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Abstract:  Volatile organic compounds (VOCs) have attracted world-wide attention regarding their serious 12 

hazards on ecological environment and human health. Industrial processes such as fossil fuel combustion, 13 

petrochemicals, painting, coatings, pesticides, plastics, contributed to the large proportion of anthropogenic 14 

VOCs emission. Destructive methods (catalysis oxidation and biofiltration) and recovery methods 15 

(absorption, adsorption, condensation and membrane separation) have been developed for VOCs removal. 16 

Adsorption is established as one of the most promising strategies for VOCs abatement thanks to its 17 

characteristics of cost-effectiveness, simplicity and low energy consumption. The prominent progress in 18 

VOCs adsorption by different kinds of porous materials (such as carbon-based materials, oxygen-contained 19 

materials, organic polymers and composites is carefully summarized in this work, concerning the 20 

mechanism of adsorbate-adsorbent interactions, modification methods for the mentioned porous materials, 21 

and enhancement of VOCs adsorption capacity. This overview is to provide a comprehensive understanding 22 

of VOCs adsorption mechanisms and up-to-date progress of modification technologies for different porous 23 

materials. 24 
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1. Introduction  63 

VOCs refer to a group of organic substances characterized by their low boiling point (Wang et al., 64 

2007). The various definitions of VOCs are conducted by main international organizations. It can be defined 65 

as any compound of carbon, excluding carbon monoxide, carbon dioxide, carbonic acid, metallic carbides 66 

or carbonates, and ammonium carbonate, which participates in atmospheric photochemical reactions, 67 
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proposed by US Environmental Protection Agency (US EPA) (Hunter et al., 2000). The World Health 68 

Organization (WHO) regards VOCs as organic compounds with saturated vapor pressure over 133.322 Pa 69 

and boiling point ranging from 50 to 260  at atmospheric pressure (Zavyalova et al., 2008). The common 70 

VOCs can be classified into several groups on the basis of their different properties. Based on the boiling 71 

point, the VOCs can be divided into very volatile organic compounds (VVOCs), VOCs, semivolatile 72 

organic compounds (SVOCs) and particulate organic matters (POMs) by WHO. For the molecular structure, 73 

the VOCs include alkanes, alkenes, aromatic hydrocarbons, alcohols, aldehydes, ketones etc. Moreover, 74 

the polar and nonpolar VOCs are distinguished according to the degree of molecular polarity (Li et al., 75 

2012; Wang et al., 2018; Meng et al., 2019). The detailed classification about the common VOCs is shown 76 

in Fig. 1. 77 

 78 

Fig. 1. The classification of different VOCs  79 

 80 

The emission of biogenic VOCs consisting of isoprene and monoterpenes accounts for almost 90% of 81 

total global emissions (Guenther et al., 1995). With the accelerated urbanization and industrialization, the 82 

emission amount of VOCs from anthropogenic sources in China are predicted to be persistently increased 83 

above 5.9% annually (from 19.4 Tg in 2005 to 25.9 Tg in 2020) (Wei et al., 2011). As shown in Fig. 2, the 84 

anthropogenic emission sources of VOCs are primarily derived from industrial process (43%), vehicle 85 

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

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

(3) Aromatic hydrocarbons
     e.g. benzene, toluene, xylene, styrene

(4) Halogenated hydrocarbons
     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

VOCs

Boiling point

(4 groups)

Molecular  structure 

(7 groups)

Molecular  polar ity

(2 groups)  

(1) < 50 ̆Very Volatile Organic Compounds (VVOCs)

   e.g. methane, formaldehyde, methyl mercaptan, aldehyde, dichloromethane

(2) 50~260Ņ̆Volatile Organic Compounds (VOCs)
      e.g. ethyl acetate, ethyl alcohol, benzene, methyl ethyl ketone, methylbenzene,
            trichloromethane, xylene, benzyl ene, nicotine

(3) 260~400Ņ̆Semivolatile Organic Compounds (SVOCs)
      e.g. dursban, dibutyl phthalate, diethyl phthalate

(4) ů400Ņ̆Particulate Organic Matters (POMs)   
      e.g. polychlorinated biphenyl, benzopyrene

(1) Polar
   e.g. acetone, isopropyl alcohol, butanone, methanol, trichloromethane, 
            dichloromethane, ethanol

(2) Nonpolar
   e.g. benzene, toluene, ethylbenzene, xylene, cyclohexane, ethylene 
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exhausts (28%), daily life (15%) and agriculture (14%). Industrial VOCs emissions are extensively involved 86 

in petroleum refinement, solvent production, use of fossil fuels, coal combustion, etc. (He et al., 2019; Yang 87 

et al., 2019; Baltrenas et al., 2011). Among them, the VOCs emission amount from coal combustion 88 

accounts for a large proportion of 37% in the industrial sources (Yan et al., 2017). Benzene, toluene, 89 

ethylbenzene, and xylene (BTEX) are known as major VOCs species emitted from coal combustion, which 90 

have been all identified as hazardous air pollutants (HAPs) by the US EPA (Panagiotis et al., 1997). VOCs 91 

as the important precursors of ozone, photochemical pollutants and secondary organic aerosols (SOAs) 92 

pose serious harms to both the ecological environment and human health. The condensation and nucleation 93 

of OVOCS (oxygenated volatile organic compounds), SOAs and SNAs (secondary nitric aerosols) can 94 

contribute to  PM2.5 formation (Weber et al., 2007). VOCs are also responsible for the greenhouse effect, 95 

especially methane, which is more than 20 times more potent than CO2. Most VOCs in particular aromatic 96 

compounds and polycyclic aromatic hydrocarbons are malodorous, toxic and carcinogenic to human health 97 

even at low concentration (above 0.2 mg m-3), leading to respiratory inhalation and skin mucosa and damage 98 

of nervous and blood systems. In addition, some VOCs such as ethylene and propylene are widely used in 99 

the petrochemical industry. Although these compounds are less toxic and less harmful to the human body, 100 

they are flammable and explosive as the solubility reaches a certain amount (Castro-Hurtado et al., 2013; 101 

Main et al., 1983). 102 

 103 

 104 

Fig. 2. VOCs emission from different anthropogenic sources in China in 2015 (Yang et al., 2019; 105 

Baltrenas et al., 2011). 106 

 107 

  108 

              fertilization

biomass combustion

         gas emissions

 interior decoration

               feces         

          smoking          

           cooking

       decoration

    dry cleaning

office supplies

                    28%

Vehicle exhausts

43%

Industrial processes 

        15%

Daily life

 

 

            14%

Agriculture 

pharmaceutical engineering

cosmetic manufacturing

electronics manufacturing

petroleum refinement

leather manufacturing

ink manufacturing

coal combustion

use of fossil fuels 

material synthesis

paper making

textile dyeing

solvent use

spraying

pringting



 

5 
 

Table 1 

Comparison of different VOCs treatment technologies. 

 

Treatment 

technologies 

Principles Temperature

 

Concentration 

ppm 

Efficiency

% 

Costs Contaminant products Advantages Disadvantages References 

Destruction technologies 
 

Thermal/catalytic 

oxidation 

Catalysts are used to reduce the 

temperature of complete oxidation 

of VOCs 

300-820  20-1000  90-98 High CO, NOx Simple and easy, 

complete 

treatment, 

high efficiency 

Catalyst poisoning, 

non-recyclable 

(Yang et al., 2019; 

Alejandro-Martín et 

al., 2018) 

Photocatalytic 

oxidation 

Catalysts produce free radicals 

with strong oxidizing ability under 

the radiation of light 

<90 <500 100 High Strong oxidant OH. 

radicals 

Fast and efficient, 

low energy 

consumption 

Low concentration, 

secondary pollution 

(Kim et al., 2018; Jo 

et al., 2009)  

Biofiltration Oxidation occurs under the action 

of microorganisms 

<50 <5000 60-95 Low Acetaldehyde, Propanol, 

Acetone 

Simple, low cost 

Security 

Slow reaction rate, big 

equipment, high 

pressure drop 

(Mohamed et al., 

2016; Lu et al., 

2010)  

Plasma catalysis Plasma is produced under strong 

electric field, which bombards 

organic compounds and destroys 

their chemical structure, thus 

degrading 

<80 <500 74-81 High Formic acid, Carboxylic 

acids, NOx,O3 

Simple operation 

Low energy 

consumption, 

wide scope of 

application 

Low concentration, 

incomplete treatment 

(Sultana et al., 2015; 

Luengas et al., 

2015) 

Recovery technologies  

Absorption Dissolve VOCs in water or 

chemical solvents 

Low 500-15000 90-98 Low/Mo

derate 

Spent solvent Simple process 

recycled 

Limited absorption 

capacity 

(Luengas et al., 

2015; Heymes et al., 

2006) 

Adsorption Use porous materials as 

adsorbents 

0-60 700-10000 80-97 Moderate Spent adsorbent Cost-

effectiveness, 

flexible operation, 

low energy 

consumption 

Poor thermal stability, 

pore blockage, limited 

adsorption capacity 

(Luengas et al., 

2015; Shih et al., 

2008) 

Condensation VOC is cooled to liquid at low 

temperature 

<700 >5000 70-85 High - High 

concentrations  

recycle 

High investment cost, 

high operating cost 

(Luengas et al., 

2015; Belaissaoui et 

al., 2016) 

Membrane 

separation 

The separation, purification and 

concentration of different VOCs 

are realized by selective 

separation of membrane 

0-45 2000-50000  90-95 Moderate

/High 

Clogged membrane High efficiency, 

high recovery 

efficiency 

High investment cost (Luengas et al., 

2015; Zhen et al., 

2006) 
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Stringent regulations have been proposed to control VOCs by developed countries (US legislation 109 

calls for a 90% reduction in emissions of 189 pollutants over the next few years where VOCs occupies 110 

about 70% of those pollutants) (Kolade et al., 2009). A large number of post-processing technologies have 111 

been developed for VOCs abatement, which can be categorized into destruction technology and recovery 112 

technology. The destruction technology can decompose VOCs into CO2, H2O and non-toxic or less toxic 113 

compounds through different chemical or biological methods, such as thermal/catalytic oxidation, 114 

photocatalytic oxidation, biofiltration and plasma catalysis. The recovery technology, termed as absorption, 115 

adsorption, condensation and membrane separation, can separate VOCs via changing the conditions of 116 

temperature and pressure in the process. The advantages and disadvantages of those VOCs treatment 117 

technologies are summarized in Table 1. 118 

Adsorption is regarded as one of the most promising VOCs treatment technologies owing to its 119 

characteristics of cost-effectiveness, flexible operation, and low energy consumption. A number of porous 120 

materials (such as carbon-based materials, oxygen-containing materials, organic polymers, composites etc.) 121 

were investigated for improving the adsorption of VOCs in terms of capacity, hydrophobic property, 122 

thermal stability and regenerability. It is needs to be noted that activated carbon, zeolite and organic polymer 123 

are considered as three of the most popular adsorbents for VOCs treatment estimated by the US EPA (Serna-124 

Guerrero et al., 2007; Zhu et al., 2017; Long et al., 2011; Zaitan et al., 2008). 125 

Modification technologies are employed to adjust specific surface areas, chemical functional groups 126 

and pore structure of VOCs adsorbent, in order to improve their adsorption performance. The previous 127 

reviews are mainly focused on carbonaceous materials and their modifications, while VOCs adsorption 128 

performance of some other absorbents is inadequately reported in the literature (González-García 2018; Le-129 

Minh et al.; 2018, Le Cloirec 2012; Zhang et al., 2017). In this work, VOCs absorption performance of 130 

different porous materials would be comprehensively reviewed, including activated carbon, biochar, 131 

activated carbon fiber, graphene, carbon nanotube, zeolite, metal organic framework, clays, silica gel, 132 

organic polymer and composites. The interactions between adsorbate and adsorbent would be intensively 133 

discussed for obtaining different modification methods to enhancing the adsorption capacity of the 134 

adsorbent. The work is trying to provide a comprehensive understanding of VOCs adsorption and guidance 135 

for future research directions in this area. 136 

2. Porous materials for VOCs adsorption 137 

2.1. Carbon-based materials 138 
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2.1.1. Activated carbon 139 

Activated carbon (AC) is considered as a versatile adsorbent owing to its large specific surface area 140 

(600~1400 m2 g-1), well-developed pore structure (0.5~1.4 cm3 g-1) and high VOCs adsorption capability 141 

(10~600 mg g-1). Industrial AC commonly uses carbonaceous material as the precursor such as coal, wood, 142 

coconut shell, peat and lignite, cost of which production is ranging from $1000 to 1500 t-1 (Zhao et al., 143 

2018). It can be manufactured in form of pellet, granule, powder or sphere after the process of carbonization 144 

and activation (Romero-Anaya et al., 2015). Environmental applications of AC have been widely studied 145 

such as wastewater treatment, soil remediation and air purification, especially for VOCs disposal. 146 

Yang et al. (2018) investigated adsorption behaviors of ACs on toluene at 25 , 200 ppm and N2 147 

atmosphere, which derived from different raw materials including wood, coal and coconut shell. The 148 

specific surface area and total pore volume ranged from 570 to 1284 m2 g-1, 0.25 to 0.83 cm3 g-1, respectively. 149 

The adsorption capacity of these ACs ranged from 62.5 to 184.0 mg g-1. The wood-based AC with the 150 

largest surface area and total pore volume had the maximal adsorption capacity of 184 mg g-1. Under the 151 

similar adsorption conditions except inlet toluene concentration of 2000 ppm, Li et al. (2012) found that 152 

the adsorption capacity of commercial AC were over 260 mg g-1, the surface area and total pore volume of 153 

which were 932 m2 g-1 and 0.432 cm3 g-1. Yu et al. (2018) explored the impact of functional groups on 154 

adsorption of coconut shell based ACs at 27 , 500 ppm and N2 atmosphere. The nitric acid modified AC 155 

exhibited high adsorption capacity of 433.9 mg g-1 on acetone, which might be attributed to the interaction 156 

between carboxylic groups and acetone. Similarly, Zhou et al. (2018) observed magnesium oxide modified 157 

AC also presented high equilibrium amount of acetone (432.7 mg g-1) at 25 , 85.21 g m-3. It indicated that 158 

introduced oxygen functional groups offered active sites, which had strong adsorption affinity on polar 159 

acetone.  160 

In summary, the adsorption performance of AC on VOCs is influenced by adsorption conditions, 161 

physicochemical properties of adsorbent. It seems that AC is suitable to be used to adsorb VOCs at room 162 

temperature, low/medium concentration and N2 atmosphere (Amitay-Rosen et al., 2015). The large surface 163 

area and pore volume of AC have positive effects on the adsorption capacity for VOCs. Specially, the 164 

chemical functional groups on the AC surface are also the key factor for certain VOCs adsorption.  However, 165 

challenges of further large-scale applications of AC to industrial level are still existing. Firstly, Jahandar 166 

Lashaki et al. (2016) implied that heel formation during the incomplete desorption process, affect the 167 

lifetime and regeneration cost of AC. This could be attributed to the irreversible adsorption including 168 

chemisorption, adsorbate coupling or decomposition. Secondly, Jafari et al. (2018), Wang et al. (2016) and 169 

Wang et al. (2014) pointed that the flammability of AC may cause fire risk especially in the exothermic 170 

adsorption process. Moreover, high transmission resistance, pore blocking and hygroscopicity of AC also 171 

restrict its widespread application in VOCs abatement (Wang et al., 2014). 172 
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 173 

2.1.2. Biochar 174 

Biochar is a representative member of the carbon family, which is regarded as a potential alternative 175 

of commercial AC due to its abundant feedstocks, and efficient-low cost (Aguayo-Villarreal et al., 2017). 176 

Compared to AC, biochar is produced in the milder pyrolysis condition under an inert atmosphere (slow 177 

pyrolysis and relatively low temperature of <700 °C) (Fig. 3) (Abdul Manap et al., 2018; Shen et al., 2019a; 178 

2019b). Abundant carbon-rich materials, such as wood materials, agricultural and forestry residues, fruit 179 

byproducts, etc., can be used for biochar production (Zhao et al., 2018). Its production cost of $20 t-1 is 180 

much cheaper than that of AC ($1000 to 1500 t-1) (Suzuki et al., 2007). The features of biochar highly 181 

depend on raw materials and production conditions. Generally, the raw materials with high lignin and 182 

mineral content tend to produce high yield of biochar, and the mineral content may decrease as the 183 

increasing pyrolysis temperature and time (Suliman et al., 2016). The biochar produced from carbonization 184 

is a disordered elementary graphitic crystallite with a rudimentary pore structure (Hsi et al., 2011).  185 

Zhang et al. (2017) evaluated 15 biochars carbonized from 5 common feedstocks for acetone, 186 

cyclohexane, and toluene adsorption at room temperature and 50 ml minī1 VOCs. The specific surface area 187 

of these biochars ranged from 0.1 to 388 m2 g-1, and the adsorption capacity were all less than 90 mg g-1. 188 

The adsorption performance of untreated biochars were supposed to have great potential to improve. 189 

Physical or chemical activation are often used for biochars to develop large specific surface area and 190 

microporous structure (Shen et al., 2019a; 2018b). Physical activation is conducted at high temperatures 191 

(around 700 °C) in the atmosphere of oxidizing gases such as steam, CO2, air, or a mixture of them. The 192 

carbonization and chemical activation can be operated in a single step, where virgin biochar impregnated 193 

with activating agents are heated at temperature of 300-800 °C. The reagents frequently used are acid, alkali 194 

and metal salt (Aguayo-Villarreal et al., 2017; Hu et al., 2017; Bedane et al., 2018). Khan et al. (2019) 195 

developed biowaste-derived biochars with KOH activation for 2 h, which showed high adsorption capacity 196 

of 144 mg g-1 on benzene. Compared with the virgin biochar, the specific surface area and total pore volume 197 

were increased from 228 to 1397 m2.g-1, and 0.02 to 0.51 cm3 g-1. Hsi et al. (2011) prepared a series of 198 

biochars from biotreated agricultural residues for toluene adsorption via adequate 50% H2O (g)/50% N2 199 

steam activation. The water molecule could react with the carbon surface to generate carbonyl and carboxyl 200 

groups during the activation process. The treated biochar was with large surface area of 950 m2 g-1 and high 201 

adsorption capacity of 227 mg g-1, which was comparable to commercial AC. Tham et al. (2011) studied 202 

the adsorption performance of phosphoric acid activated biochar on toluene at room temperature, 460 ppm. 203 

The results showed that high removal efficiency of 93% was obtained by impregnating acid concentration 204 

of 30%. Apart from the increased surface area (1404 m2.g-1), the oxygen functional groups introduced by 205 

acid also enhanced the chemical adsorption.  206 
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 207 

Fig. 3. The conventional carbonization and activation process of biochar (Shen et al., 2019a; 2019b). 208 

 209 

Briefly, the pore structure of untreated biochar is undeveloped, confining its VOCs adsorption capacity. 210 

The physicochemical properties of biochar can be improved a lot by physical or chemical modification. 211 

Biochar is regarded as a potential alternative to commercial AC due to its abundant raw materials, effective-212 

low cost and low energy consumption. Similar to AC, there are drawbacks of biochar include the 213 

flammability, pore blocking and hygroscopicity. Moreover, the production of biochar may cause the release 214 

of VOCs which are harmful for the environment. The in-depth research on the complicated interaction 215 

between surface groups of biochar and VOCs need to be taken far more effort. 216 

 217 

2.1.3. Activated carbon fiber 218 

Activated carbon fiber (ACF) developed in the 1960sô is in form of arranged microfilaments. It can be 219 

made into yarn, thread, fabric, felt/carpet, paper cloth and other shapes to optimize process designs for 220 

engineering use (Yue et al., 2017). The raw materials used in preparation of ACF are usually poor renewable 221 

such as viscose, polyacrylonitrile fibers and pitch fibers (Baur et al., 2015). Fig. 4 illustrates a schematic of 222 

electrospinning system and characteristics of ACFs. The homogenous spinning solution contained 223 

spinnable functional material and polymer is prepared by magnetic stirring and ultrasonication, and then 224 

the nanofibers are collected on the roller under the action of the electrostatic field (Ge al., 2018; Bai et al., 225 

2013). ACF is a pure carbonaceous solid with surface area and micropore volume of 810-1400 m2 g-1, and 226 

0.36-0.92 m3 g-1 (Liu et al., 2019). Its pore width is usually concentrated between 0.5 and 1 nm. The 227 

commercially available ACF is very expensive due to high-cost raw materials, fiber spinning and weaving, 228 

subsequent thermal processes, as well as huge weight losses during activation. Unlike AC, ACF exhibits 229 
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faster adsorption kinetics, higher mass transfer rate due to its thin-fiber shape with short and straight 230 

micropore. Furthermore, the fibrous structure can overcome the difficulty of high pressure drop, suppressed 231 

mass transfer limitations in the adsorption bed (Meng et al., 2019). So far, ACF is widely utilized in the 232 

fields of chemical and biochemical adsorption and separation, air and water purification, catalysts or 233 

catalyst supports, masks, medical care purposes, etc. (Yue et al., 2017). 234 

 235 

 236 

Fig. 4. Schematic of electrospun fibrous membrane and characteristics of ACFs (Ge al., 2018; Bai et 237 

al., 2013) 238 

 239 

ACF with The high micropore volume of 0.435-0.715 cm3 g-1 and large surface area of 1000ï2000 m2 240 

g-1 was prepared by Yue et al. (2017). It had strong adsorption affinity for chloroform vapor, which 241 

adsorption capacity was 1004 mg g-1 at 22 . Similarly, Liu et al. (2019) found the activated-carbon fiber-242 

cloth (ACFC) had the unique micropore structure with pore width ranging from 0.61 to 0.69 nm, which was 243 

superior to that of commercial AC. It exhibited high capture efficiency of isobutane (> 99%) under relative 244 

humidity of 5-80%. Lin et al. (2012) reported that ACFs had less surface oxygen groups (<900 ɛmol g-1) 245 

than AC (1000-4500 ɛmol g-1). Besides, it was found that virgin ACFs tended to adsorb nonpolar VOCs 246 

(benzene, toluene) rather than polar VOCs (acetaldehyde, acetone) (Baur et al., 2015; Lillo -Ródenas et al., 247 

2005a; 2010b). To break this limitation, Yi et al. (2008) investigated the adsorption performance of CuSO4 248 

modified ACF on ethanol at low concentration and 20 . Compared with original ACF, the adsorption 249 

capacity of modified ACF was increased from 480 to 560 mg g-1. In addition, Baur et al. (2015) used ACFs 250 
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modified by La2O3, CaO, MgO, ZnO, Fe3O4 and Al2O3 to adsorb acetaldehyde at 25 , helium atmosphere 251 

and 1300 ppmv. The adsorption capacity of La2O3/ACF increased from 3.2 to 20 wt.% compared to original 252 

ACF.  It indicated that the modification by metal oxides improved the affinity between ACF and polar 253 

VOCs due to the introduced surface oxygen groups. 254 

As a result, the micropore structure of ACF is superior to that of AC for VOCs adsorption, while there 255 

are few amount of chemical functional groups on the ACFôs surface. This results in the hydrophobic nature 256 

of ACF, which is beneficial for adsorbing nonpolar or weak polar VOCs. The modification technologies 257 

enable to introduce oxygen functional groups to enhance the affinity between the ACFôs surface and polar 258 

VOCs (Yi et al., 2008; Song et al., 2017). It is worth to note that the limited application of ACF in practical 259 

industry ascribed to the high cost of fiber precursors and their associated processing costs (Xie et al., 2016; 260 

Niknaddaf et al., 2016). 261 

 262 

2.1.4. Graphene  263 

Graphene with the two-dimensional (2D) structure is consist of a sheet with hexagonally arrayed 264 

carbon atoms that share sp2 hybridized orbitals of one carbon with three neighbors (Tahriri et al., 2019). 265 

The common preparation methods include exfoliation, hydrothermal self-assembly, chemical vapor 266 

deposition and nanotube slicing (Lu et al., 2008). Graphene has excellent electrical conductivity ranging 267 

from 3000~5000 W mK-1 (far beyond that of the copper), ultrahigh theoretical specific surface area along 268 

with great mechanical strength (Allahbakhsh et al., 2019; Yu et al., 2018). Therefore, graphene has been 269 

applied in electronics, sensors, photonics, energy storage, biomedicine, and environment treatment owing 270 

to its outstanding physicochemical characteristics (Plutnar et al., 2018). 271 

 Graphene oxide (GO) and reduced graphene oxide (rGO) are the typical derivatives of graphene. The 272 

former is the product of graphene oxidation with different oxygen-containing groups such as carboxylic, 273 

hydroxyl, and epoxide groups. The latter is produced by eliminating the functional groups of GO by 274 

chemical treatment or thermal annealing (Shin et al., 2009). Yu et al. (2018) compared the performance of 275 

benzene and toluene adsorption on GO and rGO at room temperature, 50 ppm and N2 atmosphere. The 276 

surface areas of GO and rGO were 236.4 and 292.6 m2 g-1, respectively. The rGO showed higher adsorption 277 

capacities on benzene and toluene (276.4 and 304.4 mg g-1) than that of GO (216.2 and 240.6 mg g-1). It 278 

might be due to more hydrophobic nature, lower oxygen content and more defect sites of rGO. In addition, 279 

Sun et al. (2014) synthesized MIL-101(Cr)/ GO composite, which was with large surface area of 3502 m2 280 

g-1 and pore volume of 1.75 cm3 g-1. Results showed that the composite had the n-hexane uptake of 1042.1 281 

mg g-1 at 25 , which was much higher than that of AC. The great improvement could be attributed to not 282 

only increasing specific surface area, but also stronger surface dispersive forces of the MIL-101@GO by 283 

the introduction of the GO with dense arrays of atoms. Lakshmi et al. (2018) reported magnetic graphene 284 
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oxide (MGO) nanoparticles had high surface areas, nano size, high sorption performance, robust structures, 285 

magnetic nature at wide-ranging pH, and excellent chemical and thermal stabilities. MGO based materials 286 

were applied for the remediation of pollutants like metal ions, radionuclides, dyes, pesticides and opioids, 287 

which were expected to be employed for VOCs treatment. 288 

It can be concluded that rGO exhibits strong hydrophobicity due to the removal of plentiful oxygen 289 

groups, which favor adsorbing nonpolar or weak polar VOCs. Specially, MOF/GO composite seems to be 290 

a potential candidate as an efficient adsorbent for VOCs adsorption. However, the relative complicated 291 

synthesis and severe aggregation of graphene remain great challenges for its industrial applications. 292 

Therefore, replacement or removal of certain chemicals is required to be further discovered and studied to 293 

shorten the fabrication period and result in a better fabrication method (Diaz et al., 2007; Li et al., 2012; 294 

Koduru et al., 2019). 295 

 296 

2.1.5. Carbon nanotube 297 

Carbon nanotube (CNT) is comprised of a graphene sheet, which is rolled up in form of a cylindrical 298 

structure with sp2 hybridized carbon atoms (Vashist et al., 2011). It can be divided into single-walled carbon 299 

nanotube (SWCNT) and multi-walled carbon nanotube (MWCNT) based on their arrangement of graphene 300 

cylinders (Raphey et al., 2019). It is commonly synthesized by the methods of arc discharge, laser ablation, 301 

and chemical vapor deposition (CVD). The arc discharge and laser ablation methods prefer a higher yield 302 

compared to CVD method (Smalley et al., 1998). CNT is a novel nanomaterial with unique characteristics 303 

like electrical conductivity, optical activity, and mechanical strength. In addition, the larger surface area, 304 

natural hydrophobicity as well as strong thermal stability make CNT superior to remove trace contaminants 305 

from liquid and gas phase (Iijima et al., 1991; Na et al., 2019). However, the utilization of CNTs for VOC 306 

abatement is quite rare.  307 

Yang et al. (2008) evaluated the adsorption behavior of CNT for indoor formaldehyde at low 308 

concentration (1.50 mg mī3), which adsorption capacity was 62.49 mg g-1. It demonstrated that the surface 309 

of CNT exhibited good hydrophobicity and consistency, which can maintain a strong interaction with 310 

organic compounds as promising adsorbent. In order to promote the application to treat polar VOCs, Hsu 311 

et al. (2012) used the functional SWCNT oxidized by NaOCl to adsorb isopropyl alcohol vapor in air stream, 312 

and the adsorption capacity was 82 mg g-1. Furthermore, modified MWCNT through covalent 313 

functionalization prepared to adsorb polar VOCs by Hussain et al. (2009). The polar functionality on the 314 

MWCNT surface dramatically altered their sorption characteristics, which prolonged the breakthrough time 315 

from 12 to 35 min for ethanol.  316 
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Although CNT is an optional VOCs adsorbents, it is worth to note that aggregation of CNT is still a 317 

challenge for its wide application. To overcome the CNT aggregation, surface oxidation and coating with 318 

surfactants is effective solutions for dispersion CNT in liquid phase. 319 

 320 

2.2. Oxygen-contained materials 321 

2.2.1. Zeolite 322 

Zeolite is with crystalline aluminosilicate framework and consists of infinite three-dimensional (3D) 323 

arrangement of TO4 tetrahedron (T is Al or Si) (Mekki et al., 2019). The two tetrahedrons share the oxygen 324 

atoms, resulting in crosslinking in space that generates channels and regular dimensions of cavities which 325 

can accommodate organic small molecules. The structural formula of zeolite is A(x/q)[(AlO2)x(SiO2)y ]n(H2O) 326 

(A: Ca, Na, K, Ba, Sr and other cations), which is containing 16ï21 wt.% of water. Zeolite is widely used 327 

as chemical sieve, adsorbent and catalyst due to its excellent properties such as hydrophobicity, large 328 

surface area (250-800 m2 g-1), tunable porosities, nonflammability. Specially, the textural properties of 329 

zeolite can be tailored by varying the Si/Al ratio (Nien et al., 2017). Carbon-based materials often suffer 330 

from the drawbacks of flammability and regeneration difficulty. The superior hydrothermal and chemical 331 

stability of zeolite enable to overcome these problems (Jafari et al., 2018). Besides, the temperature of 332 

complete desorption for zeolite is as low as 150 ǓC, while that for carbon-based materials is over 300 ǓC (Su 333 

et al., 2010). As shown in Fig.5, zeolites including silicalite-1 (MFI-structure type), beta (*BEA-structure 334 

type), SSZ-23 (STT-structure type), and chabazite (CHA-structure type), have considerable potential as 335 

adsorbents for VOCs adsorption (Cosseron et al., 2013). 336 

 337 

 338 

Fig.5. Structures of the MFI-type zeosil (a),*BEA- type zeosil (b), STT-type zeosil (c) and CHA-339 

type zeosil (d). 340 

 341 
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MFI zeolites (ZSM-5) and FAU zeolites (NaX and NaY) with different Si/Al ratios were synthesized 342 

by Kang et al. (2018). Their adsorptive removal of dichloromethane vapor at 30 , 5000 ppm were assessed. 343 

It showed that ZSM-5 (200) with the highest Si/Al ratio 204.5, showed the best adsorption capacity (179.2 344 

mg g-1) and was barely affected under the relative humidity of 10-90%. Zhu et al. (2017) also obtained 345 

innovative all-silica beta zeolite with excellent hydrophobicity, which surface area and total pore volume 346 

were 638 m2 g-1, 0.31 cm3 g-1, respectively. It exhibited the adsorption capacity of 206.8 mg g-1 on n-hexane 347 

at 25 and hydrous condition, which was little different with that at anhydrous condition. Lee et al. (2011) 348 

investigated adsorption and thermal desorption of acetone and toluene vapors in dealuminated Y-zeolite 349 

bed at 20 , 4500 ppm and N2 atmosphere, which surface area and total pore volume were 704 m2 g-1, 0.47 350 

cm3 g-1, respectively. The results suggested that Y-zeolite could be reused without a significant decrease in 351 

uptake after several regeneration cycles. Nigar et al. (2015) also studied the desorption study of n-hexane 352 

(500 ppm) on NaY under microwave heating power of 150 W, which surface area and total pore volume 353 

were 750 m2 g-1, 0.34 cm3 g-1, respectively. It found that the adsorption capacity of used NaY remained 98% 354 

of that of fresh NaY after two regeneration cycles. 355 

 Consequently, the adsorption capacity of zeolite on VOCs is comparable to that of AC due to its 356 

tunable specific surface and pore structure. The Si content of zeolite is associated with its water resistance, 357 

which can be tailored in the synthesis process. Zeolite is regarded one of the conventional adsorbents for 358 

VOCs adsorption thanks to its high adsorption capacity, good thermal stability and easy reproducibility. 359 

However, the synthesis process of zeolite is complex and time-consuming. In addition, the source materials, 360 

such as tetraethyl orthosilicate and cetyltrimethyl ammonium bromide are relatively expensive compared 361 

to AC. These shortcomings would be detrimental for the widespread application of synthetic zeolites 362 

(Tamon et al., 1999; Deng et al., 2017).  363 

 364 

2.2.2. Metal organic framework 365 

Metal organic framework (MOF) firstly discovered by Hoskins et al (1989), is a novel class of 366 

crystalline hybrid porous materials. Different kinds of porous MOFs are presents in Fig.6, they are 367 

constructed from metal ions or clusters coordinated with organic ligands in ordered one, two, or three 368 

dimensional frameworks (Silva et al., 2015). Evaporation solvent method, diffusion method, hydrothermal 369 

or solvent-thermal method, ultrasonic and microwave method can be used for the synthesis of MOF (Zhu 370 

et al., 2019). Notably, the structure of MOF can be flexibly controlled through selecting matching organic 371 

ligands. MOF has been attracted worldwide interest over the last two decades for its distinguished properties, 372 

such as ultra-high and surface area (up to 3000 m2 g-1), excellent thermal stability (>400 ), tailorable pore 373 

structure, and facile functionalization (Yang et al., 2011). The great potential applications of MOFs in gas 374 

storage, separations, heterogeneous catalysis along with sensing have been widely explored (Luebbers et 375 
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al., 2010).The open metal sites on the pore surfaces of MOFs are available for enhancing diverse VOCs 376 

adsorption. Unlike conventional adsorbents, MOF enables to remain their permanent structure and 377 

crystalline order after regeneration (Zhao et al., 2018).  378 

 379 

 380 

Fig. 6. Schematic diagram of different kinds of porous MOFs (Silva et al., 2015). 381 

 382 

Diverse types of MOFs including MIL series, UiO series along with ZIF series, have been synthesized 383 

to treat VOCs containments. Vellingiri  et al. (2017) compared the different types of MOFs for toluene 384 

adsorption under ambient conditions. The equilibrated adsorption capacities of all MOFs were measured in 385 

the order of ZIF-67 (224 mg gī1) > UiO-66 (166 mg gī1) > MOF-199 (159 mg gī1) > MIL -101(98.3 mg 386 

gī1). The maximum adsorption capacity of ZIF-67 might be attributed to the largest surface area of 1401 387 

m2 g-1. Xian et al. (2015) also found that adsorption capacities of MIL-101 for 1,2-dichloroethane, ethyl 388 

acetate  and benzene were 960.9, 510.2 and 293.7 mg gī1, which were much higher than those of 389 

conventional adsorbents. However, the adsorption capacities of MIL -101 were significantly decreased 390 
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under the humid condition due to the competitive adsorption between water molecule and VOCs. A novel 391 

enhanced hydrophobic MIL(Cr) -Z1 using naphthalene dicarboxylic acid as ligand was synthesized by Zhu 392 

et al. (2017), the surface area and total pore volume of which were 2080 m2 g-1, 1.23 cm3 g-1. The adsorption 393 

capacity of MIL(Cr)-Z1 on benzene at 20  and the relative humidity of 5, 40 and 60% were 261.7, 229.6, 394 

205.4 mg gī1, respectively. Shafiei et al. (2018) synthesized a new modified MIL-101(Cr) by a new linker 395 

to cluster molar ratio (2:1 instead of 1:1) and different modulators (HF and HNO3), the surface area and 396 

pore volume of which were 4293 m2 g-1, 2.43 cm3 g-1. The regeneration efficiency of modified MIL-101(Cr) 397 

(99.7 %) was higher than that of commercial AC (87.2 %). Kim et al. (2018) investigated the adsorption 398 

performance of amine-functionalized MOF (MIL-125-NH2) for VOCs. The results showed that the 399 

adsorption capacities tend to follow the order of polarity among the VOCs (p-xylene < toluene < benzene 400 

< acetone < isopropanol) due to strong interaction between amine groups and polar VOCs.  401 

In short, MOF is the most promising adsorbent for VOCs adsorption due to its tunable pore structure 402 

and extraordinary physicochemical properties. Generally, the adsorption capacity of MOF on VOCs is 403 

superior to conventional adsorbents (AC and zeolite). The modification technologies can be flexibly applied 404 

for MOF to enhance the hydrophobic property and adsorptive selectivity. Nonetheless, some drawbacks are 405 

also existing to hinder its industrial application such as weak dispersive forces owing to their large amount 406 

of void space as well as the insufficient open metal sites beneficial for coordination and catalysis (Zhu et 407 

al., 2019; Wang et al., 2018). Furthermore, the utilization of MOF for VOCs adsorption is still an 408 

unaffordable option on account of its high preparation cost (Sampieri et al., 2018). 409 

 410 

2.2.3. Clay 411 

Clay is a class of water-bearing aluminosilicate minerals with layered structures, and it is the 412 

composition of rock and soil (Liu et al., 2018). Kaolinite, montmorillonite, halloysite are three common 413 

representatives of clay minerals. They have been pervasively applied to be adsorbents, catalysts, carriers, 414 

and templates due to their strong heat resistance and abundant raw materials (Deng et al., 2017). As reported, 415 

estimated deposits of Ca-bentonite alone consist of 2.5 billion tons of material in the global world. The cost 416 

($ 40 t-1) of nature clays is much cheaper than that of AC (Morozov et al., 2014; Qu et al., 2009). The large 417 

surface area, unique combined micro- and mesoporosity and fast mass transfer rates make clay become a 418 

potential adsorbent for VOCs abatement.  419 

Deng et al. (2017) evaluated the adsorption performance of porous clay minerals for benzene at 30  420 

and N2 atmosphere. Compared to conventional adsorbents, pristine clays had unitary micropore structure 421 

and the pore size ranged from 0.4 to 0.8 nm, the surface area and total pore volume of which ranged from 422 

17.9 to 107.7 m2 g-1, 0.050 to 0.270 cm3 g-1. The adsorption capacity on benzene ranged from 56.7 to 141.2 423 

mg g-1. In order to improve the textural property and adsorption capacity of clays, Wang et al. (2016) 424 
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explored the effects of hydrochloric acid modification on clay minerals for toluene adsorption at 25 , 425 

2000 ppm and N2 atmosphere. The results demonstrated that the adsorption capacity of acid-activated clay 426 

on toluene increased from 44.6 to 90.4 mg g-1 as the increased surface area from 228 to 329 m2 g-1 and 427 

introduced surface functional groups. It was reported by Kimura et al. (1998) that the surface silanol groups 428 

on the surface of clay had strong hydrophilicity, which is easy to absorb water in the air. Organosilanes 429 

with different head groups and chemical properties, were used by Mu et al. (2018) to modify the surface 430 

properties of diatomite for methane. The surface silylation altered the surface of diatomite from 431 

hydrophilicity to hydrophobicity, which promoted the adsorption selectivity of methane under the humid 432 

condition. 433 

It can be concluded that raw clay has been proposed as an alternative adsorbent for VOCs adsorption 434 

due to low cost and desirable thermal stability. The adsorption affinity between clay and VOCs is limited 435 

due to the presence of silanol groups (Si-OH) on the clayôs surface and the undeveloped pore structure. 436 

Modified methods such as acid and organic modifications are regarded as the affirmative measures to 437 

overcome the above difficulty and improve the adsorption capacity or hydrophobicity of clay.  438 

 439 

2.2.4. Silica gel 440 

Silica gel (SG) is an amorphous inorganic material with a 3D tetrahedral structure and silanol groups 441 

on the surface. Its molecular formula is mSiO2·nH 2O (Yang et al., 2003). The synthesis of SG is typically 442 

using tetramethoxysilane as the primary precursor (Kim et al., 2017). SG has excellent thermal, mechanical, 443 

and chemical stability, low density, high microporous surface area, and plenty functional groups (such as 444 

silanols and siloxanes). As a novel porous adsorbent, the research on SG for VOCs adsorption is seldom 445 

reported. 446 

SG was employed for toluene adsorption at 25  and 12000 ppm by Sui et al. (2017), the surface area 447 

and total pore volume of which were 765.6 m2 g-1 and 0.444 cm3 g-1. The results implied that SG was a 448 

suitable adsorbent for toluene adsorption with high concentration due to its rapid adsorption, high 449 

adsorption capacity (437.4 mg g-1) and longer lifetime. Sigot et al. (2015) compared three adsorbents of AC, 450 

zeolite and SG for the adsorption of VOSiC at 25 . It was found that SG was the most efficient adsorbent 451 

for VOSiC vapor, the adsorption capacity of which was 250 mg g-1. However, SG often presents poor 452 

adsorption performance under humid environment due to hydrophilic silicon hydroxyl on the silica surface. 453 

The modification method of coating trimethylchlorosilane (TMCS) assisted with microwave irradiation 454 

certified by Huang et al., 2017 enabled to improve the hydrophobicity of SG surface effectively. 455 

Furthermore, the sufficient and in-depth researches on adsorption mechanism of SG for VOCs are 456 

imperative. 457 

 458 
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2.3. Organic polymer 459 

Organic polymer is composed of light, non-metallic elements such as C, H, O, N, and B with extremely 460 

lower density than other known porous materials (Wu et al., 2015). It can be divided into two categories: 461 

hypercrosslinked polymer (HCP) and macroporous polymer. HCP represents a novel class of 462 

predominantly microporous organic material, which is low-cost and mostly synthesized by the Friedel-463 

Crafts alkylation reaction (Fig.7) (Wang et al., 2015). The permanent porosity (0.5~2 nm) in HCP is 464 

attributed to extensive crosslinking reactions, which hinders the polymer chains from collapsing into a 465 

dense, nonporous state. Such highly crosslinked nature of HCP confers them high inner specific surface 466 

area (up to 1000~1500 m2/g). While macroporous polymer is main with mesopore and macropore (2~50 467 

nm) (Xu et al., 2013, Jia et al., 2013). Organic polymer especially HCP has garnered an increasing amount 468 

of interest for VOCs removal, which presents tailorable porosity, lightweight, strong thermal stability, and 469 

flexible regenerability. Moreover, HCP exhibits hydrophobic nature under the humid condition due to the 470 

absence of surface chemical functional groups.  471 

 472 

 473 

Fig. 7. Friedel-Crafts polymerization using formaldehyde dimethyl acetal (Wang et al., 2015). 474 

 475 

Long et al. (2012) prepared a novel HCP with high surface area (1244.2 m2 g-1) and specific bimodal 476 

pore size distribution in the regions of micropore (0.5ï2.0 nm ) and meso-macropore (30ï70 nm). It showed 477 

that the adsorption capacity (0.553 ml g-1) on benzene at 30  and N2 atmosphere were higher than that of 478 

AC (0.411 ml g-1). Similarly, Zhang et al. (2012) and Wang et al. (2014) obtained HCPs with well-479 

developed microporous and mesoporous structures for enhancing adsorption of n-hexane, dichloromethane 480 

and 2-butanone at 25 , the adsorption capacities of which were 0.955, 1343 and 1.130 ml g-1. Wang et al. 481 

(2016) developed a novel HCP with surface area of 1345 m2 g-1 via one-step FriedelïCrafts reaction. The 482 

synthesized polymer presented superhydrophobic nature and excellent adsorption capacity on benzene at 483 

25  and 800 ppm. The adsorption capacity of HCP on benzene was 124.2 mg g-1 at 30 % relative humidity, 484 

which kept about 90% of that (137.4 mg g-1) at dry condition.  485 
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Therefore, HCP would be a potential adsorbent for air purification and environmental protection under 486 

both dry and humid conditions due to its large surface area and superhydrophobic nature. However, 487 

complex synthesis processes may hinder its development and popularization in large-scale and real 488 

application (Wang et al., 2016; Wang et al., 2013). 489 

 490 

2.4. Composite materials 491 

The adsorbent with a single material is hard to satisfy practical needs in the complicated industrial 492 

application such as multi-component and high humidity. Composite material with hierarchically porous 493 

structure exhibits remarkably improved adsorption performance (Zhu et al., 2019). It has been applied in 494 

the fields of photoelectronics, gas storage, adsorption/separation, heterogeneous catalysis, chemical sensing, 495 

and drug delivery (Ojha et al., 2019). The preparation of hierarchical nanocomposites has drawn rise 496 

attention, and numerous studies revealed that MOF-based and zeolite-based composites are the potential 497 

adsorbents for VOCs abatement under different conditions. 498 

As mentioned in section of 2.2.2, MOF had ultrahigh surface area, tunable porosity and stable thermal 499 

property, which exhibits outstanding adsorption capacity for VOCs. However, its large amount of void 500 

space, insufficient unsaturated metallic centers as well as open framework fail to provide strong dispersive 501 

forces to capture light weighted VOCs vapors (Liu et al., 2016). In order to overcome these difficulties, a 502 

surface coating of a dense arrangement of atoms and a porous network is imperative. Various MOF-based 503 

composites such as MOF/carbon (MOF-C), MOF/metal oxide, MOF/silica and MOF/organic polymer have 504 

been developed as the efficient adsorbents for air purification. Notably, the addition of carbon-based 505 

materials such as GO or CNT into MOF have shown increasing surface area, dispersion force and active 506 

sites on the crystal surface (Zhu et al., 2019). Zheng et al. (2018) reported that the adsorption capacity of 507 

MIL -101/GO on carbon tetrachloride was up to 2368.1 mg g-1 at 30 , which increased 16% in comparison 508 

with that of pure MIL-101 (2044.4 mg g-1). MIL -101/GrO composites were well above those of 509 

conventional adsorbents, such as AC (600 mg g-1) and zeolite (430 mg g-1). As shown in Fig. 8, Cu-BTC/GO 510 

obtained by Li et al. (2016) exhibited the maximum toluene uptake of 709.5 mg g-1 at 25 , which had an 511 

increase of 47% in comparison with Cu-BTC. More interestingly, the water-stability of Cu-BTC/GO had 512 

greatly been enhanced. After soaked in water for 10 h, it still remained original structure and porosity and 513 

its BET surface area remained 1205 m2 g-1. It may be ascribed to the coordination between the oxygen 514 

groups in the GO and Cu2+ mental center in Cu-BTC. Furthermore, the presence of carbonaceous materials 515 

enabled to prevent these unoccupied Lewis metal sites inside MOFs from being poisoned by blocking the 516 

channels, which enhanced adsorption interactions with small VOCs molecules Liu et al. (2016). 517 
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 518 

 519 

Fig. 8. Mechanochemical synthesis of Cu-BTC/GO composites and effects on toluene adsorption 520 

performance (Li et al., 2016). 521 

 522 

Zeolite is considered as the conventional adsorbent for VOCs capture due to its hydrophobicity, large 523 

surface area, controllable porosities and nonflammability. However, the drawbacks of nanoparticle 524 

agglomeration and monomodal microporosity (<1 nm) are still existing, which hinder the diffusion and 525 

mass transfer of certain macromolecules such as mesitylene, m-xylene and oxylene (Liu et al., 2019). 526 

Therefore, coating zeolite crystals at the surface of macroporous supports to fabricate hybrid composites is 527 

an effective strategy to overcome these difficulties. Various materials including clay minerals, MOFs, 528 

ordered mesoporous silicates, etc. have been applied as permanent supports. Among them, diatomite (Dt) 529 

is an attractive support with low cost, well-developed porosity as well as predominately masoporous 530 

structure (50ï800 nm). Yu et al. (2015a; 2015b) prepared hierarchically porous Dt/MFI-type zeolite 531 

composites with higher benzene adsorption capacity of 62.5 mg g-1 at 25  in comparison with Dt. The 532 

Dt-coated zeolites enabled to integrate the advantages of both zeolites and supports. The resultant 533 

hierarchically porous structure (meso-/micropores or macro-/micropores) was beneficial for improving the 534 

efficiency of diffusion performance and mass transport. Yuan et al. (2016) also synthesized Dt/silicalite 535 

composite for benzene uptake from industrial processes by a facile pre-modification in situ synthesis route. 536 
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The results showed that the composite exhibited considerably high benzene adsorption capacity (246.0 mg 537 

g-1) at 25 , which was much higher than that of Dt or silicalite. It might be due to the improved dispersity 538 

and reduced mass transfer resistance. Additionally, the pore structure could be regulated through varying 539 

the zeolite content, and the pole volume ranged from 0.051 to 0.720 cm3 g-1. 540 

Some other composite materials such as GAC/ACF, GO/CNT, SiC, etc. also have potential to be the 541 

effective adsorbents for VOCs capture. It is worth noting that the pre-synthesis or pretreatment process of 542 

the hierarchically porous structured composites may cause the extra expense (Yuan et al., 2016). Thus, the 543 

development of simple and flexible synthesis method for composite adsorbents is still needed to be placed 544 

emphasis in future research work.  545 

The physiochemical properties and performance of different porous materials for VOCs adsorption 546 

are summarized in Table 2. 547 

 548 

2.5. Other porous materials 549 

Fly ash (FA) as a kind of industrial waste is mainly derived from coal-fired power plants. It contains 550 

valuable oxide components, such as SiO2, Al2O3, CaO, MgO, Na2O, and TiO2, and essential elements, 551 

including P, K, Mg, Zn, Fe, Mn, and others (Ge et al., 2018). Based on its unique characteristics including 552 

honeycomb structure, functional groups, unburned carbon content in the ash. Many researches have 553 

reported that FA and its derivatives (zeolite) are optional adsorbent for heavy metals removal from aqueous 554 

solutions. Ge et al. (2019) pointed that FA in the form of electrospun nanofibrous membranes had high 555 

adsorption capacity for trapping of BTX aromatic hydrocarbons and heavy metal ions. Bandura et al. (2016) 556 

obtained the similar results by synthetic zeolites from fly ash for an effective trapping of xylenes, toluene 557 

and benzene. In brief, FA is a cheap, durable, easy-to-use, promising adsorbent for adsorbing some harmful 558 

substances and the research of its application on VOCs adsorption is still lacking.  559 

Sewage sludge as a potential precursor of adsorbent for wastewater treatment constitutes a 560 

paradigmatic application of the ñzero-residueò concept in an anthropogenic activity. To solve its 561 

shortcoming of limited specific surface area, Anfruns et al. (2011) prepared adsorbents from pyrolysed 562 

sewageïsludge following two different methodologies, namely acid washing and activation with alkaline 563 

hydroxides for toluene, methyl ethyl ketone and limonene abatement. The adsorption performance of 564 

sludge-based adsorbents (with specific surface area up to 1000 m2 gī1) was comparable to commercial AC.  565 

Many other porous materials such as titanate nanotube (Lee et al., 2010), carbon cryogels microsphere 566 

(Tamon et al., 1999), ordered mesoporous carbon (Tang et al., 2015) etc. are envisioned to make more 567 

efforts to improve the efficiency of VOCs adsorption in the practical application.   568 
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Table 2 

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

Adsorbent Specific surface areas 

m2.g-1 

Total pore volume 

cm3.g-1 

Adsorbate Adsorption capacity 

mg.g-1 

Adsorption Condition References 

ACs 

Coal-base 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 shell-base 868 0.500 Benzene 336 N2, 30 , 400 mL/min (Liu et al., 2016)  

Coal-base 893 0.418 Chlorobenzene 51.26 5% O2, 200 ppm, 300 ml min-1 (Guo et al., 2013) 

Biochars 

Cotton stalks 1256 0.88 Toluene 319 N2, 25 , 300 ppm, 30 ml min-1 (Hu et al., 2017) 

Date Palm Pits 1100 - Benzene 93.7 N2, 23 ppmv, 1100 ml min-1 (Vohra et al., 2015) 

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 m-3, 150 ml min-1 (Meng et al., 2019) 

Graphenes 

Graphite powder 292.6 - Toluene 304.4 N2, 10 , 50 ppm, 40 ml min-1 (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 N2, 10 , 50 ppm (Aziz et al., 2017) 

MOFs 

ZIF-67 1401 1.22 Toluene 224 N2, 25 , 0.0379 bar (Vellingiri et al., 2017) 

MIL(Cr) -101 2086 1.23 Benzene 227.3 5 % humidity, 25 , 2 ppm (Zhu et al., 2017)  

Clays 

Palygorskite 329 0.554 Toluene 90.4 N2, 60 , 2000 ppm, 50 ml min-1 (Zhu et al., 2017) 

Montmorillonite 69.5 0.119 Benzene 141.2 N2, 25 , 3 mg min-1 (Deng et al., 2017) 

Silica gel 

Commercial SG 765.6 0.444 Toluene 437 N2, 25 , 12000 ppm, 30 ml min-1 (Sui et al., 2017) 

Organic polymers 

Polydopamine 3291.03 1.78 Toluene 1254.95 N2, 25  (Wang et al., 2018) 

Benzyl chloride 1345 1.75 Benzene 1394.3 N2, 550 ppm, 50 ml min-1 (Wang et al., 2016) 

Styreneïdivinylbenzene 1020.7 - Chlorobenzene 389.8 30  (Long et al., 2010) 

Composites 
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Zeolite/GO 1112 - Toluene 116 Air, 30 , 15 ml min-1 (Chu et al., 2018) 

Diatomite/silicalite-1 348.7 0.365 Benzene 246.0 N2, 25 , 3 ml min-1 (Yuan et al., 2016) 

  569 
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3. Mechanism of adsorbate-adsorbent interaction 570 

3.1. Physical adsorption 571 

Physical adsorption can be ascribed to the intermolecular gravitation, namely Van der Waals 572 

force or dispersion force. Because of the weak interaction, no chemical bonds involved and low 573 

adsorption heat, the solid adsorbents can be regenerated easily and keep their original structure 574 

unchanged (Le-Minh et al., 2018). Yang et al. (2018) considered that the physical adsorption 575 

process could be divided into three stages. As illustrated in Fig.9, in the external surface adsorption 576 

stage, mass transfer occurs from the gas phase to the surface of adsorbent via convection, axial 577 

dispersion, and particle diffusion. The rate is determined by the specific surface area. During the 578 

internal diffusion stage, VOCs vapors enter into the internal surface through pore diffusion. Pore 579 

structure and volume are the dominated factors. In the final equilibrium stage, the ratio of micro-, 580 

meso- and macropore volume are the key factors (Zhang et al., 2017). The rate of whole physical 581 

adsorption is controlled by the VOCs concentration.  582 

 583 

 584 

Fig. 9. Illustration of physical adsorption on the porous adsorbent (1. Convection and 585 

dispersion in gas; 2. Convective mass transfer; 3. Pore diffusion; 4. Adsorption on surfaces.). 586 

 587 

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

and pore structure. Carter et al. (2011) investigated the effect of specific surface area on 589 

formaldehyde adsorption at 26 , 36.5 ppm. It found that ACF with the largest specific surface 590 

area (1084 m2 gī1) and total pore volume (0.41 cm3 g-1) showed the best adsorption capacity (400 591 

mg g-1) compared to another two GACs. Similar phenomenon was observed by Wang et al. (2016), 592 

the benzene adsorption capacity (133 mg g-1) of HCP at 100 , 550 ppm and N2 atmosphere was 593 

three times of that of AC. It might be due to larger surface area (1345 m2 gī1) of HCP than AC. 594 

Vellingiri et al. (2017) found that although ZIF-67 had the superior textural properties (surface area 595 
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and total pore volume: 1401 m2 gī1, 1.22 cm3 g-1) to UiO-66-NH2 (1250 m2 gī1, 0.62 cm3 g-1), UiO-596 

66-NH2 could adsorb 140 mg g-1 toluene, much higher than that (50.8 mg g-1) of ZIF-67 at 25 . 597 

It indicated that adsorbents with the largest specific surface area and pore volume had no direct 598 

relationship to the best adsorption capacity (Gil et al., 2014). Furthermore, Yu et al. (2018) 599 

compared acetone adsorption amounts of four kinds ACs with different textural properties. They 600 

pointed that AC with the largest microporous surface area (329 m2 gī1) amd micropore volume 601 

(0.167 cm3 g-1) obtained the best adsorption ability (318.9 mg g-1) despite the lower total surface 602 

area.  It suggested that the micropore structure was the crutial factor to affect the physical 603 

adsorption behavior of adsorbents. 604 

The micropores can offer main adsorptive sites and dominate the adsorption capacity of 605 

adsorbents, but the role of macropores and mesopores cannot be ignored. In most cases, only 606 

macropores are exposed directly to the external surface of porous adsorbents. Mesopores are 607 

branches of the macropores (similar to the vascular tissue of the human body), which provide the 608 

transport channels for VOCs molecules entering into the micropores. Macropores have a very small 609 

contribution to the total surface area (about 5%), while meso- and micropores contribute most 610 

proportions (95%). Overall, the adsorption capacity relies on not only well-developed micropores, 611 

but also suitable mesopores and macropores. It's worth noting that too much narrower micropore 612 

(size<0.7 nm) volume could increase the diffusion resistance leading to low diffusion rates (Le-613 

Minh et al., 2018; Zhang et al., 2017).  614 

Yang et al. (2011) studied the adsorption of VOCs with different molecule shapes and sizes 615 

on MIL-101 at 25  and 0.55 P/P0. It was reported that acetone, benzene, toluene, ethylbenzene, 616 

and p-xylene could enter the MIL-101 pores, but o- and m-xylene cannot due to the long distance 617 

between the two methyl groups in them (1.07 and 1.16 nm), which are longer than the pore 618 

diameters of MIL-101 (0.85ï1.9 nm). Based on the pore filling mechanism, the physical adsorption 619 

shows the size- and shape- selectivity towards VOCs molecules. It contains three probable cases in 620 

the adsorption process as follows: i) VOCs molecule size is larger than pore diameter, so no 621 

adsorption process occurs due to the steric hindrance. ii) VOCs molecule size is equal to pore 622 

diameter, VOCs molecules are strongly captured by adsorbents and not easy to desorption attribute 623 

to the superposition of potential energy fields in adjacent wall pores. iii) VOCs molecule size is 624 

smaller than pore diameter, capillary condensation can easily occur in the pore and increase the 625 

adsorption capacity. When VOCs molecule size far smaller than pore diameter, VOCs are easy to 626 

desorption. In general, most VOCs molecule size are in the same order of magnitude as that of 627 

narrow micropores except for the BTEX molecules (benzene, toluene, ethylbenzene, and xylenes). 628 
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In particular, it is reported that the optimal ratio of pore diameter to VOCs molecule size is ranging 629 

from 1.7~3.0 for excellent adsorption performance. 630 

From the point of the macroscopic view, physical adsorption process of porous materials is 631 

determined by specific surface area, pore structure, surface properties, and adsorbate properties. 632 

From the microscopic view, it is mainly determined by van Edward force, micropore filling and 633 

capillary condensation. The large surface specific area and well-developed pore structure especially 634 

micropore structure have positive effect on physical adsorption. However, physical adsorption is a 635 

complicated process, which is controlled by multi-factors instead of just one single factor. Hence, 636 

it is significant to consider both absorbent and adsorbate characteristics while attempting to 637 

improve physical adsorption capacity. 638 

 639 

3.2. Chemical adsorption 640 

Chemical adsorption refers to the chemical reaction between surface functional groups of 641 

adsorbent and adsorbate molecules. The difference between physical adsorption and chemical 642 

adsorption are summarized as follows: i) Chemical adsorption usually involves one single surface 643 

layer, while physical adsorption involves multilayers especially in the high pressure (Le-Minh et 644 

al., 2018; Schnelle et al., 2001); ii) Chemical adsorption presents more selectivity than physical 645 

adsorption because the chemical reaction only occurs between special groups and certain VOCs; 646 

iii) The adsorption heat used for old and new bonds alternating during the chemical reaction is 647 

much higher, which need enough high activation energy. So the adsorption rate of chemisorption 648 

can be accelerated by high temperature, while physical adsorption is completely opposite; iv) 649 

Chemical adsorption is usually irreversible owing to the strong combination of chemical bonds, 650 

and the original forms of adsorbate may be changed during the desorption process (Bansal et al., 651 

2005). Physical adsorption is a reversible process, and adsorbents can be regenerated easily. 652 

Physical adsorption and chemical adsorption exist simultaneously in the practical adsorption 653 

process. 654 

The surface functional groups of porous materials are responsible for chemical adsorption for 655 

VOCs.  656 

The reactive sites on the adsorbent surface derive from the defect positions, which are in form of 657 

unsaturated atoms at the edges of the basal planes (Chiang et al., 2002). The unsaturated atoms 658 

enable to combine with plentiful heteroatoms like oxygen, hydrogen, sulfur, nitrogen, halogens and 659 

metal ions. The surface chemistry of porous adsorbents are regulated by the nature of raw material 660 

and modification technologies such as chemical impregnation, calcination treatment and steam 661 

activation (Qiao et al., 2002). Among the common surface functional groups, the oxygen and 662 
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nitrogen containing groups are acknowledged as the most important species for the chemical 663 

adsorption. 664 

The oxygen-containing groups are the most abundant species in the porous materials, which 665 

can be divided into three types as acidic, neutral and basic functional groups. Carboxylic acids are 666 

formed through the liquid-phase oxidation, while neutral and basic functional groups such as 667 

hydroxyl and carbonyl derive from the gas-phase oxidation (Lillo -Ródenas et al., 2005). Most 668 

adsorbents are nonpolar in nature, however the oxygen-containing surface functional groups 669 

facilitate their surface polarity. These oxygen-containing groups prefer to adsorb the polar VOCs 670 

such as methanol, ethanol and acetone through the formation of hydrogen bonds. The adsorption 671 

capacity of polar compounds are affected by the amount of oxygen containing groups. It is 672 

demonstrated that carboxyl and hydroxyl provide reactive sites for substitution reaction or acid-673 

base neutralization. Quinones are expected to join in the redox behavior to oxidize or reduce organic 674 

compounds, and then generate reactive oxygen species for further oxidation (Pignatello et al., 2017).  675 

The nitrogen-containing groups are caused by the treatments of ammonium, nitric acid and 676 

nitrogenous compounds, which tend to increase the pH of adsorbents (Shen et al., 2008). The 677 

adsorption performance of adsorbents containing various nitrogen groups outperform that of 678 

caustic impregnated adsorbents owing to high dispersion of nitrogen compounds in small pores. 679 

The extra p-electrons of pyrollic and quaternary nitrogen at high energy states facilitate the 680 

oxidation reaction by forming superoxide ions, which are with high hydrophilicity. Nitrogen 681 

functional groups can improve active sites on adsorbent surface for chemical adsorption 682 

(Figueiredo 2013).  683 

The chemical surface functional groups make small contributions to total surface area. It still 684 

remains divergence as to which is the dominant factor, textural property or surface chemistry. It is 685 

necessary to keep the balance between them in order to explore the VOCs adsorption behavior of 686 

porous adsorbents in a comprehensive way. The research on chemical adsorption mechanism is far 687 

from sufficient. The interaction mechanism between surface functional groups of adsorbent and 688 

VOCs molecules need in-depth exploration and discussion. 689 

 690 

3.3. Competitive adsorption 691 

If  the VOCs such as benzene, n-hexane and methanol have the similar monolayer volumes, 692 

porous adsorbents have no selectivity in the separate adsorption of each component and show 693 

almost adsorption capacity (Morozov et al., 2014). The adsorption process of binary or multi-694 

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

organic waste gas are composed of at least two mixed gases, the competitive adsorption in the 696 
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mixed gas system may occur due to the different affinity of each component. Physical and chemical 697 

properties both control the adsorption ability of porous materials. The adsorption process is actually 698 

a dynamic equilibrium process of continuous adsorption and desorption. When the concentration 699 

of VOCs vapors with strong adsorption affinity reaches a certain degree, competitive binding would 700 

be inevitably formed on the adsorption site to replace those with weak adsorption affinity (Pak et 701 

al., 2016). It is confirmed that polarity degree, molecular weight, boiling point of VOCs have 702 

significant effects on the competitive adsorption process.  703 

Meng et al. (2019) proposed the competitive adsorption process and related adsorption 704 

mechanisms in Fig.10 among toluene, methanol and acetone on ACF. In the multicomponent 705 

adsorption, the results revealed that methanol and acetone are physically adsorbed mainly via 706 

dipoleïdipole interactions. While the adsorption of toluene was controlled by physical and 707 

chemical processes through a strong affinity between the adsorbate and adsorbent. There was a 708 

stable electron donor-acceptor complex formed owing to the aromatic ring of toluene as electron 709 

acceptor to combine with carbonyl or lactone as electron donor. It was worth noting that the 710 

stronger adsorption of toluene or acetone could displace the weaker adsorption of methanol. In 711 

addition, Khazraei Vizhemehr et al. (2015) indicated that the adsorption rate of lighter compound 712 

(MEK) was faster than that of heavier ones (n-hexane and toluene), then the heavier one would 713 

displace the adsorbed lighter ones, resulting in their forced-desorption. Wang et al. (2012) 714 

evaluated eight VOCs adsorption capacities of beaded AC, and found the breakthrough curve of 715 

the low boiling point VOCs (n-Butanol, n-Butyl Acetate) rolled up. Their concentrations firstly 716 

increased beyond their influent concentrations and then decreased, finally ultimately approached 717 

their influent values. It represented that the low boiling point compounds were desorbed as they 718 

were displaced by the high boiling point compounds (Indan, 2,2-Dimethyl-propylbenzene), which 719 

have stronger adsorbateīadsorbent interaction.  720 
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 721 

 722 

Fig. 10. The competitive adsorption process and the relevant mechanism (Meng et al., 2019). 723 

 724 

Apart from the mixed VOCs gas system, the competitive adsorption between water molecules 725 

and VOCs is also fierce in some practical industrial process. According to the Dubinin-Serpinsky 726 

theory, water molecules may occupy the adsorption sites in the pores competitively via three ways, 727 

namely, surface oxygen functional groups reaction, hydrogen bonding and capillary condensation. 728 

Liu et al. (2016) observed that the benzene adsorption capacity of bare-AC under the relative 729 

humidity of 50% and 90% were dropped to 256, 166 mg g-1, which were decreased 24%, 51% of 730 

that under dry condition. Similar observation has been reported by Liu et al. (2019) on ACFC for 731 

isobutane adsorption, indicating that high relative humidity caused the blockage of micropores 732 

available for hydrophobic VOCs. However, except for competitive adsorption, the cooperative 733 

adsorption between water and hydrophilic or water miscible VOCs existed under some certain 734 

conditions. Morozov et al. (2014) compared the adsorption performance of montmorillonites for 735 

benzene, n-hexane and methanol in the presence of water. The adsorption capacity of hydrophobic 736 

VOCs (benzene and n-hexane) showed a significant decrease as the increasing relative humidity 737 

from 26% to 100%. On the contrary, the adsorption of hydrophilic methanol was promoted due to 738 

its dissolution in the water films.  739 

The competitive adsorption on porous materials in the mixture VOCs gas system is affected 740 

by VOCsô polarity, boiling point and molecular weight. The highly polar VOCs show stronger 741 

adsorption affinity with adsorbent with polar surface than weak polar VOCs. VOCs with high 742 

boiling point and heavier molecular weight have priority to occupy adsorption sites in the 743 

competitive adsorption process. Furthermore, the adsorption capacity of hydrophobic VOCs can be 744 

significantly reduced under the humidity condition. In order to alleviate the negative influence of 745 
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water molecules, removal of hydrophilic surface functional groups and hydrophobic modification 746 

technologies are feasible and imperative. 747 

 748 

4. Modification technology for enhancing VOCs adsorption 749 

The industrial applications of some porous materials may be limited due to their sensibility to 750 

high temperature, lack of adsorption selectivity and hydrophilic nature. To overcome these 751 

drawbacks, modification technologies termed as physical and chemical modification have been 752 

developed such as activated with acid or alkali regents, doped with heteroatoms, impregnation with 753 

active species etc. (Xu et al., 2018).Physical modification is commonly carried out under the 754 

oxidizing gases such as CO2, steam, air, etc. with high temperature (700-1000 °C). Chemical 755 

modification involves carbonization and activation in a single step, where the raw materials 756 

impregnated with chemical agents are heated under an inert atmosphere at lower temperature 757 

(Ò700 °C) .Physical activation without using corrosive or harmful chemical agent is more 758 

environmentally-protected than that of chemical modification (Hsi et al., 2011; Xu et al., 2018). 759 

Chemical modification possesses the superiorities of shorter production cycle, lower energy 760 

consumption as well as flexible operation. 761 

 762 

4.1.Physical modification 763 

4.1.1. CO2 activation 764 

CO2 as a typical activation gas is used in the physical activation to manufacture porous 765 

adsorbent at high temperatures. It performs the function of pore-forming and pore-expanding by 766 

reacting with carbon atoms in the active position and surface active groups of adsorbents. The 767 

related reactions are shown as follows (take AC for example):  768 

When the activating agent is CO2, 769 

C + CO2 Ÿ 2CO   (æH = + 159 kJ mol-1)   4-1 770 

C + O2 Ÿ CO2   (æH = - 394 kJ mol-1)   4-2 771 

When air or oxygen is mixed with the activating agent, 772 

H2 + 1/2 O2 Ÿ H2O   (æH = - 238 kJ mol-1)   4-3 773 

CO + 1/2 O2 Ÿ CO2   (æH = - 283 kJ mol-1)   4-4 774 

 775 

The reaction between CO2 and C (4-1) is endothermic, while the reactions between O2 and C, 776 

H2 and CO (4-2-4-4) are exothermic. It is difficult to control the temperature in the furnace during 777 
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the activation process, and the local temperature is prone to be too high making the activation 778 

uneven. A small amount of oxygen in the gas mixture could accelerate the activation rate due to 779 

faster carbon and oxygen reaction rate. The activation degree depend on the mass loss of porous 780 

materials, and it is linear positive correlated to activation time, heat temperature along with gas 781 

velocity. After CO2 activation, the structure of adsorbents maintain essentially unchanged, and no 782 

obvious defects are observed on the surface (Lillo -Ródenas et al., 2010; Águeda et al., 2011; Hu et 783 

al., 2016). CO2 activation mainly develops new narrow micropores and enlarges the original 784 

micropores, which result in widening the pore size distribution. Yamamoto et al. (2010) prepared 785 

carbon cryogel microspheres modified by CO2 activation (5 vol. % CO2, 800 for 2 h). It showed 786 

that the micro- and meso-pore surface area increased from 311, 293 to 472, 341 m2 gī1, respectively. 787 

Similarly, Qiu et al. (2018) found the mesopore volume of AC modified by CO2/microwave (300ml 788 

minī1 CO2 for 20 min and 2.45 GHz, 0.8 kW microwave irradiation for 40 min) increased from 789 

0.122 cm3 gī1 to 0.270 cm3 gī1. The adsorption capacity of CO2 activated AC on toluene (109.5 mg 790 

g-1) was higher than that of original AC (95.3 mg g-1). Mazlan et al. (2016) investigated the effect 791 

of activation temperature (700, 720, 740, and 760 °C) and time (60, 90, and 120 min) on the 792 

characteristics of ACs. It resulted that the produced AC in the activation condition of  740 °C , 60 793 

min possessed the largest surface area (465 m2 g-1), highest total and micro- pore volume (0.239 794 

cm3 g-1, 0.186 cm3 g-1). 795 

Regarding the surface chemistry, no new chemical bonds and functional groups can be formed 796 

after CO2 activation. Lillo -Ródenas et al. (2010) observed that total oxygen-containing groups were 797 

decreased from 815 to 735 ɛmol g-1 as the increased activation degree. It is suggested that the 798 

oxygen functional groups such as phenolic hydroxyl and carboxyl acid groups decomposed at high 799 

temperature. The removal of surface oxygen groups weaken the surface acidity of porous 800 

adsorbents, enhancing the hydrophobicity toward nonpolar VOCs molecules adsorption in the 801 

presence of water (Hu et al., 2016; Qiu et al., 2018).  802 

CO2 activation is commonly operated at over 700  for 1-2 h, which has positive effects on 803 

the textural property and surface chemistry of adsorbents. The well-developed pore structure and 804 

low content of surface oxygen groups caused by CO2 activation are beneficial for nonpolar VOCs 805 

adsorption. The porosity of adsorbents could be controlled by optimizing the CO2 activation 806 

temperature and time. Excessive activation would lead to the overexpansion of micropores and 807 

reduce the amount of available pores, which is detrimental to the VOCs adsorption (Guo et al., 808 

2016). 809 

 810 



 

32 
 

4.1.2. Stream activation 811 

Steam activation is widely used in the preparation of porous adsorbents due to its cost-812 

effective advantage. The activation mechanism of steam activation method is shown as equations 813 

(4-5), (4-6): 814 

When the activating agent is H2O, 815 

C + H2O Ÿ CO + H2   (æH = + 117 kJ mol-1)   4-5 816 

The inverse reaction of (4-5) occurs when the reaction temperature is above 800  in the 817 

practical reaction, 818 

C + H2O ź CO + H2   (T > 1073 K)    4-6 819 

Lillo -Ródenas et al. (2010) obtained ACFs modified by stream activation. It was found that 820 

the surface area increased from 1026 to 1752 m2 g-1 as the increasing activation temperature and 821 

time (from 820 to 910 ̆0.92 to 1.5 h), and the toluene adsorption capacity increased from 270 822 

to 360 mg g-1. Similar phenomenon was observed by Romero-Anaya et al. (2010), indicating that 823 

both CO2 activation (880  for 5-24 h) and steam activation (840  for 0.75-6 h) improved the 824 

porosity of ACs with a constant structure. AC with the surface area of 1880 m2 g-1 and total pore 825 

volume of 0.77 cm3 g-1 were obtained by stream activation at 840  for 6 h, which showed toluene 826 

adsorption capacity of 430 mg g-1. It indicates that the micropores were generated inside the 827 

adsorbent by CO2 activation, while those by stream activation were generated outside.  828 

CO2 evolves at low temperatures as a result of the decomposition of the acidic groups such as 829 

carboxylic groups, anhydrides or lactones, whereas the evolution of CO is originated at higher 830 

temperatures by decomposition of basic, neutral or weakly acidic groups such as phenols, ethers 831 

and carbonyls (Lillo -Ródenas et al., 2010). Alcañiz -Monge et al. (2012) evaluated the evolution 832 

levels of CO and CO2 during temperature programmed desorption experiments on the ACFs 833 

modified by steam. Results indicated that more amount of surface oxygen groups developed after 834 

steam activation, and was positively affected by activation time. Similar phenomenon was observed 835 

by Guo et al. (2016), indicating that stream activation (flowing 30 vol.% steam for 0.5 h) can 836 

improve the amount of oxygen containing in surface groups, which attributes to the interaction 837 

between water molecules and the carbon matrix under thermal treatment. 838 

Stream activation commonly at 700-950 , 0.5-6 h is an effective physical modification 839 

method for improving the porosity of adsorbents. The increasing oxygen contents introduced by 840 

steam activation make modified adsorbents favor the adsorption of polar VOCs vapors.  841 

 842 

4.2.Chemical modification 843 
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4.2.1. Acid treatment 844 

Acid treatment is a common and low-cost chemical modification method, involving the 845 

regents like phosphoric acid (H3PO4), nitric acid (HNO3), sulfuric acid (H2SO4), hydrochloric acid 846 

(HCl), etc. These acid reagents act as both dehydrating agents and oxidants during the carbonization 847 

and activation process (Hu et al., 2016). The frameworks of most raw materials can preserve after 848 

acid modification, while physical and chemical properties of adsorbents are obviously changed. 849 

The acid modification is mainly affected by impregnation ratio, activation temperature and time.  850 

Sirimuangjinda et al. (2012) found that the surface area of H3PO4 treated AC with impregnation 851 

ratio of 1:1, 1:2, 1:3 at 600 for 30 minutes in N2 atmosphere was 557.3, 833.5, 455.1 m2/g, 852 

respectively. However the irregular pore structure obtained at the impregnation ratio of 1:3 due to 853 

the pore collapsing with the excessive modification. Similar phenomenon was observed by Kang 854 

et al. (2010), they found the optimum impregnation content was 0.25 M impregnated H3PO4 for 1 855 

h. The VOCs (toluene and isopropanol) removal efficiencies of H3PO4 treated AC were increased 856 

2ï3% of that of virgin AC. In particular, in the case of 5 or 10 wt.% H2SO4 treated AC under stirring 857 

for 12 h, its surface area and pore volume were decreased from 1067 to 840 m2 g-1 and 0.58 to 0.45 858 

cm3 g-1, respectively. It may be resulted from the erosion of carbon skeletal structure by strong acid. 859 

The micropore surface area and micropore volume were slightly increased after H2SO4 treatment. 860 

It might be in the reason of evolved gas from the oxidation reaction between the acid and materials 861 

on carbon surface, which reopened the closed holes and generating new micropores (Pak et al., 862 

2016). For the activation temperature, Ramos et al. (2010) reported that the increasing acid 863 

activation temperature from 864 to 963  (10 wt% concentration, overnight) reduced the AC yield 864 

owing to the significant release of volatile compounds. The surface area and micropore volume 865 

were increased from 1229 to 1705 m2 g-1, 0.48 to 0.64 cm3 g-1, respectively, and the adsorption 866 

capacity was increased from 322.5 to 506.8 mg g-1. Tu et al. (2015) demonstrated that prolonged 867 

activation time from 1 to 6 h in the 3 M citric acid-modified process had minimal effect on the 868 

textural properties of adsorbent. 869 

The surface chemistry of modified adsorbent is also affected during the acid treatment process. 870 

Aguayo-Villarreal et al. (2017) demonstrated that the phosphate groups (3.25%) were introduced 871 

by H3PO4 treated AC (800 , 1 M for 4 h), which could interact with the hydroxyl group of 1-872 

butanol leading to improving adsorption capacity (237.3 mg g-1) of 1-butanol. Yu et al. (2018) 873 

observed HNO3 modified AC (30 wt.%, 60 for 2 h) containing large amount of carboxylic groups 874 

(0.855 mmol g-1) exhibited an excellent acetone adsorption capacity of 318.9 mg g-1. As shown in 875 

Fig.11, it might be attributed to the combination of the main active site with acetone. On the 876 

contrary, Li et al. (2011) found that uptake amount of hydrophobic o-xylene was reduced 21.6% 877 
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after H2SO4 modification (9 M, 70 ǓC for 2 h). It might be due to introduced oxygen-containing 878 

groups (5.02%) including carboxylic acids, lactones, and phenols. Most of them had acid 879 

characteristics, leading to an acidic surface, which favored adsorbing hydrophilic VOCs. In 880 

addition, Romero-Anaya et al. (2015) noted that the adsorption capacity of acid treated AC for low 881 

concentration of ethanol was depended on the amount of oxygen containing groups, while textural 882 

properties such as the porosity were the dominated factor at high concentration.  883 

 884 

 885 

Fig. 11. Adsorption mechanism of interaction between acetone and carboxylic groups on AC 886 

(Yu et al., 2018). 887 

 888 

Acid treatment enables to improve the development of pore structure and introduce plentiful 889 

oxygen-containing groups of adsorbents, which strengthen the particular interaction between acid 890 

adsorbent surface and hydrophilic VOCs. The adsorption selectivity and adsorption capacity of 891 

adsorbents for VOCs are enhanced by acid treatment. Impregnation ratio, activation temperature 892 

and time are the crucial factors that affect the efficiency of acid treatment, and it is significant to 893 

explore and choice the optimal activation conditions.  894 

 895 

4.2.2. Alkali treatment 896 

Alkali treatment is a well-known method to improve the development of microporosity for 897 

porous materials. The alkali activating agents commonly include potassium hydroxide, sodium 898 

hydroxide, potassium carbonate, etc. Gil et al. (2014) obtained ACs with narrow pore-size 899 

distribution by means of alkali treatment (KOH, NaOH and K2CO3 at 750  for 1 h). The KOH 900 

activated AC with the surface area, total pore volume and micropore volume of 1599 m2 g-1, 0.695 901 

cm3 g-1 and 0.521 cm3 g-1 exhibited the highest toluene adsorption capacity of 700 mg g-1. Similar 902 

phenomenon was observed by Silvestre-Albero et al. (2010), indicating that ACs with different 903 
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KOH/carbon ratio from 1:1 to 4:1 (800  for 2 h) presented high textural development.  The 904 

appropriate alkali treatment can achieve high specific surface area, and well-developed pore 905 

structure, while excessive activation degree may result in the destruction of pore structure due to 906 

the corrosive effect. Yu et al. (2015) proven that optimal NaOH etching time was 72 h at room 907 

temperature for the parent Dt/MFI-type zeolite composite with an increased mesoporosity and 908 

preserved macroporosity and microporosity (benzene adsorption capacity of 50.7 mg g-1). Further 909 

treatment (calcined at 550 ǓC in air for 6 h) broadened the mesopore size distribution, whereas the 910 

macropores sourced from the diatomite support were significantly damaged and a fraction of the 911 

micropores was narrowed to approximately 0.49 nm. 912 

A facile synthesis of porous carbons from silica-rich biochar via a ball-milling assisted KOH 913 

activation (at 750 °C for 1 h) for toluene adsorption was reported by Shen et al. (2019). The resultant 914 

porous carbon with large surface area (1818 m2 g-1) exhibited an ultra-long breakthrough time (2784 915 

min) and ultra-high adsorption capacity (263.6 mg g-1). They suggested that the alkali activation 916 

with a higher mass ratio of KOH contributed to the ash removal, which promoted the development 917 

of pores. The KOH activation of silica-rich biochar proceeded via the following reactions (4-7ï4-918 

11). SiO2 in the biochar could react with KOH/K2CO3 to form K2SiO3 (4-12 and 4-13), which was 919 

subsequently stripped by the washing process (Shen et al., 2019a; 2019b; Kim et al., 2018; Zhang 920 

et al., 2019). The redox process between alkali agents and porous materials at high temperature 921 

might decrease the O/C ratio, which could affect the surface chemistry of adsorbents. Alkali-treated 922 

adsorbents have superior potential for nonpolar VOCs adsorption, rather than polar VOCs (Zhang 923 

et al.; 2019; Kim et al., 2018). It has been confirmed by a mass of investigations that alkali-treated 924 

adsorbents showed higher adsorption capacity of benzene, toluene, o-xylene and methane, while 925 

an opposite behavior in the adsorption of ethanol, acetone.  926 

 927 

6KOH + 2C Ÿ 2K + 3H2 + 2K2CO3    4-7 928 

K2CO3 Ÿ K2O + CO2      4-8 929 

K2CO3 + 2C Ÿ 2K (or K2O) + 3CO     4-9 930 

2K + CO2 Ÿ K2O + CO      4-10 931 

K2O + C Ÿ 2K + CO      4-11 932 

2KOH + SiO2 Ÿ K2SiO3 + H2O     4-12 933 

K2CO3 + SiO2 Ÿ K2SiO3 + CO2     4-13 934 

 935 

Alkali treatment can react with C and SiO2 and broaden the pore structure of adsorbents, which 936 

improve the development of textural properties. Besides, the removal of the oxygen-containing 937 
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groups during the redox process enhances the adsorption capacity of alkali-treated adsorbents for 938 

nonpolar VOCs. The adsorption performance of alkali treated adsorbents are influenced by the 939 

impregnation ratio, temperature and time, while excessive activation often backfires. The co-940 

activation of HCl and NaOH was proved by Zhang et al. (2012) to be a potential method to fabricate 941 

zeolites from coal fly ash. The comprehensively modified adsorbent exhibited superior benzene 942 

adsorption capacity of 151 mg g-1. Zhou et al. (2014) also synthesized zeolite materials by acid 943 

solution (HCl) and mixed alkali solution (NaOH and KOH) pretreatment (at 80  for 2 h) from 944 

the coal fly ash, which had a high adsorptive efficiency up to 69.2 % for benzene vapor. It indicates 945 

that the co-activation of acid and alkali is a promising strategy to develop ideal adsorbents. 946 

 947 

4.2.3. Nitrogen doping 948 

Nitrogen doping by ammonia treatment is a simple and efficient method for tailoring the 949 

textural properties and surface chemistry of porous materials. Some defects and increasing surface 950 

roughness can be observed in the magnification images, and numerous holes on the wall of finger-951 

like pores are generated. Mohammed et al. (2015) obtained ammonia treated AC (6.6 M NH3.H2O, 952 

70  for 2 h) with the lower BET surface area and pore volume (361.8 m2 g-1 and 0.16 cm3 g-1) 953 

compare to bare-AC (478 m2 g-1 and 0.61 cm3 g-1), but it showed higher adsorption capacity on 954 

benzene (63 mg g-1). Similarly, Kim et al. (2018) found that MIL -101-NH2 exhibited high 955 

adsorption capacity on benzene, toluene, p-Xylene, acetone and isopropanol (317, 293, 301, 355 956 

and 321 mg g-1).The BET surface areas and pore volumes of MIL-101-NH2 were significantly 957 

decreased from 3028 to 2070 m2 g-1, 1.84 to 1.28 cm3 g-1, respectively, due to the inclusion of the 958 

NH2 group in the structure.  959 

Guo et al. (2014) observed that Boehm titration results showed that ammonia treated AC (30 960 

wt% NH3.H2O for 12 h at 20 ) had much more basic groups (2.2 mmol g-1) than acidic groups, 961 

phenolic and carboxylic (0.2, 0.1, 0.2 mmol g-1, respectively). It was consistent with the results of 962 

Mohammed et al. (2015), where ammonia treated AC was rich in basic surface functional group 963 

which showed high removal efficiency (91 and 92.3%) of benzene and toluene. Li et al. (2011) 964 

pointed that ammonia treatment enhanced the basic properties of the AC, which was translated into 965 

the increase in the removal efficiency of nonpolar o-xylene by 26.5%. 966 

The improved adsorption performance of nitrogen doped adsorbents for nonpolar VOCs can 967 

be obtained because of the removal of polar functional groups. However, significant decrease on 968 

available surface area and pore volume are inevitable after nitrogen doping, which is due to the 969 

blockage or enlargement of pores.  970 

 971 
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4.2.4. Metal/metal oxide doping 972 

Metal/metal oxide doping is used to enhance the selective adsorption of porous adsorbents by 973 

the interaction between the metal and some specific VOCs molecular. The principle is that porous 974 

adsorbents firstly physically adsorb high valence of metal compounds, and then high valence of 975 

metal compounds are reduced by the surface active groups of porous adsorbents. The strong affinity 976 

between low valence of reduction products and some VOCs molecules can enhance the adsorption 977 

selectivity of porous adsorbents. In general, metal/metal oxide doping changes the surface 978 

chemistry along with the surface polarity of porous adsorbent, so that the predominant adsorption 979 

mechanism is transformed from physical adsorption to chemical adsorption (Aguayo-Villarreal et 980 

al., 2017). Doping with metal species like metal salts (CaCl2, ZnCl2, FeCl3, Cu(NO3)2), metal oxides 981 

(Fe2O3, MgO, CuO) is commonly used for metal-loading method. Up to now, metal/metal oxide 982 

modified technology has been widely applied for VOCs adsorption, and some progress are obtained.  983 

Peng et al. (2018) synthesized Cu-doped mesoporous silica (Cu(NO3)2, at room temperature 984 

for 20 s) for removal of low-concentrated CH3SH. In contrast to the ineffectivity of bare-985 

mesoporous silica, Modified mesoporous silica with 3 wt.% Cu showed much longer breakthrough 986 

time (118 min) of CH3SH adsorption despite the surface area decreased from 678.77 to 567.13 m2 987 

g-1. As shown in Fig.12, It was deduced that surface groups on CuO nanoparticles and the Si-O-Cu 988 

group were highly possibly transformed into a hydrated complex, which was much more effective 989 

in capturing CH3SH with its empty Cu-3d orbit. Similar phenomenon was observed by Wang et al. 990 

(2018), indicating that Cu-doped MOF (30 wt.% Cu(NO3)2) showed the increasing adsorption 991 

capacity (from 103.4 to 114 mg g-1) on benzene due to providing more adsorption sites. Rengga et 992 

al. (2017) found that the surface area of Ag-AC (0.1 M AgNO3 stirred for 1 h under inert 993 

atmosphere) and AC were 685 and 783 m2 g-1, respectively. Formaldehyde tended to be adsorbed 994 

on Ag-AC (119.3 mg g-1) rather than AC (59.3 mg g-1), but the potential adsorption mechanism 995 

was still confused. Aguayo-Villarreal et al. (2017) indicated that the adsorption of toluene was 996 

favored by the Fe2O3 (0.1M FeCl3 calcined at 1000 K for 4 h), which was associated with the 997 

possible interaction of hydrogens of methyl group in toluene molecule with the oxygen of Fe2O3. 998 

In addition, acetaldehyde chemisorption on MgO nanoparticles was investigated by Baur et al. 999 

(2015). It suggested that the interaction between carbonyl group of acetaldehyde and Mg2+ or 1000 

O2īion improved chemical adsorption ability of MgO-doped AC (5 wt. % Mg(NO3)2).  1001 

 1002 
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 1003 

 1004 

Fig. 12. Adsorption mechanism of CH3SH on Cu-doped mesoporous silica (Peng et al., 2018). 1005 

 1006 

Metal/metal oxide doping is mainly in the form of metal salt solution impregnation, which 1007 

greatly enhances the selective chemical adsorption of specific VOCs. The deposition of metal 1008 

nanoparticles leads to the blockage of the outer surface and openings of pore structures, while the 1009 

available surface area and pore volume of modified adsorbents can be reduced. It seems that the 1010 

metal/metal oxide doping is suitable for the uptake of VOCs with low concentration due to the 1011 

limited reaction sites. The potential adsorption mechanism between the metal/metal oxide and 1012 

specific VOCs molecule need to be further explored.  1013 

 1014 

4.2.5. Organic polymer coating 1015 

The porous materials are expected to possess nature of water resistance under the humidity 1016 

condition, whereas most raw materials fail to meet this demand (Liu et al., 2018). The 1017 

hydrophilicity of ACs caused by oxygen-containing surface groups has detrimental influences on 1018 

the VOCs separation in the humid environment. MOFs have the disadvantages of vulnerable 1019 

structures and sensitivity to water, which limit their wide industrial application. The adsorption 1020 

affinity between siliceous material (zeolites and clays) and VOCs in the humid conditions can be 1021 

weakened due to the presence of hydrophilic silanol groups (Mu et al., 2018, Liu et al., 2018, Wang 1022 

et al., 2016). The application of hydrophobic coating technologies for hydrophilic materials is in 1023 

urgent demand. Hydrophobic coating using organic polymer materials with low surface energy, 1024 

such as polydimethylsiloxane (PDMS), trimethylchlorosilane (TMCS), polyacrylonitrile (PAN), 1025 

and polyfurfurylalcohol (PFA), have been widely explored to graft thin films onto adsorbent 1026 

surface (Mu et al., 2018; Liu et al., 2016; Wang et al., 2014; Kim et al., 2012; Machowski et al., 1027 

2016).  1028 

It is reported that organic polymer coating changed both pore structure and surface chemistry 1029 

of adsorbents. As shown in Fig. 13, Kim et al. (2012) observed the roll-up phenomenon in the 1030 

breakthrough curve of toluene on bare-ACF under humid condition, where the breakthrough time 1031 

was decreased from 412.5 (dry) to 339.7 min (humid). After coating PDMS (2 g, 100 ), 1032 
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PDMS/ACF with more hydrophobic surface retained 90 % breakthrough time, and the roll-up 1033 

phenomenon disappeared. Wang et al. (2016) developed hydrophobic functionalized SBA-15-1034 

TMCS (0.5 g, 70  for 24 h), which exhibited selective adsorption of n-hexane (690 mg g-1) in the 1035 

humid condition, and lower water vapor adsorption capacity (65.5 mg g-1) comparing to 1036 

commercial SG and AC. Liu et al. (2016) observed dramatically improved humidity resistance after 1037 

coating PDMS (The mass ratio of PDMS and AC= 100: 1, at 150, 250  for 1 h). When the relative 1038 

humidity increased from 0 to 90%, the decrease on benzene adsorption capacities of bare-AC, 1039 

PDMS/AC-150 and PDMS/AC-250 were 35.5%, 14.3%, 3.96%, respectively. However, the 1040 

surface area of AC decreased from 868 to 811 m2 g-1 after PDMS coating at 250. Liu et al. (2018) 1041 

also found the reduced surface area (from 886 to 744 m2 g-1) and pore volume (from 1.11 to 1.05 1042 

cm3 g-1) in term of silicon phenyl grafted mesoporous silica.  1043 

 1044 

 1045 

Fig. 13. The comparison between bare-ACF and PDMS-coated ACFs (Kim et al., 2012). 1046 

 1047 

The leading role of hydrophobicity and total micropore volume in water adsorption depended 1048 

on the relative humidity condition in the air stream (Pwater/Pair) (Fig. 14). Liu et al. (2016) illustrated 1049 

that hydrophobicity was dominant in Pwater/Pair= 0.1ï0.6, because the surface adsorption of self-1050 

accumulating water clusters was determined by the amount of hydrophilic sites on the adsorbent 1051 

surface. While under the condition of Pwater/Pair= 0.7ï1.0, hydrophobicity and total micropore 1052 

volume both played key role in the water vapor adsorption due to the adsorption mechanism of 1053 

pore filling along with surface adsorption.  1054 
















