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A B S T R A C T

In recent years, graphene-based materials (GBMs) have been regarded as the core technology in diverse research
fields. Consequently, the demand for large-scale synthesis of GBMs has been increasing continuously for various
fields of industry. These materials have become a competitive adsorbent for the removal of environmental
pollutants with improved adsorption capacity and cost effectiveness through hybridization or fabrication of
various functionalities on their large surface. In particular, their applicability opens up new avenues for the
adsorptive removal of volatile organic compounds (VOCs) (e.g., through the build-up of efficient air purification
systems). This review explored the basic knowledge and synthesis approaches for GBMs and their performances
as adsorbent for VOC removal. Moreover, the mechanisms associated with the VOC removal were explained in
detail. The performance of GBMs has also been evaluated along with their present limitations and future per-
spectives.

1. Introduction

Air pollution is a serious issue in the developing world with rapid
industrial development and population growth becasue of its destruc-
tive potential to deteriorate human health or environmental conditions
(Brunekreef and Holgate 2002; Kampa and Castanas 2008; Mishra
2019). As the cause of acid rain and smog, the emission of diverse
pollutants (e.g., volatile organic compounds (VOCs), nitrogen oxides
(NOx), and sulfur dioxide (SO2)) into the atmosphere can pose health
hazards with various environmental implications and social ramifica-
tions (e.g., losses in working time) (Likens and Bormann 1974; Likens
et al., 1996; Monzón and Guerrero 2004; Szczęśniak et al., 2018a).
Among a list of airborne polutants, the deleterious effects of VOCs are
well-known to affect human life by causing diverse diseases (e.g.,
cancer, pharyngitis, nausea, headaches, and emphysema) and even
death (Chu et al., 2018; Szczęśniak et al., 2018a). Therefore, the de-
velopment of cost-effective purification technologies for VOCs has be-
come the need of the hour to protect the atmospheric environment.

To date, a number of removal approaches have been employed to
remove VOCs from the environment, e.g., adsorption (Cheng et al.,

2019; Kumar et al., 2019; Veerapandian et al., 2019), condensation
(Belaissaoui et al., 2016), catalytic oxidation (Kamal et al., 2016; Wang
et al., 2017), biodegradation (Cheng et al., 2016; Li et al., 2013), in-
cineration (Campesi et al., 2015; Chu et al., 2018), and thermal oxi-
dation (Mao et al., 2015). Among these options, adsorption has been
regarded as one of the most preferable choices for VOC abatement due
to its high efficiency, easy operation, good accessibility, low cost, fea-
sibility to implement at large scale, and ease of regeneration (Chu et al.,
2018; Minitha et al., 2017). Conventional adsorbents such as activated
carbon (AC) and polymers have been widely used in the treatment of
pollutants due to their ease of implementation (Smith and Rodrigues
2015). However, the conventional adsorbents, especially AC are not
sufficiently effective to treat certain types of target molecules (e.g.,
gaseous VOCs with low molecular weight like formaldehyde) (Hu et al.,
2018; Kumar et al., 2019). The functionality required to capture such
VOCs is unlikely to be present or insufficient in AC. Likewise, other
systems such as filters (e.g., carbon filters) are not effective to treat
polar VOCs, e.g., NH3 and H2S (DeCoste and Peterson 2014).

To overcome such limitations of conventional adsorbents, the de-
mand for novel functional adsorbents developed from carbon-based
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nanomaterials (CBNs) has been rapidly increasing. CBNs are among the
most explored groups of nanostructures employed for adsorption ap-
plications (Alonso et al., 2017; Kumar et al., 2017; Sarma et al., 2019;
Smith and Rodrigues 2015; Thines et al., 2017). CBNs (e.g., fullerene,
carbon nanotubes (CNTs), and graphene) are most commonly used in
environmental applications due to their physical and chemical prop-
erties, including their high electrical conductivity and good adsorption
performance (Chabot et al., 2014). Among CBNs, graphene-based ma-
terials (GBMs), including graphene, graphene oxide (GO), reduced
graphene oxide (rGO), and their composites with other potential na-
nomaterials (NMs), have been recognized as new generation adsorbents
for the removal of organic compounds (e.g., nitrobenzene, organic dyes,
bisphenol A, antibiotics, phenol, oil) (Kumar et al., 2018; Wang et al.,
2013; Yan et al., 2015) and heavy metals (e.g., As, Pb, Hg) (Chandra
et al., 2010; Cui et al., 2015).

To date, a number of reviews have been carried out to assess the
adsorption capacities and related properties of graphene-based NMs
and their composites in the environmental field, e.g., adsorptive re-
moval of metal contaminants (Hiew et al., 2018; Perreault et al., 2015;
Sherlala et al., 2018; Xu et al., 2018), adsorptive removal of dyes/
pharmaceuticals (Hiew et al., 2018), adsorptive removal of organic
structures (Chabot et al., 2014), and sensing of metal species/gaseous
pollutants/organic molecules/microbes (Perreault et al., 2015;
Samaddar et al., 2018). However, none of them have exclusively fo-
cused on the removal of VOCs. This review was hence organized to
explore the basic knowledge on the applications of GBMs toward the
adsorptive removal of VOCs. Furthermore, their performance was
thoroughly evaluated against other materials, and the present limita-
tions and future perspectives of GBM techniques are discussed. Ad-
ditionally, the partition coefficient (PC) (derived from maximum ad-
sorption capacitates) of covered GBMs was evaluated to assess their
performance against VOC removal in a more practical sense to avoid
biases associated with maximum adsorption capacities (Szulejko et al.,
2019). A detailed discussion is also presented to describe the effect of
functionality, physical/chemical structure of graphene and their com-
posites, and their mechanism of VOC removal. In addition, the synthesis
techniques favorable to design graphene-based adsorbents have also
been described to upgrade their efficiency for VOC removal. This article
offers valuable insights into the applicability of GBMs while improving
the skills and strategies needed for designing and constructing efficient
forms of GBMs for eliminating VOCs.

2. Potential of graphene-based materials as adsorbents for
environmental remediation

In general, at least one dimension of NMs is confined to the nan-
ometer scale (i.e., ~100 nm) (Gajewicz et al., 2012). Compared with
non-nanoscale materials, NMs like GBMs possess superior physico-
chemical properties, such as mechanical, catalytic, optical, and elec-
trical properties (Klaine et al., 2008). Graphene, which is the most re-
cently developed material among CBNs, is organized as a 2D sheet of
sp2-hexagonal-bonded carbon atoms (Compton and Nguyen 2010;
Kaatz and Bultheel 2013). In light of the relative difficulty and high cost
required for graphene synthesis, much effort has been devoted to de-
veloping effective and inexpensive materials such as GO for mass pro-
duction (Lotya et al., 2009; Yang et al., 2013). GO can further be re-
duced to rGO with the aid of reduction processes (Kumar et al., 2018;
Pei and Cheng 2012). GO produced by the oxidation of graphite under
acidic conditions is commonly used, as it provides several advantages
over pristine graphene: (1) providing hydrophilic functional groups that
enable chemical functionalization and dispersion in many matrices; (2)
featuring wider physical properties than pure graphene due to struc-
tural heterogeneity; and (3) offering effective production cost and lar-
ge‐scale production of GBMs (Pei and Cheng 2012).

Gas adsorption by GBMs is primarily based on their intermolecular
forces with the gaseous pollutants. The strength of the interaction is
determined by specific surface area, surface properties (e.g., type of
interaction forces and polarization potential), pore volume, and pore
size distribution of the GBMs as adsorbents. The following discussion
provides a detailed description of the surface characteristics of GBMs as
adsorbents.

2.1. Structural characteristics of GO-based materials

The GBMs displayed excellent performances for the removal of
VOCs, both as pure and composite structures. Among the covered
graphene-based structures, GO and rGO have been used most in-
tensively for applications toward VOC removal. Therefore, this section
is mainly organized to describe the structural characteristics of GO. The
Hummer’s method has been explored most intensively for the pre-
paration of GO (Marcano et al., 2010). (The synthesis process for the
preparation of GO based on the Hummer’s method is shown in Fig. 1S.)
GO is usually treated as a single layer of graphite oxide. Although
graphite oxide was first synthesized by Brodie in the mid-1800 s, its
atomic/electronic structure remains relatively unknown (Chen et al.,

Fig. 1. Various models of the GO structure (Dreyer et al., 2010).
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2012).
The various models of the GO structure are shown in Fig. 1 (Dreyer

et al., 2010). Hofmann and Holst (1939) first suggested that graphite
oxide features a simple structure in which the basal structure consists of
epoxy group-modified planar carbon layers with a molecular formula of
C2O. Afterward, various proposals were put forward for the graphite
oxide structure such as: (1) a wrinkled carbon sheet containing trans-
linked cyclohexane chairs with oxygen-containing groups (Ruess 1947),
(2) a corrugated carbon sheet replaced by carbonyl and hydroxyl from
the epoxy and ether groups (Scholz and Boehm 1969), and (3) two
carbon layers linked to each other by sp3 CeC bonds with carbonyl and
hydroxyl groups (Nakajima et al., 1988; Nakajima and Matsuo 1994).
Lerf et al., (1998) suggested the graphite oxide structure in which un-
oxidized benzene rings (C]C) and a wrinkled region of alicyclic 6-
membered ring ethers are distributed randomly in a flat aromatic re-
gion. Szabó et al., (2006) recently proposed a new model based on the
carbon network consisting of the two types of regions: trans-linked
cyclohexane chairs with functional groups (e.g., tertiary OH, ketone,
and phenol) and flat hexagonal ribbon forms with C]C double bonds
(Szabó et al., 2006). In case of rGO, the oxygen groups present on the
surface of GO were reduced with the help of a reducing process, e.g.,
chemical and physical reduction processes. Such reduction is helpful in
improving the graphitic nature in GO by reducing the defects generated
through the incorporation of functional groups (Erickson et al., 2010).

2.2. Specific surface area

In general, the area of interaction with molecules increases with the
increase in adsorbent surface area (Lizzio and DeBarr 1996). Hence, the
adsorption capacity of a sorbent is considered proportional to its surface
area. In comparison with conventional materials, the advantage of NMs
on adsorption processes is their high porosity and specific surface area.
Gaseous contaminants can be captured more efficiently with nano-scale
voids. The specific surface area is defined as the surface area available
for adsorption per mass of adsorbent. The theoretical specific surface
area of completely exfoliated graphene is assumed to be 2620 m2/m
(Stankovich et al., 2007). However, the surface area of graphene cal-
culated by several experimental techniques is rather less than the the-
oretical surface area of graphene.

As shown in Table 1, the surface area of the graphene material is
higher in a composite structure than in the pristine form, e.g., GO and
rGO. Among the covered materials, the composite of GO with MIL-101
exhibited the highest BET surface area of 3502.2 m2/g (Sun et al.,
2014), while the value for GO itself was 236.4 m2/g (Yu et al., 2018).
As such, the formation of a graphene composite with MOFs (e.g., MIL-
101 (Zheng et al., 2018; Zhou et al., 2014), MOF-5 (Liu et al., 2015),
Cu-BTC (Li et al., 2016; Yan et al., 2016), and ZIF-8 (Chu et al., 2018))
is especially helpful in improving its surface area. The reduction of GO
to rGO also displayed a slight increase in BET surface area from
236.4 m2/g to 292.9 m2/g (Yu et al., 2018).

2.3. Surface characteristics

In general, the capacity of GBMs to adsorb VOCs can be sub-
stantially improved through surface modification. For instance, the
modification of rGO with KOH enhanced its adsorption capacity from
0.8 to 1.23 mg/g for acetaldehyde (Kim et al., 2018). The polar VOCs
usually prefer to interact with polar surfaces, e.g., surface of GO. Hence,
GO can interact easily with the polar VOCs via polar functional groups
present on its surface (Bao et al., 2016; Dreyer et al., 2010; Petit et al.,
2009; Xu et al., 2012). On the other hand, pristine graphene prefers to
interact with hydrophobic pollutants. Alternatively, in the case of rGO,
its preference between polar and non-polar targets vary depending on
the extent of reduction to which GO was subject. For instance, com-
paratively hydrophilic forms of GBMs (e.g., GO/MOF composites and
activated rGO) were employed preferably for the removal of polar VOCs

(e.g., alcoholic and carbonyl VOCs) (Kim et al., 2018; Liu et al., 2015;
Yan et al., 2016; Zhou et al., 2014). However, the proper balance be-
tween hydrophobicity, surface area, and functionality is to be con-
sidered to design an efficient adsorbent for VOCs. Hence, the potential
utility of GBMs is recognized for the efficient removal of VOCs.

3. Adsorption of VOCs on graphene-based materials

The adsorption capacity of GBMs has been explored for a variety of
VOCs, such as aromatic, aliphatic, alcoholic, carbonyl, and chlorinated
species. In this section, the adsorption parameters of different gra-
phene-materials are discussed with respect to each type of important
VOCs. The basic information on the synthesis methods employed for the
preparation of graphene materials is discussed in supplementary ma-
terial.)

3.1. Removal of aromatic VOCs

VOCs such as benzene, toluene, and xylene are the major re-
presentative components of aromatic VOCs. In general, these aromatic
VOCs are preferably adsorbed on hydrophobic surfaces relative to hy-
drophilic surfaces (Chu et al., 2018; Yu et al., 2018). The potential of
diverse graphene variants (e.g., GO, rGO, and their composites) have
been explored for the adsorption-based removal of aromatic VOCs.
Because of the presence of oxygen functionalities on the surface, GO is
likely to exhibit comparatively low hydrophobicity (e.g., relative to
rGO and pristine graphene). As a result, GO may exhibit less adsorption
capacity for aromatic VOCs in comparison to its aforementioned
counterparts. For instance, in the case of initial loading of 50 ppm
benzene, GO and rGO were reported to have adsorption capacities of
216.2 and 276.4 mg/g, respectively, in a continuous flow reactor (Yu
et al., 2018). Because of the hydrophobic nature and enhanced ten-
dency to form π-π bonds, rGO can play a dominant role in increasing
the adsorption capacity of aromatic VOCs relative to GO. In addition to
hydrophobicity, it was also speculated that the better adsorptive per-
formance of rGO was due to its higher surface area in comparison to
GO. The surface areas for rGO and GO were found to be 292.6 and
236.4 m2/g, respectively (Yu et al., 2018). Although the surface area
and partial hydrophobic character of GO were prominent, their re-
ported capacity values are suspected to be mistakenly overestimated.
According to a numerical integration of their breakthrough data for GO,
a capacity of only 1.1 mg/g was estimated instead of the reported value
of 216 mg/g. (The benzene removal capacity of 1.1 mg/g was calcu-
lated for GO from the information provided in Yu et al. (2018): 100%
breakthrough when loading 50 ppm benzene at flow rate: 40 cm3/min
(for 150 min).) Because of this questionable issue, the discussion on the
performance data made by Yu et al. (2018) was confined only under
limited conditions.

By considering the high surface area provided by the GBMs, GO was
employed to improve the benzene adsorption capacities for OMC
(Szczęśniak et al., 2018a). The incorporation of GO with OMC and KOH
activation led to an increase in the surface area from 740 (for pristine
OMC) to 1370 m2/g. The increase in pore volume of OMC from 0.61 to
1.06 cm3/g was also observed after the formation of the GO/OMC
composite. Benzene adsorption capacities of 633 and 750 mg/g were
observed for OMC and the GO/OMC composite, respectively, at 20 °C.
The adsorption capacities of both the tested materials were found to
increase at a lower temperature of −196 °C and pressure of 760 mm
Hg. It was observed that at the aforementioned conditions, OMC and
the GO/OMC composite were able to adsorb 632.7 and 750 mg/g
benzene, respectively. It was postulated that the high surface area, pore
volume, and increased π-π interactions were responsible for such en-
hancement (Szczęśniak et al., 2018a).

The activation of GO/OMC with KOH was also found to be im-
portant in improving its surface area by generating pores (especially
smaller pores with size > 2 nm) in GO/OMC (Fig. 2) (Szczęśniak et al.,
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2018a). The KOH-based activation of GO/OMC led to an increase in
surface area from 690 m2/g (without activation) to 1370 m2/g (with
activation). Likewise, KOH activation is also effective in improving the
surface area of the PPy/rGO composite from 290 m2/g to 2780 m2/g
(Szczęśniak et al., 2018b). The KOH activation of PPy/rGO led to the
generation of mesopores (2–5 nm size), which was speculated as the
main cause of the enhanced adsorption of benzene. The KOH activated
PPy/rGO exhibited an adsorption capacity of 1234 mg/g at 20 °C and
p/p0 ~ 1. Likewise, the composite of GO with carbon composite na-
nofibers (CNFs) was able to adsorb 290 mg/g of benzene at 20 °C and a
relative pressure of 0.98 (Guo et al., 2016). Under similar conditions,
the GO/CNF composite outperformed activated carbon fibers (ACF); the
ACF exhibited an adsorption volume of 255 mg/g for benzene at 20 °C
and 0.98 relative pressure.

The composite of GO with MOF-5 was also reported to be efficient in
the removal of benzene gas and exhibited a removal capacity of
251 mg/g (Liu et al., 2015). It was suspected that even with the high
porosity of MOFs, they were not able to retain small molecules under
ambient conditions due to the absence of strong and non-specific ad-
sorption forces between small molecules and MOFs. The incorporation
of graphene-based materials with MOFs solved the aforementioned
problems of holding small molecules. In this regard, the GO/MOF-5
composite was prepared using varying proportions of GO, such as
1.75 wt%, 3.5 wt%, 5.25 wt%, and 7 wt%. Out of all these composites,
the one prepared by using 5.25 wt% GO was the best performer in terms
of benzene removal capacity with the highest surface area and pore
volume among the tested ratios of GO and MOF-5 (Fig. 3). The use of
5.25% GO with MOF-5 increased the surface area of MOF-5 from
539 m2/g to 727 m2/g. Likewise, the pore volume of MOF-5 was also
improved from 0.27 cm3/g to 0.35 cm3/g through the addition of
5.25% GO.

The GO and rGO have also been tested for the removal of toluene.
The possibility of GO/rGO to show π–π bonds, hydrophobic interaction,
and electrostatic interactions with toluene can be useful to show de-
sirable adsorption of toluene on their surfaces. In a report, three types
of GBMs (i.e., (1) graphene platelets (GP), (2) rGOMW, and (3) KOH
activated rGOMW (rGOMWKOH)) were tested for toluene adsorption,
and their performances were compared with AC (Kim et al., 2018).
(Note that the AC employed in this case is usually used as a commercial
adsorption filter for air conditioners.) These graphene-based materials
followed the order GP (2 mg/g) < rGOMW (7 mg/g) < rGOMWKOH
(14.4 mg/g) for the removal of toluene. As shown in Table 1, the spe-
cific surface area of the aforementioned materials also followed the
same trend. It was suspected that the possibility of making π-π inter-
actions (e.g., between the aromatic ring of toluene and π-electron rich
region of graphene materials) with toluene and the specific surface area
of these materials was the major reason for the adsorption of toluene
molecules. However, as per the toluene adsorption capacity with re-
spect to the specific surface area, GP exhibited the maximum affinity
towards toluene. The ratio of toluene adsorption volume and specific
surface area was found to be 7.17, 2.13, and 1.78 mm3/m2 for GP,
rGOMW, and rGOMWKOH, respectively. It was postulated that the
higher graphitic character of GP was responsible for the higher ad-
sorption to specific surface area ratio. In contrast, the level of defects in
graphene increased through the treatment of MW and KOH due to the
generation of functional groups. However, as mentioned above,
rGOMWKOH was the best performer in terms of maximum adsorption
capacity for toluene removal due to a higher specific surface area.
Moreover, the rGOMWKOH displayed almost similar adsorptive per-
formance compared to AC for toluene removal (Fig. 4). It is also worth
mentioning that the amount of rGOMWKOH was 0.5 g, while similar

Fig. 2. SEM images of ordered mesoporous carbon/graphene oxide (GO/OMC) composite (a) before and (b) after KOH activation (Szczęśniak et al., 2018a). The KOH
activation of the GO/OMC composites enhanced the porosity of the composite material.

Fig. 3. Adsorption-desorption isotherms for graphene oxide/metal organic
framework-5 (GO/MOF-5) for benzene (Liu et al., 2015). MG (1–4) represents
GO/MOF-5 composite with 1.75%, 3.5%, 5.25%, and 7% of GO in MOF-5.

Fig. 4. Comparison of toluene and acetaldehyde removal capacity between
rGOMWKOH and other adsorbents (Kim et al., 2018).
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toluene uptake was achieved by 1.25 g of AC.
The combination of GO with MOFs (e.g., Cu-BTC and ZIF-8) was

also reported to improve the removal capacity of toluene (Chu et al.,
2018; Li et al., 2016). The addition of GO in MOFs usually displayed
enhanced adsorption for aromatic analytes by providing π-electrons for
the interaction. In contrast, MOFs generally exhibit high specific surface
area, which is of immense importance to achieve high adsorption of
analytes. However, in many cases, especially for Cu-BTC, the adsorptive
performances of these structures were degraded under humid condi-
tions (Li et al., 2016). In such cases, in addition to improving the ad-
sorption efficiency for aromatic molecules, the use of graphene mate-
rials with MOFs is highly beneficial, as it can improve the aqueous
stability of MOFs.

In this regard, the composite of GO and Cu-BTC was prepared using
a mechanochemical method; this composite exhibited improved surface
area and total pore volume of 1362.7 m2/g and 0.87 cm3/g, respec-
tively, when compared to pristine Cu-BTC with a surface area of
1188.3 m2/g and a pore volume of 0.77 cm3/g (Li et al., 2016).
Moreover, with these enhanced characteristics, GO/Cu-BTC displayed
an adsorption capacity of 839 mg/g, which was 47% higher than that of
Cu-BTC (Fig. 5). The composite of ZIF-8 and GO displayed a nominal
decrease in the adsorption capacity for toluene, when the performance
was tested under high humidity conditions (Chu et al., 2018). The to-
luene adsorption capacity observed for ZIF-8/GO at 10%, 55%, and
80% relative humidity (RH) was 123 mg/g, 116 mg/g, 110 mg/g, re-
spectively. In contrast, the toluene adsorption values for ZIF-8 (97 mg/
g), although tested at 55% RH, was far larger.

Overall, graphene-based materials are an excellent platform for
improving the adsorptive removal of aromatic VOCs. These structures
provided not only higher surface area, but also π-electrons to interact
with aromatic VOCs. Moreover, the graphene-based structures are also
excellent in improving the adsorptive parameters of several other
structures, e.g., polymers and coordination polymers.

3.2. Removal of aliphatic and alcoholic VOCs

The release of aliphatic VOCs, especially n-hexane, into the en-
vironment occurs very frequently (Sun et al., 2014). n-hexane is gen-
erally used in the shoe, bag, electronic, food, oil extraction, and che-
mical industries. The adsorption of n-hexane is usually considered a
safe, fast, and economical method for its mitigation. The use of a GO/
MIL-101 composite was found to be a good option to remove n-hexane
from air (Sun et al., 2014). The GO/MIL-101 composite exhibited a
maximum n-hexane adsorption capacity of 1042.1 mg/g. Formation of
the composite with GO led to 93% enhancement in the adsorption

capacity of MIL-101 (i.e., 540.3 mg/g). It was assumed that the GO-
derived increase in the surface area and dispersive forces in the com-
posite material were responsible for the enhanced n-hexane adsorption.
Moreover, the n-hexane adsorption capacity of this graphene-MOF-
based composite was maintained at 96.8%, even after five subsequent
adsorption-desorption cycles. The authors claimed that the perfor-
mance of the GO/MIL-101 composite was superior compared to AC and
zeolite Y (Sun et al., 2014). Despite the superior performance of gra-
phene-based composites for n-hexane removal, limited studies have
been conducted in this area of research.

In case of alcoholic VOCs, adsorptive removal of ethanol is mainly
explored using graphene materials. However, in a few instances, suc-
cessful simulation studies have been performed to check the feasibility
of other alcoholic VOCs, e.g., methanol, for adsorption on the graphene
surface (Esrafili and Dinparast 2018). In contrast, GBMs were majorly
employed as a composite with MOFs for the adsorption of ethanol (Liu
et al., 2015; Yan et al., 2016). In general, graphene materials have been
reported to improve the surface area and forces/interactions with small
molecules, e.g., ethanol, in the form of a composite, which are critical
for high ethanol adsorption. For instance, the high surface area, porous
structure, and availability of oxygen functionality led to the 158.2 mg/g
adsorption of ethanol. In another report, the adsorption capacity of
635 mg/g for ethanol was achieved by a Cu-BTC/GO composite at
303 K (Yan et al., 2016). (Note that in this study, the ethanol adsorption
characteristics of Cu-BTC/GO was tested for a refrigeration applica-
tion.)

3.3. Removal of carbonyl VOCs

Aldehydes and ketones are the major carbonyl VOCs affecting the
environment. GBMs have also been used efficiently for the removal of
carbonyl VOCs. In a report on the removal of indoor formaldehyde,
diverse forms of graphene-based materials were employed, e.g., an
amino functionalized graphene sponge (G/S) and amino functionalized
graphene sponge decorated with graphene nanodots (G-GND/S) (Wu
et al., 2015). G-GND/S is characterized by a high concentration of
amine groups on its surface in comparison to G/S, which led to its high
interaction with formaldehyde molecules (Fig. 6). Consequently, G-
GND/S exhibited a higher adsorption capacity (22.8 mg/g) for for-
maldehyde removal compared to G/S (~7.5 mg/g).

In another report, an amino-functionalized graphene aerogel was
used in its pristine form and as a composite with CNTs for the removal
of gaseous formaldehyde (Wu et al., 2017). The adsorption of

Fig. 5. Adsorption isotherms for toluene on GO, Cu-BTC and their composites
(Li et al., 2016).

Fig. 6. Interaction of amino graphene nanodots decorated functionalized gra-
phene sponge with formaldehyde molecules (Wu et al., 2015).
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formaldehyde on the aforementioned amino-functionalized graphene
materials was mediated by chemical and physical adsorption processes.
The chemical adsorption process mainly occurred between the van der
Waals forces through amino groups and the carbonyl group of for-
maldehyde. In the case of the CNT-modified amino-functionalized
graphene aerogel (GN/E), CNTs provided support to graphene layers to
reduce the pore diameter. As shown in Fig. 7, the use of CNTs with
graphene-based aerogels led to the exposure of more amino function-
alities for the uptake of formaldehyde. Likewise, the favorable (e.g.,
favorable for formaldehyde uptake) pore size enhanced the physical
capturing of formaldehyde molecules. GN/E exhibited an adsorption
capacity of 27.4 mg/g for formaldehyde.

In another report, three types of graphene materials ((1) GP, (2)
rGOMW, and (3) rGOMWKOH) were employed to remove gaseous
acetaldehyde (Kim et al., 2018). Microwave and KOH treatment caused
enhancement in the acetaldehyde uptake efficiency of the graphene-
based materials. The acetaldehyde uptake capacity of GP, rGOMW, and
rGOMWKOH were observed as 0.32 mg/g, 0.8 mg/g, and 1.24 mg/g,
respectively. As shown in Table 1 and Section 4.1, these materials were
also tested for the removal of toluene. Accordingly, they displayed
higher adsorption capacities for toluene (in comparison with acet-
aldehyde), indicating that they have high affinity for non-polar mole-
cules. Moreover, rGOMWKOH was unable to adsorb acetaldehyde
below 20 ppmv. (Note that the acetaldehyde adsorption experiments
were performed at 30 ppmv acetaldehyde concentration.) The
rGOMWKOH exhibited 30% removal efficiency for gaseous acet-
aldehyde.

In addition to aldehydes, the adsorptive performance of graphene-
based materials has also been explored against ketonic VOCs, e.g.,

acetone and butanone (Guo et al., 2016; Zhou et al., 2014). In a typical
study, GO was demonstrated to enhance the adsorption capabilities of
MIL-101 for acetone removal by 44% (Zhou et al., 2014). The GO/MIL-
101 composite exhibited an acetone adsorption capacity of 1167 mg/g
at 288 K and 161.8 mbar inlet concentration. The strong interactions
between composite materials and acetone were estimated by measuring
acetone desorption activation energy. The desorption activation energy
values for GO/MIL-101 and MIL-101 were calculated as 62.68 kJ/mol
and 48.01 kJ/mol, respectively. This composite is also efficient for
multiple cycles of adsorption–desorption for acetone. The composite
maintained 91.3% of its initial adsorption capacity after six cycles
(Fig. 8). (Note that the desorption experiment was performed at
0.04 mbar acetone pressure.) In the case of butanone, the mesoporous
fibrous structures prepared using GO and PAN displayed an adsorption
capacity of 420 mg/g at 20 °C and 0.98 relative pressure (Guo et al.,
2016). Interestingly, the use of GO with PAN enhanced the mesoporous
character and surface oxygen content of the resulting material. More-
over, the GO/PAN composite favored the adsorption of non-polar VOCs
in comparison to polar VOCs, e.g., benzene. These authors also claimed
that the performance of GO/PAN composite was better than AC nano-
fibers for butanone adsorption.

3.4. Removal of chlorinated VOCs

The GBMs are also effective in the removal of chlorinated VOCs,
e.g., carbon tetrachloride and methylene chloride (Zheng et al., 2018;
Zhou et al., 2016). The composite of graphene materials with MOFs is
found to be promising for the adsorptive removal of chlorinated VOCs.
For instance, the incorporation of GO in a MIL-101 (Cr) MOF/GO

Fig. 7. TEM images and possible stacking pattern of graphene aerogels and CNT-modified graphene aerogels (Wu et al., 2017). (a) TEM image of graphene aerogel,
(b) TEM image of CNT-modified graphene aerogel, and (c) stacking of CNTs between layers of graphene, which led to the exposure of more amino groups for the
chemical adsorption of formaldehyde.
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composite enhanced the CCl4 adsorption capacity from 2044 mg/g to
2368 mg/g (Zheng et al., 2018). An increase of 16% was observed in
the CCl4 adsorption capacity of MIL-101 (Cr) after the addition of GO.
Different combinations of MIL-101 (Cr) and GO were also tested to
achieve optimum adsorption capacity for CCl4 by employing different
amounts of GO, e.g., 0.25 wt%, 0.5 wt%, 1 wt%, and 2 wt%. As shown
in Fig. 9, the MIL-101 (Cr) with 0.25 wt% of GO was the best performer
for CCl4 removal. It was suggested that several factors were responsible
for improving the performance of GO/MIL-101 towards CCl4 removal,
such as (1) increased surface area: the surface area of MIL-101 was
increased from 1832 m2/g to 2026 m2/g after incorporation of 0.25 wt
% GO in MIL-101; (2) increased dispersive forces: the GO tends to in-
crease dispersive forces on the composite surface, which are very
helpful in holding small molecules; and (3) the generation of more
defects: the presence of more defects on the composite surface (in
comparison to MIL-101) facilitates the adsorption of carbon tetra-
chloride molecules; all while (4) forming new pores: the coordination of
GO functional groups with unsaturated metal sites of MOFs led to the
formation of new pores, which are again helpful in the uptake of carbon
tetrachloride (Zheng et al., 2018). Moreover, these authors also claimed
that the MIL-101/GO-0.25 wt% composite exhibited considerably en-
hanced adsorption performance over most commonly explored con-
ventional adsorbents (e.g., MCM-11, activated carbon, and zeolite Y) by
2.2, 3.9, and 5.5 times, respectively. Thus, the excellence of graphene-
based adsorbents is supported (in terms of adsorption capacity for CCl4)
relative to conventional adsorbents. Likewise, the synergistic effect

between GO and ZIF-8 was considered for the higher adsorption of
CH2Cl2 on a ZIF-8/GO composite, when compared with ZIF-8 alone
(Zhou et al., 2016). The ZIF-8/GO displayed a much higher adsorption
capacity (e.g., 240 mg/g) for CH2Cl2, while micro-scale and nano-scale
ZIF-8 exhibited adsorption capacities of 69 mg/g and 138 mg/g, re-
spectively.

On the basis of type of VOCs, different types GBMs were found to be
best performers in terms of maximum adsorption capacity. For instance,
for the adsorption of benzene, PPy/rGO was found to be most superior
GBM with 1234.2 mg/g adsorption capacity (Szczęśniak et al., 2018b).
The excellent performance of PPy/rGO composite was ascribed to its
high surface area of 2780 m2/g along with the presence of mesopores.
Likewise, composite of Cu-BTC and GO was one of the best GBM per-
formers for toluene (in terms of maximum adsorption capacity:
838.5 mg/g) (Li et al., 2016). In case of carbonyl and chlorinated VOCs,
composite of GO with MIL-101 was the most suitable option for acetone
and carbon tetra chloride with the maximum adsorption capacity va-
lues of 1283.6 and 2368.1 mg/g, respectively (Zheng et al., 2018; Zhou
et al., 2014).

Overall, the use of graphene materials alone and in combination
with other potent structures demonstrated excellent potential in the
removal of diverse VOCs. In several studies, it was claimed that these
GBMs are much better than the conventional adsorbents, e.g., AC and
zeolites. However, the performance of the adsorbent material may be
altered significantly with experimental conditions, such as high/low
partial pressures of the target gas (Szulejko et al., 2019). Interestingly,
certain adsorbents show excellent performance in controlled conditions
(e.g., setting of initial partial pressure of target gas at an unrealistically
high level). However, such materials can perform very poorly in more
practical situations where the concentration of the target pollutant is
not as high as the experimental conditions. To avoid such challenges,
the use of proper metrics (such as partition coefficient (PC)) is im-
portant to assess the performance of adsorbents by reducing the source
of bias in such considerations (Ridha and Webley 2009; Szulejko et al.,
2019). In the next section, we calculate the PC of the covered materials
to compare their performance among different materials.

4. Performance evaluation

An assessment of the adsorption processes is performed considering
the adsorption capacities and PC measurements. A high PC value im-
plies that the adsorption capacity of gaseous analytes increases, owing
to the high affinity of gases for adsorbents (Ridha and Webley 2009).
Adsorption at the gas–solid interface can change depending on the
temperature, pressure, initial pressure of the target gas, surface char-
acteristics, and presence or absence of water and oxygen. The variations
in these experimental parameters can alter the adsorption capacity of
the adsorbents against the target VOCs. In most of the surveyed studies,
the adsorption capacities were assessed at different experimental con-
ditions (e.g., initial loading conditions), which makes it difficult to di-
rectly compare the performances between different adsorbents.

As per Henry’s law, at a low pressure of the target gas and at high
temperature conditions, the gas adsorption is linearly dependent upon
its pressure (Ridha and Webley 2009). It was proposed that at a lower
pressure of the target gas, the interaction between target gas molecules
was negligible, while the adsorption of the gas was only due to inter-
action of the target gas molecules and adsorbent surface. In almost all
studies carried out to assess the removal capacity of GBMs, the concept
of PC was not considered or calculated. Herein, we extracted data from
the provided information in cited articles to calculate the PC (mol/kg/
Pa) values between different adsorbents. However, in a few cases, due
to lack of adequate information, it was not possible to determine the PC
values. In such situations, the PC data are left blank in Table 1.

In the case of benzene, the maximum adsorption capacity reported
for activated PPy/rGO was 1234.2 mg/g, which was highest in terms of
the reported adsorption capacity (when compared with covered GBMs)

Fig. 8. Adsorption-desorption cycles for acetone on a graphene oxide- MIL-101
(GO/MIL-101) composite at 298 K (Zhou et al., 2014).

Fig. 9. Adsorption isotherm for carbon tetrachloride on MIL-101 and MIL-101
composites with 0.25 wt%, 0.5 wt%, and 1 wt% GO (Zheng et al., 2018).
MIL101/GO-0.25 wt% was the best performer for the adsorption of carbon
tetrachloride among the tested samples.
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(Szczęśniak et al., 2018b). It is worth mentioning that this adsorption
performance was obtained at a benzene saturation vapor pressure at
20 °C (i.e., 10.018 kPa). PPy/rGO was also the best performer among
GBMs in terms of PC values. The calculated PC for PPy/rGO was
0.0016 mol/kg/Pa. (Note that the PC values mentioned in Table 1 for
GO and rGO (i.e., Yu et al. (2018)) were not considered for performance
evaluation due to of the possible error as aforementioned.) Guo et al.,
(2016) compared the benzene removal performances of ACF and ACNF
(derived from PAN) with their graphene composite, i.e., GO/CNF. It
was observed that the PC value (mol/kg/Pa) of GO/CNF (0.00038) was
slightly better in both maximum adsorption capacity and PC values,
when compared to ACF (0.00033) and ACNF (0.00036) (Table 1). In-
terestingly, as reviewed by Szulejko et al., (2019), a few ACs were seen
to perform better than GBMs for the removal of benzene at zero/low
partial pressure conditions.

Kim et al., (2018) compared the performance of AC with
rGOMWKOH by taking the initial toluene concentration as 30 ppmv.
Accordingly, it was found that 0.5 g of rGOMWKOH displayed 98% of
the toluene adsorption of 1.25 g AC. The calculated PC for rGOMWKOH
was 0.051 mol/kg/Pa, which was best among the considered studies
listed in Table 1. (Note that due to unavailability of the exact toluene
adsorption capacity for AC, we are unable to calculate PC for AC.) The
superiority (in terms of maximum adsorption capacity) of GBMs for
VOCs over other adsorbents are described in Section 4. The perfor-
mance comparison for the removal of other VOCs is shown in Table 1.
Note that due to unavailability of sufficient data, we are unable to
calculate PC for a few materials, e.g., Cu-BTC@GO, ZIF-8/GO, G-GND/
S, GN/E, and MIL-101/GO (Table 1).

The regeneration and reusability of any adsorbent are critical
variables in determining its operational cost and viability for practical
use. A very few attempts have been performed to determine the reu-
sability/regenerability of GBMs for VOCs removal. As shown in Table 1,
only 4 GBMs have been tested for repeated adsorption-desorption cy-
cles. These adsorbents were mainly regenerated via either of three
methods: (1) thermal treatment, (2) solvent treatment followed by
thermal treatment, and (3) low pressure treatment. The rGO re-
generated by thermal treatment showcased almost insignificant
changes in adsorption capacity for toluene after four consecutive cycles
(Yu et al., 2018), although the absolute magnitude of adsorption ca-
pacity reported by these authors needs to be re-estimated as discussed
above. In terms of regeneration, the MIL-101@GO was found excellent
with 96.8% recovery (by low pressure (0.07 mbar) treatment) in ad-
sorption capacity for n-hexane after five consecutive cycles (Fig. 10a)
(Sun et al., 2014). Likewise, aforementioned composite structure
maintained 91.5% of adsorption capacity for acetone after six re-
generation cycles through low pressure treatment (e.g., 0.04 mbar)
(Fig. 10b) (Zhou et al., 2014).

5. Conclusion and future perspectives

The consistent release of VOCs in the environment has increased the
focus of researchers for the development of adsorbents for their re-
moval. The quick and timely removal of these harmful molecules is
necessary to avoid their exposure to living beings. A variety of con-
ventional and advanced structures have been employed to remove
VOCs from the environment. Among them, GBMs (e.g., GO, rGO, and
their composites with other structures) displayed great potential in the
removal of diverse VOCs.

To understand the applicability of GBMs as efficient adsorbent for
VOCs, this article surveyed the performances of GBMs for the removal
of diverse VOCs, such as aromatic, aliphatic, alcoholic, carbonyl, and
chlorinated VOCs. In addition, we also covered synthesis approaches to
prepare GBMs and the importance of their properties (e.g., surface area
and surface/structural characteristics) as adsorbents for gaseous tar-
gets, especially VOCs. In the majority of the studies, VOC adsorption
parameters were estimated at different experimental conditions.
Moreover, the capacity of graphene-based adsorbents was assessed at
unrealistically high initial pressures. These limited conditions restricted
us from making a direct comparison between different adsorbents.
Thus, the performance of GBMs towards VOC removal under real life
conditions has been estimated through the calculation of PC using
maximum adsorption capacities. In terms of maximum adsorption ca-
pacity, the composite forms of graphene materials are found to be su-
perior. Likewise, if the capacity is compared in terms of PC, the com-
posite forms and activated non-composite (e.g., rGOMWKOH) forms of
graphene materials are found to be more effective for almost all type of
VOCs, especially for aromatic and carbonyl VOCs. Overall, graphene-
based materials generally displayed promising potentials for the re-
moval of VOCs. The graphene-material-based nanotechnological ap-
proaches can thus be applied as next-generation air purification tech-
nology, especially for the removal of VOCs. However, a few associated
challenges should be resolved before their implementation in air pur-
ification systems.

The toxicity of used GBMs should be the prime concern, as they are
small enough to be inhaled and/or absorbed into the body. Thus, GBMs
can deleteriously affect human health due to their physical and che-
mical characteristics (e.g., size, shape, form, cohesion, aggregation, and
disaggregation). In addition, the range of their potential adverse effects
on the environment is uncertain. The possible harmful effects of GBMs
as VOC adsorbents should be identified, studied, and rectified before
their implementation as commercial adsorbents for VOCs. In addition,
the fate of adsorbed VOCs should also be studied.

As mentioned earlier, the performances of GBMs were commonly
tested under non-realistically arbitrary conditions. The performances of
these GBMs should be evaluated under real-life conditions to judge

Fig. 10. Consecutive cycles of adsorption-desorption for (a) n-hexane (Sun et al., 2014) and (b) acetone (Zhou et al., 2014) on GO/MIL-101 composite.
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their applicability in a more practical sense. Moreover, a reusable ad-
sorbent is always beneficial for both commercial and customer aspects.
Researchers should try to prepare reusable adsorbents for VOCs with a
special focus on the fate of the adsorbed VOCs. In addition, the re-
generation process should be easy to reproduce, even within homes.
Accordingly, the adsorbent for VOCs should be designed by considering
the regeneration and disposal of the adsorbed material. The life of the
adsorbent is a main concern while purchasing an air purifier. The life
and recycle period should also be studied before implementation of
GBMs as adsorbents for VOCs. The cost of graphene is another concern
for GBMs for such applications. However, in the future, large-scale
production of GBMs may exert a considerable impact on increasing
their merits in pricewise respects as well.
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