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g r a p h i c a l a b s t r a c t
� Adsorption of acetone and cyclo-
hexane onto pristine hydrochars was
low (13.24e24.64 mg/g).

� CO2 treatment increased VOC
adsorption onto activated hydrochars
(39.42e121.74 mg/g).

� Narrow hydrochar pore size and high
VOC boiling point restrained the
desorption .

� CO2-activated hydrochars showed
good reusability after five continuous
cycles.
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a b s t r a c t

Most of the volatile organic compounds (VOCs) are toxic and harmful to human health and environment.
In this study, hydrochars activated with CO2 were applied to remove VOCs. Two typical VOCs, acetone
and cyclohexane, were used as the ‘model’ adsorbates to evaluate hydrochars’ performance. Specific
surface areas of pristine hydrochars were small (<8 m2/g), whereas activated hydrochars showed much
higher values (up to 1308 m2/g). As a result, the adsorption of VOCs onto the pristine hydrochars (13.24
e24.64 mg/g) was lower than that of the activated ones (39.42e121.74 mg/g). The adsorption of the two
VOCs onto the hydrochars was exothermal. In addition, there were significant correlations (R2 > 0.91)
between the VOC removal and hydrochars’ specific surface area. These results suggest that the governing
mechanism was mainly physical adsorption. Increasing experimental temperature (80e139 �C) desorbed
the VOCs from the hydrochars. Due to its higher boiling point, cyclohexane desorption required a higher
temperature than acetone desorption. The reusability of the activated hydrochars to the two VOCs was
confirmed by five continuous adsorption-desorption cycles. The overall results indicated that hydrochars,
particularly after CO2 activation, are sufficient for VOC abatement.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Biochar is a porous black carbon produced from biomass by
thermal processes with absence or limited supply of oxygen (Xiong
et al., 2017; Zhang et al., 2017a). The feedstock materials of biochar
are usually from the waste and residues of plants or animals
(Igalavithana et al., 2017), and municipal waste, such as agricultural
and forestry residues, sewage sludge, manures, and organic wastes
(Wang et al., 2018; Yoo et al., 2018; Zheng et al., 2019). The most
common method of biochar production is pyrolysis, which how-
ever is not applicable to high moisture feedstock (Ahmad et al.,
2014; Cao et al., 2019). To get rid of the high moisture of the
feedstock, it requires high energy for vaporization, which is the
main drawback of pyrolysis (Kambo and Dutta, 2015; Fang et al.,
2018). Under this situation, hydrothermal carbonization (HTC)
technique has been considered to be a suitable method for the
conversion of high moisture biomass (Fang et al., 2018). The char
created by HTC is named as hydrochar to be distinguished from
biochar produced from pyrolysis (Fang et al., 2015; Cao et al., 2017,
2019).

HTC is usually operated between 120 �C and 300 �C (Mohan
et al., 2014; Cha et al., 2016; Fang et al., 2016). During HTC, the
physical structure of biomass can be changed by chemical reactions
such as hydrolysis, dehydration, decarboxylation, aromatization
and condensation (Funke and Ziegler, 2010). Among them, hydro-
lysis is the primary reaction and need less activation energy than
pyrolysis (Libra et al., 2011; Zhang et al., 2019b). Because of its low
operation temperature, hydrochar normally has higher yield than
biochar (Melo et al., 2019; Zhu et al., 2019).

Based on afore mentioned advantages, hydrochar has been
suggested to be a value-addedmultifunctional materials for various
applications, especially in environmental remediation and resto-
rations (Tag et al., 2017; Wang et al., 2018; Melo et al., 2019). For
example, hydrochars and their derivatives have been applied to
remove various contaminants including methylene blue
(C16H18ClN3S), copper (Cu2þ), and lead (Pb2þ) from wastewater
(Xue et al., 2012; Fang et al., 2016). The characteristics and potential
applications of hydrochar are related to the reaction temperature,
holding time, and other factors (Choe et al., 2019; Yao and Ma,
2019). With the increase of temperature and holding time, hydro-
char contains more acidic surface functional groups and larger
porous structure, which can increase its adsorption ability to
environmental pollutants (Melo et al., 2017; Zhou et al., 2017; Saha
et al., 2019).

Hydrochar benefits by the low energy consumption and high
production rate, however, both of its pore volume (PV) and specific
surface area (SSA) are small (Sun et al., 2014), which may limit its
applications as an effective adsorbent. Therefore, it is necessary to
modify hydrochar to increase its adsorption ability (Rajapaksha
et al., 2016). Acid and alkali are common modifying agents which
can effectively enhance the SSA and PV of hydrochar (Zhang et al.,
2019a). Other modification technologies, such as magnetic, ball
milling, and oxidation treatments, can also be applied to improve
hydrochar’s adsorptive properties (Rajapaksha et al., 2016; Usman
et al., 2016; Lyu et al., 2018). CO2 activation can create pore struc-
tures on carbon materials to expend SA (Lee et al., 2017; Yang et al.,
2018), thus it is one of the most popular activation methods for
activated carbon production. Nevertheless, little research has been
conducted to evaluate CO2 modified hydrochars.

Volatile organic compounds (VOCs) are harmful pollutants in
the atmosphere which threaten the human health and environ-
ment because they are toxic and often carcinogenic, and can cause
photochemical smog and stratospheric ozone depletion (Khan
et al., 2019; Zou et al., 2019). Among numerous VOC elimination
techniques, adsorption has been applied extensively because it can
remove and recover VOCs effectively at a low cost (Zhang et al.,
2017a; Khan et al., 2019). The application of biochar on VOC
adsorption has been explored in the latest literature. Biochars
produced from rice husk (Li et al., 2016; Fu et al., 2019), swine
manure (Hwang et al., 2018), peanut shell (Zhang et al., 2017b),
municipal solid waste (Jayawardhana et al., 2019), pinecone (Yi
et al., 2018), and their derivatives have been used to adsorb VOCs.
However, limited research focused on the VOCs removal by acti-
vated hydrochars (Zhang et al., 2019a).

The overarching goal of this study is to evaluate the VOC
removal ability of hydrochars, particularly the ones activated by
CO2. Adsorption experiments of acetone and cyclohexane onto the
pristine and modified hydrochars produced from peanut shell and
hickory wood chips were conducted with the specific objectives of:
(1) assess the applicability of hydrochar as an adsorbent for VOC
removal, (2) determine the effect of CO2 activation on the adsorp-
tion ability of hydrochar to VOCs, and (3) expound the adsorptive
mechanisms of hydrochars toward VOCs.

2. Materials and methods

2.1. Materials

Pristine hydrochars were produced according to the protocols in
the literature (Fang et al., 2015). In brief, milled hickory wood chips
and peanut shell of sizes of 0.5e1 mm were putted into a HTC
reactor. Whereafter, the feedstock was submerged in distilled wa-
ter. After sealed, the reactor was heated on a hotplate at 200 �C for
6 h. The obtained hydrochar was rinsed by tap water for 10 min and
distilled water for 5 min, followed by drying in the electricity heat
drum wind drying oven at 70 �C overnight. The obtained products
were labeled as HH and PH for hickory wood chips and peanut shell
hydrochar, respectively.

The CO2 activation procedures was performed according to the
literature (Fang et al., 2016). Briefly, part of the obtained hydrochar
was added into a quartz tube furnace, and activated under the at-
mosphere of 150 mL/min CO2. The activation was persistent for
2 h at the temperature of 600, 700, 800, and 900 �C. The obtained
CO2 activated hydrochars were abbreviated as HH600, HH700,
HH800, and HH900; and PH600, PH700, PH800, and PH900 with
letters for hydrochar and numbers for activation temperature. The
basic properties of the adsorbents applied in this work are listed in
Table S1, which were characterized elsewhere (Fang et al., 2016).
Acetone (polar VOC) and cyclohexane (nonpolar VOC) were
chemically pure and used in the adsorption experiment as the
VOCs.

2.2. VOC adsorption and desorption experiments

Adsorption experiments were carried out using the gravimetric
analysis method developed in previous studies (Zhang et al., 2017b,
2019a). Approximately 10mg of the adsorbent was added to a 70 mL
aluminum oxide crucible and flushed at 110 �C for 1 h under the
atmosphere of nitrogen. Then the inlet gas would change to 50 mL/
min VOC vapor since it was cooled to the testing temperature (i.e.,
20, 40, or 60 �C). The adsorption persisted for 1 h. Desorption was
carried out by raising the adsorption temperature to 150 �C with
the heating rate of 10

�
C/min. Duplicatedmeasurements were taken

to get the average of each test.

2.3. Adsorption kinetics

The kinetic data were described using pseudo-first and pseudo-
second order models:



X. Zhang et al. / Chemosphere 245 (2020) 125664 3
qt ¼ qe
�
1� e�k1t

�
(1)

qt ¼ t,k2,q2e
1þ qe,t,k2

(2)

where qe and qt are the quantities of VOC sorbed at equilibrium and
time t, respectively; and k1 and k2 are the first-order and second-
order adsorption rate constants, respectively.
3. Results and discussion

3.1. Adsorbent properties

The basic characteristics of hydrochars vary with the feedstock
type and pyrolysis temperature (Table S1). The effects of feedstock
type on biochar and hydrochar properties have been attributed to
the different compositions and proportions of cellulose, hemicel-
lulose, and lignin in the feedstock biomass (Sun et al., 2014).
Compared with cellulose and hemicellulose, lignin is more stable
and resistant to the decomposition of liquid and gaseous fractions
(Fang et al., 2015). Comparing the SSA of hydrochars produced at
the same condition, most of the hickory wood chips derived
hydrochars had higher SSA (8 m2/g for pristine hydrochar and
453e667 m2/g for modified ones) than the corresponding peanut
shell hydrochars (7 m2/g for pristine hydrochar and 353e488 m2/g
for modified ones). Among all the samples, hydrochars activated at
900 �C were exceptional. The SSA of HH900 was 928 m2/g, which is
smaller than that of PH900 (1308 m2/g). The SSA of the activated
hydrochars increased with elevating the treatment temperature.
When the temperature elevated from 600 to 900 �C, the SSA of both
HH and PH increased 1e3 times.

Different from the SSA, the PV of the activated hydrochars did
not show obvious relationship with the activation temperature. HH
had the largest BJH-PV of 0.121 mL/g. After CO2 activation, PH700
and PH900 had the largest BJH-PV of 0.114 mL/g. Increasing the
activation temperature may have opposite affects: 1) Pore volume
and pore diameter may be enlarged as the walls between adjacent
pores being fused; however, this will decrease microporosity. 2)
pore volume may decrease due to the collapse and filling of the
pore.

As the activation temperature elevated, the hydrochar C content
increased from 68.7% to 90.5%, and from 70.6% to 88.7% for HH and
PH based hydrochars, respectively; while the H content decreased
Fig. 1. (a) Adsorption rates of acetone and cyclohexane onto hydrochars at 20 �C, an
(from 5.3% to 0.2%, and from 6.0% to 1.2% for HH and PH based
hydrochars, respectively). The results reflect the release of organic
compounds from hydrochars during activation. The volatization
and conversion of organic phase of the pristine hydrochars may
induce pore volume enlargement, while the C skeleton would
retain the rudimentary porosity and original structure (Zhao et al.,
2014). Changes in morphology and structures of hydrochars after
activation can affect their adsorptive properties significantly, which
will be investigated in the subsequent sections.
3.2. Adsorption rates

The pristine hydrochars had low VOC adsorptionwith capacities
of 13.24e24.64 mg/g (Fig. 1a), which are comparable to those of
biochars derived from the same feedstock, especially the low
temperature ones. Zhang et al. found the acetone and cyclohexane
adsorption capacities of 300 �C hickory wood biochar were
7.06 mg/g and 7.44 mg/g, respectively, while those of 600 �C hick-
ory wood biochar were 39.73 mg/g and 48.25 mg/g, respectively
(Zhang et al., 2017b). In this work, HH had higher adsorption ca-
pacities for acetone and cyclohexane than HP, reflecting the
importance of feedstock to hydrochar’s sorptive properties.

After CO2 activation, the adsorption capacities of the hydrochars
increased dramatically into 39.42e121.74 mg/g (Fig. 1a), much
higher than those of biochars derived from the same feedstock.
Generally, the amount of VOC adsorbed on activated hydrochar
increased with elevating the activation temperature. Similar phe-
nomenon have been observed in the investigations of SO2, dye
(C16H18ClN3S), and heavy metal (Pb2þ, Cu2þ, and Cd2þ) adsorption
onto CO2 activated hydrochars (Fang et al., 2016; Shao et al., 2018).
Activated hydrochar produced at higher temperature had the
higher adsorption rate, whichmay be ascribed to the larger SSA and
suitable pore structure, as shown in the previous section.

The typical sorption and differential scanning calorimetry (DSC)
curves of VOCs on hydrochars are presented in Fig. 1b, in which
acetone adsorption onto PH900 (the highest adsorption) and
cyclohexane adsorption onto PH (the lowest adsorption) were
chosen as representatives. Both curves showed obvious VOC
adsorption, accompanied with notable exothermic peaks. Besides,
obvious weight loss was observed during the desorption phase,
when the temperature was raised from 20 �C to 150 �C. Meanwhile,
the endothermic peaks were obvious, corresponding to the in-
crease of temperature needed for the VOC desorption.
d (b) typical adsorption and desorption and DSC curves of VOCs on hydrochars.
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3.3. Adsorption kinetics and mechanisms

The 1st and 2nd order models are often employed to simulate
VOC adsorption process. The optimal model parameters in this
work are presented in Table 1. The 2nd order model was superior
than 1st order model for polar acetone adsorption kinetics; while it
was opposite for the nonpolar cyclohexane adsorption kinetics.
This result suggests that the adsorption of different polarity VOC
onto the hydrochars could be controlled by different mechanisms.

VOC adsorption onto carbonaceous adsorbents are mainly
controlled by mechanisms related to Van der Waals interaction, p-
p bond, hydrophobic effect, hydrogen bond, and covalent and
electrostatic interactions (Zhang et al., 2017a). Among them, Van
der Waals interaction is one of the most important physical
adsorption mechanisms for VOCs on porous adsorbents. The
attractive forces between VOC molecules and carbon material can
be affected by polarity. As shown in Fig. 2, for the polar molecules
(e.g., acetone), there are three types of intermolecular forces,
namely induced dipole-induced dipole, dipole-induced dipole, and
dipole-dipole forces. Whereas there is only induced dipole-induced
Table 1
Parameters of adsorption dynamic models used for modeling acetone and cyclohexane a

Adsorbate Model 1st order model

Parameters qe(mg/g) k1(1/min) R2

Acetone HH 25.21 0.077 0.99
HH600 50.38 0.627 0.83
HH700 40.99 0.517 0.86
HH800 90.02 0.353 0.93
HH900 99.62 0.581 0.90
PH 17.96 0.214 0.84
PH600 51.98 0.249 0.91
PH700 49.87 0.186 0.87
PH800 44.39 0.204 0.81
PH900 116.40 0.488 0.90

Cyclohexane HH 15.52 0.142 0.94
HH600 62.48 0.102 0.99
HH700 66.40 0.087 0.99
HH800 62.54 0.091 0.99
HH900 84.36 0.828 0.72
PH 12.72 0.133 0.92
PH600 38.52 0.067 0.97
PH700 39.88 0.053 0.95
PH800 55.64 0.077 0.97
PH900 95.12 0.251 0.89

Fig. 2. Adsorption mechanisms of acetone an
dipole force for nonpolar molecules (e.g., cyclohexane). The rein-
forced molecular forces of dipole-dipole and induced dipole-dipole
on polar molecules are comparable to the medium-strength
hydrogen bond, which are stronger than the induced dipole-
induced dipole force (Wade and Simek, 2016). Thus, polar
acetone showed higher adsorption than nonpolar cyclohexane on
the hydrochars with polar surface.

In addition to the Van der Waals forces, p-p dispersion inter-
action is another important mechanism of VOC adsorption. Most of
the carbon atoms in carbonaceous materials have the p electron
orbit, which can be bound with VOC molecules with p electrons
(such as acetone) to form p-p dispersion interaction with face-to-
face or offset face-to-face orientations (Pan and Xing, 2008; Qu
et al., 2009). However, all the six carbon atoms of cyclohexane are
hybridized by sp3 and there is no extra orbital available to form the
p bond. Therefore, cyclohexane cannot be adsorbed onto the
hydrochars via p-p dispersion interaction.

Large specific surface area is important to VOC adsorption
through Van derWaals interaction and p-p bond. The relationships
between SSA of hydrochars and their acetone and cyclohexane
dsorption onto hydrochars at 20 �C.

2nd order model qe;exp(mg/g)

qe(mg/g) k2(g/mg$min) R2

7 31.45 0.0025 0.984 24.64
6 52.32 0.0221 0.990 52.24
4 42.89 0.0212 0.976 42.84
7 95.62 0.0062 0.974 93.70
8 103.70 0.0100 0.847 101.81
6 19.56 0.0175 0.976 19.19
5 56.17 0.0071 0.995 54.61
0 54.85 0.0052 0.980 53.35
3 48.43 0.0068 0.964 47.12
0 122.21 0.0067 0.886 121.74
2 17.45 0.0117 0.994 15.98
9 73.97 0.0016 0.987 62.12
9 80.82 0.0012 0.987 65.69
3 74.96 0.0014 0.999 63.71
8 86.88 0.0186 0.978 85.29
4 14.34 0.0134 0.983 13.24
9 48.21 0.0015 0.996 39.42
2 51.39 0.0010 0.979 40.32
3 68.03 0.0013 0.995 57.76
9 102.45 0.0041 0.991 99.41

d cyclohexane onto activated hydrochar.



Fig. 3. Relationships between SSA and VOC adsorption capacity of hydrochars: (a) acetone on hydrochars from different feedstock, (b) cyclohexane on hydrochars from different
feedstock, and (c) different VOCs on all hydrochars.
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adsorption capacity are analyzed (Fig. 3). The adsorption of polar
acetone and non-polar cyclohexane was significantly correlated
with SSA with the R2 ranging 0.911e0.918 (p < 0.01). This suggests
that physical adsorption was the prevailing mechanism of VOC
adsorption onto the hydrochars. The importance of surface area to
VOC removal by carbonaceous adsorbents has been recognized in
the literature, such as benzene, methylbenzene and xylene onto
activated carbon fibers (Das et al., 2004); hexyl hydride and
chlorylene onto carbon nanotube (Shih and Li, 2008); and dimethyl
ketone, hexamethylene, and methylbenzene onto biochars (Zhang
et al., 2017b).

Pore volume is another important factor to VOC adsorption onto
carbonaceous adsorbents. The relationships between BJH pore
volume of hydrochars and their acetone and cyclohexane adsorp-
tion capacities are presented in Fig. 4. Nevertheless, the correlation
between BJH pore volume and VOC adsorption rate was poor, with
the R2 values of 0.419e0.786 (p < 0.238).

3.4. Temperature effect

VOC adsorption onto poriferous adsorbents is mainly controlled
by physical exothermic interaction. The adsorption of acetone on
the ten hydrochars decreased with elevating adsorption tempera-
ture (Fig. 5a). Increasing the temperature from 20 �C to 40 �C and
from 20 �C to 60 �C, acetone adsorption decreased by 9%e61% and
20%e74%, respectively. The temperature effect was the most dra-
matic to hydrochars activated at high temperature. For example,
acetone adsorption onto HH900 and PH900 decreased 61% and 74%,
respectively, with the increase of adsorption temperature. In
comparison, variation of temperature showed a different effect on
cyclohexane adsorption. For most of the hydrochars except PH800
and PH900, the highest cyclohexane adsorption was observed at
40 �C (Fig. 5b). When the temperature increased to 60 �C, VOC
adsorption on the hydrochars decreased by 9%e64%. Previous
studies have reported that increasing experimental temperature
can also reduce the removal of CH2Cl2 and CH3I onto activated
carbon as well as acetone onto biochar (Qian et al., 2015; Zhang
et al., 2017b).

It is well recognized that elevating the temperature can decrease
the adsorption if it is an exothermic process. Yet when intrapore
diffusion is a rate-limiting step, however, high adsorption tem-
perature can facilitate the transfer of VOCs into the pores of
hydrochar adsorbents to promote the adsorption (Zhang et al.,
2017a). Wang et al. (2015) studied the influence of temperature
on VOC sorption and found that the sorption rate coefficient of
benzene, hexamethylene, and hexyl hydride adsorption onto or-
dered mesoporous carbons at 45 �C were higher than those at 35 �C
or 25 �C. In this study, acetone has small kinetic diameter of



Fig. 4. Relationships between BJH pore volume and acetone (a) and cyclohexane (b) adsorption capacity.

Fig. 5. Adsorption capacities of hydrochars to acetone (a) and cyclohexane (b) at 20 �C,
40 �C, and 60 �C.
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0.46 nm and is easy diffused into the pores. While the size of
cyclohexane is larger (kinetic diameter of 0.60 nm) and a slightly
higher adsorption temperature (40 �C) thus may benefit its
adsorption onto the hydrochars.
3.5. Desorption and reusability

All the adsorbed acetone could be desorbed from the hydrochars
at the temperature of 78e114 �C (Fig. 6). The effective desorption
temperature varied with the type of the adsorbents. Generally, the
required desorption temperature was higher for hydrochars acti-
vated at higher temperature. For example, PH and HH had the
lowest desorption temperatures of 80 �C and 88 �C, respectively;
while PH800 and HH800 had the highest desorption temperature
of 114 �C and 109 �C, respectively. Cyclohexane on the hydrochars
showed similar desorption behavior to acetone, but its desorption
temperature was slightly higher (71e139 �C). Besides, cyclohexane
on HH900 could not be entirely desorbed with 17.1% retained even
at 150 �C.

Because hydrochars activated at higher temperature possess
larger SSA andmoremicropores (Table S1), VOCs adsorbed on these
adsorbents thus may require more energy (i.e., higher desorption
temperature) to escape from carbon surface and the micropore
structure (Wang et al., 2009; Zhang et al., 2017a). Lashak et al.
(Lashaki et al., 2012) reported similar results that high desorption
temperature can increase VOC regeneration efficiency of beaded
activated carbon with narrow micropores (0.5e0.7 nm).

As for the result that the desorption temperature of cyclohexane
was higher than that of acetone, it may be ascribed to the different
boiling points of the two VOCs. Previous studies have indicated that
VOCs with higher boiling points also have stronger affinity for
carbonaceous adsorbents (Lashaki et al., 2012; Shah et al., 2014; Son
et al., 2016; Zhang et al., 2019a). The boiling point of cyclohexane is
80.74 �C, which is higher than that of acetone (56.53 �C). As a result,
cyclohexane is expected to require higher temperature than
acetone to be desorbed from the hydrochars.

Reusability tests of selected hydrochars to acetone and cyclo-
hexanewere carried out. Based on the best adsorption performance
of each VOC, acetone adsorption on HH900 at 20 �C and cyclo-
hexane adsorption on PH900 at 40 �Cwere chosen to determine the
reusability. As shown in Fig. 7, after five successive cycles, the
adsorption capacity of acetone on HH900 only decreased slightly
from 121.74 mg/g to 102.84 mg/g with nearly 90% of the adsorption
capacity at the end of the tests. As for the adsorption of cyclohexane
on PH900, slightly more reduction of the adsorption capacity was
observed. After five successive reuses, the adsorption capacity
decreased from 155.41 mg/g to 128.97 mg/g with 83.30% capacity
remaining. More cyclohexane was retained in the hydrochar than
acetone during the regeneration (i.e., incomplete desorption),
which can be ascribed to its higher boiling point and stronger
adhesion to the hydrochar.

4. Conclusions

In this work, pristine and CO2-activated hydrochars were used
to adsorb two typical VOCs (polar acetone and nonpolar cyclo-
hexane). After CO2 activation, the SSA of hydrochars increased
significantly from 8 m2/g to 1308 m2/g. Their VOC adsorptive ca-
pacities increased from 13.24 to 24.64 mg/g to 39.42e121.74 mg/g
accordingly. The significant linear correlation between VOC
adsorption capacities and specific surface areas, together with the
notable adsorption exothermal peaks of DSC curves suggest that
physical adsorptionwas themainmechanism of VOC adsorption on
the hydrochars. The desorption of VOCs from hydrochars was



Fig. 6. Desorption efficiency of acetone on hydrochars produced from hickory wood chips (a) and peanut shell (b); and cyclohexane on hydrochars produced from hickory wood
chips (c) and peanut shell (d).

Fig. 7. Reuse experiments of cyclohexane on PH900 at 40 �C and acetone on HH900 at
20 �C.
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affected by hydrochar pore size and VOC boiling point. VOCs on the
hydrochars could be desorbed by raising the experimental tem-
perature. Narrow pore size and high boiling point may restrain VOC
desorption and thus require high desorption temperature. CO2-
activated hydrochars showed good reusability after five cycles,
suggesting they can be used as an effective VOC adsorbent.
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