., 201p
ACFs
Polyacrylonitryl 1662.0 0.108 Toluene 538.8 Air, 30 , 86.5 ppm (Kim et al., 2012
Lignin - - Acetone 106.71 N2, 25 , 3000 mg i, 150 ml mint ~ (Meng et al., 2019
Graphenes
Graphite powder 292.6 - Toluene 304.4 Nz, 10 , 50 ppm, 40 ml mith (Yu et al., 2018)
Zeolites
MCM-41 1081 1.0 Toluene 184 10% humidity, 100 ppm (Nien et al., 2017)
HZSM-5 334 0.13 Benzene 1.72 Nz, 10 , 50 ppm (Aziz et al., 2017)
MOFs
ZIF-67 1401 1.22 Toluene 224 N, 25 , 0.0379 bar (Vellingiri et al., 2017)
MIL(Cr)-101 2086 1.23 Benzene 227.3 5 % humidity, 25 , 2 ppm (Zhuet al., 2017)
Clays
Palygorskite 329 0.554 Toluene 90.4 N2, 60 , 2000 ppm, 50 ml mih (Zhu et al., 2017)
Montmorillonite 69.5 0.119 Benzene 141.2 Nz, 25 , 3 mg mint (Deng et al., 2017)
Silica gel
Commercial SG 765.6 0.444 Toluene 437 Nz, 25 , 12000 ppm, 30 ml mih (Sui et al., 2017)
Organic polymers
Polydopamine 3291.03 1.78 Toluene 1254.95 Nz, 25 (Wang et al., 2018)
Benzyl chloride 1345 1.75 Benzene 1394.3 N3, 550 ppm, 50 ml mit (Wang et al., 2016)
Styrenédivinylbenzene 1020.7 - Chlorobenzene 389.8 30 (Long et al., 2010)

Composites
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Zeolite/GO 1112 - Toluene 116 Air, 30 , 15 ml mint (Chuet al., 2018)
Diatomite/silicalitel 348.7 0.365 Benzene 246.0 Nz, 25 , 3 ml mint (Yuan et al., 2016)

569
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570 3. Mechanism of adsorbateadsorbent interaction

571 3.1 Physical adsorption

572 Physical adsorptionan be ascribed to thetermolecular gravitation, namely Van der Waals
573 force or dispersion forc&8ecause ofhe weak interaction, no chemical bonds involved and low
574  adsorption heat, the solid adsorbents bamegenerate easily andkeeptheir original structure
575 unchangedlLe-Minh et al., 2018 Yang et al.(2018) considered that the physical adsorption
576  process could be divided into three stages. As illustrated i9, ighe externasurfaceadsorption
577 stage, mass transfer occurs from the gas phase to the surface of adsorbemyedtion, axial
578 dispersion, and particle diffusioifhe rate is determined by the specific surface area. During the
579 internal diffusion stage, VOCs vaponster into the internal surface through pore diffusion. Pore
580 structure and volume are the dominated factors. In the final equilibrium stage, the raitbooaf
581 meso and macropore volumere the key factor&hang et al., 200)7The rate of whole physical

582  adsorption is controlled by the VOCs concentration.

S B

Macropore  (difg,

583

584

585 Fig. 9. lllustration of physical adsorptioon the porous adsorbgiit Convection and

586 dispersion irgas 2. Convective mass transfer; 3. Pore diffusion; 4. Adsorption on ssijface

587

588 In term ofporous adsorbents, physical adsorption mainly depend on their specific surface area

589 and pore structureCarter et al.(2011) investigated the effect of specific surface area on
590 formaldehyde adsorptioat 2 6 , . It B6nd that AQF with th largest specific surface
591 area(1084 nt g'!) and total pore volume (0.41 émy') showed the best adsorption capacity (400
592 mgg?) compared to another two GACs. Similar phenomenon was obserWedrayet al(2016),

593 the benzene adsorption capa¢it$3 mgg?) of HCPat1 0 0, 550 ppm and Natmospherevas
594 three times of that of AC. It might be due to largarface are1345 nt g'') of HCP than AC
595  Vellingiri et al.(2017)found thaialthoughZIF-67 had the superidexturalproperties gurface area
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andtotal pore volumel1401 n? g'!, 1.22cm?® g?) to UiO-66-NH, (1250 nt ¢'?, 0.62 cnig?), UiO-
66-NH could adsorb140mg g* toluene, much higher than th&X8mgg?) of ZIF-67at 25
It indicated that adsorbents with the largest specific surface arehpore voluméad no direct
relationshipto the best adsorption capaci(@il et al, 2014) Furthermore,Yu et al. (2018)
compared acetone adsorption amounts of four kinds ACs with diffeneiral properties They
pointed that AC with the largest microporous surface areaf$29') amd micropore volume
(0.167cm?® g1) obtainedthe best adsorption ability3{8.9mg g*) despite the lower total surface
area. It suggestedhat the micropore structureas the crutial factor to affect the physical
adsorption behaviarf adsorbents.

The microporescan offer main adsorptive sites and dominate the adsorption capacity of
adsorbents, but the role of macropores and mesopores cannot be ignored. In most cases, only
macioporesare expose directly to the external surfacef porous adsorbentdMesopores are
branches of the macropores (similar to the vascular tissue of the human body), which provide the
transport channels for VOCs molecules entering into the microporesopbaes have a very small
contribution to the total surface area (about 5%), whilsanand micropores contribute most
proportions (95%). Overall, the adsorption capacity relies on not onlydeedloped micropores,
but also suitable mesopores and magres. It's worth noting that too much narrower micropore
(size<0.7 nm) volume could increase the diffusion resistance leading to low diffusiofLeates
Minh et al., 2018Zhang et al., 2017

Yang et al(201]) studied the adsoripin of VOCswith different molecule shapes and sizes
onMIL-101 at 25 o. It avas depdbted Bh&t adetbnid, benzene, toluene, ethylbenzene,
and pxylene ould enter the MIL-101 pores, but-cand mxylene cannot due to the long distance
between thewo methyl groups in thenl.07 and 1.16 nm)which are longer than the pore
diameters of MI:101(0.85 1.9 nm).Based on theore filling mechanisnthe physical adsorption
showsthe size and shapeselectivity towards VOEmoleculeslt contairsthree probable cases in
the adsorption process as follows: i) VOCs molecule size is larger than pore diameter, so no
adsorption process occurs due to the steric hindrance. ii) VOCs molecule size is equal to pore
diameter, VOCs molecules are strongly cegudiby adsorbents and not easy to desorption attribute
to the superposition of potential energy fields in adjacent wall pores. iii) VOCs molecule size is
smaller than pore diameter, capillary condensation can easily occur in the pore and increase the
adsoption capacity. When VOCs molecule size far smaller than pore diameter, M@€xsy to
desorption. In general, most VOCs molecule size are in the same order of magnitude as that of

narrow micropores except for the BTEX molecules (benzene, toluene,ezthgtie, and xylenes).
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In particular, i is reported that the optimal ratio of pore diameter to VOCs molecule size is ranging
from 1.7~3.0for excellent adsorption performance.

From the point othe macroscopigiew, physical adsorption process of poroudernals is
determined by specific surface area, pore structure, surface properties, and adsorbate properties.
From the microscopic view, it is mainly determined by van Edward force, micropore filling and
capillary condensatiof.he large surface specifices and weldeveloped pore structure especially
microporestructurehave positive effect ophysical adsorption. Howeveshysical adsorptiois a
complicated process, whiak controlled by multfactorsinstead of jusbnesingle factorHence,
it is significart to considerboth absorbent and adsorbate characteristic8ewdttempting to
improve physical adsorption capacity.

3.2 Chemical adsorption

Chemical adsorptiomefers tothe chemical reaction between surface functional groups of
adsorbent ancdsorbate molecule3he difference betweephysical adsorption and chemical
adsorptioraresummarizeds follows: i) Chemical adsorption usually involves one single surface
layer, while physical adsorption involves multilayers especially in the highyregé®-Minh et
al., 2018; Schnelle et al., 2001) Chemical adsorption presents more selectivity than physical
adsorption because the chemical reaction only rsdoetween special groupsd certain VOCs
iii) The adsorption heat used for old and new bonds alternating during the chemical reaction is
much higher, which need enough higgtivationenergy.Sothe adsorption rate of chemisorption
can be accelerated bygh temperaturewhile physical adsorptiois completely oppositeiv)
Chemical adsorption is usually irreversible owing to the strong combination of chemical bonds
and the original forms of adsorbate may be chamlygihg the desorption proce@ansalet al.,
2005) Physical adsorption is a reversible process, and adsorbents can be regenerated easily.
Physical adsorption and chemical adsorption exist simultaneously in the practical adsorption
process.

The surface functional groups of porous materiedg@sponsible for chemical adsorption for
VOCs.
The reactive sites on the adsorbent surface derive from the defect positions, which are in form of
unsaturated atoms at the edges of the basal p{@mésng et al., 2002)The unsaturated atoms
enable to ombine with plentiful heteroatoms like oxygen, hydrogen, sulfur, nitrogen, halogens and
metal ions. The surface chemistry of porous adsorbents are regulated by the nature of raw material
and modification technologies such as chemical impregnation, cacirtatatment and steam

activation (Qiao et al., 2002)Among he common surface functional groups, the oxygen and
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663 nitrogen containing groups are acknowledged as the most important species doentieal

664  adsorption.

665 The oxygencontaining groups are theast abundant speci@sthe porous materials, which
666 can be divided into three typasacidic, neutral and basfanctional groupsCarboxylicacids are

667 formed through the liquigphase oxidation, while neutral and basic functional groups such as
668 hydroxyl and carbonyl derive from the gabase oxidatior{Lillo -Rdenas et al., 2005 Most

669 adsorbents are nonpolar in nature, however the oxggetaining surface functional groups
670 facilitate theirsurfacepolarity. These oxygercontaining groupgrefer to adsorb the polar VOCs
671 such as methanol, ethanol and acetone through the formation of hydrogenTh@nddsorption

672 capacity of polar compoundsre affectedby the amount of oxygen containing groups. It is
673 demonstrated thatarboxyl and hydroxyl provide reactive sites for substitution reaction or acid
674  base neutralization. Quinones are expected to join in the redox behavior to oxidize or rgaivice or
675 compoundsandthengenerate reactive oxygen species for further oxidéBamnatello et al., 2037

676 The nitrogercontainng groups are caused by the treatments of ammonium, nitric acid and
677 nitrogenous compounds, which tend to increaseptheof adsorbent¢Shen et al., 2008)The

678 adsorption performance of adsorbents containiagous nitrogen groups outperform that of
679 caugic impregnated adsorbents owing to high dispersion of nitrogen compounds in small pores.
680 The extra pelectrons of pyrollic and quaternary nitrogen at high energy states facilitate the
681 oxidation reaction by forming superoxide ions, which aith high hydophilicity. Nitrogen

682 functional groups can improve active sites on adsorbarface for chemical adsorption
683 (Figueiredo 2018

684 Thechemical surface functi@h groups make small contributions to total surface. diratill

685 remains divergence as to which is the dominant famriuralpropertyor surface chemistryt is

686 necessary to keep the balance between them in order to explore the VOCs adsorptiondfehav
687  porous adsorbents in a comprehensive.Wag research on chemical adsorption mechanism is far
688 from sufficient The interaction mechanism betwesrrfacefunctional groupsf adsorbent and

689 VOCsmolecules need idepth exploration and discussion.

690

691 3.3 Competitive adsorption

692 If the VOCssuch asenzene, fhmexane and methanbhave the similar monolayer volumes
693 porous adsorbentsaveno selectivity in theseparate adsorption of eacbmponentand show

694 almostadsorption capacityMorozov et al., 2014 The adsorption process of binary multi-

695 component/OCs vapors on porous adsorbents is more complicated. As VOCs from industrial

696 organic waste gas are composed of at least two mixed ghsemmpetitive adsorption in the
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mixed gas system may occur due to the different affinity of each comp®hgsicd and chemical
properties both control the adsorption ability of porous materials. The adsorption process is actually
a dynamic equilibrium process of continuous adsorption and desontimm the concentration

of VOCs vapors with strong adsorption affinieaches a certain degree, competitive bindiogld

be inevitably formedan the adsorption site to replattesewith weak adsorption affinityPak et

al., 2016. It is confirmed that plarity degree, molecular weight, boiling point of VOCs have
significant effecs on the competitive adsorption process.

Meng et al. (2019 proposed thecompetitive adsorption process and relasetsorption
mechanismsn Fig.10 among toluene, methanol and acetone on AlGRhe multicomponent
adsorption, lie results revealed thatethanol and acetone are physically adsorbed mainly via
dipole dipole interactions. While the adsorption of toluene was controlled by physical and
chenical processes through a strong affiriitetween the adsorbate aadsorbentThere was a
stable electron donecceptor complex formed owing to the aromatic ring of toluene as electron
acceptor to combine with carbonyl or lactone as electron donor. Iwegh noting that the
stronger adsorption of toluene or acetone could displace the weaker adsorption of mithanol.
addition,Khazraei Vizhemehet al.(2015 indicated that the adsorption rate of lighter compound
(MEK) was faster than that of heavienes (rhexane and toluene), then the heaviee would
displacethe adsorbed lighter ones, resulting in their fordedorption.Wang et al.(2012
evaluated eight VOCs adsorption capasiof beadedAC, and found the breakthrough curve of
the low boilirg point VOCs (AButanol, RButyl Acetate) rolled upTheir concentrations firstly
increased beyond their influent concentrations and then decreased, finally ultimately approached
their influent valueslt representethatthe low boiling point compounds wedesorbed as they

were displaced by the high boiling point compou(iddan, 2,2Dimethylpropylbenzenewhich

have stronger adsor.bateiadsorbent interaction
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723 Fig. 10. The competitive adsorption process dmel relevantmechanisn{Meng et al., 2019
724
725 Apart fromthe mixed VOCs gas systethe competitive adsorption between water molecules

726 and VOCs is alsadrce insome practical industrial procegsccording to the Dubiniserpinsky

727 theory, water molecules may occupy the adsorption sites in the pores competitively via three ways
728 namely,surface oxygen functional groups reaction, hydrogen bonding andacgpitindensation.

729 Liu et al.(2016) observed that the benzene adsorption capacity ofA@randerthe relative

730  humidity of 50% and 90%wvere dropped to 256, 166 ngg, which weredecrease 24%, 51%of

731 that under dry condition. Similar observation has been repbytedi et al.(2019 on ACFC for

732 isobutane adsorption, indicating that high relative humidity caused the blockage of micropores
733 available for hydrophobic VOCs. However, except for competigigisorption, the cooperative

734  adsorption between water and hydrophilic or water miscible V@@sgedundersomecertain

735  conditions Morozovet al.(2014 compared the adsorption performancemnaitmorillonites for

736 benzene, imexane and methanol in the presence of water. The adsorption capacity of hydrophobic
737 VOCs (benzene andmexane) showed a significant decrease as the increasing relative humidity
738 from 26% to 100%. On the contrary, the adsorption of hydhigphiethanol was promoted due to

739 its dissolution in the water films.

740 The competitive adsorption on porous materials in the miX@€s gas system is affected

741 by VOCsd6 polarity, boiling point and mol ecul ar
742  adsoption affinity with adsorbent with polar surface thaeak polar VOCs. VOCs with high

743  boiling point and heavier molecular weight have priority to occupy adsorption sites in the
744  competitive adsorption process. Furthermore, the adsorption capacity of hylir@gCs can be

745  significantly reduced under the humidity condition. In order to alleviate the negative inflolence
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water moleculesiemoval ofhydrophilic surface functionagiroupsand hydrophobic modification

technologiesre feasible antnperative

4. M odification technology for enhancing VOCsadsorption

Theindustrial applicatioaof some porous materials may be limited due to their sensibility to
high temperature, lack of adsorption selectivity dndirophilic nature To overcome these
drawbacksmodification technoloigs termed as physical and chemical modificati@ve been
developeduch as activated with acid or alkali regents, doped with heteroatoms, impregnation with
active species et¢Xu et al., 2018 Physical modificationis commonly carried out under the
oxidizing gases such as gGsteam, air, etc. with high temperature ((A@MO0 €). Chemical
modification involves carbonization and activation in a single step, where the raw materials
impregnated with chemical agents are heated under an inert atmosphere aetopanature
(0700 €).Physical activationwithout using corrosive or harmifichemical agent is more
environmentallyprotectedthanthat of chemical modificatior(Hsi et al., 2011Xu et al., 2018
Chemical modification possesses the superiorities of shorter production cycle, lower energy

consumption as well as flexible operation.

4.1 Physical modification
4.1.1 CO, activation

CQO; as a typical activation gas used in the physical activatido manufacture porous
adsorbent at high temperaturéisperformsthe function ofporeforming and poreexpanding by
reacting with carbon atoms in the active position and surface active groapsabentsThe
relatedreactions are showas follows {ake AC for example):

When the activating agent is O

C+CQY 2cCO (eeH = + 1H59 kJ moHl
C+QY CO ( @H-3%4 kJ mof) 4-2
When air or oxygen is mixed with the activating agent,

Ho+1/2QY 10 ( aeH- 238 kJ moh) 4-3
CO+12QY GO ( seH- 283 kJ moh) 4-4

The reaction between G@nd C(4-1) is endothermic, while the react®between @and C,

H> and CO(4-2-4-4) areexothermiclt is difficult to control the temperature in the furnace during
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the activation process, and the local temperature is prone to be too high making the activation
uneven. A small amount of oxygen in the gas mixture could accelerate the activation rate due to
faster carbon and oxygen reaction rate. The activation degree depend on the mass loss of porous
materials, and it is linear positive correlated to activation time, heat temperature along with gas
velocity. After CO; activation, the structure of adsorbentaintain essentially unchanged, and no
obvious defectare observedn the surfacéLillo -Rdenas et al., 20103gueda et al., 201 Hu et

al., 201§. CQO, activation mainly develops new narrow micropores and enlarges the original
microporeswhich result in widening the pore size distributiodtamamoto et al(2010)prepared

carbon cryogel microsphexenodified by CQactivation(5 vol.% CQ,, 8 God 2 h). It showed

that the micreand mesepore surface area increased from 311, 293 to 472, 3¢'1'mespectively.
Similarly, Qiu et al.(2018 found themesopore volume &C modified by CQ/microwave(300ml

min't CO, for 20 min and 2.45 GHz, 0.8 kW microwave irradiation for 40 nmigjeased from

0.122 crig o 0.270 crig' ! The adsorption capacity of G@ctivated AC on toluene (109.5 mg

g?) was higher than that of original AC (95.3 mg) gMazlan et al(2016)investigated the effect

of activation temperature (700, 720, 740, and 760 €) and time (60, 90, and 120 min) on the
characteristics of ACs. It resultéloht theproduced AC in the activation condition of 740 € , 60

min possessed the largest surface area (46gp)mhighest total and micrgore volume (0.239

cnm® g?, 0.186 criig?).

Regarding the surface chemistry, no new chemical bonds and functional caoupsformed
afterCO; activation.Lillo -R@enaset al.(2010 observed that totalxygericontaining groupsere
decreased from 815 to 7235mogl* as theincreasedactivation degree. lis suggested thahe
oxygen functional groups such as phenolic hydroxyl and carboxyl acid groups decomposed at high
temperature. The removal of surface oxygen groups weaken the surface acidity of porous
adsorbentsenhancingthe hydrophobicity toward nonpolar V@@nolecuks adsorptiorin the
presence of watgiHu et al., 2016Qiu et al., 2018

CQO; activationis commonly operatedto v e r 70012 h, which has positive effects on
thetexturalproperty and surface chemistry of adsorbenke welldeveloped pore structure and
low content of surface oxygen grougmused byCO, activationarebeneficial for nonpolar VOCs
adsorption. The porosity of adsorbents could be controlled by optimizin@@heactivation
temperature and timéxcessive activation woultkad tothe overexpansion of micropores and
reduce the amount of available pores, which is detrimental tv/@s adsorption(Guo et al.,

2016.
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4.1.2 Stream activation
Steam activation is widely used in the preparation of porous adsorbents duedstits

effective advantage. Theta@tion mechanism of steam activation method is shaseguatiors

(4-5), (46):
When the activating agent is®,
C+HO Y CQ + H (eeH = + 1Hh17 kJ mdb

The inverse reaction -5 ) occur s when the reaction temperat
practical reaction,

C+HO z CQ + H (T >1073 K) 4-6

Lillo-Rdlenas et al(2010)obtained ACFs modified by stream activatidhwasfound that
the surface areincreased from 1026 to 175& g as the increasing activation temperature and
time (from 820t o 971 @92to 1.5 B, and the toluene adsorption capacity increased from 270
to 360 mg d¢. Similar phenomenon was observedRymercAnayaet al (2010) indicating that
both CQ activation( 8 8 0 -24 h)and sté&am activatiof840 f o r-6 M)imptdved the
porosity of ACs with a constant structueC with the surfaceareaof 1880m? g and total pore
volumeof 0.77 cn? g were obtained bgtreamactivationat 840 6fh,avhich showedbluene
adsorption capacity o#30 mg d¢. It indicatesthat the microporesvere generatednside the
adsorbenby CQ; activation, whilethoseby stream activatiowere generatedutside.

CQO; evolves at low temperatures as a result of the decomposition of the acidic groups such as
carboxylic groups, anhydrides or lactones, whereas the evolution of CO is originated at higher
temperatures by decomposition of basic, neutral or weakly acidic gsugh as phenols, ethers
and carbonylgLillo -Rdlenas et al., 2000 Alcafiz-Mongeet al (2012 evaluated the evolution
levels of CO and CQ during temperature programmed desorptierperiments on the ACFs
modified by steam. Results indicated that more amount of surface oxygen groups developed after
steam activation, and was positively affected by activation time. Similar phenomenon was observed
by Guo et al.(2016) indicating thatstream activatior{fflowing 30 vol.% steam for 0.5 tpan
improve the amount of oxygen contaig in surface groups, which attributes to the interaction
between water molecules and the carbon matrix under thermal treatment.

Stream activatiorcommonlyat 706950 , -6 h 5 an effective physical modification
method for improving the porosity of adsorbeftke increasing oxygen contents introduced by

steam activation make modified adsorbents favor the adsorption of polar VOCs vapors.

4.2 Chemical modification
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4.2.1 Acidtreatment

Acid treatment is a commoand lowcost chemical modification methodnvolving the
regents like phosphoric acid 4PQs), nitric acid (HNQ), sulfuric acid (HSQs), hydrochloric acid
(HCI), etc. These acid reagents act as both detipdragents and oxidants during the carbonization
and activation procegslu et al., 201p The frameworks of most raw materials can preserve after
acid modification, while physical and chemical properties of adsorbents are obviously changed.
The acid modification isnainly affected byimpregnation ratioactivation temperature and time

Sirimuangjinda et ali2012 found thathe surface area éfzPQs treated AC witimpregnation

ratio of 1:1, 1:2, 1:3a t 6 f©r030 minutes in N atmospheravas 557.3, 833.5, 455.1 iy,
respectively However the irregular pore structure obtainethatimpregnation ratio df:3 due to
the pore collapsing with the excessive modification. Similar phenomenon was obseready
et al (2010) they found the optimum impregnation content was 0.25 M impregnafed:lfbr 1
h. TheVOCs(toluene andsopropandl removal efficienies of HsPQ, treated ACwvereincreased
21 3% of that ofvirgin AC. In particular, in the case bfor 10 wt% H.SQ: treatedAC under stirring
for 12 h its surfacearea and pore volume were decreased from 1067 to8g®and 0.58 td.45
cm?® gl, respectivelylt may be resulted frotteerosion of carbon skeletal structure by strong acid.
The micropore surface area and micropore volume were slightly increased,&@itreatment.
It might be in the reason of evolved gas from the oxidation reaction between the acid and materials
on carbon surfacayhich reopemd the closed holes and generating new micropesk et al.,
2016. For the activation temperaturamoset al (2010) reportedthat the increasingcid
activation temperature from 8649 6 3 (10 wt% concentration, overnighigduced the AGield
owing tothe significantrelease of volatile compound§he surface area and micropore volume
wereincreased from 122fb 1705 m g?, 0.48 t00.64 cni g, respectively andthe adsorption
capacitywasincreased from 322.5 to 506.8 mg. Ju et al (2015)demonstrate that prolonged
activation time from 1 to 6 h in th@ M citric acidmodified process had minimal effect on the
textural properties of adsorbent

The surface chemistry of modified adsorberi$®affected during the acid treatment process.
AguaycVillarreal et al (2017)demonstrated thdhe phosphate groug8.25%)wereintroduced
by H:PQ, treated AC( 8 0 0 M for 4 &), which could interact with the hydroxyl group of 1
butanol leading to improvingdsorption capacity (237.3 ngt) of 1-butanol.Yu et al (2018)
observed HN®modified AC(30 wt%,6 0 for 2 h)containing largamount ottarboxylic groups
(0.855 mmolg?t) exhibited an excellerdcetoneadsorption capacity @18.9 mgg™. As shown in
Fig.11, it might be attributed to the combination of the main active site with acefméehe

contrary,Li et al (2011)found that uptake amount of hydrophobizydene was reduced 21.6%
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after HSQy modification(9 M, 70C for 2 h) It might be due to introducezkygenrcontaining
groups (5.0299 including carboxylic acids, lactones, and phenols. Moétthem had acid

characteristics, leading to an acidic surfaedich favored adsorbing hydrophilic VOCs. In

addition,RomereAnayaet al.(2015 noted that the adsorption capacity of acid treated AC for low

concentration oéthanol was depended on the ammioof oxygen containing groups, whikxtural

properties such as tiperosity werethe dominated factat high concentration.
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Fig. 11. Adsorption mechanism of interaction between acetone and carboxylic groags on
(Yuetal., 201R

Acid treatment enables to improtle development of pore structure and introduce plentiful

oxygenrcontaininggroupsof adsorbentswhich strengtherthe particular interaction between acid

adsorbent surface arydrophilic VOCs The adsorptionselectivity and adsorption capacity of

adsorbents for VOCs are enhanced by acid treatriraptegnation ratio, activation temperature

and time arehte crucial factors that affect the efficiency of acid treatment, and it is significant to

explore anathoicethe optimal activation conditions.

4.2.2 Alkali treatment

Alkali treatment isa welkknown method to improve the development of micropordsity

porous materials. Thalkali activating agents commonly include potassium hydroxide, sodium

hydroxide, potassium carbonatetc. Gil et al. (2014 obtained ACs with narrow poisze
distribution by means dadkali treatmentKOH, NaOH and KCO;at 750 ). ThéK®H
activated AC with theurface area, totagore volumeand micropore volumef 1599m? g, 0.695
cm® gt and 0521 cn? g exhibited the highest toluene adsorption capacity of 700-n&ignilar

phenomenon was observed BivestreAlbero et al.(2010, indicating that ACs with different
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KOH/carbon ratio from 1:1to 4:0 8 0 0 presente® high fextural developmenthe
appropriate alkali treatment can achieve high specific surface area, andewathped pore
struaure, while excessive activation degree may result in the destruction of pore structure due to
the corrosive effectYu et al.(2015) proven that optiml NaOH etchingtime was 72 hat room
temperaturdor the parentDt/MFI-type zeolite compositaith an ircreased mesoporosity and
preserved macroporosity and microporositgnzene adsorption capacitysif.7 mg ¢). Further
treatment ¢alcined at 556C in air for 6 ) broadened the mesopore size distribution, whereas the
macroporesourced from the diatomite support were significantly damaged and a fraction of the
micropores was narrowed to approximately 0.49 nm.

A facile synthesis of porous carbons frsitica-rich biochar via a baimilling assisted KOH
activation(at 750 € for 1h) for toluene adsorption was reported3ien et al2019. The resultant
porous carbon witharge surface argd818m? g*) exhibited an ultrdong breakthrough time (2784
min) and ultrahigh adsorption capacity (263.6 ngg). They suggested that tlakali activation
with a higher mass ratio of KOgbntributed to the ash removal, which promoted the development
of pores.The KOH activation osilica-rich biochamproceeédvia the following reactions (Zi 4-

11). SiQ in the bbchar could react with KOHACO; to form KzSiOs (4-12 and 413), which was
subsequently stripped by the washing pro¢8sen et al., 208 201%; Kim et al., 2018 Zhang

et al., 2019 The redox process betwealkali agents and porous materials at high temperatur
might decrease the O/C ratio, whichuld affectthe surface chemistry of adsorbenitikali-treated
adsorbents have superior potential for nonpolar ¥a@dsorption, rather than polar VO@hang

et al; 2019 Kim et al., 2018 It has been confirmed by a mass of investigationsakati-treated
adsorbents showed higher adsorption capacity of benzene, tolueylene and methane, while

an opposite behavior in the adsorption of ethanol, acetone.

6 KOH + 2C X 2REBO:;+ 3H 4-7
K. CO:Y O+ CQO 4-8
KXCO:+ 2C Y 20K+3COr K 4-9
2K+ CQ, Y O +CO 4-10
K:O + C Y 2K + CO 4-11
2KOH + SIQY  ¥Si0s + H.0 4-12
Ko.COs+ SIO Y $Si0s + CO, 4-13

Alkali treatment can react with C and S#0d broaden the pore structofedsorbentsvhich

improve the developmenof textural propertiesBesides, the removal of the oxygeontaining
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groups during the redox process enhances the adsorption capacity eiraditatl adsorbents for

nonpolar VQCs. The adsorption performance of alkali treated adsorbents are influenced by the

impregnation ratio, temperature and timéile excessive activation often backfiréBhe co

activation of HCl and NaOH was provedBlyang et al(2012 to be a potentiahethod to fabricate

zeolites from coal fly ash. The comprehensively modified adsorbent exhibited superior benzene

adsorption capacity of 151 mg-gZhou et al(2014 also synthesized zeolite materials by acid

solution (HCI) and mixed alkali solution (N&O a n d

KOH)

pretreat ment

the coal fly ashwhich had a high adsorptiedficiencyup to 69.2 % for benzene vaporindicates

that the ceactivation of acid and alkali is a promisiatyategyto develop ideal adsorbents.

4.2.3 Nitrogen doping

Nitrogen dopingby ammonia treatment is a simple and efficient method for tailoring the

(at

textural properties and surface chemistry of porous materials. Some defects and increasing surface

roughness can be observed in the magnification imagésyamerous holes on the wall of finger

like pores are generatddohammed et a(2015)obtained ammonia treated A6.6 M NH;.H-O,
70 f) with the lower BET surface area and pore volume (36£.§ nand 0.16 crhg?)
compare to barAC (478 nt g and 0.61 crhg?), but it showed higher adsorption capacity on
benzene (63 mg7). Similarly, Kim et al. (2018) found that MIL -101-NH_ exhibited high

adsorption capacity on benzene, toluenXyfene, acetone and isopropanol (317, 293, 301, 355

and 321mg g%).The BET surface areas and pore volumes of NM01-NH, were significantly
decreased from 3028 to 2076 g1, 1.84 to 1.28 crig?, respectivelydue to the inclusion of the

NH2 group in the structure.

Guo et al(2014)observed that Boehfitration results showed that ammonia treated(8C
wt% NHs.H.O f or 1 2)had madh m@&ebasic groups (2.2 mmyd) than acidic groups,
phenolic and carboxylic (0.2, 0.1, 0.2 mngd| respectively). It was consistent witte results of

Mohammedet al. (2015, whereammonia treated A@as rich in basic surface functional group
which showed high removal efficiency (91 and 92.3%) of benzene and toluesteal. (2011)

pointed that ammonia treatment enhahite basic properties of the AC, which was translated into

the increase in the removal efficiencymainpolaro-xyleneby 26.5%.

Theimprovedadsorption performance of nitrogen doped adsorbentsoigoolaryOCs can

be obtained because of the removapdér functional groups. However, significant decrease on

availablesurface area angore volumeare inevitable after nitrogen doping, which is due to the

blockage or enlargement of pores.
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4.2.4 Metal/metal oxidelopng

Metalmetal oxidedoping is used to enhance the selective adsorption of porous adsorbents by
the interaction between the metal and some specific VOCs molecular. The principle is that porous
adsorbents firstly physically adsorb high valence of metal compounds, and theraleigte of
metal compounds are reduced by the surface active groups of porous adsorbents. The strong affinity
between low valence of reduction products and some \f@flisculescan enhance the adsorption
selectivity of porous adsorbents. In general, Mmietial oxidedoping changes the surface
chemistry along with theurfacepolarity of porous adsorbent, so that the predominant adsorption
mechanism is transformed from physical adsorption to chemical adsofftoayc Villarreal et
al., 2017. Dopingwith metal species like metal salts (Ca@nChk, FeCk, Cu(NQ),), metal oxides
(Fe0s, MgO, CuO) is commonly used for metahdingmethod.Up to now metalmetal oxide
modified technology has been widely applied for VOCs adsorption, and some pergoigained.

Peng et al(2018)synthesized CGdloped mesoporous sili¢€u(NGs),, at room temperature
for 20 s)for removal of lowconcentrated C§BH. In contrast to thdneffectivity of bare
mesoporous silicaviodified mesoporous silicaiith 3 wt.% Cushowed much longdareakthrough
time (118 mir) of CHsSH adsorptiordespite thesurface area decreased from 6787%67.13 m
gL As shown in Fidl2, It wasdeduced that surface groups on CuO nanoparticles and@€6i
group were highly possibly transformed into a hydrated complex, which was much more effective
in capturing CHSH with its empty CtBd orbit. Simiar phenomenon was observedWiging et al.
(2018) indicating that Ctdoped MOF(30 wt.% Cu(NGs)2) showed the increasing adsorption
capacity from 103.4 tal14 mgg?) onbenzene due to providing more adsorption sResngga et
al. (2017 found that the surface area of A¢ (0.1 M AgNG; stirred for 1 h under inert
atmosphergand AC were 685 and 788 g?, respectively. Formaldehyde tended to be adsorbed
on Ag-AC (119.3 mg d) rather thanAC (59.3 mg ¢), but the potential adsorptianechanism
was still confused. AguayaVillarreal et al.(2017)indicated that the adsorption of toluene was
favored by the F©; (0.1M FeCk calcined at 1000 K for 4)hwhich wasassociated with the
possible interaction of hydrogens of methyl groupoilnene molecule with the oxygen of;Be.
In addition, acetaldehyde chemisorption on MgO nanoparticles was investigaBalibyt al.
(2015) It suggested that the interaction between carbonyl group of acetaldehyde &ndr Mg
O? fon improved chemical abrption ability of MgGdoped AC(5 wt. % Mg(NOs).).
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Fig. 12. Adsorption mechanism of G8H on Cudoped mesoporous sili§Reng et al., 2018)

Metal/metal oxide doping is mainly in the form of metal salt solution impregnation, which
greatly enhancethe selective chemical adsorption of specific VOCs. The deposition of metal
nanoparticleseads to the blockage of the outer surface and openings of pore stryatnitsthe
available surface areend pore volumef modified adsorbestcan be reducedt. seems that the
metal/metal oxide doping is suitable for thptakeof VOCs withlow concentration due to the
limited reaction sitesThe potential adsorption mechanism between the metal/metal oxide and

specific VOCs molecule need to be further explored

4.2.5 Organic polymer coating

The porous materials aexpectedo possess nature wfaterresistance under the humidity
condition, whereas most raw materials fail feeet this demandLiu et al.,, 2018 The
hydrophilicity of ACs caused by oxygeontaining surface groups has detrimental influences on
the VOCs separation in theumid environmentMOFs have the disadvantages of vulnerable
structures and sensitivity water, which limit theirwide industrial applicationThe adsorption
affinity between siliceous materi@eolites and clays) and VO@sthe humid conditionsan be
weakenedlue tothe presence of hydrophilic silanol groptu et al., 2018, Liu et al., 2018, Wang
et al., 2015 The application of hydrophobic coating technaésgor hydrophilic materials is in
urgent demandHydrophobic coating usingrganicpolymer materials with low surface energy,
suchas polydimethylsiloxane (PDMS)imethylchlorosilane (TMCS), polyacrylonitrile (PAN)
and polyfurfurylalcohol (PFA)have been widely explored to graft thin films onto adsorbent
surface(Mu et al., 2018Liu et al., 2016 Wang et al., 2014Kim et al., 2012Machowski et al.,
2016.

It is reported that organic polymer coating changed both pore structure and surface chemistry
of adsorbentsAs shown in Fig. 3, Kim et al. (2012) observed the rolip phenomenon in the
breakthrough curve of toluerma bareACF under humid conditionwherethe breakthrough time
was decreased from 412.5 (dry) to 339.7 min (humifjer coating PDMS( 2 g, ,100
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PDMS/ACF with more hydrophobic surfacetained90 % breakthrough timeand the roHup
phenomenon disappearédang et al. (2016 developed hydrophobic functionalized SBA-
TMCS(0.5¢9,7 O f Yowhich2xhibited selective adsorption ohexang690 mg d) in the
humid condition,and lower water vapor adsorption capac{6b.5 mg ¢) comparing to

commercial SG and AQ.iu et al.(2016 observediramatically improved humidity resistanafer

coatinPDMS ( The mass ratio of PDMS awhenthatve 10 0 :

humidity increased from 0 to 90%, the decrease on benzene adsorptioniesamdditareAC,
PDMS/AG150 and PDMS/AE50 were35.5%, 14.3%, 3.96%, respectively. However, the
surface areaf AC decreased from 868 to 812 gt after PDMS coating & 5 0. Liu et al.(2018
also found the reduced surface affeam 886 to 744n? g') and pore voluméfrom 1.11 to 1.05
cm® g?) in term of silicon phenyl grafted mesoporous silica.

Fig. 13. Thecomparison between bafeCF and PDMS&coated ACFgKim etal., 2012)

The leading role of hydrophobicity and total micropore volume in water adsorption depended
on the relative humidity condition in the air streamu?Pair) (Fig. 14). Liu et al.(201§ illustrated
that hydrophobicity was dominant in.dg/Pa= 0.1i 0.6, because the surface adsorption of self

accumulating water clusters was determined by the amount of hydrophilic sites on the adsorbent

surface.While under the condition of Re/Par= 0.7 1.0, hydrophobicity and total micropore
volume both tayed key role in the water vapor adsorption due to the adsorption mechanism of

pore filling along with surface adsorption.
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