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1. Introduction

Optimized adsorption of volatile organic
compounds on graphene oxide and nanoporous
graphene activated with ZnCl,: a combined
experimental and computational study

Tahereh Zafari,® Soheila Sharafinia,® Alimorad Rashidi,@*C Mehdi D. Esrafili,9
Bahram Keyvani® and Mohsen Mousavi®

The present research is a comparison study of adsorption capacity of graphene oxide (GO) and nanoporous
graphene (NPG) for volatile organic compounds' vapor (here gasoline vapor) adsorption. GO was
synthesized using the modified Hummers method. For the synthesis of NPG, a low-cost precursor with
unique properties (camphor) was used by the chemical vapor deposition (CVD) method. The effect of
reaction temperature parameter, the ratio of camphor to zinc oxide nanocatalyst and reaction time was
investigated. The physicochemical properties of the samples were characterized using XRD, FT-IR,
Raman, FE-SEM, TEM and BET techniques. It was observed that activation by ZnCl, at 600 °C and
180 min (i.e. NPG2) gives a surface area of 181.61 m? g~*. NPG2 showed high adsorption capacity for
VOC adsorption (559 mg g~3), which was about 1.34-2.58 times more than other synthesized samples
(adsorption capacities of PG1, PG3, GO1, GO2, and GO3 were 415, 310, 300, 367, and 216 mg. g%,
respectively). The high VOC adsorption capacity of PG was due to its w—m interactions with the NPG
surface. Therefore, the NPG2 sample was selected as the best sample. In general, all synthesized
samples showed rapid kinetic behaviors for gasoline vapor adsorption, and their maximum adsorption
capacity was obtained in the first 35 min. To shed insight on the adsorption process of gasoline on NPG
and GO, density functional theory (DFT) calculations were performed. According to the DFT calculations,
the adsorption strength of an isobutane (ISO) molecule improved as the pore size on the NPG increased.
The adsorption energy of ISO on GO was less than that on NPG, most likely due to steric repulsion
between the ISO and O moieties on the GO. The negative enthalpy and Gibbs free energy changes
caused by ISO adsorption on NPG and GO showed that the process is thermodynamically favorable at
room temperature and pressure.

literature, about 1.7 L of gasoline is introduced into the envi-
ronment by gas stations every year.*

In recent years, pollutants produced by the development of
industries have had great destructive effects on the environ-
ment and the health of humans. Volatile organic compounds
(VOCs) are carbon-based chemicals that have characteristics
such as high vapor pressure, low boiling point, and high reac-
tivity."” Factors that produce VOCs include storage and trans-
portation, vehicle exhaust emission, oil refining, oil gas
evaporation, disposal of waste materials, etc..* According to the
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So far, various methods for the treatment of VOCs such as
adsorption,® condensation,® bio-filtration,” membrane separa-
tion,® catalytic oxidation,® degradation reaction,'®'* and incin-
eration' have been introduced to deal with the consequences of
VOC emissions. According to US EPA estimates, various adsor-
bents such as silica gel,*® zeolites," and AC”** have been used to
remove hazardous compounds and VOCs, due to their excellent
adsorption capacity, hydrophobicity, thermal stability, and
regenerability. Among these materials, carbon-based materials
such as graphene materials are considered to be one of the most
economical, environmentally friendly, remarkable materials for
adsorption of VOCs.**

Recently, carbon-based materials play a significant role in
nano-technology, and the discovery of graphene is the last of
continuous advances in the science of carbon.'” Graphene is
a carbon nanomaterial with a branched hexagonal structure

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and can act as a two-dimensional building facade for carbon
materials (fullerene and nanotubes).'® Graphene shows many
excellent physical, chemical, mechanical and electrical prop-
erties. These attributes make it significant for engineering
science applications such as photodegradation,>°
adsorption,>* catalyst,”** and metrology.”® Findings have
shown that graphene materials have very good efficiency in
absorbing many organic pollutants such as VOCs.*® GO is one
of the derivatives of graphene, which is obtained from the
oxidation of graphene with various groups containing oxygen
such as carboxylic, hydroxyl and epoxide groups.’® GO-based
materials have been widely used to remediate pollutants
such as metal ions, radionuclides, dyes, pesticides, and
VOCs.* Some research studies have shown that modifying the
composition of graphene or GO could alter its chemical reac-
tivity, influencing its adsorption attributes onto organic
molecules. Graphene has been made by several different
methods, one of those methods being CVD.**

This study integrates both experimental and computational
approaches. The experimental approach involves the synthesis
of NPG using the ZnO catalyst (by the CVD method) and then
using the ZnCl, activator to activate the NPGs. These NPGs were
investigated for their efficacy in the adsorption of VOC mole-
cules. In parallel, Density Functional Theory (DFT) calculations
were performed to gain deeper insight into the molecular-level
interactions. The combination of these approaches provides
a comprehensive analysis of VOC adsorption and enhances the
understanding of the underlying adsorption mechanisms,
offering a more robust solution for the development of efficient
adsorbents.

On the other hand, the combination of zinc oxide (ZnO) with
graphene enhances the adsorptive performance of graphene in
various applications. ZnO, due to its semiconducting properties
and photocatalytic activity, has a synergistic effect when inte-
grated with graphene. One of the main advantages of this
composite is the increase in the active surface area for adsorp-
tion. ZnO, with its nanostructured morphology, provides a large
surface area that facilitates more effective adsorption of
pollutant molecules. Meanwhile, graphene, with its two-
dimensional structure and high surface area, serves as an
ideal substrate for the uniform dispersion of ZnO nano-
particles. This results in more active sites available for adsorp-
tion.*” In addition, graphene can improve the mechanical and
chemical stability of ZnO while also preventing nanoparticle
aggregation. This contributes to the overall efficiency and
durability of the adsorbent.*” In summary, the ZnO/graphene
composite enhances the adsorption performance by
increasing the active surface area and enhancing the structural
stability, making it highly effective in removing organic pollut-
ants and heavy metals.

The adsorption kinetics of VOCs by the prepared GO and
NPGs were modeled with pseudo-first-order (PFO) and
pseudo-second-order kinetic (PSO) models. To gain insightful
information about the adsorption strength, dispersion-
corrected density functional theory (DFT) calculations were
performed.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental section

2.1. Materials

The materials used in this study were purchased from Merck
(Darmstadt, Germany) and are as follows: ZnO, sulfuric acid
(H,SO4, 98%), graphite powder, sodium nitrate (NaNOs),
potassium permanganate (KMnO,), hydrogen peroxide (H,O,,
30%), hydrochloric acid (HCI, 37%), and zinc chloride (ZnCl,).

2.2. Instruments

The crystallinity of the samples was determined by X-ray
diffraction (XRD) analysis on a Philips PW1800 X-ray diffrac-
tometer. The functional groups of the samples were measured
using a Fourier transform infrared (FT-IR) spectrometer
(Thermos Nicolet AVATAR 360 FT-IR spectrometer in the range
of 4000-400 cm™'). Raman spectroscopy (Takram, Teksan
Microscope) with a 532 nm wavelength laser source was used in
the range of 800-2000 cm . Finally, to show the morphology of
the samples, Field-Emission Scanning Electron Microscopy (FE-
SEM) and Transmission Electron Microscopy (TEM) were
exploited to collect images. The BET surface area of the samples
was measured using a Micrometrics surface area analyzer
(ChemBET-3000, Quantachrome Corp., USA).

2.3. Synthesis of GO

The modified Hummers method*® was used for the synthesis of
GO (Fig. 1). First, 46 mL of H,SO, was poured into a flask and
cooled in an ice bath to 0 °C for 20 min. Then, 1 g of graphite
powder and 1 g of NaNO; were added to the flask and stirred for
30 min. 6 g of KMnO, was slowly and gradually added to the
mixture and stirred at 35 °C for 1 h. Then, 92 mL of deionized
water was gently mixed in, and then the temperature was
maintained in an oil bath at 100 °C for 15 min. The remaining
KMnO, was gradually removed by adding H,0,. Addition of
H,0, was continued until a gold colored solution formed.
Graphite oxide was separated from the solution by filtration and
washed with HCI solution (5%). After that, the graphite oxide
was washed with deionized water and centrifuged several times.
Finally, GO powders were obtained after ultrasonic exfoliation
and freeze drying.

2.4. Synthesis of NPG

NPG was synthesized via the CVD method.** The CVD technique
was utilized on an as-prepared ZnO nano-catalyst in an elec-
trical furnace consisting of a quartz reactor heated up to 900 °C
for 1 h. The reaction was proceeded by consuming camphor as
the carbon source and hydrogen as the carrier gas. At the end of
the reaction, to remove the impurities, the product was washed
with HCI (18 wt% w/w) solution and then with hot deionized
water to achieve a neutral pH. Eventually, the obtained sample
was dried in an oven at 105 °C for 12 h.

2.5. NPG and GO activation with ZnCl,

ZnCl, : NPG with a weight ratio of 3:1 was mixed and was
placed in an electrical furnace consisting of a quartz reactor

Nanoscale Adv., 2025, 7, 6462-6474 | 6463
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Fig.1 Schematic image of activated NPG and activated GO preparation.

heated and activated for 3 h under N, flow and at a temperature
of 500 °C (Fig. 1). Then, the activated NPG was cooled to room
temperature and placed in HCI (18 wt%) at ambient tempera-
ture. After 24 h, the mixture was filtered and washed with
distilled water to neutralize its pH. The resulting powder was
dried in an oven at 100 °C for 12 h. The activated NPG was
named NPG1. The same method was used for the activation of
NPG2, NPG3, GO1, GO2, and GO3, with the difference being the
synthesis conditions reported in Table 1.

2.6. DFT calculations

To find out useful information about the adsorption of gasoline
on NPG and GO, DFT calculations were performed on some
model systems using the DMol3 program. The dispersion-
corrected PBE density functional, in combination with the
double-numerical plus polarization function (DNP) basis set,
was used to optimize these systems. Convergence tolerances of
107" hartree (Ha), 0.001 Ha A™*, and 0.005 A were employed for
geometry relaxation, maximum force, and displacement,
respectively. The pristine graphene was modeled using a 6 x 6
supercell with 72 carbon atoms. GO was then prepared by the

Table 1 Activation conditions of NPG and GO with ZnCl,

Activation ZnCl, : NPG Activation
Sample temperature/°C or GO time/h
NPG1 500 6 3
NPG2 600 3 3
NPG3 700 9 3
GO1 500 6 3
GO2 600 3 3
GO3 700 9 3

6464 | Nanoscale Adv., 2025, 7, 6462-6474

addition of oxygen-containing functional groups such as
epoxide and hydroxyl to pure graphene. The nanoporous
structures were generated by removing carbon atom(s) from
graphene or GO. The Hirshfeld charge analysis method was
used to determine the charge-transfer values and atomic
charges. The formation energy (E¢,m) of NPG surfaces was ob-
tained by the following formula:

Etorm = Exg *+ nuc — Eg 1)

where Exg is the total energy of NPG, Eg is the total energy of
pristine graphene, n is the number of removed carbon atoms,
and uc is the chemical potential of carbon, which is defined as
the energy of a carbon atom in pristine graphene. The adsorp-
tion energy (E.qs) of gasoline was calculated using the following
equation:

Eads = Lcomplex — EX - ES (2)
where Ecomplex 1S the total energy for the adsorbate/substrate
complex and Eg and Ex are the energies of the isolated
substrate and adsorbate, respectively. The enthalpy (AH,qs) and
Gibbs free energy (AG.qs) changes due to the formation of
complexes were obtained from the thermochemistry calcula-
tions by adding thermal (H.,) and Gibbs energy (Gcom)
corrections to the total electronic energy of these systems,
respectively:

AH,gs = (g0 + Hcorr)complex — (&0 + Heor)x — (60 + Heorr)s [3)
AGads = (80 + Gcorr)complex - (80 + Gcorr)X - (80 + Gcorr)S (4)

where the subscripts complex, X and S refer to the adsorbate/

substrate complex, isolated substrate and adsorbate,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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respectively. All the AH and AG values were calculated at
T=298.15Kand P=1 atm.

3. Results and discussion

3.1. Characterization of NPG and GO

Fig. 2 shows the XRD patterns of NPG and GO. The peaks at
around 26 = 10.5° can be associated with graphite oxide
(Fig. 2A).* The appeared broad peak at 23.5° indicates the
crystal plane index C (002) (Fig. 2B), which, in turn, is related to
the parallel of the aromatic and carbonized structures.*® The
sharp peak indicates a high degree of orientation. Moreover, the
high symmetry of the C (002) peak indicates the absence of vy-
bands linked to amorphous and aliphatic structures. Another
broad peak is observed at 43.5°, assigned to C (100) diffractions
of graphitic and hexagonal carbons,*® which reflect the size of
the aromatic lamina (Fig. 2B), The sharp C (100) peak is an
indication of a high degree of aromatic ring condensation.

In order to identify the main functional groups in the
structure of GO and NPG, FT-IR spectroscopy was used, and the
results are shown in Fig. 3. From the spectrum of GO (see
Fig. 3a), different types of oxygen functional peaks related to
O-H stretching, C=0 stretching and C-O stretching can be
seen. The broad peaks at 3445 cm ' and 1583 cm ' belong to
the OH groups of water in the compound structure. The exis-
tence of two peaks at 2923 cm™ ' showed sp® C-H bonding,
which indicated the product was produced in the acidic phase,
proving the presence of carboxylic acid in the structure.’” The
readings 1717 em ™" and 1050 cm " are assigned to C=0 and
C-O stretching due to carbonyl groups in the product.
Comparison of the GO spectrum with the NPG spectrum shows
the distinction between their functional groups.’” The peak at
1717 em™" in GO vanished, as observed from Fig. 3b, which
enlightens the successful detection of the carbonyl group
during the reduction process. Besides, graphene peaks
observed at 3400.18 cm™ " and 1563 cm ™" are attributed to the
C-OH bond.*” Hence, confirmation of graphene oxide and
graphene structures was validated by the FT-IR study.

In the Raman spectrum (Fig. 4), two significant peaks are
observed at 1322 and 1564 cm ™" related to the D band and the G
band, respectively; the D band originated from the E,,
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Fig. 2 XRD patterns of (A) GO and (B) NPG.
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Fig. 3 FTIR spectra of (a) GO and (b) NPG.

vibrational mode of sp*hybridized carbon atoms in the gra-
phene lattice, which induced imperfection and disorders, while
the G band was from the stretching vibration of sp® carbon
atoms, related to the first-order distribution.*® This band indi-
cates the presence of an ordered graphitic structure. A strong D
band (~1322 cm™') suggests well-structured graphene sheets
with fewer defects. This band associated with the breathing
modes of aromatic rings, activated by defects or disorder in the
sp carbon lattice. The intensity of the D band is directly related
to the amount of structural disorder or defects (e.g., edges,
vacancies, and functional groups). An increase in the D band
indicates more imperfections in the graphene network. The D
band to G band intensity ratio (Ip/lg) is a key parameter to
estimate the degree of disorder or defect density in samples. GO
exhibits an Ip/Ig ratio of approximately 0.85, indicating
a significant amount of structural disorder due to oxygen-
containing functional groups disrupting the sp> network. The
In/Ig of NPG (0.94) was greater than that of GO, presenting that
the recently formed sp”> amplitudes after decline were smaller in
size but more ordinary.*

Fig. 5 indicates the surface morphology of NPG and GO, as
determined by FE-SEM and TEM. The FE-SEM image (Fig. 5A) of
GO displayed a stacked multilayer sheet structure with a very
rough surface. Also, Fig. 5B shows the highly porous structure of
NPG with a particle size of about 66.21 nm. Fig. 5C shows the
particle size distribution (PSD) of NPG obtained from SEM
images. For this purpose, about 40 particles in the image have
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2000

SEM HV: 15.0 KV
SEM MAG: 200 kx
View field: 1.04 ym  Oste(mvaly): 0817117

>
2 35

030-50
a50-60
260-100

=30
25 —

e of Freque

e 15

Prcenta
i
[—}

Range of Particle Size (nm)

S

View Article Online

Paper

Intensity/ a.u.
L It
o« [ (=)
=3 (=] =]

-
=]
"

1200 1400 1600 1800
Raman Shift/ cm!

1000 2000

D1=66.21 nm

D2 = 29.54 nm i

D3 =44i24 nm

SEM MAG: 200 kx LirL
200 nm

WD: 5.55 mm X
View field: 1.04 ym  Date(midly): 12/24/20

Fig. 5 FE-SEM images of (A) GO and (B) NPG; (C) PSD curve of NPG; (D) TEM image of NPG.

been measured. As can be seen, the most frequent particle size
is 30-50 nm, which is due to the presence of micro-molecules of
NPG. In Fig. 5D, the TEM image shows the structure of the NPG,
which confirms the porous structure of NPG.

Fig. 6 displays the nitrogen adsorption/desorption isotherms
at 77 K for NPG. This figure shows that the adsorption of
nitrogen on synthesized NPG was acceptably reversible with an
obvious hysteresis loop at P/P, >0.5. According to the IUPAC
classification, isotherms shown in Fig. 6A are of type III. Pore
diameters are divided into the following categories:**** (i)
microspore (pore size < 2 nm), (ii) mesopore (pore size of 2-50
nm), and (iii) macrospore (pore size >50). Since the diameter

6466 | Nanoscale Adv., 2025, 7, 6462-6474

pores of the prepared NPG is <2 nm, it has a microporous
structure. BJH (Fig. 6B) and BET results and the textural
parameters of prepared NPG are presented in Table 2. Accord-
ing to Table 2, NPG had significantly high surface area (181.61
m” g~ ") and pore volume (1.202 cm® g~ ') among the prepared
NPGs.

3.2. Adsorption mechanism of gasoline vapor on NPG and
GO

Breakthrough curves for adsorption of gasoline on the prepared
GO and NPG are shown in Fig. 7. In this case, the chosen model

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Porous structure parameters of NPGs

Pore Average pore
Sorbent  BET/m*’g™'  Vjem’g™'  volume®™  diameter/nm
NPG1 101.2 0.49 0.45 19.42
NPG2 181.61 1.197 1.202 3.477
NPG3 138.91 0.66 0.64 19.15

is gasoline vapor, since ISO is the dominant component of
gasoline vapor; therefore, we focus on ISO adsorption - ISO H
atoms. Sample NPG2 showed the maximum gasoline adsorp-
tion capacity of all samples (Fig. 7A and B). The higher gasoline
adsorption capacity (560 mg g ') of this sample is due to its
extremely high pore volume (the ratio of mesopores and
microspores). Micro-mesoporous structures improve the
adsorption of gasoline and its organic components such as
isoparaffinic and natural hydrocarbons, aromatic compounds,
and cyclic hydrocarbons with various polarities, shapes, and
molecular sizes. In general, the maximum adsorption capacity
of all synthesized samples was obtained in the first 35 minutes,
so they showed fast kinetic behaviors for gasoline vapor
adsorption. The structure of activated NPG led to the diffusion
of ISO molecules into the micropores, resulting in adsorption
increase.>* In other words, the activation process not only
enhances the surface properties of the samples but also has
a significant impact on their VOC adsorption capacity.
Regarding sensitivity analysis, we found that variations in
activation conditions (such as time and temperature) signifi-
cantly affect the VOC adsorption capacity. In particular, the
results showed that increasing the temperature and activation
time significantly increases the surface area of the samples,
which in turn improves their VOC adsorption capacity. This
effect was more pronounced for NPG samples, which have
superior surface characteristics compared to NGO. The findings
of this study demonstrate that the ZnCl, activation process
significantly influences VOC adsorption capacity, thereby
contributing to the optimization process. As shown in Fig. 7, the
adsorption capacity is reduced by increasing temperature and
mass ratio; it can be due to the destruction of the structure of
the pores or functional groups at high temperatures.**

© 2025 The Author(s). Published by the Royal Society of Chemistry

Additionally, we evaluated the desorption performance of all
samples, which also exhibited outstanding desorption effi-
ciency (Fig. 8). This remarkable adsorption and desorption
behavior can be attributed to the suitable surface area, abun-
dant active sites, and the unique porous structure of the
nanoporous graphene-based materials, which facilitate efficient
capture and release of volatile organic compounds such as
gasoline vapor.

3.3. Adsorption kinetics

Adsorption kinetics is a conventional and powerful method to
study the effect of time on the adsorption process. In this study,
PFO*** and PSO* kinetic models were used to investigate the
kinetic data. Table 3 shows the linear form of PFO and PSO
kinetic models. Using these equations, the values of kinetic
parameters of PFO and PSO kinetic models were calculated, and
the results are reported in Table 4. Fig. 9 shows that there is
a good linear relationship between time (¢) and ¢/q,. Also,
according to the correlation coefficients for the adsorption of
ISO by NPG and GO, the value of R* for the PFO model is lower
than that of the PSO model, so the PSO model is consistent with
the adsorption of gasoline by NPG.

3.4. Comparison of the adsorption capacities of GO and NPG
studied in this work with other sorbents

As mentioned above, a series of adsorbents from low-cost raw
materials were prepared using the CVD method. In this part,
a comparison was made between the adsorption capacity of
these samples and the samples reported in other research
studies, and the results are reported in Table 5. As the table
shows, the synthesized samples show high efficiency for VOC
adsorption compared to other adsorbents.

4. DFT results

To shed further insight on the adsorption process of gasoline on
NPG and GO, detailed DFT calculations on some useful model
systems were performed. Because ISO is the major component
of gasoline, the adsorption of this molecule is used in the DFT
calculations. The optimized geometry of pristine (M1) and four

Nanoscale Adv., 2025, 7, 6462-6474 | 6467
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Fig. 7 Adsorption capacity of (A) GO and (B) NGO; ISO adsorption by (C) GO1, (D) GO2, (E) GO3, (F) NPGL, (G) NPG2, and (H) NPG3.

distinct NPG models (M2-M5) employed in this investigation is graphene and then relaxing the structures. To determine if the
depicted in Fig. 10. The nanoporous M2-M5 substrates are formation of such porous structure is thermodynamically
created by removing one or more carbon atoms from pure favorable, the formation energy (E¢om) was calculated. Our DFT

6468 | Nanoscale Adv., 2025, 7, 6462-6474 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Desorption capacity of GO1, GO2, GO3, NPG1, NPG2, and NPG3.
Table 3 Linear form of each kinetic model
Eq. Linear form Parameters Ref.
PFO ge= g1 —e ™ g/mg g~ ' = Adsorption capacity at ¢ [5]
ge/mg g~ ' = adsorption capacity at equilibrium
ky/min~" = PFO rate constant
PSO kage2t k,/g mg~" min = rate constant of the PSO [5]
9= 1+ kzqef

calculations show that the formation of single carbon vacancy
defects requires a formation energy of 92 keal mol ', which is
consistent with previous DFT investigations.*® Despite the fact
that pristine graphene is nonmagnetic, the monovacancy
defective graphene has a magnetic moment of 2 ug, showing
that the existence of a monovacancy defect changes the elec-
tronic structure of the graphene substantially. The Eg,., gets

© 2025 The Author(s). Published by the Royal Society of Chemistry

more positive as the number of missing carbon atoms increases
in graphene, meaning that the formation of the resulting
substrates becomes more difficult from a thermodynamic
standpoint. Note that the DFT calculations were done at 0 K,
and therefore the thermal effects were neglected in the E¢orm.
According to molecular dynamics simulations,> taking into
account such thermal effects might facilitate the formation of
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Table 4 Adsorption kinetic parameters for gasoline adsorption onto
samples

Kinetic model Adsorbent Parameters
g/mgg" ky/min ! R?
PFO GO1 2.69 —0.029 0.95
GO2 2.78 —0.024 0.97
GO3 2.63 —0.030 0.95
NPG1 2.036 —0.014 0.94
NPG2 2.64 —0.016 0.94
NPG3 1.89 —0.016 0.99
q./mg g " k, R?
PSO
GO1 15.384 2.112 1
GO2 12.820 6.084 0.990
GO3 13.513 1.335 0.990
NPG1 23.255 1.849 0.997
NPG2 32.258 0.384 0.994
NPG3 27.777 0.648 0.996
0.3
@ GO1 PS
@ GO2
025 41 @ GO3
O NPG1 o
[ ]
021 o
=
> 0.15 -
N
0.1
0.05 A
0 T T T T T T
0 10 20 50 60 70
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Time/ min
Fig. 9 PSO curves for ISO adsorption onto GOs and NPGs.

NPG. As a result, one may assume that the NPGs utilized here
are stable at room temperature. According to the Hirshfeld
charge density analysis, the charges on the carbon atoms of the
NPGs are not uniform. The carbon atoms located around the
porous site are mostly negative due to the dangling bonds. As

View Article Online
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shown in the following, these should be the most favorable sites
for adsorption of ISO molecules. In Fig. 10, we also show the
optimized structure of pristine (M6) and nanoporous GO (M7-
M10), which is achieved by adding some O-containing func-
tional groups over the graphene sheets. Because the carbon
atoms at the defect site are more chemically reactive than
others, oxygen moieties are added to these atoms. Based on DFT
calculations, the existence of O-containing functional groups
reduces the formation energy of defective graphene, making
these systems easier to form at room temperature. Because the
O atom has a larger electronegativity than carbon, all of the
oxygen moieties in the GO substrates are negatively charged.
The C atoms surrounding these O atoms, on the other hand,
have a substantial positive charge. As a result, significant charge
separation occurs between the O and surrounding C atoms,
causing some polarity in these systems as compared to NPG
substrates. Fig. 11 depicts the optimized structure of an ISO
molecule adsorbed over NPG and GO substrates. Table 6
summarizes the adsorption energies (E,qs) and amount of
charge transferred (Qcr) during ISO adsorption. According to
the DFT calculations, ISO is weakly adsorbed on pristine gra-
phene, and its interaction with the carbon atoms is mostly
governed by dispersion effects. However, it is found that the ISO
is adsorbed on the defect site in NPGs, most likely owing to the
buildup of negative charge on the dangling C atoms around the
defect sites. The adsorption energy, as provided by eqn (2), was
determined to estimate the adsorption strength of ISO. Table 6
shows that all of the E,4s values are negative, suggesting that
ISO adsorption on NPG surfaces is energetically beneficial. The
absolute value of E,4s increases in the order M1 < M2 < M3 < M4
< M5, which correspond to the defect size on graphene. This is
also well correlated with the average negative charge of the C
atoms in these systems. In all situations, a negligible charge is
transferred from the ISO to the graphene surfaces, implying
that the ISO acts as an electron-donating species in the
complexes formed. The E,4s values in Table 6, on the other
hand, show that the propensity of ISO to adsorb on GO is
weaker than that of NPG. This is mainly due to the steric
repulsion between the ISO and O moieties on the GO. Also,
because ISO behaves as a weak Lewis base on graphene
surfaces, the presence of electron-rich O moieties in the GO
weakens the charge transfer from the ISO to the substrate.

Table 5 Adsorption capacities of the NPG and GO samples compared with other samples

Adsorbent Adsorbate Adsorption capacity/mg g™ * Ref.
Activated hydrochar Acetone 39.42 47
Activated hydrochar Cyclohexane 121.47 47

CNTs Toluene 71.27 48

Durian shell activated Toluene 57.14 49

NPG1 I1SO 415 This study
NPG2 ISO 560 This study
NPG3 1SO 310 This study
GO1 ISO 300 This study
GO2 ISO 367 This study
GO3 ISO 216 This study

6470 | Nanoscale Adv., 2025, 7, 6462-6474
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Fig. 10 DFT optimized geometries of different models used for the pristine graphene (M1), pristine GO (M6), and NPG (M2-M5) and GO (M7-

M10).

O CeHC

Fig. 11 Optimized geometry of the ISO adsorbed onto different models of NPG and GO.

Table 6 also presents the calculated changes in enthalpy
(AH,qs) and Gibbs free energies (AG,qs) obtained from the
thermochemistry analysis of the optimized structures (at T =
298.15 K and P = 1 atm). The AH,4s and AG,qs values are all
negative, showing that ISO adsorption is a thermodynamically
favorable process at ambient temperature and pressure.
Furthermore, the more negative AH,qs or AG,qs values of ISO
adsorbed on NPG compared to GO indicate that the adsorption
of this molecule is more thermodynamically favorable. It is also

Table 6 Calculated adsorption energy (Eags, kcal mol™), charge
transfer (Qcr, electrons), and changes in enthalpy (AH,qs, kcal mol™Y)
and Gibbs free energy (AG,gs kcal mol™) of 1SO adsorbed onto
different models of NPG and GO

Substrate Eads QCT AHads AGads
M1 —6.82 0.06 —2.18 —0.28
M2 —-9.78 0.11 —6.52 —2.06
M3 —11.58 0.13 —8.07 —4.15
M4 —12.80 0.14 —9.56 —5.31
M5 —14.44 0.16 —-10.79 —6.77
M6 —7.08 0.07 —2.48 —0.37
M7 —8.25 0.08 —5.82 —1.82
M8 —-9.13 0.08 —6.60 —2.44
M9 —-9.96 0.09 —7.08 —-3.10
M10 —10.27 0.09 —7.64 -3.71

© 2025 The Author(s). Published by the Royal Society of Chemistry

worth noting that the AH,q4s values are less negative than the
E.as, implying that thermal effects tend to weaken the adsorp-
tion strength of isobutane.

5. Conclusions

In this study, a series of GO and NPG activated with ZnCl, were
successfully synthesized. Then, to evaluate the efficiency of the
synthesized samples, the parameters of calcination temperature
and the ratio of activator to GO and graphene were optimized,
and they were used to adsorption of gasoline vapor. The NPG2
sample showed high adsorption capacity for adsorption of VOC,
nearly 1.34-2.58 times more than other synthesized samples. To
get further information about gasoline adsorption, dispersion-
corrected DFT calculations were performed using different
molecular models of NPG and GO. Given that ISO is the primary
component of gasoline, the adsorption energies, charge trans-
fers and changes in enthalpy and Gibbs free energy owing to the
adsorption of an ISO molecule on different NPG and GO
substrates were calculated. DFT calculations indicated that the
adsorption energy of an ISO molecule on the NPG is more
negative than that on the GO, confirming our experimental
findings that gasoline absorption is more favorable on the NPG
than on the GO. The changes in enthalpy and Gibbs free ener-
gies due to ISO adsorption are all negative, suggesting that this

Nanoscale Adv, 2025, 7, 6462-6474 | 6471
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process is thermodynamically favorable at ambient temperature
and pressure. Dispersion-corrected DFT calculations revealed
that the formation energy in NPG increases as the number of
missing carbon atoms increases. The adsorption energy of an
ISO molecule over the NPG is less negative than that on the GO,
validating our experimental results that gasoline absorption is
more favorable on the NPG than on the GO.
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