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In this study, we demonstrate an integrated synthesis strategy, which is conducted by the thermochemical
process, consisting of pre- and post-activation by thermal treatment and KOH activation for the reduction
of graphite oxide. A large number of interconnected pore networks with a micro/mesoporous range were
constructed on a framework of graphene layers with a specific surface area of up to 1261 m? g~*. This
suggests a synergistic effect of thermally exfoliated graphene oxide (TEGO) on the removal efficiency of
volatile organic compounds by generating pore texture with aromatic adsorbates such as benzene,

toluene, and o-xylene (denoted as BTX) from an inert gaseous stream concentration of 100 ppm. As
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Accepted 9th May 2022 a proof of concept, TEGO, as well as pre- and post-activated TEGO, were used as adsorbents in a self-
designed BTX gas adsorption apparatus, which exhibited a high removal efficiency of up to 98 + 2%. The

DOI: 10.1035/d2ra01275h distinctive structure of TEGO has a significant effect on removal performance, which will greatly facilitate
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Introduction

Poor air quality is problematic because of its destructive proba-
bility to impact human health and the ecosystem. The emitted
volatile organic compounds (VOCs) such as the benzene series
are harmful to human health and the environment. The emis-
sion of BTX gases into the atmospheric air leads to detrimental
effects because most of them are carcinogenic and mutagenic
agents and may produce reproductive adverse effects." The
elimination of VOCs, especially BTX, is of distinct interest for
improving the quality of air. Numerous VOC treatment meth-
odologies have been introduced, such as adsorption,>* inciner-
ation,* combustion,” and catalytic oxidation,*” to treat VOCs.
Among these, adsorption is considered as the most suitable
technique for VOC removal because of its high efficiency, ease of
approachability, cost-effectiveness, large-scale application, and
reusability.® A porous material with high adsorptive capacity is
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the strategy of efficient VOC removal configurations.

significant for the removal of the VOCs. Porous materials,
including porous carbon,’ zeolites,"" metal-organic frame-
works (MOFs),"* porous organic polymer networks,* are
attracting interest for applications, such as energy storage,'>'®
catalysts,"” especially for VOCs treatment, owing to their avail-
ability, adjustable structure, variety of forms, and large specific
surface area (SSA). Carbon materials, such as activated carbon
fibers and carbon nanotubes, have been extensively used in
adsorption because of their high stability, low density, and high
SSA, which enhance the removal capacity.’® Among these, gra-
phene has attracted extensive interest owing to its unique
thermal, electrical, and mechanical properties since its discovery
in 2004." Graphite oxide (GO) was mainly considered a precursor
to graphene. GO is a highly energetic substance having a large
quantity of chemical energy stored in it that may be released
quickly. It has been proven that when GO is thermally reduced,
disproportionation reactions occur. During these reactions,
a portion of the carbon atoms is completely oxidized to CO,,
while the remaining carbon atoms are reduced to the sp> gra-
phene network. However, this results in the formation of carbon
gaps in the basal planes, resulting in the formation of a porous
graphene structure.”* Thermally exfoliated graphene oxide
(TEGO) is a comparatively new category of synthesized carbo-
naceous materials, which affects the characteristics of graphite
and oxidation methods.*" Direct thermal treatment is beneficial
for removing oxygen from exfoliated GO to produce graphene.
Rapid heating results in the unpredictable reduction of GO with
the formation of TEGO.”® A large SSA and pore volume can be

© 2022 The Author(s). Published by the Royal Society of Chemistry
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achieved owing to the porous structure of graphene-based
adsorbents. However, considering the complex procedures
involved in the synthesis of MOFs and related materials, TEGOs
turn out to be a feasible option for cost-effective and substantial
environmental applications. The synthesis and properties of
graphene-based adsorbents with tailored porous structures for
the VOC treatment must be studied. Modification methods are
developed to enhance the removal performance of VOCs adsor-
bents by adjusting their SSAs, chemical functional groups, and
pore structure.”® Prior research has concentrated on porous
materials and their modifications, whereas the effectiveness of
certain other absorbents in removing VOCs has been reported.
MOF/zeolite composite in particular appears to be a possible
option for effective adsorption of VOCs.** Mesoporous silica was
integrated with hydrophilic adsorbents to boost their hydro-
phobicity, which facilitates interaction with organic pollutants.*
Numerous attempts have been made to synthesize and modulate
structures using physical and chemical activation. Chemical
activation by alkali compounds is widely used for obtaining
activated graphene-based materials with high SSA and well-
developed porosity.** A common activating agent such as KOH
is exploited to customize the pore texture in graphene-based
materials. The activation of KOH produces activated graphene
with higher SSA and beneficial pore structure.””*® The compar-
atively complex synthesis and severe graphic aggregation remain,
however, a major obstacle for its industrial applications.

Here, we propose an efficient strategy for the synthesis of
highly porous pre- and post-activated TEGOs that exhibit high
SSA, unique structure, and exceptional BTX gases adsorption
behavior, by an integrated thermochemical treatment, which
consists of thermal exfoliation and KOH activation. Therefore, it
is worth investigating the impact of structural changes in gra-
phene derivatives on the removal performance of porous
graphene-based adsorbents, which can have stronger interac-
tions with the adsorbed BTX molecules. The formation of pore
networks ranging from micro to mesopores, which is a signifi-
cant reason for utilizing TEGO as a potential adsorbent, was
investigated using a self-designed BTX gases adsorption appa-
ratus. This is a significant step toward the practical application
of TEGOs as VOC adsorbents.

Experimental

Material

Graphite (Sigma-Aldrich, 325 mesh), sulfuric acid (H,SO,, 95%,
Daejung), phosphoric acid (H;PO,4, 85%, Daejung), potassium
permanganate (KMnO,4, 99.0%, Daejung), hydrogen peroxide
(H,0,, 30%, Daejung), hydrochloric acid (HCl, 35%, Daejung),
and potassium hydroxide (KOH, flake, Daejung), were used for
the synthesis process. These chemicals were used as received
without further purification. Deionized water was used in all
experiments.

Preparation of GO

One of the best methods for producing an enormous amount of
graphene oxide by a wet chemical method is Tour's method,*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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which is an improvement of Hummer's method.** Typically,
a mixture of concentrated acid was prepared with 360 mL H,SO,
and 40 mL H;PO, in a three-neck round-bottom flask placed on
a mantle heater. Graphite (3 g) was added while ensuring
adequate stirring. The ice bath was pre-prepared to prevent
overheating of the mixture from exceeding 35 °C, followed by
slow addition of 18 g KMnO,. The reaction mixture was heated
to 50 °C and stirred for 22 h. After the completion of the reac-
tion, the suspension became pasty with a brownish-grey color.
The reaction was cooled by adding H,0, (3 mL) and deionized
water (400 mL) under vigorous stirring and temperature below
10 °C, the sludge turned bright yellow during neutralization.
The residues from the as-prepared GO were removed by filtra-
tion and rinsing. The mixture was sifted with a fine test sieve
(300 um, ASTM E11), and the GO cake was collected by vacuum
filtering. The multiple-wash step was alternately conducted with
deionized water and a mixture of HCl and deionized water (ratio
3 : 1), followed by centrifugation (4000 rpm for 30 min). The GO
powder was obtained by freeze-drying for several days.

Preparation of TEGO

A porcelain boat containing 1 g GO powder was covered with an
alumina sheet and placed in the center of the quartz tube
furnace. It was operated at 600 °C under argon gas at a flow rate
of 500 sccm for 30 min. The GO powder expanded greatly in
volume and became black after heat treatment, resulting in
fluffy and light materials, which are presented in Fig. S1.}

Preparation of pre- and post-activated graphene by the
thermochemical process

Typically, KOH activation is achieved by physical mixing. The
KOH/C ratio was defined by assuming that 85% of the samples
were dried.** GO and TEGO were impregnated in a 7 M KOH
solution with a KOH/C ratio of 6.5. The KOH activation was
performed at 800 °C in a tube furnace under argon flow at 500
sccm. The sample was heated at a heating rate of 5 °C min ™"
and held at the desired temperature for 1 h. After KOH activa-
tion, the resulting samples were intensively washed with
deionized water to ensure the complete removal of KOH
residue. Fig. 1 illustrates the KOH activation and thermal

Activation

800 °C

Thermal
exfoliation

Impregnation Activation

7MKOH 800 °C

Fig. 1 A schematic illustration for generating pore network by ther-
mochemical: thermal treatment and KOH activation on graphene-
based materials.
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exfoliation scheme and the final products designated as pre-
activated and post-activated TEGO corresponding to their
derivations from GO and TEGO.

Characterization

Scanning electron microscopy (SEM) images were obtained
using a JEOL JSM-7008F microscope with various magnifica-
tions. The morphology of materials was characterized using SEI
TALOS F200X transmission electron microscope (TEM) at an
accelerating voltage of 200 kV. The samples were prepared using
ultrasonic dispersion for 30 s, with absolute alcohol acting as
the dispersing medium, and dropped onto the TEM carbon
grids. The structural properties of the samples were analyzed
using a Rigaku Smart Lab diffractometer with a Cu Ko target (4
= 1.5412 A; 3 kW) operated at 45 kV and 200 mA, respectively.
The 26 measurement range from 5 to 80° was scanned at a speed
of 3° min~". The interlayer spacing between the stacked layers
was determined using Bragg's law. X-Ray photoelectron spec-
troscopy (XPS) data were collected using a ULVAC-PHI 5000
Versa Probe II spectrometer with an Al X-ray source equipped
with a monochromator. Nitrogen adsorption/desorption
isotherms were used to investigate the change in SSA and
pore size distribution of the absorbent material with Quan-
tachrome Autosorb IQ-MP-C surface area analyzer. Prior to this
analysis, the samples were outgassed under vacuum at 120 °C
for 12 h. The Brunauer-Emmett-Teller (BET) method was used
to determine the SSA. The pore volumes were calculated
assuming an absolute surface penetration of nitrogen at a rela-
tive pressure (P/P,) range of 0.05-0.30. Raman spectroscopy was
performed using a Raman microprobe (WITEC Alpha 300) with
a 532 nm Nd:YAG laser excitation source at room temperature.

BTX gases adsorption test

The adsorption tests of BTX on TEGOs as adsorbents were
performed in an acrylic test loop under a constant stream with
a flow of 2.26 m® min~". The BTX gases adsorption system is
schematically shown in Fig. 2. Under ambient conditions, the
self-designed BTX gases adsorption testing system was placed
in a fume hood, which was secure for the intake and exhaust
lines. Initially, the nitrogen stream was purged into the test loop

Pressure
Exhaust MFC gauge

} © ©

Intake

Test section

Electric fan

, detector w

Vacuum pump

Fig. 2 Self-designed BTX gases adsorption configuration.
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in the volume of 5.57 L until the required pressure was attained.
The adsorption of BTX on TEGOs was evaluated at 25 °C and the
pressure was maintained at 0.1 MPa during the adsorption test.
Under nitrogen gas flow, the remaining impurities and mois-
ture in the acrylic test loop were eliminated three times. BTX
gases have a specified concentration of 100 ppm in nitrogen as
a carrier gas. Then, the BTX gas stream was singly passed
through the pre-packed TEGOs filter with 150 mg of adsorbent
for each test, where the BTX molecules interacted with TEGO
adsorbents. The removed influent and effluent were evaluated
using a gas detector tube system (GASTEC). During the experi-
ment, the BTX adsorbed by the TEGO was determined using the
following equation:

Cin - Coul

() = ="

x 100 (1)
where Cj, is the injected BTX concentration and C,, is the
outlet BTX concentration after adsorption as a function of time.
Subsequently, the samples were checked independently to
ensure that the experiments were comparable. To ensure reli-
ability and quantify the experimental error, each calculation
was performed three times. The following equation was used to
determine the removal capacity:*
(Ciu - Cout)

g = Sy @
where ¢g. defines the adsorption capacity at equilibrium, m (g)
indicates the amount of adsorbent, the volume of the test loop
is defined as V (L), Ci, (ppm) is the initial adsorbate concen-
tration, and Coy (ppm) is the adsorbate outlet concentration. In
such a scenario, the adsorption capacity at equilibrium, which
is indirectly estimated at a specified concentration of 100 ppm
for the quantity of BTX gases converged in the atmosphere of
nitrogen per unit time.

Results and discussion
Material characterization

To understand the structural and morphological characteristics
of the graphene-based adsorbents, SEM images were obtained,
as shown in Fig. 3. As given in Fig. 3 (a and b), the SEM results
demonstrate that the stack structure of the layers was observed

Fig. 3 SEM images of GO (a) activated GO (b), TEGO (c), pre-activated
TEGO (d), post-activated TEGO (e and f) at different magnification.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in both GO and a-GO, which typically preserve the parent
graphite. The wrinkle-like structures were clearly observed on
the surface of the GO sheets as a result of oxidative treatment.*
The arranged fluffy layers of the TEGO morphology were
observed, which indicate the escape of steam and gas, such as
CO, CO,, and/or H,0, between the GO sheets during thermal
exfoliation under argon flow, are presented in Fig. 3(c-f).** This
is due to the thermal exfoliation results in substantial volume
expansion and thorough elimination of the surface functional
groups.

Representative TEGOs are shown in Fig. 4(a—c). The intrinsic
layered morphology of the TEGOs is clearly revealed in the TEM
image. The fluffy texture overlapped on a layered morphology
composed of interconnected TEGO layers and a well-defined
multi-layered arrangement at the edge is shown in Fig. 4(d).
The illustrative texture of post-activated TEGO at different
visualization modes of the interactive 3D surface plot is created.
This image clearly indicates that the porous morphology
contains a distribution range from micro to mesopores in the
red-outlined region. The pore texture of TEGOs is discussed in
terms of their highly porous morphology with arbitrarily
oriented and interconnected micro/mesopores. However,
a statistically accurate quantitative study of the distribution of
pore sizes using electron microscopy is difficult because all
pores may not be visible in a given image owing to the 3D
structure of these tiny pores.

XRD was used to study the changes in GO structure owing to
the thermal treatment and KOH activation. In Fig. 5(a), the
diffraction pattern of GO shows a sharp peak at 11.28°, which
corresponds to the (001) plane. The formation of GO is revealed
by the increasing interlayer distance from 3.41 A graphite
stacking to 7.84 A because of the oxygen functionalities on the

(d)

Fig. 4 TEM images of TEGO (a), pre-activated TEGO (b), corre-
sponding 3D reconstruction analysis of and post-activated TEGO (c
and d).
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graphene sheets during oxidation. The TEGO samples show
a broad peak at 23.28° corresponding to the graphitic zone
lattice (002), which suggests that the TEGOs were well-reduced.
The interlayer spacing of TEGO was 3.82 A, which was larger
than that of graphite (3.34 A). Fig. 5(b) demonstrates the
correlation between interlayer distance, diffraction degree, and
adsorbents. These changes in XRD patterns indicate a transi-
tion in the graphitic structure, which has been assigned to
impregnation in KOH and are indications of the shift in inter-
layer spacing. We postulate that the activation process elimi-
nates oxygen groups and activates TEGO, causing carbon atoms
to reassemble, resulting in an expanded interlayer distance. No
diffraction peaks were observed corresponding to the interca-
lation of alkali metal between the layered graphene. The XRD
analysis revealed no evidence of an intercalation compound
containing a periodic potassium penetration array between the
formed graphene layers.*

The chemical analysis and functional groups of the
surfaces were analyzed using XPS. The influence of thermal
treatment and activation of KOH on the chemical composi-
tion of GO, which was decomposed into oxygen functional
groups followed by the rapid removal of formed gaseous
products, was examined. In Fig. 6, a sharp peak at 284.6 eV
corresponding to C-C bonds in a conjugated honeycomb
lattice is shown in the C 1s peak of the as-prepared samples.
The deconvolution of the C 1s peak revealed the presence of
peaks corresponding to C-O (epoxy and hydroxyl groups) and
C=0 (carbonyl group) for oxygen-containing functional
groups during oxidation at 286.4 and 287.8 eV, respectively, as
given in Fig. 6(a). The C 1s region is shown in Fig. 6(b), with
two new peaks between 292.6 and 295.9 eV in the a-GO
spectra, which are identified as K 2p peaks.** The intensity
of oxygen-bound C components, particularly the peak of C-O
in Fig. 6(c and e), rapidly reduced as the degree of GO
reduction increased. The results indicated that the elimina-
tion of oxygen-containing functional groups by thermal
exfoliation followed by KOH treatment was more effective.
The C/O atomic ratio of GO was calculated from the XPS
survey spectrum after reduction. Compared to GO, the cor-
responding C/O atomic ratio of TEGOs noticeably increased,
as shown in Fig. 6(f). As the degree of GO reduction increased,
the as-synthesized TEGOs were partly reconstructed by con-
verting the dominant sp® hybridized carbon atoms of GO to
sp® hybridized, which is present in graphitic carbons.*®

(a) (b)

GO Intermediate TEGOs

P e Post-activated GO 8 i
(3
AN Pre-activated GO - ]
2z = T8
g P S TEGO § . ;
£ (002) 15 4 E
Activated GO 5 8
(001) 10 =

Go 4

5 3

Adsorbent
20()

Fig. 5 Diffractogram (a) and the corresponding between 26 and
interlayer spacing of graphene-based materials (b).

RSC Adv, 2022, 12,14570-14577 | 14573


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01275h

Open Access Article. Published on 13 May 2022. Downloaded on 4/1/2026 4:53:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

(@) (b) (c)

GO-C1s

Activated GO - C 1/ K 2p TEGO-C1s

— Rawdata

Intensity (a.u)
Intensity (a.u.)
Intensity (au.)

24 291 2 25 7 237 24 291 ms a2
Binding Energy (eV) Binding Energy (eV)

o7 24 291 2z 25 2 00 297

Binding Energy (eV)
(d)
Py

— Fitting curve
=
co

Pre-activated TEGO - C 1s

108

Intensity (a.u.)
Intensity (a.u)

/0 atomic ratio
8

7 e me s 1 w4 s s 22
Binding Energy (eV) Binding Energy (eV)

a0

Teco
Adsorbent

Fig. 6 XPS spectrum
materials.

and C/O atomic ratio of graphene-based

This highly porous structure, which combines various pore
textures in nanocarbons, can achieve excellent efficiency with
highly efficient mass transport and a large SSA from micro to
mesopores, demonstrating the excellent potential for BTX
removal. The analysis of N, adsorption—-desorption isotherm
measured at 77 K is the most used method for determining the
SSA and porosity characteristics of the samples. In the relative
pressure (P/P,) range, the SSAs were determined from 0.1 to 0.3
using the Brunauer-Emmett-Teller (BET) method for the N,
adsorption/desorption isotherms of the as-synthesized
samples. The N, adsorption-desorption isotherms of TEGOs
show a mix of type I and type IV characteristics according to the
IUPAC classification,®” as presented in Fig. 7, with apparent
hysteresis loops indicating the presence of mesopores. The
inset of Fig. 7(a) shows the relative pressure P/P, below 0.01. Pre-
and post-activated TEGO exhibited a steep uptake and eventu-
ally saturated to adsorption stage, suggesting the presence of
a large number of micropores. The micro/mesopores of TEGOs
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Fig. 7 Nitrogen adsorption—desorption isotherm of adsorbents and
their pore size distribution.
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were revealed by the N, adsorption-desorption isotherms and
corresponding pore size distribution determined by the density
functional theory, assuming a slit pore geometry, which indi-
cates that the graphene-based adsorbents consist of well-
defined micro to mesopores, as shown in Fig. 7(b-d). It is
possible that the interlayer spaces are occupied with functional
groups, resulting in negligible N, uptake up to 1 bar of relative
pressure, whereas thermally exfoliated GO shows an increase in
N, uptake at higher relative pressures, which could be due to
a large hysteresis loop as given in Fig. 52.73*

Based on the data in Table S1,7 the highly wrinkled nature of
TEGOs offers large SSAs (Sggpr) of 692.44, 517.87, and 1261.46 m*>
g ', and total pore volumes (V},) of 2.51, 2.60, 2.64 cm® g™, for
TEGO as well as pre- and post-activated TEGO, respectively.
After activation, the SSA and pore volume of the TEGOs
prepared under the same conditions increased significantly.
Pore volume in the TEGOs adsorbent was shown to correspond
to the mass transfer of adsorbate into the adsorbent. It may be
concluded that mass transfer leads to increased adsorption
capacity, and thus, more BTX molecules can be absorbed.*
These observations prove that KOH is an effective activating
agent for the development of graphene planes with a significant
number of nanopores. Considering porous graphene-based
adsorbents, the accessible surface areas of the BTX molecules
of graphene-based adsorbents are significant owing to their
high removal performance.

Reaction mechanism of KOH activation and thermal
exfoliation of GO

KOH activation and thermal exfoliation of GO contributed to
the formation of pre- and post-activated TEGO with enhanced
SSA and porosity properties, as shown in Fig. 7. The area of
interaction with BTX molecules increased with an increase in
the adsorbent surface area. During this process, the gra-
phene matrix was effectively etched, which resulted in
increased of porosity.*® The intercalation of potassium into
the carbon network during activation forms micro and mes-
opores. This is due to the formation of pores, which accel-
erates carbon loss as a result of metallic potassium ion
intercalation into the carbon network.** Pore formation
occurs in a sequence of chemical reactions, resulting in
avariety of intermediates.”®** It is suggested that the reaction
with carbon is a thermochemical process, as follows:At
approximately 400 °C:

2C + 6KOH — 2K + 2K,COs + 3H,
Above 700 °C:
K,CO; — K,0 + CO,
CO, + C — 2CO

K2C03 +2C — 2K + 3CO

© 2022 The Author(s). Published by the Royal Society of Chemistry
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BTX removal performance

As given in Fig. 8-10, the removal behaviors of individual TEGO
adsorbents with the BTX gases phase in nitrogen were recorded.
The fast phase accounted for almost all BTX uptake, with the
slow phase contributing to the remaining BTX before the
adsorption reached equilibrium. The fast phase is where the
adsorption process begins, and there were a large number of
adsorption sites available to interact with the BTX molecules, as
shown in Fig. 8(a—c).

The adsorption rate was extremely high for the first 15 min,
then it gradually reduced from 15 to 90 min before reaching
equilibrium. For TEGO adsorbents, a fast adsorption rate was
confirmed, in which the removal of BTX compounds was
approximately 88 + 2% within 15 min. The layered structure
and pore texture of the TEGOs may explain their fast adsorp-
tion. Consequently, the maximum adsorption performance
achieved by post-activated TEGO for o-xylene was approximately
98 + 2% as clearly can be observed in Fig. 8(d), which was
related to the above-mentioned adsorbent characterization. The
experimental results indicated that 60 min was moderate to
reach equilibrium for the concentration of the selected adsor-
bate. Because the accessibility of adsorption regions on gra-
phene varied for the molecules of different sizes, the sieving
effect played an important role in the removal performance.

In Fig. 9(a-d), the removal capability of BTX on TEGOs is 3.31
to 3.68 & 0.02 g g !, respectively. The removal of BTX by TEGOs
was faster at the initial stage and gradually decreased with time
until saturation. This is due to the diffusion of aromatic
compounds through the internal pores of the adsorbents with
high SSA and porosity. Over time, the availability of m-electron
molecular assemblies decreases, resulting in a decrease in -7
stacking interactions, which extends the time to achieve equi-
librium.* Thus, the adsorption rate decreases as clearly can be
observed in Fig. 10(a-d).

Inspired by the KOH activation mechanism, nanometer-
sized pores in the graphene layered network were produced at
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Fig. 8 The removal efficiency of BTX on TEGOs adsorbent.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

(a) Go (b) TEGO
35
) 3
s o
2 225
S S
< ©
2 10 Q20
3 3
o o
c c 15
2 2
Bos 210
o =3
2 —=—Benzene 2 o5 —=—Benzene
2 —e—Toluene 2 —e—Toluene
ool o Xylene - Xylene
o 15 30 60 920 o 15 30 60 90
Time (min) Time (min)
(c) Pre-activated TEGO (d) Post-activated TEGO
35 35 y
&) 3
S 30 B 30
2 26 2 26
o o
g g
o 20 F 20
i} 8
c c
s 15 s 15
g2 10 2 10
] —=—Benzene 3 —=—Benzene
2 05t — Toluene E 05 —e— Toluene
wl o Xylene sl Xylene
0 15 E) 50 %0 ) 15 30 E) %
Time (min) Time (min)
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a temperature of 800 °C under argon flow. The SSA of TEGOs,
which determines the molecule accessible surface area of the
graphene adsorbent, was significant for high removal efficiency.
The intermolecular gravitation, van der Waals force, or diffu-
sion force may be attributed to physical adsorption. Mass
transfer from the gas phase into the surface of the adsorbent via
convection, dispersion, and particle diffusion occurs during the
external surface adsorption stage. BTX molecules enter the
internal surface through pore diffusion during the internal
diffusion phase. The dominating factors are the pore structure
and volume of the adsorbent.”® Using toluene as a target
pollutant molecule, Yang et al. have carried out an investigation
on five distinct ACs with various origins and pore structures.
The authors divided the whole adsorption process into three
stages: surface adsorption, particle diffusion, and equilibrium
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Fig. 10 The adsorption rate of BTX onto TEGOs.
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phase. Surface area is a factor in external surface adsorption.
Particle diffusion, on the other hand, is a process that is influ-
enced by pore structure and volume.* In addition, the adsorp-
tion sites provided open-layered graphitic domains with an
increase in the degree of reduction and facilitated their excel-
lent hydrophobic surface, making it a revolutionary adsorbent.
The accessible graphene adsorption sites were mostly supplied
by the hydrophobic surface of the m-conjugated systems on
graphene.® It has been demonstrated that - stacking inter-
actions were also responsible for the strong adsorption of
aromatic molecules onto the TEGO surface. Therefore, the BTX
adsorption on TEGOs was a physisorption mechanism, which is
consistent with the previous inference that, the contact between
the BTX and TEGO surface was mainly due to the - stacking
interaction. The graphene surface is polarizable and can attract
tt-acceptors to the electron-rich regions near the edges and -
donors to the electron-poor core regions.*® However, the influ-
ence of the chemical structure of aromatic compounds on the
adsorption mechanism in relation to the investigated adsor-
bates. In addition, there is a possibility that CH:- - interactions
occur along the edge of graphene, which may be terminated by
a hydrogen atom or phenyl rings aligned perpendicular to the
surface of TEGOs.*” At this point, BTX molecules show a strong
tendency to interact with TEGOs via m-7 stacking of interac-
tions rather than CH---7 interactions.” On the other hand, the
capacity of adsorption was mostly driven by the ability to w-m
stacking aromatic compounds. van der Waals, electrostatic
interactions, and hydrogen bonding may contribute to the
adsorption of aromatic compounds but are not significant role
in adsorption capacity.*® The access of BTX molecules was
enhanced by the porous and fluffy layered structure, which
improved adsorption performance. Due to their high porosity,
high SSA, and distinctive structure, TEGOs performed excep-
tionally well. However, given the complex procedures required
in the synthesis of MOFs and related materials, TEGOs appear
to be a promising option for cost-effective and large-scale
environmental applications. Nanocarbon materials with supe-
rior chemical and structural stability, adjustable pore structure,
and large surface area are particularly appealing in this
approach. We believe that our new findings on the BTX gases
removal characterization of highly porous carbon derived from
activated graphene, obtained from thermally exfoliated and
controlled KOH activation conditions, will fascinate significant
benefit to the development of such materials from other readily
available and inexpensive carbon precursors to effectively treat
VOCs.

Conclusions

Pre- and post-activated TEGO were successfully synthesized
using an integrated approach consisting of thermal exfoliation
followed by KOH activation. The adsorbent characteristics were
analyzed using SEM, TEM, XRD, XPS, and N, adsorption-
desorption isotherms. A self-designed BTX gases adsorption
apparatus was developed to evaluate the removal performance
of TEGOs as an effective adsorbent for BTX, the representative
VOCs pollutant. The significant elimination of oxygen-
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containing functional groups from the GO surface facilitated
the supply of more powerful m-m stacking interactions to
aromatic molecules on the TEGO surface. Such a porous and
fluffy layered structure facilitated the access of BTX molecules
and increased the adsorption performance. Excellent perfor-
mance was exhibited by TEGOs owing to the high porosity, large
SSA, and unique structure. Owing to their outstanding adsorp-
tion efficiency for BTX, TEGOs are promising adsorbents for
VOC treatment. It is important to clearly comprehend the
relationship between the TEGO framework and resulting
properties to effectively build up the TEGO content for meeting
the application requirements.
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