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hene derivatives from asphaltenes
and effect of carbonization temperature on their
structural parameters

Faisal S. AlHumaidan, * Mohan S. Rana, Mari Vinoba, Hanadi M. AlSheeha,
Afnan A. Ali and R. Navvamani

A method for synthesizing graphene derivatives from asphaltene is proposed in this work. The graphene

derivatives are mainly composed of few-layer graphene-like nano-sheets of randomly distributed

heteroatoms; mainly sulfur and nitrogen. The proposed method is based on a thermal treatment in

which asphaltene is carbonized in a rotating quartz-tube furnace under an inert atmosphere at

a temperature in the range of 400–950 °C. Asphaltenes from different origins were employed to verify

the synthesis method. The results indicate that graphene derivatives obtained at high carbonization

temperature have similar structural parameters, despite the evident differences in parent asphaltenes

structures and compositions. The transformation of asphaltene to graphene derivatives mainly occurred

due to three factors: the reduction in the average number of aromatic layers (n), the expansion in

aromatic sheet diameter (La), and the elimination of alkyl side chains. The reduction in the number of

aromatic sheets per stack is primarily ascribed to thermal exfoliation, while the increase in the aromatic

sheet diameter is attributed to secondary reactions in the aromatic core of asphaltene. The elimination

of side chains, on the other hand, is mainly credited to thermal cracking. The quantification of defect

density (LD) in the graphene derivatives suggests an association between defects and heteroatoms

presence.
Introduction

Crude oil mainly consists of four hydrocarbon fractions: satu-
rates, aromatics, resins, and asphaltenes (SARA fractions).
Asphaltene is regarded as the fraction of crude that is soluble in
aromatic solvents, but insoluble in light paraffins (i.e., hexane
and heptane). The hypothetical structure of asphaltene suggests
that it is composed of a highly condensed polycyclic aromatic
core substituted with alkyl side chains, with traces of hetero-
atoms (e.g., S, N, and O) and traces of metals (e.g., Ni and V) as
part of its ring system. The aromatic core of asphaltene is
composed of stacked aromatic sheets, and the number of these
sheets per stack may vary between the different asphaltene
molecules (i.e., 3–8 sheets per stack). Each sheet normally has
3–10 rings, mostly aromatic, but not excluding naphthenic and
non-aromatic cyclic rings. The interlayer distance between the
sheets normally remains in the range of 0.35–0.36 nm. Thus,
asphaltene can be viewed as a layeredmaterial that has a similar
structure to few-layer graphene hydrocarbon materials.1

Asphaltene is oen viewed as a low-value byproduct in the
petroleum industry, or sometimes a waste, due to its economic
burdens. However, such inferior classication can be changed
e for Scientic Research, Kuwait. E-mail:

9

by transforming the asphaltene into attractive products, such as
graphene derivatives. The term graphene derivative in this work
refers to a few-layer graphene-like nano-sheets of randomly
distributed heteroatoms (i.e., sulfur and nitrogen). The trans-
formation of asphaltene into graphene derivative is potentially
possible since the core of asphaltene is mainly composed of
layered aromatic structure.1 The transformation of asphaltene
to graphene and its derivatives has been investigated by
a number of research groups. Some research groups employed
the chemical vapour deposition (CVD) to synthesize multi-layer
graphene from asphaltene,2–5 while other research groups
utilized the liquid adsorption approach.6,7 Chemical treatments
were also employed to synthesize graphene derivatives from
asphaltene.8,9 Likewise, the thermal approach was attempted to
synthesize graphene derivative from asphaltene.9,10 The recent
trend in research clearly reveal that such synthesized carbon
materials have expanding industrial applications in energy
storage,11 sensor development,12 and thermal management.13,14

This study is a continuation to our previous effort, in which
we have synthesized few-layer carbon material from asphaltene
by thermal treatment.9,10 In this work, we have further extended
our previous research to provide a thermal treatment method
that can synthesis graphene derivatives, similar to sulfur/
nitrogen co-doped few layer graphene, from different asphal-
tene samples. The asphaltene samples have been selected from
© 2023 The Author(s). Published by the Royal Society of Chemistry
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different origins to ensure the diversication in structures and
compositions. The results conrmed that the proposed
carbonization method is very effective in converting the
different asphaltene samples to few-layer graphene derivatives,
especially at high carbonization temperature (i.e., 950 °C). The
graphene derivatives formed at high carbonization temperature
illustrated very comparable structures, despite the differences
in the parent asphaltenes structures and compositions. This
study also conrmed that the observed defects in the aromatic
sheets are mainly attributed to the presence of heteroatoms.
Experimental
Asphaltene separation

The asphaltene samples were extracted from three crude oils;
namely, Kuwait export crude (KEC), Lower-Fars heavy crude
(LF), and Mexican Ku-crude oil (Ku). KEC is a conventional
crude oil while LF and Ku are heavy crude oils. KEC and LF
asphaltenes belong to same region (Kuwait), yet, their compo-
sitions and structures are not similar. Our previous studies on
Kuwaiti asphaltenes clearly indicated that LF-asphaltene is
comparatively larger than the other asphaltenes and has rela-
tively more heteroatoms, yet, it is more prone and susceptible to
structural changes when exposed to thermal treatment.1,15 Ku-
asphaltene, on the other hand, is known for its high hetero-
atom and metal contents, which can provide good information
about the impact of precursor's impurities (i.e., Ni, V, S, and N)
on the properties of carbonized products. The asphaltenes were
extracted in accordance with the method described in IP 143/90
standard (ASTM 6560), using n-heptane solvent extraction in
a ratio of 30 ml to each 1 gm of sample. The compositions of the
extracted asphaltenes are shown in Table 1.
Thermal treatment

The thermal treatment in this study was performed in both
a stationary-tube furnace and a rotating quartz-tube furnace.9 The
Table 1 Compositions of asphaltenes

Elements

Normalized asphaltene content, wt%

KEC LF KU

C 82.29 80.05 82.50
H 8.31 8.04 8.12
S 8.28 10.69 7.56
N 0.83 0.38 1.07
Al 0.01 — 0.01
Mg — 0.02 —
Si 0.23 0.21 0.01
Cl 0.01 0.12 0.07
K 0.05 0.04 0.04
Ca — 0.09 0.01
V — 0.16 0.45
Fe — 0.13 0.02
Ni — 0.05 0.10
Br — 0.01 0.01
P — — 0.01
Total 100 100 100

© 2023 The Author(s). Published by the Royal Society of Chemistry
carbonized products from the stationary furnace were inhomo-
geneous with signicant amount of ash, while the ones obtained
from the rotating furnace were homogeneous without any traces
of ash. Therefore, the rotating quartz-tube furnace was adopted
for the carbonization of asphaltene. In each run, approximately
4 g of asphaltene was carbonized in the quartz-tube, where the
process was started by increasing the temperature at a rate of
3 °C min−1, until reaching the set point (i.e., 400–950 °C). The
sample then remained at the carbonization temperature for
about 4 h. To prevent oxidation reactions, an inert medium was
maintained in the reaction zone throughout the whole carbon-
ization process by introducing a stream of nitrogen at a ow rate
of 300 ml min−1. To ensure a uniform heat exposure on all
asphaltene particles, the furnace was continuously turning in
a rotation angle of 360° at an oscillation frequency of 3 rotations
per minute in each direction. The weight losses due to the
thermal treatment fell in the range of 49–55%.
Product characterization

The quality of the carbonized product has been veried by
different characterization methods, which include the X-ray
Diffraction (XRD), Raman Spectroscopy, Fourier-Transform
Infrared Spectroscopy (FTIR), Transmission Electron Micros-
copy (TEM), Scanning Electron Microscopy (SEM), Energy
Dispersive Spectroscopy (EDS), and carbon, hydrogen, nitrogen,
sulfur CHNS elemental analysis.

The XRD analysis was employed in this study to determine
the crystallinity level and monitor the changes in structural
parameters with thermal treatments. The analysis was per-
formed on the powdered samples using a high-power X-ray
diffractometer (X Pert PRO, PANalytical XRD). The diffraction
patterns (2q = 6–90°) were recorded at room temperature using
Cu Ka radiation (l= 1.54055 Å) at a scanning speed of 30 min−1

and step size of 0.02 (2q). Each scan was conducted twice, and
the recorded patterns were de-convoluted to precisely deter-
mine the peak position, peak intensity, peak area, and the full
width at half maximum (FWHM). The FTIR analysis was also
used to identify the surface functional group in the parent
asphaltene and to investigate the changes in these functional
groups aer the thermal treatments. The analysis was per-
formed in FTIR Spectrometer (Vertex 70, Bruker), where the
spectra were recorded between 4400 and 400 cm−1 by per-
forming collective 32 scans with baseline corrections. In FTIR
analysis, the analytical chamber was kept under N2 atmosphere
(50 L h−1), and pellets were prepared by diluting the sample
with KBr (1 : 200).

Raman Spectroscopy was also utilized to characterize the
parent asphaltene and its carbonized products. The analysis
was performed on a BRUKER SENTERRA RamanScope III,
equipped with Olympus trinocular head with a video camera.
The images were transferred to OPUS 7.0 soware and visual-
ized within the OPUS video display of the connected PC. The
Raman scattered light was analyzed by a double mono-
chromator and was detected by a photomultiplier tube. Before
conducting the Raman analysis, the samples were milled in
a mortar to reduce their particle sizes. A small quantity of
RSC Adv., 2023, 13, 7766–7779 | 7767
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a mortared sample was placed on the sample holder and its
surface was manually attened under the microscope. A visually
acceptable at area was chosen as the focal point for laser
excitation, and a series of spectra and acquisitions were per-
formed. All Raman spectra were recorded using an excitation
wavelength (l) of 532 nm (excitation energy El = 2.33 eV), with
a Laser power of 5 mW as the radiation source. The spectral
resolution in the Raman shi was ranging from 50 to
4500 cm−1.

The CHNS elemental analysis has been also utilized to
determine the composition of the major elements in the
asphaltene and its carbonized products. The CHNS analysis was
conducted by an automated elemental analyzer, LECO-CHNS
628S (S add-on model). The reported results were the average
of three test runs. SEM with EDS has been also utilized to verify
the elemental composition and monitor the surface
morphology. The SEM analysis was performed on a JEOL JEM-
IT300 with Oxford instrumentation energy dispersive system.
The samples were mounted on aluminium holders with carbon
adhesive tape, and were coated with gold. The condition of
analysis was 20 kV, and high vacuumwas used. The images were
taken with secondary electron detector. The elemental compo-
sition was analyzed by EDS (Oxford-Xmax20) using Aztec so-
ware. Furthermore, high-resolution TEM has been employed to
provide further insight into the micro-structures and to verify
the crystalline parameters that were previously measured by the
XRD and Raman spectroscopy. The TEM microstructural
examination was performed by a JEOL JEM-2100 transmission
electron microscope at an accelerating voltage of 200 kV. Before
analysis, the samples were powdered in an agate mortar and
then ultrasonically dispersed in ethanol. A drop of this solid/
liquid dispersion was placed on the Lacey Formvar/Carbon
coated Cu grid. The TEM images were analyzed by the industry
standard soware for TEM experimental control and analysis,
which is Digital-Micrograph soware.
Results and discussion

Asphaltene is characteristically considered as a macro-molecule
of rigid aromatic core with exible alkyl side chains and rela-
tively high amount of heteroatoms and metals. Asphaltene can
be regarded as an ideal template to form few-layer graphene-like
carbon nano-sheets since its aromatic moieties can be rear-
ranged to form such structure. Different asphaltenes have been
transformed in this study to few-layer graphene derivatives
using different methods of thermal treatment. The most effec-
tive method was the carbonization in a rotating quartz-tube
furnace under inert atmosphere at a controlled heating rate,
which resulted in an efficient homogeneous carbonization. The
carbonized products were thoroughly analyzed using different
characterization techniques to determine their structural
parameters and to verify the formation of graphene derivatives.
Fig. 1 Baseline corrected XRD patterns for the three asphaltenes
along with their corresponding graphene derivatives at different
temperatures: (a) LF, (b) KEC and (c) Ku.
Characterization of structural parameters

The impact of thermal treatment in this study is revealed by
comparing the macro-structures of parent asphaltenes with
7768 | RSC Adv., 2023, 13, 7766–7779
their corresponding carbonized products, which were obtained
at different temperatures. Many structural parameters have
been measured, including the layer distance between the
aromatic sheets (dm), the distance between aliphatic chains and
naphthenic sheets (dg), the average diameter of the aromatic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Structural parameters derived from XRD analysis for LF-
asphaltene and its corresponding graphene derivative

Sample dm (Å) dg (Å) La (Å) Lc (Å) n NOar fa

LF-asph. 3.6 5.8 11.7 22.7 7.4 4.4 0.17
LF-GD-400 3.6 5.1 9.4 24.8 8.8 3.5 0.72
LF-GD-600 3.6 5.2 16.5 19.3 6.4 6.2 0.81
LF-GD-800 3.6 5.3 25.4 15.9 5.4 9.5 0.78
LF-GD-950 3.5 5.1 37.9 18.3 6.2 14.2 0.78

Table 3 Structural parameters derived from XRD analysis for KEC-
asphaltene and its corresponding graphene derivative

Sample dm (Å) dg (Å) La (Å) Lc (Å) n NOar fa

KEC-asph. 3.5 5.7 17.3 24.7 8 6.5 0.15
KEC-GD 400 3.5 4.9 25.1 27.9 8.9 9.4 0.62
KEC-GD 600 3.5 5.2 22.1 18.1 6.1 8.3 0.72
KEC-GD 800 3.6 5.3 22.7 16.9 5.8 8.5 0.75
KEC-GD 950 3.5 5.2 36.9 18.3 6.2 13.8 0.78

Table 4 Structural parameters derived from XRD analysis for Ku-
asphaltene and its corresponding graphene derivative

Sample dm (Å) dg (Å) La (Å) Lc (Å) n NOar fa

Ku-asph. 3.6 5.9 20.8 26.1 8.4 7.8 0.18
Ku-GD 400 3.5 4.7 14.2 29.8 9.4 5.3 0.52
Ku-GD 600 3.6 5.5 22.7 16.9 5.8 8.5 0.81
Ku-GD 800 3.6 5.4 27.6 15.9 5.5 10.3 0.85
Ku-GD 950 3.6 5.4 36.7 17.4 5.9 13.7 0.83
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sheet (La), the cluster diameter (Lc), the number of aromatic
sheet per stack (n), the average number of aromatic ring per
sheet (NOar), and the aromaticity (fa). The results clearly
revealed that the transformation of asphaltene molecules into
graphene derivatives are mainly ascribed to three factors: the
elimination of the alkyl side chains, the reduction in the
number of aromatic sheet per stack (n), and the increase in the
aromatic sheet diameter (La). The elimination of the alkyl side
chains from the asphaltene core is mainly caused by thermal
cracking reactions, whereas the reduction in the number of
aromatic sheets per stack resulted from thermal exfoliation.
The increase in aromatic sheet diameter, on the other hand, is
primarily associated with the secondary reactions in the
aromatic core.

The structural parameters of the parent asphaltenes and
their corresponding carbonized products have been measured
by XRD. Fig. 1 illustrates the baseline corrected XRD patterns
for the three parent asphaltenes and their corresponding gra-
phene derivatives at different carbonization temperatures. The
change in crystallinity level with temperature is clearly reected
by the strong peak observed at 2q = 26°, which is known as the
graphene band. The XRD patterns in Fig. 1 also shows the four
characteristic bands (i.e., g, graphene, 10, and 11) from which
the structural parameters of crystalline carbon materials were
measured.1,16,17 Tables 2–4 illustrate the structural parameters
© 2023 The Author(s). Published by the Royal Society of Chemistry
from the XRD analysis for the three asphaltenes along with their
corresponding graphene derivatives. The results clearly desig-
nate that the layer distance between the aromatic sheets (dm)
and the distance between aliphatic chains and naphthenic
sheets (dg) are not considerably affected by the severity of
thermal treatment. The average distance between the aromatic
layers in the parent asphaltenes was about 3.6 Å, and almost
remained constant at all carbonization temperatures. The
distance between aliphatic chains and naphthenic sheets, on
the other hand, has slightly decreased by less than 1.0 Å.
Conversely, the average diameter of aromatic sheet (La) has
signicantly increased with thermal treatment severity. The
results also revealed notable reductions in the cluster diameter
(Lc) and the number of aromatic sheets per stack (n) as the
carbonization temperature increases. As previously stated, the
observed changes in the structure of asphaltenes, which trans-
form them into few-layer graphene-like materials, mainly occur
through three mechanisms: the reduction in aromatic sheet
number per stack, the expansion in aromatic sheet diameter,
and the elimination of alkyl side chains. These three mecha-
nisms are further discussed in the following sections.
Reduction in the number of aromatic sheets

The structural parameters obtained from XRD revealed obvious
reduction in the number of aromatic sheet (n) per stack as the
carbonization temperature increases. The decrease in the
number of aromatic sheet was also associated with a notable
reduction in the cluster diameter or the stack height (Lc). The
observed reductions in these structural parameters are
primarily caused by thermal exfoliation. The measurements of
the stack height and the number of aromatic sheet per stack in
the carbonized products clearly infers the formation of few-layer
carbon materials, since the thickness of a single carbon layer is
approximately 3.4 Å. One of the observation that can be noted in
the XRD measurements for the three sets of samples is the
slight increase in the number of aromatic sheet per stack at
mild carbonization temperature (i.e., 400 °C), which is followed
by a notable decrease in this structural parameter as the
carbonization temperature increases. This initial increase can
be attributed to the removal of the alkyl side chains, which
facilitated the stacking of the aromatic sheet. However, the
further increase in carbonization temperature enhances the
thermal exfoliation, which resulted in a decrease in the number
of aromatic sheets per stack. The thermal exfoliation in this
study can be attributed to the weakening of the van der Waals
interactions between layers, caused by heteroatoms function-
alities.18 Poh et al.18 reported similar thermal exfoliation for
graphite oxide in an inert gas (i.e., N2) and in sulfur-containing
gases (i.e., H2S, CS2, and SO2) at a temperature range of 600–
1000 °C. The study revealed that exfoliation in sulfur gaseous
environment resulted in the inclusion of more heteroatoms on
the graphene surfaces as compared to nitrogen gaseous envi-
ronment. The amount of sulfur reported by Poh and coworkers
in the S-doped graphene was in the range of 4–12 wt%, which is
comparable to the one observed in the graphene derivatives of
this study (8–11 wt%), as will be later shown. In addition to
RSC Adv., 2023, 13, 7766–7779 | 7769
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Fig. 3 The number of aromatic sheet per stack (n) for the parent asphalte
XRD results.

Fig. 2 Raman spectra of the three asphaltenes and their corre-
sponding graphene derivatives at different temperatures: (a) LF, (b)
KEC and (c) Ku.

7770 | RSC Adv., 2023, 13, 7766–7779
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heteroatom functionalities, the thermal exfoliation in asphal-
tene core can be ascribed to the decomposition of metal-
loporphyrin structures (Ni and V complexes in asphaltene),
which signicantly affect the p-electronic interaction between
layers.19

To further verify the XRD nding, the Raman analysis was
employed. The Raman spectra of the parent asphaltenes and
their corresponding graphene derivatives are illustrated in
Fig. 2. The Raman spectra clearly reveal the formation of crys-
talline carbon materials, which is shown by the two prominent
peaks at ∼1350 and ∼1580, respectively known as the D and G.
The D band is mainly associated with defects and disorder in
the graphitic structure, including the grain boundaries and
heteroatoms; whereas the G band corresponds to the in-plane
vibration of the sp2 carbon. The calculation of structural
parameters of carbon-based material from Raman spectra is
a subject of dispute and discrepancy in literature;20 yet, there is
agreement among researchers that the intensity ratio between
the D- and G-bands (ID/IG) and the full width at half maximum
of the G-band (FWHMG) are the two main graphitization indi-
cators in Raman analysis. The literature also indicates that the
changes in the number of aromatic layer in crystalline carbon
materials is closely associated with the G-band position, where
an increase in layers is normally reected by a 3–5 cm−1 shi
toward lower wavenumber in the G-band position.21–25 There-
fore, the G-band position is commonly reported at 1581.6 for
graphite (n = N), while it is detected at 1587 cm−1 for mono-
layer graphene (n = 1). Based on these ndings, empirical
equations have been proposed to determine the number of
layers in graphene and graphene-like materials from the G-
band position.22,25 Some literature also indicated that the 2D
band can be employed in determining the number of aromatic
layer through the relative intensity of I2D/IG.21–24 This band arises
due to a second-order two-phonon process and oen reported at
∼2630–2700 cm−1 in carbon allotropes. Yet, there is almost an
agreement in literature that the utilization of the 2D band in
measuring the number of layers is rather complex because the
band is composed of several overlapping peaks, whichmake the
2D band in multi-layer graphene undistinguishable from that of
graphite. Therefore, the number of aromatic sheet per stack in
this study was measured from the G-band position.22,25

Fig. 3 compares the Raman and XRD measurements for the
number of aromatic sheet per stack for the three asphaltenes
nes and their corresponding graphene derivatives (a) Raman results (b)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and their graphene derivatives. Bothmeasurements conrm the
thermal exfoliation, observed by the reduction in the number of
aromatic sheets per stack, but it is more evident in the Raman
Fig. 4 TEM analysis of the three parent asphaltenes; (a) LF, (b) KEC and
(c) Ku.

© 2023 The Author(s). Published by the Royal Society of Chemistry
measurement. It is important to note here that the Raman
measurements are very sensitive to the G-band position; hence,
the rst-order region in Raman spectrum was tted with only
Fig. 5 TEM analysis of graphene derivatives; (a) Ku-GD 800, (b) KEC-
GD 800 and (c) Ku-GD 950.
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two peaks (i.e., G- and D-bands) using the Gaussian function, as
recommended by AlHumaidan and Rana.20 Fitting the spectrum
with more peaks results in splitting the G-band into two bands
(i.e., G and D2-bands), and consequently prevents the utiliza-
tion of Raman in such measurement.

The reduction in the number of aromatic layers through
thermal exfoliation has been also conrmed by the high-
resolution TEM. Fig. 4 illustrates the agglomerations of parent
asphaltenes, where tangled structures with edges similar to
cauliower are observed. Such tangled structures are mainly
ascribed to the presence of alkyl side chains, which impede the
aromatic sheet from stacking.26 The poor stacking of aromatic
sheets can be observed everywhere in the asphaltene aggre-
gates. The TEM results also reveal that the average number of
aromatic sheet per stack for all parent asphaltenes is approxi-
mately 5. These results are quite comparable with the previously
reported XRD and Raman results. Furthermore, the TEM anal-
ysis also indicates that the inter-layer distance between the
neighbouring aromatic layers (dm) in the parent asphaltene falls
in the range of 0.34–0.36 nm (3.4–3.6 Å), which is in agreement
with the XRD ndings (∼3.6 Å). Fig. 5, on the other hand,
exemplies the TEM results of the graphene derivatives ob-
tained at severe carbonization temperatures (800–950 °C). The
results clearly designate that the tangled structure has nearly
disappeared aer severe thermal treatment, which can be
primarily attributed to the removal of the alkyl side chains. The
proper stacking in Fig. 5 also implies that the average number of
aromatic sheet per stack in the carbonized product has signif-
icantly decreased and might be in the range of 1–2, which is in
agreement with the Raman results (Fig. 3a). The histograms in
Fig. 5 also show that the distance between the neighbouring
aromatic sheet has slightly increase from ∼0.34 in parent
asphaltenes to around ∼0.37 nm. Both the decrease in the
number of aromatic sheet per stack and the slight increase in
the interlayer distance between layers endorse the previous
conclusion about the thermal exfoliation.
Fig. 6 Average diameter of aromatic sheet (La) measured by Raman
spectroscopy for the parent asphaltenes and their corresponding
graphene derivatives.
Expansion in the aromatic sheet diameter

The XRD results; in Tables 2–4; also illustrate an evident
increase in the average diameter of aromatic sheet as the
carbonization temperature increases. In fact, at relatively mild
carbonization temperature (i.e., 400 °C), the size of La slightly
decreased, and this can be associated with the removal of the
alkyl side chains. However, signicant increases were observed
in La for all samples at higher temperatures. The increase in La
would suggest that the aromatic core has undergone secondary
reactions, such as cyclization of alkyl side chains, combination
of rings radicals by polymerization, dehydrogenation of naph-
thenic rings (aromatization), and condensation of aromatic
rings.1,27–33 The increase in the aromatic sheet diameter (La) is
also reected in the number of aromatic rings per sheet (NOar).
In the parent asphaltenes, the average number of aromatic rings
per sheet is in the range of 4–8 rings, while it is around 14 in the
graphene derivatives obtained at 950 °C.

To further verify the XRD ndings, the average diameter of
aromatic sheet has been also measured by Raman spectroscopy.
7772 | RSC Adv., 2023, 13, 7766–7779
AlHumaidan and Rana20 have recently tested and assessed
different equations proposed in the literature for calculating La
from the Raman spectra for both crystalline and amorphous
carbon-based materials. Their ndings indicated that the
proposed correlations for measuring La in crystalline34–36 and
amorphous carbon37 could not be utilized for the semi-
crystalline asphaltene. AlHumaidan and Rana15 designated
that the optimum equation for measuring La in asphaltene is
the one proposed by Tuinstra and Koenig,38 but only when the
integrated areas are used in dening ID/IG instead of peak
intensities. Fig. 6 illustrates the La measurement from Raman
spectra for the parent asphaltenes and their corresponding
graphene derivatives. The La measurements for the semi-
crystalline asphaltenes and their semi-crystalline carbonized
products (#600 °C) were obtained from Tunistra's empirical
equation; whereas the La measurements for the well crystalline
carbonized products (>800 °C) were performed using the
equation proposed by Cancado et al.34 Fig. 6 suggests compa-
rable La measurements between Raman and XRD, in terms of
the overall trend; however, the exact values of La have some
variations, which are anticipated from different characteriza-
tion tools.

The TEM results in Fig. 4 and 5 also conrm the expansion in
La with carbonization. The results designate that the average La
measurement for the asphaltenes from LF, KEC, and Ku to be
around ∼15 Å, ∼16 Å, and ∼21 Å, respectively. These
measurements are in good agreement with the ones reported
from the XRD and Raman. The TEM results also reveal
a substantial increase in the size of La for the graphene deriv-
atives obtained at 800–900 °C (La > 70 Å). Generally speaking,
the TEM results are consistent with the XRD and Raman results,
where all of them are conrming the expansion in aromatic
sheet diameter during carbonization due to secondary reactions
in the aromatic core.

Elimination of alkyl side-chains

The elimination of the alkyl side chains from the asphaltene
molecules can be veried by different characterization
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 DRIFT spectra of the three asphaltenes and their corresponding
graphene derivatives at different temperatures: (a) LF, (b) KEC and (c)
Ku.
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techniques. The XRD results conrm the side chain removal by
various indicators. For instance, the observed reduction in Lc
can be partially attributed to the elimination of the alkyl side
chains. Furthermore, the initial reduction in La measurement at
mild carbonization (i.e., 400 °C) is another indication of side
chains removal. The slight enhancement in aromatic sheet
stacking at mild carbonization is also another sign of alkyl side
chain removals, since these side chains normally impede the
aromatic sheet from stacking. The removal of aliphatic carbon
in the side chains is also clearly reected in the XRD analysis by
the notable increase in aromaticity from approximately∼0.17 to
about ∼0.80. This aromaticity was calculated from the area of
resolved peaks for the g and graphene bands; therefore, the
calculated values were based on the aromatic carbon that
contributed to the graphene band, rather than all aromatic
carbon of asphaltene. Consequently, the aromaticity reported
from XRD measurement is only indicative and could not have
represented the true aromaticity.

The Raman results also conrmed the removal of the
paraffinic side chains from the asphaltene molecule. This is
clearly exemplied in Fig. 2 by the D-band, which become more
prominent as the carbonization severity increases. Beyond 800 °
C, the D-band intensity and band-width almost became
comparable to that of the G-band, which could either suggest
signicant structural disorders or a high functionalization
degree.39 Wang et al.40 observed such increase in the D-band size
for co-doped graphene, and attributed it to the presence of
heteroatoms (S & N) and to the increase in aromatic sheet
detectable edges, which became more measurable with the
removal of alkyl side chains. Maslova et al.41 also reported
similar D-band behaviour while carbonizing anthracene-based
carbon. Maslova and coworkers associated the increase in D-
band intensity and bandwidth to the secondary carbonization
and to the release of hydrogen atoms that are xed on the edges
of the ploy-aromatic layers, which indicate the removal of side
chains.

The TEM results also endorse the removal of side-chains
during thermal treatment. The TEM images of parent asphal-
tene aggregates have revealed tangled structures with edges
similar to cauliower (Fig. 4). Such tangled structures are
mainly caused by the presence of the alkyl-side chains, which
impede the aromatic sheets from stacking.26 The observed
tangled structure nearly disappeared aer thermal treatment,
as shown in Fig. 5, where the stacking of the aromatic sheets
became more evident due to the rapture of the paraffinic side
chains.

The FTIR analysis was also employed in this study to verify
the removal of side chains and to elucidate the changes in
functional groups with asphaltene molecule exposure to the
thermal treatment. Fig. 7 illustrates the FTIR spectra of the
three asphaltenes along with their corresponding graphene
derivatives. The diffused reectance infrared transform (DRIFT)
spectra of the asphaltene molecules shows profusions in satu-
rated hydrocarbons, which are revealed in the absorption bands
at 2957, 2924, 2850, 1455, and 1376 cm−1.42–44 The peaks at 2957,
2924, and 2850 cm−1 presents the saturated CH stretching
vibrations; whereas the ones at 1455 and 1376 cm−1 features CH
© 2023 The Author(s). Published by the Royal Society of Chemistry
bending vibrations. The spectra also illustrate aromatic ring
(aryl) hydrocarbons at the regions of 3150–3000, 1615–1580,
1250–950, and 900–700 cm−1.42–44 The 3150–3000 cm−1 region is
normally assigned to aromatic C–H stretching vibration, while
1250–950 cm−1 and 900–700 cm−1 are respectively ascribed to
aromatic C–H in-plane bending and aromatic C–H out-of-plane
bending. Conversely, the 1615–1580 cm−1 region is assigned to
the C]C aromatic stretching.
RSC Adv., 2023, 13, 7766–7779 | 7773
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Fig. 8 Effect of thermal treatment on graphene derivatives; (a)
increase in aromaticity (b) decrease in the average length of alkyl side
chains.
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The DRIFT spectra of the graphene derivatives, on the other
hand, illustrate obvious changes when compared to their
corresponding parent asphaltenes. For example, the prom-
inent peaks of aliphatic stretching vibration in the 2850–
2950 cm−1 region (i.e., –CH3(as) at 2957, –CH2(as) at 2924, and –

CH2(s) at 2850 cm−1) have progressively reduced with the
increase in carbonization temperature; indicating the removal
of side chains. Similarly, the peaks of aliphatic CH bending
vibration at 1455 cm−1 (–CH2(as)) and 1376 cm−1 (–CH3(s)) are
barely observed aer severe thermal treatment. Fig. 8 illus-
trates the impact of operating severity on graphene derivative
nature. The effect of thermal treatment in product aromaticity
is exemplied in Fig. 8a by monitoring the ratio between the
aliphatic C–H stretching modes (3000–2750 cm−1) and the
aromatic C–H stretching mode (3150–3000 cm−1); denoted as
A(3000–2750)/A(3150–3000). The observed reduction in the
aliphatic/aromatic ratio [n(CH1–3)al/m(CH)ar] clearly endorses
the removal of aliphatic side-chain from the large aromatic
cluster of the asphaltene molecule. The increase in aromaticity
with carbonization is also conrmed through the intensity
ratio between C]C aromatic stretch at 1600 cm−1 and CH
aliphatic stretch at 2924 cm−1. To further conrm the removal
7774 | RSC Adv., 2023, 13, 7766–7779
of aliphatic chains, the changes in aliphatic nature in the
graphene derivatives have been investigated by determining
the ratio between the methylene and methyl groups [CH2/
CH3]; obtained from the intensity ratios of I2924/I2957 and I1455/
I1376.42 Fig. 8b clearly illustrates signicant reductions in the
CH2/CH3 ratio with carbonization temperature, which would
suggest a considerable shrinkage in the length of alkyl side
chains.
Comparison between structural parameters

The comparison between the structural parameters of the three
parent asphaltenes and their corresponding graphene deriva-
tives clearly revealed signicant changes. Nevertheless, some
structural parameters have not been affected by the thermal
treatment such as the layer distance between the aromatic
sheets (dm), which almost remained constant at all carboniza-
tion temperatures. The XRD results showed dm to be around 3.6
Å while the TEM designated it to be in the range of 3.4–3.7 Å,
which is close to the interlayer distance between planes in the
base state of a multi-layer graphene (i.e., 3.4 Å). Conversely,
other structural parameters revealed signicant variations with
temperature such as the cluster diameter, the number of
aromatic sheet per stack, the average diameter of aromatic
sheet, the average number of aromatic rings per sheet, and the
aromaticity (Fig. 9). Fig. 9 clearly indicates that graphene
derivatives from different origins tend to become more
comparable in structural parameters as the carbonization
temperature increase, despite the obvious differences in their
parent asphatlenes properties. This observation is mainly
evident at 950 °C (GD-950), where the structural parameters of
the different graphene derivatives almost illustrated similar
values. Such nding might suggest that the transformation of
asphaltene to graphene derivative by thermal treatment has an
optimum temperature, which might fall in the range of 900–
1000 °C. At this temperature range, the three transformation
mechanisms (i.e., thermal exfoliation, aromatic core secondary
reactions, and alkyl side chains removals) approach their peaks.
This nding might also suggest that the structural parameters
of the parent asphaltenes are not of paramount importance if
the thermal treatment takes place at relatively high tempera-
tures. The similar trends observed in Fig. 9 between certain
structural parameters are mainly attributed to their interrela-
tion.1,16,17 For example, the increase in the stack height (Lc)
should be reected in the number of aromatic sheet per stack
(n), and similarly the changes in the aromatic sheet diameter
(La) should reect on the number of aromatic rings per sheet
(NOar). The relations between these structural parameters are
given as follows:

n ¼ Lc

dm
þ 1

NOar ¼ La

2:667
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Changes in structural parameters in graphene derivatives with temperature.
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Quantication of heteroatoms

Heteroatoms in asphaltene are always associated with chal-
lenges in deep conversion processes, and their extractions
require selective catalytic hydrotreatments. The presence of
these heteroatoms are expected in our graphene derivatives,
since the proposed carbonization process is mainly based on
thermal treatment. The purities of graphene and graphene
derivatives are important for many industrial applications;
however, high purity is not always essential. In fact, for some
Fig. 10 Variation in elemental composition with carbonization tempera

© 2023 The Author(s). Published by the Royal Society of Chemistry
industrial applications heteroatoms are introduced to graphene
to enhance certain properties such as the capacitive perfor-
mance, electrical conductivity, surface activity, chemical reac-
tivity, and mechanical properties. Among the most commonly
employed heteroatoms in graphene doping are nitrogen and
sulfur,45–52 and both of them naturally exist in the aliphatic and
aromatic constituents of asphaltene molecules. The presence of
these heteroatoms, in both asphaltene and graphene deriva-
tives, can be clearly observed in DRIFT spectra of Fig. 7. The
ture.

RSC Adv., 2023, 13, 7766–7779 | 7775
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Fig. 11 SEM-EDS elemental mapping of graphene derivatives obtained at 950 °C (a) LF, (b) KEC and (c) KU.
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broad bands of absorption at 1735–1640 cm−1 and at 1280–
1000 cm−1 are indicative of the presence of functional groups,
such as ketones, amides, and sulfoxides. The peak at
1030 cm−1, which assigned S]O stretching vibration of sulf-
oxide, also conrmed the presence of heteroatoms and would
suggest the possible oxidation of thiophenic compounds.42,53

Furthermore, the absorption peaks at the regions of 1360–
1250 cm−1 and 600–715 cm−1 are respectively assigned to the
C–N stretching of aromatic amine and the C–S stretching of
thioethers and disuldes.43 The FTIR spectra of the asphaltenes
also conrm the presence of several oxygen functional groups at
3450–3350 cm−1, 1730–1630 cm−1, and 1050–1250 cm−1.43,44

The broad band in the region of 3450–3350 cm−1 is ascribed to
the O–H stretching vibrations, which could either be attributed
to the OH from C–OH or the water adsorption.54 On the other
hand, the absorption peaks at 1730–1630 cm−1 are typically
attributed to C]O stretching vibration of carboxyl and carbonyl
7776 | RSC Adv., 2023, 13, 7766–7779
functional groups. The absorption peaks at 1050–1250 cm−1,
conversely, are normally assigned to the C–O stretching vibra-
tions from the epoxy groups (C–O–C) and alcohol (C–OH).

In this study, the atomic composition of the major elements
in asphaltenes and their corresponding graphene derivatives
have been quantied using the CHNS elemental analysis,
Fig. 10. The results reveal an upsurge in the carbon contents
and a reduction in the hydrogen contents as the severity of
thermal treatment increased. The decrease in hydrogen content
can mainly be ascribed to the removal of aliphatic substituents
as previously indicated. The elemental analysis also would
imply that the observed losses in hydrogen (wt%) are mainly
recompensed by escalations in carbon contents, which conrm
the previous conclusion about the aromatic core secondary
reactions. The elemental analysis also raties the existence of
sulfur and nitrogen. The insignicant changes in sulfur and
nitrogen contents with thermal treatment would imply that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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these heteroatoms are evenly distributed between the aliphatic
and aromatic constituents. Consequently, the heteroatoms in
the aliphatic constituents are eliminated with the removal of
side chains, while the heteroatoms in the aromatic hydrocar-
bons should remain in the nearly intact aromatic layers.
AlHumaidan et al.27 reported similar observation while studying
asphaltene behaviour in deep conversion processes, where they
reported insignicant changes in sulfur and nitrogen contents
aer the thermal cracking of residual oil. They attributed
ndings to the nearly equally distributed heteroatoms between
aliphatic and aromatic constituents and the difficulty associ-
ated with heteroatoms removals from the aromatic sheets
without selective catalytic hydrotreatment (i.e., hydro-
desulfurization and hydro-denitrogenation).

The presence of heteroatoms and metals was also qualita-
tively conrmed by the SEM elemental mapping. The elemental
analysis by SEM-EDS is highly dependent on the examined site
(i.e., irradiated zone). Therefore, the elemental composition
obtained by this technique is more indicative than quantitative.
In agreement with the CHNS analysis, the SEM-EDS results in
Fig. 12 Quantifications of defect densities in the three parent
asphaltenes along with their corresponding graphene derivatives; (a)
LF, (b) KEC and (c) Ku.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 11 conrm the presence of sulfur even aer thermal treat-
ment. Nitrogen, on the other hand, was difficult to detect in the
EDS, and this is mainly attributed to their position inside the
sample.26 Fig. 11 also illustrates traces of nickel and vanadium,
which naturally exist in the core of asphaltene molecules in the
form of porphyrin. The removal of these metal impurities
cannot be attained by thermal treatment and requires catalytic
hydrotreatment, known as hydro-demetalization. Therefore, the
presence of metal traces is expected in the graphene derivatives,
but in the form of inorganic species since the porphyrin struc-
ture normally decomposes at high temperature.
Quantication of defect density

Defect quantication for graphene and graphene-related
materials is very fundamental for determining their possible
applications. Signicant efforts have been made to quantify the
defect and disorder in graphene-related materials.55–57 Fig. 12
quanties the density of defect for the different graphene
derivatives by determining the average distance between two
defects (LD). The LD measurement showed an almost constant
value (i.e., ∼1.25 nm) for each set of samples. The constant
trend in LD measurement was seen to be consistent with the
trends observed in sulfur and nitrogen measurements, which
would infer that the observed defects could mainly be related to
the presence of these heteroatoms in the aromatic sheets.
Similar level of defect has been reported for S–N co-doped
graphene by Wang et al.47
Conclusions

A thermal treatment method is proposed in this study to convert
asphaltenes from different origins to graphene derivatives. The
proposed thermal treatment method successfully transformed
the asphaltene molecules to few-layer graphene derivatives by
reducing the number of aromatic sheet per stack, expanding the
aromatic sheet diameter, and removing the alkyl side chains
from the aromatic core. The reduction in the number of
aromatic sheet per stack is attributed to thermal exfoliation,
while the increase in aromatic sheet diameter with temperature
is credited to the secondary reactions in the aromatic core. The
elimination of alkyl side chains, on the other hand, is mainly
ascribed to thermal cracking. The structural parameters ob-
tained from the different analytical techniques would conrm
the formation of graphene derivative of less than 6 layers. This
study also revealed that graphene derivatives from different
origins tend to become very comparable in structural parame-
ters at high carbonization temperature, regardless of the
obvious differences in their parent asphaltenes structures and
compositions. The quantication of heteroatoms, on the other
hand, conrmed the presence of sulfur and nitrogen in the
graphene derivatives and indicated insignicant changes in
their contents with treatment, which would imply that these
heteroatoms are evenly distributed between the intact aromatic
core and the detached aliphatic side chains. The defect density
has been also quantied in the parent asphaltenes and their
corresponding graphene derivatives by measuring the average
RSC Adv., 2023, 13, 7766–7779 | 7777
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distance between defects. The consistent trends observed
between defect densities and heteroatom contents in all gra-
phene derivatives might suggest that the observed defects could
mostly be related to the presence of heteroatoms.
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