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. As novel technologies have been developed, emissions of gases of volatile organic compounds (VOCs)

. have increased. These affect human health and are destructive to the environment, contributing to

. global warming. Hence, regulations on the use of volatile organic compounds have been strengthened.

. Therefore, powerful adsorbents are required for volatile organic compounds gases. In this study, we

. used graphene powder with a mesoporous structure to adsorb aromatic compounds such as toluene and

. xylene at various concentrations (30, 50, 100 ppm). The configuration and chemical composition of the

. adsorbents were characterized using scanning electron microscopy (SEM), N, adsorption-desorption
isotherm measurements, and X-ray photoelectron spectroscopy (XPS). The adsorption test was carried
out using a polypropylene filter, which contained the adsorbents (0.25 g), with analysis performed
using a gas detector. Compared to graphite oxide (GO) powder, the specific surface area of thermally
expanded graphene powder (TEGP800) increased significantly, to 542 m?g~?, and its chemical
properties transformed from polar to non-polar. Thermally expanded graphene powder exhibits high
adsorption efficiency for toluene (92.7-98.3%) and xylene (96.7-98%) and its reusability is remarkable,
being at least 91%.

. Volatile organic compounds (VOCs) cause photochemical reactions and various diseases, and have been des-
. ignated as harmful to humans and the environment. The causes of VOC emissions can be classified as anthro-
: pogenic, such as the use of fossil fuels'?, painting, transportation, architecture, petroleum products, polymer
: syntheses and printing ink*! and natural, including biological emissions from land or the ocean. In particular, as
© VOC emissions occur during daily activities, such as driving, cooking, smoking and cosmetics, they can cause
. serious human diseases, such as cancer, as well as headache and nausea; they can also induce unconsciousness.
Thus, careful treatment is required, even in indoor environments*®. For these reasons, efficient VOC removal

© methods and the development of suitable materials has become an important issue.
Many effective VOC removal methods, such as condensation, membrane separation, incineration, plasma
. catalysis, absorption, and adsorption have been developed in response to the tightening of worldwide environ-
: mental regulations, including the Kyoto protocol and the Paris agreement”®. Unlike methods based on incinera-
© tion or plasma catalysis, which emit toxic materials, adsorption is inexpensive, highly reusable and eco-friendly,
- and shows high performance. Hence, it is one of the most promising methods for removing VOCs. Many types of
adsorbents with porous structures and large specific surface areas (SSAs), such as activated carbon (AC)°~"4, bio-
: char'®, zeolite's, silicas'?, AC fiber'®-?2, carbon nanotubes?*** and metal-organic frameworks?* have been investi-
. gated to enhance VOC adsorption performance and clarify the adsorption mechanisms. Furthermore, to increase
- the number of reaction sites for VOCs, some chemical treatments, such as KOH activation?®*” and impregnation
- of metal oxide?>* have been investigated. Li ef al.” carried out an adsorption experiment using toluene, acetone
and 1,2-dichloroethane with three commercial AC samples, and discussed the relationship between adsorption
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capacity and pore volume of AC. Kwang et al.'! used granular AC (0.002kg) to analyze the breakthrough curves
of VOCs under atmosphere pressure. Baur et al.?® used modified ACFs with metal oxide to enhance the removal
capacity of acetaldehyde. In terms of removing acetaldehyde, the performance of the modified ACFs improved
by up to 20 wt.%. Kim et al.” improved the adsorption performance for toluene from 80 to 98% using KOH acti-
vation, which can create more micropores and increase the SSA. However, there are several problems with the
methods used to manufacture and modify adsorbents, such as high temperature requirements for manufacturing,
incompatibility, low synthesis efficiency and high costs.

Many factors that can be adjusted to enhance physical adsorption or chemisorption performance, such as
the SSA, pore size, pore distribution, molecular structure, polarity of adsorbent, boiling point, humidity and
functional groups on the surface of the adsorbent. In particular, the SSA, pore size and functional groups on the
surfaces of adsorbents are considered key factors affecting adsorption mechanisms, thus determining the VOC
adsorption performance®-**. Large SSAs are important for the adsorption of VOCs, because they increase the
number of adsorption sites. Hence, some researchers have focused on increasing the SSA. Chiang et al.? evaluated
three ACs with various SSAs, of 1,472 m?g™!, 1,027 m?g~! and 975 m? g™, to investigate the variation in VOC
adsorption performance with respect to the SSA. Fen-Yun Yi et al.*? increased the SSA of AC fibers using CuSO,
and demonstrated increased adsorption capacity for benzene, toluene, methanol and ethanol with modified ACFE,
which has a larger surface area. Lin Li et al.'? used chemical treatment to increase the surface area, which affects
the adsorption capacity for non-polar VOCs on granular Acs, and observed a remarkable increase in adsorption
capability. However, several researchers have reported that the highest SSA does not always lead to the best VOC
adsorption performance. Gil et al.** carried out a toluene removal test using various AC adsorbents, which were
obtained by chemical activation with KOH, NaOH and K,CO;. They reported that the AC sample, which had a
specific area of 798 m? g™}, exhibited better toluene adsorption performance than another AC sample, which had
a larger specific area of 1,169 m?g~!. This indicates that adsorption performance is influenced by many related
factors, and that these factors include not only the SSA, but other physical or chemical properties, including the
pore size, polarity and functional groups present on the surfaces of adsorbents.

The pore size distribution also affects the adsorption performance of VOCs. The pore size can be classified
into three categories according to diameter, i.e., micropores (pore diameter <2 nm), meso-pores (2nm < pore
diameter <50nm) and macropores (pore diameter >50nm). If the pore size is too big or small compared to the
VOC gas molecules, the adsorption performance is poor. Hence, the relationship between pore size and adsorp-
tion capacity has been investigated by many authors using various methods. Yu-Chun Chiang et al.’ investigated
the molar adsorption of VOCs such as benzene, chloroform, carbon tetrachloride and dichloromethane using AC
with various mean pore sizes. M.A. et al.** measured adsorption capability with respect to the pore size distribu-
tion and surface oxygen groups of AC. They reported that the porosity is a more important factor for determining
VOC adsorption performance at low concentrations. Kun et al.** conducted an adsorption test using MIL-101,
which has a constant pore size, for various VOC gases with similar structures but different molecular sizes, such
as ethylbenzene, p-xylene, o-xylene and m-xylene. According to their results, neither o-xylene nor m-xylene
could be adsorbed at the surface of MIL-101 because its pores are too small. Hence, the appropriate pore size of
the adsorbent varies with the target material.

In addition to the surface chemical functional groups of the adsorbents, the adsorbate has a profound influ-
ence on adsorption ability. In particular, almost all researchers have used engineered carbonaceous adsorbents
with specific numbers of oxygen groups because this controls the acidity, which affects the interaction of polar
or non-polar VOCs with the surfaces of adsorbents. Kim et al.!® fabricated modified AC using H;PO, to increase
the number of oxygen groups and enhanced the adsorption capability of VOCs such as methanol, ethanol and
i-propanol. Similarly, acid treated biochar exhibited a better adsorption capacity for benzene and carbon tetra-
chloride than basic biochar®>. Chemical activation, electrochemical treatment and microwave methods are com-
monly used to control the surface functional groups of carbonaceous adsorbents?”*°. However, some researchers
insist that the chemical functional groups at the adsorbent surface are not the key factor determining adsorption
capacity. Tsai et al.”” investigated the adsorption capability of AC, which has a different polarity to chloroform.
The adsorption capacity of the hydrophilic AC was approximately 373 mg/g, whereas it was 235 mg/g in the case
of hydrophobic AC. Moreover, Gil et al.** used an activated carbon which was treated by chemical materials as
adsorbents for evaluating the capacity for toluene adsorption. The author insist that the adsorption capacities
were affected by both textural properties and chemical functional groups.

Graphene, which consists of hexagonally arranged sp2-hybridized carbon atoms, has a remarkable theoretical
SSA of 2,630 m?g~!%8. This can easily be altered by chemical reactions that modify the surface composition, such
as the number of oxygen functional groups, and can be manufactured using tape®’, chemical vapor deposition®,
hydrothermal processes*, etc. Hence, graphene is considered to be a promising adsorbent material due to its large
specific area, various production techniques and ease of modification. So, graphene had been used for adsorbent
with various chemical modifications*"*2. Furthermore, some researchers have reported good adsorption of VOCs
with benzene rings, such as benzene, toluene and xylene. The adsorption mechanism has been explained in terms
of w-7 electron donor-acceptor (EDA) reactions*. However, many studies on graphene have focused on the
removal of VOCs from water, and there have been few studies on techniques for removing them from air, where
they are easily introduced due to pollution.

Toluene and xylene are among the toxic materials emitted from factories and petrochemical products and
are subject to worldwide emissions regulations. Thus, research and development of adsorbent materials that are
applicable to real-life scenarios is a serious issue. Hence, in this study, we used bulk graphene powders with mes-
oporous structures as adsorbents. The graphene bulk powders were produced by the thermal expansion method
(resulting in thermally expanded graphene powder, TEGP) and characterized by scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS) and N, isotherms. Without using any bonding materials, 0.25g
of TEGP was sealed in a circular air filter with no VOC adsorption properties. We assessed the adsorption whilst
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Figure 1. (a) Schematic of apparatus and components (b) The cross section of A-A section (c) picture of PP-
filter (left) and adsorption filter containing thermally expanded graphene powder, TEGP (right).

varying the VOC concentration (30, 50, 100 ppm) and measured the total adsorbed volume capacity. Finally, we
verified the economic feasibility of TEGP by carrying out a reusability test.

Experimental Section

Preparation of thermally expanded graphene powder. GO powder was prepared using a modified
Hummers’ method*. To oxidize the graphite powder (2 g, flake type, ~325 mesh; Alfa Aesar), chemical materials
such as sodium nitrate (1 g; Sigma-Aldrich), sulfuric acid (69 ml; Daejung), potassium permanganate (6 g; Sigma
Aldrich), hydrogen peroxide (3 ml; Daejung) and deionized (DI) water were used, followed by a freeze-drying
process. We treated GO powder with thermal energy to form a porous structure. At the initial condition of room
temperature (25°C), an alumina boat containing GO powder (0.5g, brown color) was placed in a tube furnace.
The inside of the tube furnace was composed of an argon environment using vacuum pump and argon bombe.
During manufacture process the argon gas was flowed with 0.5 L/min. Until reach to manufacturing temperature
as 200, 500 and 800 °C, the heat rate was kept constant at 5°C/min. After the conditions of tube furnace reached
the target temperature, the value was maintained for 30 minutes and then cooled. Finally, we obtained low density
thermally reduced oxide graphene powder (black) with a maximal volume. This black powder was named as
TEGP. Depending on the applied temperature, the concentration of oxygen molecules varied due to the elimina-
tion of functional groups, such as carboxyl and carbonyl groups®.

Characterization. We observed the morphology of the TEGP using field emission scanning electron
microscopy (FE-SEM; JEOL-7800F). The acceleration voltage was up to 30kV, at which the resolution was guar-
anteed to be 1.2nm. The magnification of the SEM images was selected as x2,000 or x20,000. The nitrogen
adsorption-desorption isotherm measurement (Autosorb-iQ; Quantachrome Instruments) was carried out at
77 K. All powders were pre-activated at 120 °C under vacuum conditions to remove water from the powder; then,
VOC adsorption-desorption measurements (BELSOP-man; MicrotracBEL Corp.) were carried out using toluene
and xylene so that we could investigate the total adsorbed volume capacity of TEGP. We analyzed the chemical
composition of TEGP using XPS (PHI 5000 VersaProbe-II; Phi) so that we could compare the concentrations of
oxygen and carbon.

VOC gas adsorption test. The loop for VOC gas adsorption consisted of an acrylic chamber, electrical fan
for circulating gas, test section, pressure gage and flow meter. The volume of the acrylic chamber, which had a
circular cross section, was 5,570 cc and all tubes had a diameter of 60 mm. The electrical fan, which could produce
flow rates of 2.23 m® min~"' allowed circulation of VOC gas and accelerated the reaction between the VOC gas and
the TEGP. A polypropylene (PP) air filter, which had a diameter of 70 mm and no adsorption capability, was used
to enclose the TEGP. The pressure at the acrylic chamber was measured using a pressure gauge and maintained
at 0.1 MPa (gauge pressure) during the adsorption test. We checked for gas leaks in the pressurized acrylic cham-
ber by immersing it in a water pool. We controlled the gas supply and venting using valves with 1/4 inch holes,
and their concentrations were monitored using a gas detector (GASTEC). The flow rate of gas was monitored in
real-time by a flow meter. All gaps or contact surfaces were sealed using O-rings and silicon sealant (SYLGARD
184; Dow Corning). Figure 1(a,b) show a schematic of the overall acrylic chamber and cross section of the tube,
respectively. The width of the apparatus was 1,040 mm and its depth was 190 mm. For precise measurement of the
mass flow rate, we selected the size of the apparatus based on the guidelines of the measurement devices.

We designed the experimental cases by considering the type of VOC gas (toluene, xylene) and its concentra-
tion (30, 50, 100 ppm). We compared the adsorption performance of the different concentrations by wrapping
the GO powder and TEGP with PP filters and carrying out adsorption tests. Each of the experimental cases are
detailed in Table 1. We prepared the adsorption filter by enclosing the TEGP powders with basic PP filters. We
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Manufacture Annealing Concentration
Material method temperature [°C] | Name VOC gas [ppm]
Graphite oxide | Oxidation — GO powder | Toluene, xylene | 30, 50, 100
TEGP Thermally annealing | 200 TEGP200 | Toluene, xylene | 30, 50, 100
TEGP Thermally annealing | 500 TEGP500 | Toluene, xylene | 30, 50, 100
TEGP Thermally annealing | 800 TEGP800 Toluene, xylene | 30, 50, 100

Table 1. Experimental cases.

overlapped two pieces of PP filter with diameters of 70 mm and bonded them together. After 0.25g of TEGP had
been placed in the PP pocket, we bonded the pocket to ensure that it was completely sealed. Although gas passes
through the adsorption filter, we never observed TEGP leakage from the filter, thus confirming that the filter
prevents the loss of adsorbents. Hence, this simple method of enclosing the material in a basic filter is an effective
strategy for preparing adsorption filters at industrial or lab scales. Figure 1(c) shows a reference filter, which does
not contain TEGP, and the adsorption filter with TEGP powder fabricated at 800 °C.

The VOC gas adsorption test was carried out as follows. The acrylic chamber containing the adsorption filter
was filled with nitrogen gas and we then created a vacuum environment by removing the N, gas using a vacuum
pump. This process was repeated three times to guarantee a vacuum environment. After the acrylic chamber was
filled with VOC gas, such as toluene or xylene, the adsorption tests were started. The adsorption performance was
evaluated by gas detector and detecting tube (GASTEC) which indicates the amount of VOC gas mixed in the N,
gas. The detecting tube has scales which indicate the amount of VOC gas. The evaluation processes for adsorption
performance as follow: link the detector tube at the front of gas detector and connect the tube in the opposite
direction to the experiment apparatus. After that, if the grip which was located at end of the gas detector was
pulled, the color of detecting material which was located inside of detecting tube will be changed up to the scale of
the amount containing the VOC gas as brown color. We classified the brown color by image processing program
with the same basis to determine the amounts of adsorbed gases. We verified the adsorption performance of the
PP filter by repeating the adsorption test using a PP filter containing no carbon powder. The results of this test
confirm that the adsorption performance was similar in all cases, except when we compared the case with GO
powder to that of TEGP. After the end of the test, the remaining gas in the acrylic chamber was removed using a
vacuum pump. We repeated the same measurement procedures, replacing the PP filter each time. All adsorption
tests were carried out at a constant room temperature (25 °C) under zero humidity conditions.

Reusability.  After completing the adsorption test, we fixed the TEGP filter to the aluminum desorption appa-
ratus to evaluate its reusability (the desorption apparatus is shown in Fig. S1). To eliminate VOC gases, which
were adsorbed by the TEGP, we used a fitting tube with a diameter of 6 mm to connect the nitrogen supply line
and vent line to each end of the desorption apparatus, then placed it in a convection oven to achieve a constant
temperature of 150 °C. The nitrogen gas flowed steadily through the TEGP filter for 30 min. After the desorp-
tion process, the TEGP filters were installed in adsorption apparatus and the adsorption test was repeated, as
described above. We then validated the re-adsorption performance using a gas detector. Finally, we compared the
results to those obtained prior to the desorption test.

Results and Discussion

TEGP characterization. Figure 2 shows the morphologies of the adsorption materials [graphite, (a), (b);
graphite oxide, (c), (d); TEGP800, (e), (f)] for VOC gas, with various magnifications [(a), (c), (e), X2,000; (b),
(d), (f), x20,000]. As shown in Fig. 2(a-d), a porous morphology was not observed in the case of the graphite
and GO powder, which was composed of multiple layer stacked graphene powder. However, due to the oxidation
and rinsing process, many more wrinkles were generated on the surface of GO powder compared to the graph-
ite powder. The SEM image of TEGP800 (Fig. 2(e,f)), which contains expanded gaps between the multi-layer
graphene sheets, shows that the porous structure arose due to the thermal energy treatment, also TEGP200 and
TEGP500 show similar morphologies. The pores in the TEGP were generated by the emission of oxygen func-
tional groups, such as carbonyl groups, that were present on the surface of the graphene layer. This method, based
on thermal energy, can be applied to facilitate instant redox processes, and induce the generation of micro-meso
porous cavities and oxygen groups, which are related to polarity; also, it can be easily controlled by adjusting
the temperature®. The interlayer spacing between the graphene sheets was increased by the adhesion of oxygen
molecules during the oxidation treatment. Furthermore, the SSA at the adsorption sites was maximized using a
thermal reduction process at 800 °C, thus removing the intercalated oxygen atoms. Figure 3 shows a schematic of
the thermal expansion mechanism.

Figure 4(a,b) show the results of the nitrogen adsorption-desorption isotherm measurements and the pore
distribution, respectively (graphite oxide, black line; TEGP200, red line; TEGP500, blue line; TEGP800, green
line); filled and black symbols in (a) indicate adsorption and desorption, respectively. The SSA of GO, TEGP200,
TEGP500, TEGP800 were measured as 65, 414, 440, 542 m? g™, respectively. The SSA of the TEGP were increased
according to treating temperature and were maximized at 800 °C. The specific surface area of TEGP800 was 8-9
times larger than that of the GO powder. As shown in Fig. 4(a), the relative pressure region between 0.0-0.1 indi-
cates powerful adsorption ability, which was caused by the surface of the adsorbent. The higher relative pressure
indicates that more bulk gas was adsorbed by the limited volume of adsorbent. The TEGP generally adsorbed a
large quantity of nitrogen due to its larger SSA and volume for gas adsorption. The adsorption-desorption graph
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Figure 2. Scanning electron microscopy (SEM) image of (a,b) graphite powder, (c,d) graphite oxide (GO), and
(e,f) TEGP800.
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Figure 3. Schematic of the thermal expansion mechanism; (a) graphite powder, (b) GO powder, and (c) TEGP.

for all case of TEGP shows type H3 isotherms, which means that the adsorbents have slit-like pores®’; this pore
shape is shown in Fig. 2(e,f). As shown in Fig. 4(b), the pore distribution graph of the GO power indicates a lower
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Figure 4. (a) Nitrogen adsorption-desorption graph and (b) pore distribution of adsorbents (Black: GO
powder, Red: TEGP200, Blue: TEGP500, Green: TEGP800).

porosity, whereas the graph for all case of TEGP indicates the generation of mesopores of various sizes; in particu-
larly, the quantity of mesopores with diameters from 4 to 5nm increased remarkably, and pores with diameters
between 5 to 25 nm were well-developed. This indicates that the application of thermal energy to the GO powder
affected the form of the porous structure and shows that a mostly mesoporous structure can be fabricated quickly
and easily by applying the thermal expansion method to the bulk material.

Figure S2 shows the XPS results, namely the intensity (a.u.) against the binding energy (eV), to show the vari-
ation in Ols and Cls peaks with respect to the TEGP processing temperature (black: GO powder, red: TEGP200,
blue: TEGP500, green: TEGP800); we refer to the TEGP manufactured at 200 °C as TEGP200, etc. The results
show that the intensity of the O1s peak decreased with increasing temperature, unlike the Cls ratio, which
increased with respect to temperature. This indicates that functional groups containing oxygen, such as hydroxyl-
and carboxyl-groups, were removed effectively from the surface of the GO powder. The variation in oxygen ratio
with respect to temperature demonstrates that the removal of the functional groups, which contain oxygen atoms,
depends on the temperature. The Cls peaks of GO, TEGP200, TEGP500, TEGP800 were separated, as shown in
Fig. 5(a-d), respectively. These show the change in chemical composition in detail. Comparing the GO powder
with every TEGP case, the intensity of the C-O and C=0 bonds decreased remarkably. We calculated the amount
of oxygen functional groups which were remained on the adsorbent surface. The C/O ratio of GO, TEGP200,
TEGP500 and TEGP800 were calculated as 0.6, 1.3, 1.3 and 2.1 and the percentages of oxygen-functional groups
were calculated as 62.7, 44.1, 44.0 and 26.7%, respectively. As the data shows, oxygen functional groups which
were existed on the surface were removed greatly but not completely. This indicates that the thermal energy-based
reduction method affected the sp2- bonding of the graphene plane. In our analysis of the TEGP with respect to
the annealing temperature, the amount of the oxygen-functional groups decreased according to the manufactur-
ing temperature such as 200, 500 and 800 °C. This indicates that the annealing conditions can be controlled to
adjust the ratio of oxygen at the graphene plane, thus affecting the polarity.

Adsorption performance of VOC using adsorbents. We carried out our VOC gas adsorption experi-
ment using GO, TEGP200, TEGP500 and TEGP800 with toluene and xylene gas in an acrylic chamber at various
concentrations (30, 50, 100 ppm). The two overlapping pieces of bare PP filter were used as an enclosing material
to prevent the adsorbents from escaping the PP filter. Prior to the adsorption experiments, we confirmed that the
bare PP filter adsorbed no VOCs at a concentration of 100 ppm.

Figures S3 and S4 show the adsorption efficiency of TEGP 200, 500 and 800 according to VOC gas type.
Although the SSA and containing amounts of oxygen-functional groups are different at each TEGP, the
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Figure 5. XPS data of C1s peak separation of (a) GO powder, (b) TEGP200, (c) TEGP500, (d) TEGP800.

adsorption performances are similar. This is because the pore distribution of each TEGP and the dominant pore
size are similar®**”. So, we compared GO power and TEGP800 as representative. Figure 6 shows the adsorp-
tion performance (%) of the adsorption filter, with various adsorbents [(a), bare PP-filter; (b), GO powder; (c),
TEGP800] for 100 ppm of toluene gas. Our experimental results show that the bare PP-filter adsorbed almost no
toluene gas. This confirms that the bare PP-filter is suitable for enclosing adsorbents, because it does not affect
the adsorption performance. The TEGP800 exhibited outstanding toluene adsorption performance (93%), which
was also better than that of GO powder (33.3%). This confirms that the differences between physical properties
of the GO powder and TEGP800, such as the larger SSA, volume of adsorbent, presence of chemical functional
groups at the surface of the adsorbent and presence or absence of pore, have a remarkable effect on the adsorption
performance.

Figure 7(a,b) show the toluene and xylene adsorption performance (%) of TEGP800, demonstrating the effect
of gas concentration. According to our results, toluene and xylene adsorption did not vary significantly with
the gas concentration, as shown in Figs S3 and S4. The adsorption efficiency peaked after 30 min in the case of
both toluene and xylene. As a representative, the adsorption performance of TEGP800 at 30, 50, 100 ppm was,
respectively, 94.3, 98.3, 92.7% for toluene gas and 100, 96.7, 97.9%, for xylene gas. There were some differences in
adsorption performance of toluene compared to the results shown in Fig. 6. The performance was significantly
improved compared to that of GO powder.

Figure 8 [(a): toluene, (b): xylene] shows the VOC gas adsorption-desorption trend, which we used to verify
the total adsorbed volume capacity of TEGP800. This shows that the total adsorbed volume capacity of TEGP800
was 691 and 191 cm®g~! for toluene and xylene, respectively. The VOC gases used in the adsorption-desorption
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Figure 7. Adsorption efficiency of TEGP800 with respect to the gas concentration of (a) toluene and (b) xylene.

tests have molecular structures with methyl groups. It is possible that the differences in adsorbed volume capacity
mentioned are due to the volume of each VOC molecule. Hence, as the total TEGP adsorption volume is limited,
it is reasonable to assume that larger molecule size results in smaller total adsorbed volume capacity, as shown in
Fig. 8. This figure suggests that the density of toluene and xylene is 867 and 861kg/m?>, respectively; these values
are reasonable.

Reusability test. When developing adsorption methods, it is necessary to consider reusability, which is one
of the most important factors when evaluating intrinsic adsorbent performance. Regardless of the quality of the
adsorption performance, if a material is not reusable, then the adsorbent is significantly less attractive from an
economic and environmental point of view. We investigated the reuse potential of TEGP200, 500 and 800 by first
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Figure 8. Total adsorbed capacity of TEGP800 for toluene (filled circle) and xylene (blanked circle).

placing the desorption apparatus in an convection oven to realize constant temperature conditions. The thermal
energy made it easy to remove both the physically adsorbed VOC gas molecules and the chemically adsorbed gas
molecules through processes such as the w-w interaction. Figures S5 and S6 show the re-adsorption efficiency of
TEGP 200, 500 and 800 according to VOC gas type. Likewise, the adsorption efficiency, all of TEGP samples show
similar re-adsorption efficiency. In the case of TEGP800 as a representative, it shows that the reused TEGP800
had superior toluene and xylene re-adsorption efficiency at all gas concentrations, of 91 and 97% or more, respec-
tively, although there was a slight drop in efficiency prior to reuse. The re-adsorption efficiency also became
saturated after 30 minutes and showed good adsorption efficiency. This indicates that the TEGP adsorption per-
formance was recovered by the thermal energy-based desorption method. Figure 9(a,b) show a comparison of the
adsorption eficiency of TEGP800 between toluene and xylene before and after the desorption process, respec-
tively. In the case of the toluene gas, the adsorption efficiency decreased slightly, by approximately 0.7-3.8%, when
the TEGP was reused. There was no decrease in adsorption efficiency after versus before the desorption process
in the case of xylene gas; hence, the xylene adsorption efficiency of the TEGP800 was restored almost perfectly.
Although we observed a slight decrease in the adsorption efficiency when we used TEGP samples, it exhibited
outstanding toluene and xylene reusability properties, i.e., greater than 96%.

The adsorption performance of aromatic VOC gases with benzene rings proceeds by the EDA reaction,
involving w electrons on the graphene surface, aromatic rings, and oxygen functional groups***. In this study,
with toluene and xylene, which are non-polar, the adsorption performance of TEGP exhibited remarkably supe-
rior adsorption efficiency, from low concentrations (30 ppm) to high concentrations (100 ppm), compared to
GO powder. This was due to the maximized SSA of the TEGP and the elimination of the oxygen functional
groups and trend of pore size distribution. Eventually, although all of TEGP samples have a different specific
surface area and amounts of oxygen-functional groups, the adsorption efficiency was showed similarly. This is
because TEGP200, 500 and 800 have similar pore size that exists dominant®**”. Furthermore, the thermal expan-
sion method, which we used to control the SSA and functional groups, provides an economical manufacturing
method because it barely emits any harmful substances and is simple and easy to use. We achieved outstanding
VOC adsorption efficiency with TEGP800, of approximately 93%, which became saturated after 30 minutes. The
total adsorbed capacity was greater in the case of toluene (691 cm?®g™!) than in the case of xylene (191 cm®*g™?),
indicating that toluene has advantages over xylene in terms of gas molecular structure and size. Finally, the reus-
ability of the TEGP was remarkable, being greater than 96%. This indicates that this material had outstanding
properties for applications as an adsorbent for VOCs.

Conclusions

In summary, we manufactured TEGP, which is an appropriate material for the removal of VOC gas, by a chemical
oxidation process and reduction using heat energy. The adsorption performance of the toluene and xylene was
evaluated using a gas detector tube (GASTEC) under concentrations of less than 100 ppm. Furthermore, the eco-
nomic potential of TEGP was evaluated in terms of its reusability. The findings of this study can be summarized
as follows:

o The dominant pore size of the adsorbent is a key factor affecting the adsorption performance. We carried out
reduction using heat energy to control the specific surface area of the adsorbent, oxygen-functional groups
and pores. To analyze the controlled factors, we used the Brunauer—Emmett—Teller (BET) method and
X-ray photoelectron spectroscopy (XPS). TEGP has been identified previously as having a porous struc-
ture and a significantly increased SSA based on SEM and BET data and the oxygen-functional groups were
decreased from 62.7 to 26.7%. But the adsorption efficiency is not significant difference. This is because all of
TEGP samples have similar dominant pore size with 4-5nm.

o TEGP exhibited remarkable adsorption performance at each concentration of toluene and xylene gas tested
(30, 50, 100 ppm). But, TEGP had a large difference in the total adsorbed volume capacity of toluene and
xylene gas. This shows that the VOC gas adsorption performance is not only determined by the SSA.
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Figure 9. Comparison of adsorption efficiency of TEGP800 before versus after the desorption process for (a)
toluene and (b) xylene.

o We investigated the total adsorbed volume capacity, which was 691 cm®g~! in the case of toluene gas and 191
cm?®g ! in the case of xylene gas, using a BET method. These results are reasonable given that the molecular
size of toluene is smaller than that of xylene, so more gas can be adsorbed at a given volume.

o We also investigated the reusability of TEGP by carrying out a desorption and re-adsorption test. To desorb
the VOCs molecules effectively, we placed the desorption apparatus in a convection oven, which was main-
tained at a constant temperature of 150 °C. Having achieved a re-adsorption efficiency over 91%, we speculate
that the TEGP filter clearly maintains its sorption function. Although we observed a slight decrease in adsorp-
tion efficiency, of approximately 0.7-3.8%, the adsorption upon reuse was greater than 96% in the case of both
toluene and xylene. This indicates that TEGP has excellent reusability properties.

References
1. Zhang, X., Gao, B, Creamer, A. E., Cao, C. & Li, Y. Adsorption of VOCs onto engineered carbon materials: a review. J. Hazard.
Mater. 338, 102-123 (2017).
2. McInnes, G. Joint EMEP/CORINAIR atmospheric emission inventory guidebook. European Environment Agency, Copenhagen
(1996).
. Patnaik, P. A comprehensive guide to the hazardous properties of chemical substances. (John Wiley & Sons, 200p7).
4. Qian, Q, Gong, C., Zhang, Z. & Yuan, G. Removal of VOCs by activated carbon microspheres derived from polymer: a comparative
study. Adsorption 21, 333-341 (2015).
5. Wang, H. et al. Characterization and assessment of volatile organic compounds (VOCs) emissions from typical industries. Chin. Sci.
Bull. 58, 724-730 (2013).
6. Suib, S. L. New and future developments in catalysis: Catalysis for remediation and environmental concerns. (Newnes, 2013).
7. Grubb, M., Vrolijk, C. & Brack, D. The Kyoto Protocol: a guide and assessment. (Royal Institute of International Affairs Energy and
Environmental Programme., 1997).
8. Rogelj, J. et al. Paris Agreement climate proposals need a boost to keep warming well below 2 C. Nature 534, 631 (2016).
9. Chiang, Y.-C., Chiang, P--C. & Huang, C.-P. Effects of pore structure and temperature on VOC adsorption on activated carbon.
Carbon 39, 523-534 (2001).
10. Kim, K.-J. et al. Adsorption-desorption characteristics of VOCs over impregnated activated carbons. Catal. Today 111, 223-228
(2006).
11. Oh, K.-J., Park, D.-W.,, Kim, S.-S. & Park, S.-W. Breakthrough data analysis of adsorption of volatile organic compounds on granular
activated carbon. Korean J. Chem. Eng. 27, 632-638 (2010).

w

SCIENTIFIC REPORTS | (2019) 9:10922 | https://doi.org/10.1038/s41598-019-47100-z 10


https://doi.org/10.1038/s41598-019-47100-z

www.nature.com/scientificreports/

12.
13.
14.
15.
16.
17.

18.
. Brasquet, C. & Le Cloirec, P. Adsorption onto activated carbon fibers: application to water and air treatments. Carbon 35, 1307-1313

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
3L
32.
33.
34.
35.
36.
. Tsai, J.-H., Chiang, H.-M., Huang, G.-Y. & Chiang, H.-L. Adsorption characteristics of acetone, chloroform and acetonitrile on
38.
39.
40.

41.

42.

43.
44,
45.

46.
47.

Li, L, Liu, S. & Liu, J. Surface modification of coconut shell based activated carbon for the improvement of hydrophobic VOC
removal. J. Hazard. Mater. 192, 683-690 (2011).

Wang, C.-M., Chang, K.-S., Chung, T.-W. & Wu, H. Adsorption equilibria of aromatic compounds on activated carbon, silica gel,
and 13X zeolite. Journal of Chemical & Engineering Data 49, 527-531 (2004).

Yu, E D, Luo, L. A. & Grevillot, G. Adsorption isotherms of VOCs onto an activated carbon monolith: experimental measurement
and correlation with different models. Journal of Chemical & Engineering Data 47, 467-473 (2002).

Zhang, X. et al. Biochar for volatile organic compound (VOC) removal: Sorption performance and governing mechanisms.
Bioresour. Technol. 245, 606-614 (2017).

Zhao, X., Ma, Q. & Lu, G. VOC removal: comparison of MCM-41 with hydrophobic zeolites and activated carbon. Energy ¢~ Fuels
12,1051-1054 (1998).

Kosuge, K., Kubo, S., Kikukawa, N. & Takemori, M. Effect of pore structure in mesoporous silicas on VOC dynamic adsorption/
desorption performance. Langmuir 23, 3095-3102 (2007).

Das, D., Gaur, V. & Verma, N. Removal of volatile organic compound by activated carbon fiber. Carbon 42, 2949-2962 (2004).

(1997).

Foster, K. L., Fuerman, R., Economy, J., Larson, S. & Rood, M. Adsorption characteristics of trace volatile organic compounds in gas
streams onto activated carbon fibers. Chem. Mater. 4, 1068-1073 (1992).

Huang, Z.-H., Kang, F, Liang, K.-M. & Hao, J. Breakthrough of methyethylketone and benzene vapors in activated carbon fiber beds.
J. Hazard. Mater. 98, 107-115 (2003).

Yi, E-Y,, Lin, X.-D., Chen, S.-X. & Wei, X.-Q. Adsorption of VOC on modified activated carbon fiber. J. Porous Mater. 16, 521-526
(2009).

Talapatra, S. & Migone, A. Adsorption of methane on bundles of closed-ended single-wall carbon nanotubes. Phys. Rev. B 65,
045416 (2002).

Zheng, F. et al. Single-walled carbon nanotube paper as a sorbent for organic vapor preconcentration. Anal. Chem. 78, 2442-2446
(2006).

Zhou, X. et al. A novel MOF/graphene oxide composite GrO@ MIL-101 with high adsorption capacity for acetone. J. Mater. Chem.
A 2,4722-4730 (2014).

Mohammed, J., Nasri, N. S., Zaini, M. A. A., Hamza, U. D. & Ani, F. N. Adsorption of benzene and toluene onto KOH activated
coconut shell based carbon treated with NH3. Int. Biodeterior. Biodegrad. 102, 245-255 (2015).

Kim, J. M., Kim, J. H,, Lee, C. Y., Jerng, D. W. & Ahn, H. S. Toluene and acetaldehyde removal from air on to graphene-based
adsorbents with microsized pores. J. Hazard. Mater. 344, 458-465 (2018).

Baur, G. B., Yuranov, I. & Kiwi-Minsker, L. Activated carbon fibers modified by metal oxide as effective structured adsorbents for
acetaldehyde. Catal. Today 249, 252-258 (2015).

Li, L.-q et al. Adsorption of volatile organic compounds on three activated carbon samples: Effect of pore structure. Journal of
Central South University 19, 3530-3539 (2012).

Figueiredo, J. L., Pereira, M., Freitas, M. & Orfao, J. Modification of the surface chemistry of activated carbons. Carbon 37,
1379-1389 (1999).

Shen, W, Li, Z. & Liu, Y. Surface chemical functional groups modification of porous carbon. Recent Patents on Chemical Engineering
1, 27-40 (2008).

Gil, E. R, Ruiz, B., Lozano, M., Martin, M. & Fuente, E. VOCs removal by adsorption onto activated carbons from biocollagenic
wastes of vegetable tanning. Chem. Eng. J. 245, 80-88 (2014).

Lillo-Rédenas, M., Cazorla-Amorés, D. & Linares-Solano, A. Behaviour of activated carbons with different pore size distributions
and surface oxygen groups for benzene and toluene adsorption at low concentrations. Carbon 43, 1758-1767 (2005).

Yang, K., Sun, Q., Xue, F. & Lin, D. Adsorption of volatile organic compounds by metal-organic frameworks MIL-101: Influence of
molecular size and shape. J. Hazard. Mater. 195, 124-131 (2011).

Bansode, R., Losso, J., Marshall, W., Rao, R. & Portier, R. Adsorption of volatile organic compounds by pecan shell-and almond
shell-based granular activated carbons. Bioresour. Technol. 90, 175-184 (2003).

Reina, A. et al. Large area, few-layer graphene films on arbitrary substrates by chemical vapor deposition. Nano Lett. 9, 30-35 (2008).

sludge-derived adsorbent, commercial granular activated carbon and activated carbon fibers. J. Hazard. Mater. 154, 1183-1191

(2008).

Stoller, M. D., Park, S., Zhu, Y., An, J. & Ruoff, R. S. Graphene-based ultracapacitors. Nano Lett. 8, 3498-3502 (2008).

Compton, O. C. & Nguyen, S. T. Graphene oxide, highly reduced graphene oxide, and graphene: versatile building blocks for carbon-

based materials. small 6, 711-723 (2010).

Xu, Y, Sheng, K., Li, C. & Shi, G. Self-assembled graphene hydrogel via a one-step hydrothermal process. ACS Nano 4, 4324-4330

(2010).

Xu, X. et al. Facile Assembly of Three-Dimensional Cylindrical Egg White Embedded Graphene oxide composite with Good
Reusability for Aqueous Adsorption of Rare Earth Elements. Colloids and Surfaces A: Physicochemical and Engineering Aspects

(2019).

Gao, M. et al. Novel magnetic graphene oxide decorated with persimmon tannins for efficient adsorption of malachite green from
aqueous solutions. Colloids and Surfaces A: Physicochemical and Engineering Aspects 566, 48-57 (2019).

Lazar, P. et al. Adsorption of small organic molecules on graphene. JACS 135, 6372-6377 (2013).

Hummers, W. S. Jr. & Offeman, R. E. Preparation of graphitic oxide. JACS 80, 1339-1339 (1958).

Jaramillo, J., Alvarez, P. & Gémez-Serrano, V. Preparation and ozone-surface modification of activated carbon. Thermal stability of
oxygen surface groups. Appl. Surf. Sci. 256, 52325236 (2010).

Ertl, G., Knozinger, H. & Weitkamp, J. Handbook of heterogeneous catalysis (1997).

Zhang, W. et al. Comparison of dynamic adsorption/desorption characteristics of toluene on different porous materials. Journal of
Environmental Sciences 24, 520-528 (2012).

Acknowledgements
This research was supported by Incheon National University in 2016.

Author Contributions

S.T.L. designed the experiments and wrote the paper. ].H.K. helped to XPS & SEM data and write the manuscript.
C.Y.L. advised the adsorption mechanism of TEGP and help to analyze the BET data. S.G. advised analyzing
graphene materials. D.W.J. helped to design the experiments. S.W. advised to design the apparatus. H.S.A.
directed the research project. All authors discussed the results and contributed to the paper.

SCIENTIFIC REPORTS |

(2019) 9:10922 | https://doi.org/10.1038/s41598-019-47100-z 11


https://doi.org/10.1038/s41598-019-47100-z

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-47100-z.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:10922 | https://doi.org/10.1038/s41598-019-47100-z 12


https://doi.org/10.1038/s41598-019-47100-z
https://doi.org/10.1038/s41598-019-47100-z
http://creativecommons.org/licenses/by/4.0/

	Mesoporous graphene adsorbents for the removal of toluene and xylene at various concentrations and its reusability

	Experimental Section

	Preparation of thermally expanded graphene powder. 
	Characterization. 
	VOC gas adsorption test. 
	Reusability. 

	Results and Discussion

	TEGP characterization. 
	Adsorption performance of VOC using adsorbents. 
	Reusability test. 

	Conclusions

	Acknowledgements

	Figure 1 (a) Schematic of apparatus and components (b) The cross section of A-A’ section (c) picture of PP-filter (left) and adsorption filter containing thermally expanded graphene powder, TEGP (right).
	Figure 2 Scanning electron microscopy (SEM) image of (a,b) graphite powder, (c,d) graphite oxide (GO), and (e,f) TEGP800.
	Figure 3 Schematic of the thermal expansion mechanism (a) graphite powder, (b) GO powder, and (c) TEGP.
	Figure 4 (a) Nitrogen adsorption-desorption graph and (b) pore distribution of adsorbents (Black: GO powder, Red: TEGP200, Blue: TEGP500, Green: TEGP800).
	Figure 5 XPS data of C1s peak separation of (a) GO powder, (b) TEGP200, (c) TEGP500, (d) TEGP800.
	Figure 6 VOC adsorption efficiency of bare PP-filter, GO powder and TEGP800 for toluene.
	Figure 7 Adsorption efficiency of TEGP800 with respect to the gas concentration of (a) toluene and (b) xylene.
	Figure 8 Total adsorbed capacity of TEGP800 for toluene (filled circle) and xylene (blanked circle).
	Figure 9 Comparison of adsorption efficiency of TEGP800 before versus after the desorption process for (a) toluene and (b) xylene.
	Table 1 Experimental cases.




