journal of environmental sciences 105 (2021) 184–203

Available online at www.sciencedirect.com

www.elsevier.com/locate/jes

Review

Potential applications of porous organic polymers
as adsorbent for the adsorption of volatile organic
compounds
Shuangchun Lu 1,2, Qingling Liu 1,2,∗, Rui Han 1,2,∗, Miao Guo 1,2, Jiaqi Shi 1,2,
Chunfeng Song 1, Na Ji 1,2, Xuebin Lu 1, Degang Ma 1
1 Tianjin

Key Lab of Indoor Air Environmental Quality Control, School of Environmental Science and Technology,
Tianjin University, Tianjin 300350, China
2 State Key Laboratory of Engines, Tianjin University, Tianjin 300350, China

a r t i c l e

i n f o

a b s t r a c t

Article history:

Volatile organic compounds (VOCs) with high toxicity and carcinogenicity are emitted from

Received 1 September 2020

kinds of industries, which endanger human health and the environment. Adsorption is a
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promising method for the treatment of VOCs due to its low cost and high efficiency. In re-
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cent years, activated carbons, zeolites, and mesoporous materials are widely used to re-
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move VOCs because of their high specific surface area and abundant porosity. However, the
hydrophilic nature and low desorption rate of those materials limit their commercial ap-
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plication. Furthermore, the adsorption capacities of VOCs still need to be improved. Porous

Porous organic polymers

organic polymers (POPs) with extremely high porosity, structural diversity, and hydrophobic

Volatile organic compounds

have been considered as one of the most promising candidates for VOCs adsorption. This

Adsorption superiority

review generalized the superiority of POPs for VOCs adsorption compared to other porous

Competitive adsorption

materials and summarized the studies of VOCs adsorption on different types of POPs. Moreover, the mechanism of competitive adsorption between water and VOCs on the POPs was
discussed. Finally, a concise outlook for utilizing POPs for VOCs adsorption was discussed,
noting areas in which further work is needed to develop the next-generation POPs for practical applications.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Volatile organic compounds (VOCs) are a series of organic
compounds with a boiling point of 50–260°C at atmospheric
pressure and saturated vapour pressure over 133.32 Pa at room
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temperature, which has complex components, including saturated alkanes, aromatic hydrocarbons, halogenated hydrocarbons, alcohols, aldehydes, ketones, olefins, and ethers
(Chiang et al., 2002; Wolowiec et al., 2017; Zhang et al., 2019a;
Zhong et al., 2012) (Table 1). According to the VOCs emission inventory during 1990–2017 in China (Fig. 1) (Li et al.,
2019), industrial emissions and solvent utilization are the primary sources leading to an increase of the total VOCs. It is
estimated that by 2020, 2030, and 2050, VOCs emissions will
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Table 1 – Classification of VOCs.
Category

VOCs

Relative molecular mass

Boiling point (°C)

Kinetic diameter (nm)

Saturated
alkanes

Cyclohexane
n-Hexane
Ethane
Propane
Ethylene
Propene
Butene
Acetylene
Benzene
Toluene
Xylene
Naphthalene
Ethylbenzene
Methanol
Ethanol
Acetone
Ethyl acetate
Dichloromethane
1,2-Dichloroethane
Trichloroethylene
Chlorobenzene

84.16
86.18
30.07
44.09
28.06
42.08
56.1
26.04
78.11
92.14
106.16
128.18
106.16
32.04
46.07
58.08
88.11
84.93
98.96
131.39
112.56

80.7
69
-88.6
-42.09
-104
-47.4
-6.90
-83.8
80.1
110.6
144.4
217.9
136.2
64.7
78.3
56.53
77
39.75
83.5
87.1
132.2

0.6
0.43
0.44
0.43
0.41
0.46
0.45
0.33
0.59
0.53
0.68
0.58
0.36
0.45
0.46
0.5
0.49
0.73
-

Unsaturated
alkenes
and
alkynes
Aromatic
hydrocarbons

Oxygencontaining
VOCs
Chlorinated
VOCs

Fig. 1 – Non-methane volatile organic compound (NMVOC)
emissions in China for the period from 1990 to 2017. OFP:
total ozone production potential. Reprinted with
permission from Li et al. (2019).

reach 33.4, 61.2, and 135.5 Tg/year, respectively (Zheng et al.,
2017). Most VOCs are highly toxic and carcinogenic and damage to the human respiratory and immune systems. Prolonged
contact with VOCs in a closed space can cause dizziness,
headache, memory and visual disturbances, and even death.
Furthermore, VOCs can undergo photochemical reactions under proper climatic conditions, which are the main reasons for
stratospheric ozone depletion and regional ozone formation
(Adjimi et al., 2014; Liu et al., 2018; Yi et al., 2009). Fig. 1 shows
a strong correlation between VOCs emissions and total ozone
production potential (OFP). The destruction of the ozone bal-

ance will have a more profound and long-term impact on the
ecosystem. Therefore, it is significant and urgent to control
VOCs emission.
Several techniques have been researched for the control of
VOCs, which can be divided into recovery technologies and
destruction technologies. The recovery technologies include
absorption, condensation, adsorption, and membrane separation; the destruction techniques include incineration, photocatalytic, catalytic combustion, plasma catalysis, and biological degradation (Li et al., 2020c). The destruction methods convert VOCs into CO2 and H2 O consuming lots of energy and
often produce toxic byproducts, while, the recovery methods
with simple reaction conditions are usual economic-friendly.
Among the recovery methods, adsorption technology is considered as an economical and clean way to the treatment of
VOCs due to its low cost and high effectivity (Hussein and
Ahmed, 2016; Sui et al., 2019; Zhang et al., 2019d).
Adsorbents are a crucial factor for VOCs adsorption. Activated carbons, zeolites, mesoporous materials are widely used
to remove VOCs due to their high surface area and abundant porosity (Chingombe et al., 2005; Kim and Ahn, 2012;
Zaitan et al., 2016). Nonetheless, the hydrophilic nature and
low desorption rate hinder their application, and the adsorption capacities of VOCs still need to be improved. Thus, developing effective adsorbents for VOCs are of great significance.
Porous organic polymers (POPs) are a unique type of porous
material connected by covalent bonds to form pores. The
frameworks are mainly connected by light elements such as C,
H, N, O, and B, which make the structure with low density, excellent stability, and high specific surface area (Dawson et al.,
2012; Thomas, 2010). POPs have been applied in many fields,
such as gas adsorption (Furukawa and Yaghi, 2009; Han et al.,
2008; Modak et al., 2012), gas separation (Lau et al., 2015;
Yu et al., 2017), catalysis (Chen et al., 2010; Kaur et al., 2011),
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and water on the POPs were also discussed. Finally, we analyzed the challenges and prospects of VOCs adsorption on the
POPs. This article offers valuable insights into the applicability
of POPs while improving the skills and strategies needed for
designing and constructing efficient forms of POPs for eliminating VOCs.

1.

Superiority of POPs for VOCs adsorption

The pore structure and chemical functional groups of adsorbents are crucial factors for VOCs adsorption. POPs with the
unique characteristics can achieve structural diversity by the
design of monomers, which can control the surface area, pore
size, and hydrophobicity/hydrophilicity of the materials, thus,
affecting the adsorption performance of VOCs.

1.1.

Fig. 2 – Classification of porous organic polymers (POPs) and
their superiority for VOCs adsorption.

chemical sensors (Gu et al., 2016; Ma et al., 2019), and energy storage (Kou et al., 2011). POPs can be divided into the
following categories (Fig. 2) (Budd et al., 2004; Cote et al.,
2007; Tsyurupa and Davankov, 2002; Xu et al., 2013): hypercrosslinked polymers (HCPs), conjugated microporous polymers (CMPs), polymers of intrinsic microporosity (PIM), porous
aromatic frameworks (PAFs) and covalent organic frameworks
(COFs). Compared with inorganic or inorganic-organic hybrid porous adsorbents, POPs have unique advantages in
the adsorption of VOCs, such as attractive skeleton structure, adjustable pore structure, high specific surface area,
and superhydrophobicity. In 1996, Simpson et al. (1996) used
polystyrene polymers modified by Fuchs reaction as adsorbents to study their adsorption property for various VOCs.
The results showed that the adsorption capacities of the
polystyrene polymers for various VOCs were significantly
higher than that of activated carbon and commercial resins
under the lower concentration, especially for the VOCs in the
humid environment. Therefore, POPs are a meaningful candidate for the VOCs adsorption.
To date, several reviews have been carried out to assess
the adsorption capacities of inorganic or inorganic-organic
hybrid porous adsorbents, e.g., activated carbons (Pui et al.,
2019), graphene-based nanomaterials (Kumar et al., 2020), zeolites (Veerapandian et al., 2019), metal-organic frameworks
(Kumar et al., 2019), metal-organic frameworks/carbon composite (Zhu et al., 2019b). However, to our knowledge, no review has specifically focused on the adsorption of VOCs by
POPs. This review was hence organized to explore the basic
knowledge on the applications of POPs toward the adsorptive
removal of VOCs. We first discussed the superiority of POPs for
VOCs adsorption, then summarized the adsorption of VOCs
on different types of POPs. Furthermore, the mechanism and
critical factor for the competitive adsorption between VOCs

High specific surface area

The specific surface area is an essential factor for adsorbents, which can provide more adsorption sites for VOCs
adsorption. Many studies have shown that the specific surface area of adsorbents and the VOCs adsorption capacity
has a positive linear relationship (Das et al., 2004; Gao et al.,
2010). Fig. 3a shows the specific surface area scope of various adsorbents. Compared with other types of absorbents,
POPs have significant advantages in specific surface area. In
2002, McKeown et al. (2002) reported a purely organic polymer network comprised of porphyrin units, which exhibited the specific surface areas of almost 1000 m2 /g, attracting widespread concern. Following that, several COFs with
high porosity and specific surface area over 4000 m2 /g have
been synthesized, much higher than most zeolites and many
metal-organic frameworks (MOFs), and exhibit excellent adsorption capacities for ethane and ethylene (Baldwin et al.,
2016; El-Kaderi et al., 2007). In 2009, well-known porous
aromatic frameworks (PAF-1) with an extremely high specific surface area of 5640 m2 /g was synthesized. The superhydrophobicity and high specific surface area of PAF-1 resulted in extremely high adsorption capacities of benzene and
toluene vapors at room temperature with values of 1306 and
1357 mg/g, respectively (Ben et al., 2009). Because PAF-1 has
record-high porosity among the known amorphous porous
materials at that time, it is considered to be a milestone in
the porous organic frameworks engineering. Following that,
Yuan et al. (2011a) synthesized porous polymer networks with
the specific surface area of 6461 m2 /g, which is the highest surface area among reported porous materials. Therefore, POPs
have a well-developed pore structure and high specific surface
area compared with inorganic adsorbents, which are beneficial to VOCs adsorption.
In addition, we also compared the pore volume and pore
size among POPs and other adsorbents. Fig. 3b shows the pore
volume of various adsorbents. It can be seen that POPs have
large pore volume, much higher than most zeolites and many
activated carbons. The pore size of various adsorbents is summarized in Fig. 3c. POPs have a wide range of pore size distribution, which is conducive to the adsorption of VOCs with
different sizes.
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Fig. 3 – (a) Specific surface area; (b) pore volume and (c) pore size of different adsorbents. ACs: activated carbons; CHA:
chabazite; PKU-15: a novel quasi-zeolite; KIT-6: ordered mesoporous silica; SAPO-44: silico-aluminophosphate zeolite; HY,
ZSM-5, NaY, and KFI: silica-alumina zeolite; MOFs: metal organic frameworks; Cu-TDPAT: diverse MOFs; UiO-66(Zr),
UiO-67(Zr): zirconium MOF; ZIF-67: zeolitic imidazolate frameworks; BUT-66: zirconium MOF; HKUST-1: copper benzene
tricarboxylate; MIL: Matériaux Institut Lavoisier; POPs: porous organic polymers; HCPs: hyper-crosslinked polymers; PAF:
porous aromatic frameworks; BO-CMP: conjugated microporous polymers; PPN-4: porous polymer networks; COP-20:
covalent organic polymers. (Ramos et al., 2010; Rani and Srivastava, 2019; Romero-Anaya et al., 2010; Saha et al., 2018;
Sakthivel et al., 2013; Shafiei et al., 2018; Song et al., 2005; Vellingiri et al., 2017; Vikrant et al., 2020; Vo et al., 2020; Wang et
al., 2020; Xiang et al., 2015; Xie et al., 2018; Carter et al., 2011; Xie et al., 2020; Yang et al., 2011; Yang et al., 2018; Yang et al.,
2019; Yang et al., 2014a; Yang et al., 2016; Chang et al., 2016a; Yin et al., 2020; Yuan et al., 2019; Chang et al., 2016b; Zhang et
al., 2019c; Zhao et al., 2015; Zhou et al., 2019; Zhu et al., 2019a; Corma et al., 2020; Cosseron et al., 2013; Du et al., 2020; Fu et
al., 2017; Furukawa et al., 2010; Arab et al., 2014; Gao et al., 2016a; Gil et al., 2014; Hu et al., 2018; Izquierdo et al., 2013; Aziz
and Kim, 2017; Jin et al., 2016; Jiun-Horng et al., 2008; Kim and Ahn, 2010; Kraus et al., 2018; Kuhn et al., 2008; Lashaki et al.,
2016; Li et al., 2020a; Li et al., 2017; Li et al., 2020b; Liang et al., 2016; Liao et al., 2019; Liu et al., 2015; Liu and Yu, 2018;
Llewellyn et al., 2008; Msayib and McKeown, 2016).
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Fig. 4 – (a) Atomistic simulations for rigid microporous poly(aryleneethynylene) networks networks with different strut
lengths. Reprinted with permission from Jiang et al. (2008), American Chemical Society; (b) Synthesis of alkyl functionalized
covalent organic frameworks (COFs) through condensation of benzene-1,3,5-triboronic acid and
2,6-disubstituted-1,2,4,5-tetrahydroxybenzene in tetrahydrofuran and methanol. Reprinted with permission from
Tilford et al. (2008), John Wiley and Sons; (c) Co-condensation of boronic acid building blocks to give 2D COFs (COF-6, -8, and
-10) having systematically designed porous structures. COF illustrations are to scale. Coloring scheme: C, grey; H, white, B,
orange, O, red. Reprinted with permission from Cote et al. (2007), American Chemical Society. BTBA: 1,3,5-benzenetriboronic
acid; HHTP: hexahydroxytriphenylene; BPDA: 4,4 -biphenyldiboronic acid; BTPA: 1,3,5-benzenetris(4-phenylboronic acid);
THF: tetrahydrofuran.

1.2.

Adjustable pore structure

The pore structure is one of the critical properties to be discussed and characterized for VOCs adsorption, which significantly affect the adsorption capacity and the selectivity of
VOCs over other gases. Also, by adjusting the pore structure
of POPs, the adsorption of various VOCs with different molecular sizes can be achieved. Porous materials can be divided
into micropore (<2 nm), mesopore (2–50 nm), and macropore (>50 nm) depending on the pore size (Chung et al., 2017;
Zhang et al., 2017). Some studies demonstrated that micropores were the main adsorption sites while mesopores played a
role in reducing mass transfer resistance (Kim and Ahn, 2012;
Wang et al., 2015a; Yamamoto et al., 2010). Compared with traditional porous adsorbents, POPs have abundant micropores.
In 2008, Cooper group (Jiang et al., 2008) first controlled the
pore properties of CMPs materials by adjusting the length of
the linking group. With the linking groups increasing, the pore
size and pore volume of the polymer showed a gradually increasing trend (Fig. 4a). Tilford et al. (2008) proposed a facile
synthetic approach to synthesize alkyl functionalized COFs
with pore diameters of 1.1 to 1.8 nm and introduced these hydrophobic and sterically bulky groups could control the pore
size of COFs (Fig. 4b). Therefore, grafting organic functional

groups on the surface of POPs is another way to adjust its pore
structure (Ding and Wang, 2013; Feng et al., 2012; Weder, 2008).
Furthermore, using the raw materials with various geometric shapes has also been proved as an effective method to
control the pore size and structure of the materials (Fig. 4c).
Kinds of 2D COFs with pore sizes of 6.4 to 34.1 Å were synthesized by bornoic acid building blocks with different structures
(Cote et al., 2007).

1.3.

Hydrophobic

Most exhaust gases contain a large amount of water vapor,
forming competitive adsorption with VOCs, which affect the
adsorption capacity of VOCs. The outstanding advantage of
POPs as adsorbents is their inherent hydrophobicity, which
makes POPs have a great advantage in VOCs adsorption under
humidity conditions. Some hydrophobic organic monomers
or structural units are often used to construct POPs (Li et al.,
2011). Two novel porous copolymers with the phenyl and
methylene linkers were synthesized by triphenylamine and
4,4 -bis(chloromethyl)biphenyl, which showed excellent hydrophobic and affinity for aromatic and aliphatic compounds
(Yang et al., 2014b). Besides, POPs can be modified by vari-

journal of environmental sciences 105 (2021) 184–203

189

Fig. 5 – Synthesis process of hypercrosslinked polymers. Reprinted with permission from Bien (2015), Shanghai Institute of
Organic Chemistry, Chinese Academy of Sciences.

ous organic functional groups to increase their hydrophobicity
and affinity for organic molecules.

1.4.

Structure stability

High stability is indispensable for POPs to maintain the porous
skeleton and ensure adsorption-desorption cycle property.
The covalent bond of POPs is a stable chemical bond that enables the POPs to withstand the adsorption-desorption environment. The mass of PAF-32 constructed from tetrahedral
monomers via the Friedel-Crafts alkylation reaction did not
decrease significantly until the temperature exceeded 400°C,
indicating high stability (Jing et al., 2013). The covalent organic polymers (COPs) prepared from a nitroaromatic compound exhibited high thermal stability under air atmosphere,
up to about 400°C (Patel et al., 2013). The asymmetric covalent triazine framework was thermally stable up to 500°C under oxygen atmosphere (Huang et al., 2018). The ultra-stability
of POPs guarantees the integrity of their structure during the
pretreatment and thermal desorption. Furthermore, the thermal stability of POPs makes it have great potential for VOCs
adsorption under medium and high temperatures.

2.

Different POPs for VOCs adsorption

2.1.

Hyper-crosslinked polymers (HCPs)

HCPs are a type of polymer formed by dense crosslinking to prevent the tight packing of polymer chains. Their
high specific surface area, simple reaction, and low preparation cost pay more attention by scholars (Ahn et al., 2006;
Lee et al., 2006; Zhang et al., 2019b). In 2002, Davankov
group (Tsyurupa and Davankov, 2002) synthesized the porous
polystyrene structure and first proposed the concept of hypercrosslinked microporous polymer. And then, a series of HCPs
have been studied. The synthesis of HCPs is mainly based on
Friedel–Crafts chemistry, and this reaction carries out quickly
to form strong linkages, creating a highly crosslinked network
with high porosity (Fig. 5). HCPs are mainly prepared by the following methods (Bien, 2015; Lee et al., 2006; Wood et al., 2007):
(1) Post-crosslinking of polymer precursors containing functional groups; (2) One-step self-condensation of functionalized small-molecule monomers; (3) Through diplomatic linking agents Woven "rigid aromatic monomer.
Long et al. (2010) investigated the adsorption of benzene and chlorobenzene vapor by a microporous hyper-

crosslinked polystyrene (HP) adsorbent synthesized by the
chloromethylated copolymer of styrene–divinylbenzene via
post-crosslinking step. The adsorption efficiency of benzene and chlorobenzene both reached above 99% before the
breakthrough point occurred, even in the presence of competitive adsorption. In the actual conditions, the hydrogen
chloride gas had hardly effect on the adsorption of benzene and chlorobenzene. Hypercrosslinked polymers with a
predominantly microporous structure are promising adsorbents for VOCs adsorption (Baya et al., 2000; Long et al.,
2012a). However, the micropores limit the diffusion and adsorption performance of VOCs at high relative pressure. Introducing mesopores can significantly enhance the adsorption/desorption performance and diffusion rate of the materials. A series of micro-mesoporous hypercrosslinked polymers can be achieved by suspension polymerization and
post-crosslinking process. The novel hypercrosslinked polymeric with microporous and mesoporous structures have
been reported by Zhang et al. (2012), which possessed a
high specific surface area (1300 m2 /g) and large pore volumes. They exhibited high adsorption capacities at a high
relative pressure (P/P0 = 0.8), which could reach 600 mg/g.
Long et al. (2012b) and Wu et al. (2012) synthesized a novel
hypercrosslinked polymeric adsorbent (HY-1) with a high specific surface area and bimodal pore size distribution. It possessed a higher adsorption capacity of benzene (498 mg/g)
and methyl ethyl ketone (465 mg/g). Besides, the adsorption of pentane, hexane, and heptane on the HY-1 was also
studied, and all exhibited good adsorption performances.
Wang et al. (2014b) investigated the dichloromethane and 2butanone adsorption properties on the well-developed micromesoporous hypercrosslinked polystyrene-based adsorbents.
The adsorption capacity for dichloromethane and 2-butanone
achieved 1345.3 and 853.5 mg/g, respectively, due to the
high specific surface area and large micropore and mesopore volumes. A novel hyper-cross-linked organic microporous polymer (HOMP) with microporous-mesoporous structure was synthesized by alternating free-radical copolymerization of bismaleimide and divinylbenzene (DVB) (Fig. 6a)
(Gao et al., 2016b). The adsorption of benzene and cyclohexane
were performed on HOMPs synthesized with different types
of bismaleimides, including N,N -1,3-phenylenedimaleimide
(m-PDM), N,N -1,4-phenylenedimaleimide (p-PDM), N,N -4,4 diphenylmethane-bismaleimide (BDM), and N,N -(4-methyl1,3-phenylene)bismaleimide (BMP). The results showed that
the obtained polymers had a high specific surface area, excellent thermal stability and strong acid resistance, and m-
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Fig. 6 – (a) Preparation and adsorption process of bismaleimide-based hyper-cross-linked organic microporous polymers
(HOMPs) and (b) organic vapor adsorption at room temperature for BDM-DVB, BMP-DVB, m-PDM-DVB, p-PDM-DVB, and
activated carbon. AIBN: 2,2 -Azobis(2-methylpropionitrile); DMF: N,N-dimethylformamide; m-PDM:
N,N -1,3-phenylenedimaleimide; p-PDM: N,N -1,4-phenylenedimaleimide; BDM: N,N -4,4 -diphenylmethane-bismaleimide;
BMP: N,N -(4-methyl-1,3-phenylene)bismaleimide; DVB: divinylbenzene. Reprinted with permission from Gao et al. (2016b),
American Chemical Society.

PDM-DVB possessed a higher absorption capacity of benzene (545 mg/g) and cyclohexane (1736 mg/g) (Fig. 6b).
A macroporous polymeric and hypercrosslinked polymeric
were also used as adsorbents for the n-hexane adsorption.
The macroporous polymeric with large mesopores showed
higher n-hexane adsorption capacities compared with hypercrosslinked polymeric under the higher pressure (Long et al.,
2013). Table 2 summarizes the VOCs adsorption performances
of different HCPs. Overall, HCPs have various synthesis methods, excellent structural properties, and simple synthesis process, making them potential adsorbent for VOCs adsorption.

2.2.

Conjugated microporous polymers (CMPs)

CMPs construct from a π -conjugated skeleton, and the entire
network is conjugated alternately with π -conjugated or π -σ
bonds, which are the first microporous organic materials with
adjustable pore properties. The material was first reported by
Cooper group in 2007, and its skeleton structure is shown in
the blue part of Fig. 7 (Jiang et al., 2007). After that, lots of
CMPs materials with conjugated ethynyl network structure
are obtained. The CMPs materials have rigid structures with
π -conjugation, high specific surface areas, and excellent
chemical stability, which have attracted more and more attention from researchers. Table 3 summarizes the VOCs adsorption performances of different CMPs.
Porphyrins with 18-electron π systems are one of the interesting types of large conjugated macrocycles, which have
been used as building blocks to construct high-porosity CMPs
(Chen et al., 2010). Wang et al. (2013b) prepared porphyrinbased porous covalent porphyrin framework (PCPF-1) with a
large specific surface area and high hydrophobicity (Fig. 8a),
and these characteristics provided excellent uptake capacities for saturated hydrocarbons (Fig. 8b). The vapor adsorption capacities (n-pentane, n-hexane, n-heptane, n-octane, cyclopentane, and cyclohexane) of PCPF-1 at 298 K were about

five times higher than that of the hydrophobic MOF, and also
far exceeded that of the activated carbon.
Using computational methods to study the structure and
application of CMPs is a novel and efficient tool. CMP sheets
with high hydrophobic are composed of alternative phenylene and ethynylene units, then the VOCs adsorption properties of this CMP nanosheet are discussed via a computational
study. The average adsorption energy for different VOCs was
calculated (Fig. 9a), and the binding site of VOCs was analyzed
from the different views (Fig. 9b). The results show that VOCs
can be spontaneously adsorbed on the CMP surface through
H…π stacking at physisorption distances (2.6–3.2 Å) (Fan et al.,
2019).
The porosity of CMPs networks is crucial for the adsorption,
and previous research showed that changing the length and
size of the structural building monomer could fine-tune the
aperture size of the CMP networks (Jiang et al., 2007). Moreover,
adding substituents group to the nodes helps to enhance the
binding energy between CMPs and adsorbates, which may improve the adsorption capacity of CMPs for organic molecules
(Fan et al., 2016). However, the synthesis process of CMPs depends on noble metal catalysts or expensive transition metal
catalysts, such as palladium (Pd) catalyst (Doucet and Hierso, 2007; Sun et al., 2013) and Ni (Schmidt et al., 2009). Moreover, monomers used to synthesize CMPs are complicated,
which generally contain ethynyl groups or spiro ring structures (Jiang et al., 2010; Yuan et al., 2009). Both of those limits
their large-scale practical applications.

2.3.

Porous aromatic frameworks (PAFs)

The PAFs family has developed strongly over the years. It is a
new type of polymer network material with inherent micropores. The open skeleton structures are composed of aromatic
molecules and connected by a covalent bond, which can be
used as a carrier for small molecule guests. PAFs can be con-

191

journal of environmental sciences 105 (2021) 184–203

Table 2 – VOCs adsorption of hyper-crosslinked polymers (HCPs).

Adsorbents

BET (m2 /g)

Hypercrosslinked
polystyrene (HP) sorbent
Micro-mesoporous
hypercrosslinked
polymeric
Hypercrosslinked
polymeric adsorbent
(HY-1)
Micro-mesoporous
hypercrosslinked
polymeric adsorbents
(MM-3)
Hyper-cross-linked
polymer
Hydrophobic
hypercrosslinked
polymer (LC-1)

1020.7
1187.09-1328.67

1244.42

1606

1345
820.6

Adsorption
conditions

Adsorbates

Adsorption
capacity (mg/g)

303 K, 2.5 KPa
303 K, 2.5 KPa
P/P0 = 0.8

Benzene
Chlorobenzene
n-Hexane

320.0
520.0
500-600

Long et al., 2010

293 K, 60 KPa
293 K, 20 KPa
293 K, 4 KPa
308 K, P/P0 = 1

Pentane
Hexane
Heptane
Dichloromethane

484.6
466.0
510.7
1345.3

Wu et al., 2012

308 K, P/P0 = 1
298 K, P/P0 = 0.8
303 K, 8 KPa

2-Butanone
Benzene

853.5
1394.3
950.0

Zhang et al., 2012

Wang et al., 2014b

Wang et al., 2016
Long et al., 2011

Trichloroethylene
303 K, 22 KPa

1000.0.

1394
1130

298 K, P/P0 = 0.9
298 K, P/P0 = 1

Trichloromethane
1,2Dichloroethane
Benzene
Toluene

841

298 K, P/P0 = 1
298 K, 0.06 MPa
298 K, 0.06 MPa

Formaldehyde
Benzene
Cyclohexane

303 K, 9 KPa
HCP-0.5
Hypercosslinked
carbazole-based porous
organic polymers
(CPOP-19)
Polymers (m-PDM-DVB)

References

8000
1496.6
672.0

Wang et al., 2015b
Pan et al., 2015

11.2
545
1736

Gao et al., 2016b

Fig. 7 – Structure of conjugated microporous polymers (CMP-1). Reprinted with permission from Jiang et al. (2007), John
Wiley and Sons

sidered as a conjugated microporous organic polymer with
pure benzene ring structure. Ben and co-workers first reported
PAF in 2009 (Ben et al., 2009), and this material exhibited excellent adsorption performance for benzene and toluene (Fig. 10).
After that, PAFs with different specific surface area, pore volume and pore size have been synthesized via various building units and coupling reactions. PAFs can withstand harshly
acidic, alkaline, and humid environments, which are essential for their applications in the industry (Ben et al., 2011;
Kim et al., 2019).

PAFs have typically hydrophobic structure owing to the existence of benzene rings and carbon-carbon covalent linkages.
The hydrophobicity of PAFs contributes to enhancing the adsorption capacities of more aromatic organic compounds such
as benzene and toluene. Ren et al. (2011) reported a new PAF
material that synthesized using Yamamoto-type Ullmann’s
reaction. It exhibited excellent adsorption performance for
benzene, methanol, and toluene at saturated vapor pressures,
reaching 11.74, 29.16, and 11.53 mmol/g, respectively. Then, A
novel 3D PAF (PAF-2) composed of tetrahedral and triangu-
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Fig. 8 – (a) Synthetic route for porphyrin-based porous covalent porphyrin framework (PCPF-1) using
5,10,15,20-tetrakis(4-bromophenyl)porphyrin as a building block and (b) adsorption isotherms of PCPF-1 for the vapors of
various saturated hydrocarbons at 298 K (the saturation pressures of n-pentane, n-hexane, n-heptane, n-octane,
cyclopentane, and cyclohexane are 684.8, 203.5, 60.7, 18.7, 423.6, 131.3 mbar, respectively). Ni(COD)2 :
bis(1,5-cyclooctadiene)nickel(0). Reprinted with permission from Wang et al. (2013b), Royal Society of Chemistry.

Fig. 9 – (a) Binding energies at different adsorption sites for different CMP-VOC complexes; (b) Top view and side view of
optimized structures of the CMP-VOCs systems. ࢞Ebinding : binding energy. CMP: conjugated microporous polymers; VOCs:
volatile organic compounds. Reprinted with permission from Fan et al. (2019), Elsevier.
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Table 3 – VOCs adsorption of conjugated microporous polymers (CMPs) and porous aromatic frameworks (PAFs)

Adsorbents

BET (m2 /g)

PAF-5

1503

PAF-1

5640

PAF-11

952

PAF-19 and PAF-20

250 and 702

Covalent organic
polymers (COP-177)

536

CMP-50
Porphyrin-based
porous covalent
porphyrin
framework (PCPF-1)

880
1300

Adsorption
conditions
298 K, P/P0
298 K, P/P0
298 K, P/P0
298 K, P/P0
298 K, P/P0
298 K, P/P0
298 K, P/P0
298 K, P/P0
298 K, P/P0
298 K, P/P0
298 K, P/P0
298 K, P/P0
308 K
298 K, P/P0
298 K, P/P0
298 K, P/P0
298 K, P/P0
298 K, P/P0
298 K, P/P0

=1
=1
=1
=1
=1
=1
=1
=1
=1
= 0.8
= 0.8
= 0.8
=1
=1
=1
=1
=1
=1

Adsorbates

Adsorption capacity
(mg/g)

Methanol
Benzene
Toluene
Benzene
Toluene
Benzene
Toluene
Methanol
Benzene
Toluene
n-Hexane
Methanol
Benzene
n-Pentane
n-Hexane
n-Heptane
n-Octane
Cyclopentane
Cyclohexane

949
1286
1114
1306
1357
874
780
609
1038
371.3
266.8
252.8
516.3
456.0
623.0
752.0
737.0
909.0
1030.0

References
Ren et al., 2011

Ben et al., 2009
Yuan et al., 2011b
Yan et al., 2013
Kim et al., 2019

Wang et al., 2014a
Wang et al., 2013b

Fig. 10 – Benzene and toluene adsorption capacity on porous aromatic frameworks (PAF-1). Reprinted with permission from
Ben et al. (2009), John Wiley and Sons.

lar nodes was successfully prepared, which possessed high
specific surface area, excellent thermal and chemical stability. Besides, because of the π –π interaction between the benzene and the aromatic framework of PAF-2, it exhibited excellent adsorption capacity of benzene compared to cyclohexane (Ren et al., 2010). Tian and coworkers synthesized
an ionic PAF with imidazolium functional groups, which exhibited the highest adsorption desulphurization capacity for
dibenzothiophene compared with other reported porous materials, reaching 769.23 mg/g (Jiang et al., 2014; Tian et al.,
2019). The VOCs adsorption performances on the different
PAFs were collected in Table 3.
PAFs are entirely composed of organic structural units,
which make it easy to study the adsorption and diffusion behaviors of guest molecules in the channels. However, the re-

liance on precious metal catalysts in the synthesis of PAFs
hinders their use in the industrial application. The preparation of PAFs with high porosity and low cost is of considerable
significance to practical applications. Besides, the amorphous
structure of PAFs hinders the understanding of their adsorption behaviors, and combing with appropriate computational
simulations are more helpful for the structural design and application of PAFs.

2.4.

Other POPs

PIMs are formed by rigid and twisted spatial structures to prevent dense chain packing. In 2014, Song et al. (2014) prepared
PIM-1 with a three-dimensional cross-linked network, which
achieved selective diffusion of molecules. The main difference

194

journal of environmental sciences 105 (2021) 184–203

Fig. 11 – (a) Synthesis of DBA-3D-COF 1 using tetra(4-dihydroxyborylphenyl)methane (TBPM) and dehydrobenzoannulene
(DBA) units followed by metalation with Ni(COD)2 to produce Ni-DBA-3D-COF; (b) Ethane (left) and ethylene (right)
adsorption/desorption isotherms for DBA-3D-COF 1 (circle) and Ni-DBA-3D-COF (square). 3D-COF: three-dimensional (3D)
covalent organic frameworks. Reprinted with permission from Baldwin et al. (2016), American Chemical Society.

between PIMs and other POPs is that some linearly extended
PIMs are soluble in organic solvents and easy to form films,
performing gas separation. Crosslinking of polybenzodioxane
PIM-1 with polyethylenimine and aluminium chloride shows
the excellent separate property of mixtures of arenes and polar solvents (Putintseva et al., 2019).
COFs with high crystalline structures are formed by the reversible reaction of covalently bonded organic monomers under thermodynamic control. They have physical and chemical stability, which were first reported in 2005 (Cote et al.,
2005). COFs are comprised of lightweight elements with low
density, which make them become excellent candidates for
gas adsorption and storage. Baldwin et al. (2016) synthesized
highly porous 3D COF with low density and introduced Ni into
the structure to adsorb ethane and ethylene gas (Fig. 11a).
It displayed excellent adsorption capacities. And it was interesting that the ethylene increased adsorption capacity of
the metalated Ni-dehydrobenzoannulene (DBA)-3D-COF was
higher than that of ethane, which may attribute to the open
Ni(0) polarizing ethane (Fig. 11b). To the separation of small
molecules, Ma and coworkers (Ma et al., 2013) synthesized
COF with tetra(4-dihydroxyborylphenyl)methane (TBPM) as a

building block and 1,2,4,5-tetrahydroxybenzene as a linear
linking unit. The sample had a uniform pore size of 0.64 nm,
which exhibited excellent adsorption selectivity to C3 H8 /CH4
and C2 hydrocarbon/CH4. COFs are a type of crystalline porous
materials with uniform pore size and ordered structure, which
is different from other POPs. The low density, large specific
surface areas, and the regular pore structures have provided
the COFs with significant advantages in VOCs adsorption.

3.
Mechanism of competitive adsorption
between water and VOCs on the POPs
In the actual industrial process, exhaust gas usually contains
a high concentration of water vapor. For VOCs adsorption, the
existence of water vapor can compete with VOCs and negatively affect the adsorption performance (Kaplan et al., 2006;
Marban and Fuertes, 2004; Qi et al., 2006). Hence, it is important to understand the adsorption characteristics of water vapor and VOCs on adsorbents. The factors affecting the adsorption of VOCs by POPs include the specific surface area, pore
structure, and functional groups. However, the adsorption of
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Fig. 12 – Mechanism of water sorption in each stage. Reprinted with permission from Liu et al. (2017), Elsevier.

water vapor by POPs mainly depends on the interaction between water molecules and functional groups (Byun et al.,
2019). Thus, the functional groups are the crucial factor for the
competitive adsorption of VOCs and water on the POPs.

3.1.

Oxygen-containing functional group

It is well-known that water molecules are firmly adsorbed on
the oxygen-containing groups through H-bonding at the low
relative pressures firstly, then are further adsorbed on the previously adsorbed water molecules, resulting in water clusters,
and eventually are filled into the pores at the high relative
pressures (Fig. 12) (Brennan et al., 2001; Cosnier et al., 2006;
Liu et al., 2017; Alcañiz-Monge et al., 2001). The hydrophobicity
of POPs is closely related to the content of oxygen-containing
functional groups on the surface, which significantly affect
their VOCs adsorption performance from humid gas streams.
Wang et al. (2013a) synthesized hydrophobic HCP using
4,4 -bis (chloromethyl) biphenyl and DVB (HCP-1.3). The results showed that the adsorption capacity of benzene on
HCP-1.3 under the 30% relative humidity condition was about
90% of that under dry conditions. The absence of oxygencontaining functional groups on the non-polar organic chemicals resulted in the hydrophobic property of HCP-1.3 and
exhibited excellent benzene adsorption property under humid conditions. Long and coworkers (Long et al., 2012a) prepared poly (styrene-divinylbenzene) matrix (abbreviated as
HY-1), and the results showed that the presence of water vapor had little effect on VOCs adsorption. They proposed that
the acidic and basic functional groups on the surface and

pore-filling were the key factors affecting the adsorption of
water vapor on the HY-1. The HY-1 with the lowest functional group contents had the lower water adsorption capacity, because of the weaker interactions between the water and the surface of adsorbent, and the water adsorbed
by the pore filling was loosely combined on the adsorbent,
which was easily displaced by VOCs during the adsorption
process. They also prepared a hydrophobic hypercrosslinked
polymer (abbreviated as LC-1) via a postcross-linking step
of low-cross-linked macroporous poly (4-tert-butylstyrene–
styrene–divinylbenzene), and the adsorption of three chlorinated volatile organic compounds, trichloroethylene (TCE),
trichloromethane (TCM), and 1,2-dichloroethane (DCE) was
performed under dry and humid conditions. The equilibrium
capacity of TCE, TCM and DCE were 378, 320 and 297 mg/g,
respectively, indicating high hydrophobic property and excellent adsorption capacity of VOCs. The content of elemental
O on the LC-1 surface was only 2.34 wt.%, resulting in few
interaction sites with water via H-bonding. Furthermore, the
weaker interactions between the water and the surface of the
adsorbent made the adsorbed water displace by chlorinated
VOCs (Long et al., 2011). Pan et al. (2015) and Zhu et al. (2014) investigated the adsorption of toluene and formaldehyde
on a hypercosslinked carbazole-based porous organic polymers (CPOPs), which synthesized using 4,4 -di(9H-carbazol-9yl)-1,1 -biphenyl, 1,4-di(9H-carbazol-9-yl)benzene, and 1,3,5tri(9H-carbazol-9-yl)benzene as the monomers (Fig. 13). The
prepared polymers possessed high adsorption capacity for
toluene, reaching 1470 mg/g at the saturated vapor pressure.
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Fig. 13 – Preparation of hypercrosslinked carbazole-based porous organic polymers (CPOP-13, CPOP-14, and CPOP-15).
Reprinted with permission from Zhu et al. (2014), Royal Society of Chemistry.

The π –π interaction between toluene molecules and the polymers was beneficial to the adsorption of toluene. However,
compared with other hydrophobic porous polymers, CPOPs
had a higher water adsorption capacity, which may be caused
by the hydroxyl and methoxyl groups generated in the crosslinking reactions. Wang and co-workers (Wang et al., 2014a)
synthesized CMP-50 using Pd(ii)/Cu(i) – catalyzed homocoupling polymerization and investigated the adsorption properties of VOCs from gas streams. The CMP-50 possessed micro/mesoporous structure and hydrophobic surface, which
showed high benzene adsorption capacity and fast adsorption kinetics under wet conditions (relative humidity = 80%).
CMP-50 with much more hydrophobic surface had a low adsorption capacity for water vapor, mainly because its skeleton
contained only C and H.
Therefore, to enhance VOCs adsorption capacities of POPs
under humid conditions, it is helpful to reduce the amount of
oxygen-containing functional groups on the surface of POPs.

3.2.

Hydrophobic functional group

The hydrophilicity/hydrophobicity of the pore walls has a significant influence on the VOCs and water adsorption performance of the POPs. Introducing hydrophobic functional
groups to increase the hydrophobicity of POPs and to enhance
VOCs adsorption capacity in the humidity conditions may be
an even more effective strategy. Some studies (Dawson et al.,
2009; Simpson et al., 1996) showed that the surface chemistry of the networks depended on the choice of monomers,

Fig. 14 – Structure and application of covalent organic
polymers (COP-177). Reprinted with permission from
Kim et al. (2019), American Chemical Society.

resulting in that physical properties such as hydrophobicity
can be controlled. To date, a series of hydrophobic monomer
functionalities have been used to synthesize POPs for VOCs
adsorption in humidity conditions, including perfluorarenes,
benzyl chloride, 1,4-bis(methoxymethyl)benzene, p-cyclic aromatic hydrocarbons, tetrakis(4-bromophenyl)methane and so
on. A series of nanoporous polymers with superhydrophobic and highly stable were formed by C-C bonded making
from perfluorinated monomers, which were used to adsorb
toluene, n-hexane, and methanol (Fig. 14). The results showed
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Fig. 15 – Adsorption capacity of methanol and benzene on the porous aromatic frameworks (PAF-19 and PAF-20) at the
saturated vapor pressure and room temperature. Reprinted with permission from Yan et al. (2013), Elsevier.

that the adsorption capacity of COP-177 for toluene, n-hexane,
methanol were 371.3, 266.8, and 252.8 mg/g at a relative pressure of 0.8. The preparation of C-C bonded porous networks
with perfluorinated monomers resulted in high coverage of
fluoride in the structure, producing low surface energy, which
made polymers superhydrophobic (Kim et al., 2019).
Wang et al. (2015b) synthesized hydrophobic HCPs with
high specific surface area and pore volume via Friedel crafts
alkylation reaction using benzyl chloride as a monomer. HCP0.5 possessed high selectivity for the benzene adsorption capacity when water vapor coexisted. The experimental results showed that the benzene adsorption capacity of HCP0.5 reached 86% of that under dry conditions under 80% relative humidity. Due to the hydrophobicity of HCP-0.5, the
interactions between the water and the surface of the adsorbent were weaker, so the water adsorbed by the filled
pores could be replaced by benzene under the humid conditions. After that, their group synthesized superhydrophobic HCPs (denoted as ClBE) using a relatively longer linker,
1,4-bis(methoxymethyl)benzene, and benzyl chloride as the
monomer. The synthesized ClBE-1.5 polymer exhibited high
adsorption capacity for benzene, which could be attributed to
the high affinity between ClBE-1.5 and benzene. And the hydrophobic surface of adsorbent had a lower uptake of water
vapor (Wang et al., 2016).
PAF-19 and PAF-20 contained pyrene-based building units
displayed high adsorption amount of benzene and methanol
and low water adsorption capacity at 298 K, indicating the
hydrophobicity of the framework (Yan et al., 2013). They had
plentiful phenyl rings in networks arousing strong guest–
host interactions between benzene molecules and the skeleton, which could be attributed to π –π interactions (Fig. 15).
Yuan et al (2011b) prepared PAF-11 via a Suzuki cross-coupling
reaction with tetrakis(4-bromophenyl)methane as a tetrahedral unit and a diboronic acid as a linker. The PAF-11 with
mesoporous size and high hydrophobic enhanced the ability
to adsorb aromatic molecules due to its aromatic framework.
The adsorption capacity of PAF-11 for benzene and toluene
were 874 and 780 mg/g, respectively, while, thanks to the hydrophobicity, its water adsorption capacity was only 35 mg/g.

4.

Conclusions and perspectives

POPs with high specific surface area, adjustable pore structure,
and hydrophobic are excellent adsorbents for the VOCs adsorption under the dry/humidity condition. HCPs have a high
specific surface area and better VOCs adsorption performance.
In the synthesis of HCPs, the reaction conditions are mild, and
most of the catalysts used in the reaction are low-cost and
easily available. Therefore, HCPs have the potential for industrial applications compared to other organic porous materials.
CMPs and PAFs with superhydrophobicity and adjustable pore
properties are beneficial to adsorption various VOCs, and their
structure and adsorption process can be better described by
combining theoretical calculations. COFs with low density, ordered structure and large specific surface areas are a potential
candidate for the VOCs adsorption. The competitive adsorption of VOCs and water vapor can be improved by reducing the
oxygen-containing functional groups on the surface and selecting hydrophobic ligands. POPs structures containing aromatic hydrocarbon can efficiently adsorb nonpolar aromatic
VOCs by the action of π -π bonds, which are the promising
adsorbents for nonpolar aromatic VOCs adsorption. However,
there also exist some challenges and prospects for the POPs
application.

4.1.

Existing challenges of POPs

Although POPs have the advantages of high specific surface
area, good stability, and strong hydrophobicity, they have
some drawbacks compare to other adsorbents. For the synthesis process, Tian and coworkers (Tian and Zhu, 2020) summarized the reactions and building units used to synthesize
various PAFs. Ding and Wang (2013) and Tan and Tan (2017) reported several synthetic routes of COFs and HCPs, respectively.
All these synthesis processes used organic solvents as reaction reagent and required a large amount of organic solvent
to wash. The excessive use of organic solvents can cause environmental pollution and increase costs. Besides, the synthesis process of POPs consumes the expensive metal catalysts, and complicated monomer synthesis and tedious post-
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functionalization steps further increase the synthesis cost
(Doucet and Hierso, 2007; Sun et al., 2020).
In terms of the adsorption of VOCs, POPs also have some
problems. Firstly, the adsorption mechanism of POPs on VOCs
is still unclear. Studies have shown that crosslinking agents,
building monomer could affect the pore structure, resulting
in different adsorption behavior. However, how to coordinate
the effects of various factors to achieve the optimization of
adsorption performance is still lacking a clear research idea
and effective strategy. Second, most previous researches focused on static adsorption at relatively high pressures, making
it difficult to explore the actual industrial application value.
Therefore, the dynamic adsorption of VOCs on the POPs can
be considered. Third, POPs are mostly used for the adsorption
of non-polar VOCs such as aromatic hydrocarbons, and few researchers study its adsorption of polar VOCs such as ketones,
esters, and alkanes. It is necessary to pay attention to its adsorption performance of polar VOCs. Finally, the low density
of POP makes the volume of POP per unit mass larger. Industrial applications focus on the adsorption capacity per unit
volume. Thus, the adsorption capacity per unit volume may
be relatively low.

4.2.

Prospects

4.2.1.

Construction of pore structure for VOCs adsorption

Construction of POPs with high specific surface area and welldeveloped pore structure are of great significance for the adsorption of various VOCs. Liu et al. (2020a) prepared POPs with
a high specific surface area by the two-step synthesis reaction of Suzuki–Miyaura coupling and Friedel–Crafts reactions.
The nature of these polymer pores can be controlled by adjusting the type of intermediate CMPs and the ratio of expansion molecules. The combination of two or more types of reaction may be an effective way to adjust the pore structure
of POPs, which achieve a high adsorption capacity for different types of VOCs. However, there are still many uncertainties to construct the structures of POPs and choose the optimal monomers. Combining appropriate computational simulations would be more helpful for understanding the design
and application of POPs.

4.2.2.

Material cost and yield

The synthesis process of POPs consumes the expensive metal
catalysts and complicated monomer, resulting in a high cost
of materials, which limit their scale industrial application.
Thus, it is necessary to develop a facile and green synthesis method, such as metal-free polymerization routes,
free-radical polymerization and acid-catalyzed condensation
(Sun et al., 2020), thereby reducing synthesis costs. In addition,
increasing the yield of synthesis is also the key to POPs applications. Kim and Choi (2019) reported a light-promoted synthesis of poly-imine-based COF with a highly crystalline and
it could be synthesized at room temperature within a short
time (3 hr). However, more general technologies still need to
be further explored.

4.2.3.

Composites

Composite adsorbents formed by POPs and other materials
may be a new development trend for the VOCs adsorption

in the future, which can combine the advantages of each
material to improve the adsorption performance of VOCs.
Liu et al. (2020b) prepared a graphene-based hyper-crosslinked porous carbon composite (GN/HCPC) with a high specific surface area and large total pore volume. The composite materials exhibited excellent adsorption property for 2,4dichlorophenol. Furthermore, the low production yield and
the low framework density of POPs lead to time-consuming
production and large space occupation, which limit the actual
application. Compounding POPs with carriers or other porous
materials may is an ideal and effective method. However, how
to exert the intrinsic characteristics of POPs to achieve the
ideal adsorption and separation performance need to be considered.
Although challenges exist, we still believe that POPs have
the potential to become the next-generation adsorbents for
VOCs adsorption in practical industrial applications .
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