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The remarkable properties of carbon-based nanomaterials (CNMs) have stimulated a significant increase in

studies on different 0D, 1D and 2D nanostructures, which have promising applications in various fields of

science and technology. However, the use of graphite as a raw material, which is essential for their

production, limits the scalability of these nanostructures. In this context, petroleum coke (PC), a by-

product of the coking process in petrochemical industry with a high carbon content (>80 wt%), is

emerging as an attractive and low-cost option for the synthesis of carbonaceous nanostructures. This

brief review presents recent research related to the use of PC as a precursor for CNMs, such as

graphene and its oxidized (GO) and reduced (RGO) variants, among other carbon-based nanostructures.

The work highlights the performance of these materials in specific areas of application. In addition, this

review describes and analyzes strategies for transforming low-cost, environmentally friendly waste into

advanced technological innovations with greater added value, in line with the UN's 2030 Agenda.
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Fig. 1 (a) Simplified scheme of oil refining operations and products,
including petcoke. (b) Obtaining CNMs from petroleum coke as
a potential solution for the 2030 Agenda for sustainable development,
mainly involving (6) clean water and sanitation, (7) affordable and clean
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Introduction

In oil reneries, the gases released from the heating of crude oil
are condensed and separated through different channels that
lead to the formation of products such as gasoline, diesel,
kerosene, naphtha, and lubricants (Fig. 1a).1,2 In addition to
these petroleum products, the delayed coking process generates
a dark granular solid byproduct called petroleum coke, petcoke,
green coke, or green petroleum coke (GPC). Coking is a thermal
cracking process without the use of catalysts, where an endo-
thermic reaction takes place in heavy hydrogen-decient tail-
ings, such as asphaltenes and resins, forming coke. This
byproduct is characterized by its high caloric value, low ash
content, low cost compared to coal, wide availability, and high
carbon content (>80 wt%).3,4 Consequently, this material is used
as a precursor for energy generation,5 steel recycling in the
energy, (9) industry, innovation, and infrastructure, (14) life below
water, and (15) life on land. Reproduced (adapted) with permission
from ref. 10. Copyright© 2021, npj 2D Materials and Applications.
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electric arc furnace (UHP graphite electrode), graphite anode
manufacturing in the aluminum smelting industry (prebaked
carbon anode and aluminum smelters),6,7 titanium oxide
production (chlorination),8 activated carbon synthesis,9 and
anode materials for lithium-ion batteries,3 as shown in Fig. 2.

However, the increase in coking capacity has raised concerns
about the potential impacts of petroleum coke use, which can
have harmful effects on the health of living organisms and the
environment.11,12 These harmful effects occur mainly through
its combustion, emitting greenhouse gases, which contribute to
global warming,13 including the sulfur dioxide (SO2) present in
acid rain, making it harmful to animals and plants.14 Given
these adverse effects, the petrochemical industry encounters
a major challenge of managing this product in a sustainable
way, principally when it comes to the Sustainable Development
Goals (SDG) of the 2030 Agenda adopted by the UN member
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Fig. 2 Different applications of petroleum coke as a carbon source.
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countries, which have the premise of enhancing the world's
development and improving the quality of life of all people.15

Companies should be concerned with producing any material
or creating products that are functional, economical, and safe,
thus in line with the seventeen SDGs of the 2030 Agenda. Thus,
nanotechnology appears to have tools that enable the growth of
new green materials and processes, while being aligned with
these policies (Fig. 1b).16 Therefore, there is much effort to
redirect the by-product streams from oil rening to other ways
that provide greater, sustainable, safe, and value-added
materials.

In this sense, the development of carbon-based nano-
materials (CNMs) products using petroleum coke as a raw
material is a reality, considering that a rich source of carbon can
become a necessary resource as an abundant low-cost input for
nanoproducts manufacturing. As a result, this by-product
acquires a prominent role compared to other protable prod-
ucts in the petrochemical market and other industrial
segments. In this minireview, we describe recent developments
for obtaining major carbon-based nanomaterials from petro-
leum coke. The chemical aspects of the synthesis and its market
potential as a precursor for nanomaterials manufacturing are
highlighted, including advances cited to better understand the
context.
Fig. 3 Petroleum coke types and optical textures. Reproduced
(adapted) with permission from ref. 24. Copyright© 2015, TheMinerals,
Metals & Materials Society.
Petroleum coke

The process of petroleum coke formation is based on thermally
breaking the side chains of polycyclic aromatic hydrocarbons
(PAHs) that make up the heavy feed in oil distillation columns,17

through uid coking and delayed coking methods. In the
delayed coking process, vacuum distillation residues or heavy
distillates remain for short periods in horizontal ovens, where
© 2024 The Author(s). Published by the Royal Society of Chemistry
an endothermic reaction takes place that heats to temperatures
of 450–510 °C at low pressures (0–300 kPa) until thermal
cracking. Coking is “delayed” until the material is fed into
cylindrical containers near the heater in which it is cracked,
producing solid coke and gases, while the coke is cut in another
container. In the uid coking process, the raw material is
sprayed onto a uidized bed of hot coke particles which react on
its surface, then crack, producing coke as thin layers which are
deposited on the coke itself.18

Not only is delayed coking apparently a simpler method, it is
also more widely used in reneries due to its lower capital cost
and higher yield of coke produced than uid coking.19 The
United States has a coking capacity of 2.7 Mbbl per day of coke
through delayed coking, approximately eighteen times greater
than the uid coking capacity of around 16 Kbbl per day.20 The
coke yield from uid coking is approximately 68% of the coke
yield from delayed coking.21 However, the selection of the
coking method will determine the purpose for which the crude
oil coke will be used. Depending on the amount of fossil
material, reneries produce approximately 75 million tons per
year of green petroleum coke.22

The process of delayed coking of crude oil can produce
different types of petroleum coke, which depend on the
temperature, time process and quality of raw material.23 Among
the main petcoke types obtained are sponge coke, needle coke
and shot coke (Fig. 3). Sponge coke is the most common
petroleum coke type, which has an opaque black color and
amorphous appearance. Visibly, it is easily identiable by its
porosity, which gives it a texture like the texture of a sponge, and
it is produced from vacuum distillation residues with moderate
concentration of PAHs that constitute the asphaltenes. Thus, it
has low added value and is used as a solid fuel.19

Needle coke (NC) is a high-quality petroleum coke that also
serves as a raw material for the production of articial graphite,
whose formation by thermal cracking of aromatic fractions
produces graphite crystals of “needle shaped coke” structures
oriented in a single direction. Because it has a low content of
ash and sulfur, high crystallinity, high thermal and electrical
conductivity and low coefficient of thermal expansion (CTE < 2.0
× 10−6 K−1),24 NC has attracted a lot of attention as an anode
material, mainly to produce graphite electrodes applied in
electric arc furnaces and for potassium-ion batteries (PIBs),25 so
RSC Adv., 2024, 14, 19953–19968 | 19955

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01196a


Table 1 Typical specifications of different GPC and CPC48

Properties

Typical specication

GPC CPC

Moisture, wt% 8–12 <0.3
Volatile matter, wt% <12 <0.5
Ash, wt% <0.4 0.1
Sulfur, wt% 3.5–7.5 <0.5
Nitrogen, ppmw 6000 <50
Nickel, ppmw <500 <7
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it is commercially more valued.26 However, studies have been
conducted on the storage mechanism functional and structural
evolution of the solid-electrolyte interface (SEI) in ester- and
ether-based electrolytes.

Shot coke is another petcoke type that has a mix of shapes
ranging from agglomerated blocks to more dened forms, such
as individual spheres, and agglomerated spheres of different
sizes, where it is produced from heavy oil feedstock27 with
a high content of resins and asphaltenes containing high
molecular weight, resulting in a material with CTE typically in
the range of 3.5–4.8 × 10−6 K−1, and is the preferred structure
for anode production.24

Furthermore, the physical and chemical characteristics of
petroleum coke will determine the specic purpose for which it
will be used, although petroleum coke is substantially made
from carbon.28 For example, a higher concentration of heavy
metals and sulfur in petroleum coke4 is more intended for fuel
in power generation or cement manufacturing.29 Otherwise,
a valorization of this product is employed due to moisture and
hydrocarbon content reduction through by calcination process
of petroleum coke used in the anode manufacturing for
aluminum production, and for graphite electrodes in the elec-
tric arc furnaces.30 However, the large-scale production of CNMs
from oil rening by-products is still incipient.

Although the characteristics of petroleum coke vary and
depend not only on the crude oil source, but also on the quality
specications dictated by reneries, petroleum coke can be
characterized according to its graphitization capacity for
amorphous carbon materials of the so carbon or hard carbon
type. In most cases, HCs are ungraphitized forms of carbon
materials, whose structure has a high degree of disordering and
greater spacing between layers,31 such as polyaniline, epoxy
resin, biomass and synthetic resin, etc. Even though HC cannot
be graphitized even at 3000 °C,32 it is a potential anode candi-
date for sodium ion batteries (SIB) due to its high specic
surface area, high electrical conductivity, abundance of
resources and low cost.33 In terms of electrochemical perfor-
mance, HC is the rst active anode material to achieve
productivity in SIB. In addition, HCs are attractive due to their
abundance, cost-effectiveness, and the fact that the material
can be obtained from biowaste or biological resources.
However, numerous disadvantages, including its low initial
coulombic efficiency and voltage hysteresis, limit their use
in SIB.34

Unlike HC, so carbons are carbon materials that can be
completely graphitized at 3000 °C, such as pitch and coal tar
pitch precursors.31 Specically, so carbon is composed of
short-range sp2 type carbon clusters in a long-range disordered
amorphous texture. This special microstructure is advanta-
geous because it improves the migration of electrons and K+,
contributing to an adequate rate and stability of the cycle. It has
therefore emerged as one of the most promising anode mate-
rials compared to graphite and hard carbon.34

CNMs have a range of remarkable characteristics in several
industrial sectors,35 among them are carbon allotropes:
graphite, diamond, graphene, oxidized (GO) and reduced (rGO)
graphene, carbon nanotubes (CNTs), fullerenes, carbon (CQDs)
19956 | RSC Adv., 2024, 14, 19953–19968
and graphene (GQDs) quantum dots, and others. In this group
of carbonaceous nanomaterials, graphene has attracted
increasing interest in research in the most diverse scientic
areas because of its excellent physicochemical, thermal,
mechanical and electrical properties, whichmake graphene one
of the most studied CNMs.36–43 However, obtaining it in
a cheaper and industrially scalable way is still a challenge. Thus,
using other more abundant lower cost resources, such as pet-
coke, can be a great alternative.

The use of petroleum coke as a precursor for the synthesis of
different CNMs is directly related to the fact that it is an
abundant and low-cost reserve with high carbon content.44 In
addition, compared to other carbon-based by-products, such as
coal tar, petroleum coke has a higher PAH content.45 PAHs are
important molecules for the formation of graphene-like nano-
structures, as well as acting directly on the photoluminescent
properties of CQD46 and graphene.47 As soon as the rawmaterial
goes through the calcination process at high temperatures (T >
1200 °C),24 dehydrogenation and some desulphurization reac-
tions take place, removing moisture and volatile materials, and
reducing impurities such as sulphur, nitrogen and other
heteroatoms, as shown in Table 1. This results in a precursor
with larger graphite regions and higher density, which are
responsible for obtaining different CNMs.

Classication of nanomaterials

Nanomaterials are classied according to the predominance of
the nanoscale as a function of dimension (between 1 and 100
nm) of the nanostructure, as shown in Fig. 4. One-dimensional
(1D) CNMs are characterized by nanostructures with a single
dimension of <100 nm; two-dimensional (2D) CNMs are nano-
structures with two dimensions of <100 nm; zero-dimensional
(0D) CNMs are nanostructures with no dimension of
>100 nm. Although there are three-dimensional (3D) CNMs
whose nanostructures are not conned to any dimension on the
nanoscale,49 such as graphite and diamonds, there are no
reports of direct applications of CNMs synthesized from
petroleum coke.

Graphene

Graphene is a nanomaterial characterized by being a unique
two-dimensional sheet of structurally distributed carbon atoms
packed in a lattice hexagonal. This type of carbonaceous
material consists of an extremely thin layer graphite. For this
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Classification of nanomaterials obtained from petroleum coke
on the basis of dimensionality.

Fig. 5 (a) Graphene synthesis process via electrochemical exfoliation
(ECE) from petroleum coke (CK-a: washing and pretreatment, CK-b:
separation by pre-reaction centrifugation, CK-c: ECE process, and CK-
d: separation by post-reaction centrifugation), (b) D, G and 2D bands
from the Raman spectra of CK-1a (raw material), CK-1c (material after
ECE process), and CK-1d (material after post-reaction centrifugation
process) with the respective ID/IG ratios. (c) TEM images of ECE gra-
phene. Reproduced (adapted) with permission from ref. 10. Copy-
right© 2021, npj 2D Materials and Applications.
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reason, its nomenclature is composed of the prex “graph”
(derived from graphite) and the suffix “ene” (derived from PAHs
such as naphthalene, anthracene, etc.). Because it is an isolated
one-layer nanomaterial of aromatic structure with sp2 hybrid-
izations,36 graphene has unique properties that are different
from those of carbon materials, such as a high surface area,37

high transmittance,38 a fracture strength that is about 200 times
higher than that of structural steel (130 GPa), high Young's
modulus value (∼1 TPa),39 thermal conductivity that is ve
times higher than that of diamond (∼5000 W (m−1 K−1)),40 high
charge carrier mobility (∼200 000 cm2 (V−1 S−1)),41 complete
impermeability to any gases,42,50 and hydrophobicity.43 These
and other competencies of the material indicate the importance
of graphene in the technological development of new products
for different applications.

There are several methods for obtaining graphene. The
Hummers' method is the best known method,51 which consists
of graphite oxidation by acid treatment and subsequent
reduction (chemical or thermal). Other techniques to obtain
graphene and its derivatives are performed under top-down
(mechanical exfoliation,52 electrochemical exfoliation (ECE),53

ball milling,54 acid dissolution,55 and lithography56) and bottom-
up (electrochemical reduction,57 sonochemical,58 microwave
irradiation,59 hydrothermal,60 chemical vapor deposition,61

physical vapor deposition,62 arc discharge,63 solvothermal and
sonication64 and green synthesis65) approaches. However, the
process yield does not generate enough nanomaterial.
Furthermore, it involves a high production time and the use of
strong oxidizing agents that limit its large-scale fabrication.66

Graphite is still the most widely used precursor for graphene
synthesis because it comprises its basal structural unit,67 due to
the single-layer thickness of carbon. However, graphite is
a nite source, where the largest portion of this mineral is
© 2024 The Author(s). Published by the Royal Society of Chemistry
unusable for graphene production because it is structurally
composed of amorphous regions, as well as containing silicate
minerals and minerals, meaning that only 10% to 15% of
graphite is high purity graphitic carbon.10 For this reason,
considerable effort has gone into producing graphene from
other sources that have high carbon content in their composi-
tion, such as petroleum coke.

For example, Saha et al. (2021) environmentally and
economically sustainable synthesized graphene nanosheets by
electrochemical exfoliation (ECE) using needle coke,10 as shown
in Fig. 5a. The collaborators identied the 2D peak presence in
the Raman spectra of the centrifuged nanomaterial aer the
electrochemical exfoliation reaction, in contrast to the original
coke where the 2D peak is absent (Fig. 5b). Raman spectra
provide valuable information about carbonaceous materials.
Although the yield of graphene produced is still lower than
typical yields obtained from the electrochemical exfoliation of
graphite,68,69 the Raman spectroscopy results proved that
petroleum coke can become an important low-cost precursor to
scalable graphene production (Fig. 5c).

According to the same ecologically feasible precepts, Luong
et al. (2020) developed a rapid synthesis technique similar to
electrospun graphene using different carbon sources, among
them, petroleum coke.70 Even though this mechanism
promotes a turbostratic graphene arrangement, the study
showed that calcined petroleum coke (when exposed to a high-
voltage electrical discharge) works well as a source of non-
graphitized carbon for the fast and high-yield production of
∼17 nm sized graphene and is potentially applicable in
composites for building materials. In addition, Saikia et al.
(2020) reported on the attainment of graphene nanosheets from
petroleum coke using a hydrothermal method. From photo-
catalytic assays, nanostructures containing a high carbon
content are shown to be an attractive alternative in the depol-
lution of harmful 2-nitrophenols in wastewater systems.71
RSC Adv., 2024, 14, 19953–19968 | 19957
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The use of petroleum coke is not only limited to the pure
graphene synthesis. He et al. (2019) fabricated nitrogen- and
oxygen-doped porous graphene from petroleum coke by
a combination of urea-assisted high speed ball milling and
annealing.44 The high specic surface area and heteroatom-rich
structure promoted benecial synergistic effects for catalytic
performance of the aromatic compound desulfurization. Anal-
ogous to the material produced by He et al. (2019), Liu et al.
(2020) used green petroleum coke to synthesize graphene-like
plates doped with nitrogen and melanin. Their investigation
demonstrated that petroleum green coke-based graphene was
an excellent adsorbent for the removal of bisphenol-A from
wastewater.72 In another study, Mandal et al. (2021) also used
the liquid-phase exfoliation method with the ultrasonication
process of petroleum coke to obtain sulfur and phosphorus-
doped graphene sheets. They proved that graphene obtained
from petroleum coke showed excellent electrochemical perfor-
mance and energy storage capacity, properties that are appli-
cable to supercapacitors.73

It is known that CNMs have a high surface area, excellent
electrical conductivity, and chemical stability that enable
applications in various elds, including energy conversion,
storage devices and sensing. On the other hand, depending on
the synthesis approach and carbon precursor to be used,
different electrochemical responses may result. For example,
Saha et al. (2021) produced a graphene derived from needle
coke with a high electrical conductivity (∼56.9 S m−1) using the
ECE method. However, even aer a thermal annealing process,
this same nanomaterial achieved an electrical conductivity of
250 S m−1, which is different and lower than the 9735 S m−1

value of graphene derived from graphite using the same
synthesis approach.10 Another electrochemical response for
potential energy storage applications is the specic capacitance,
which is one of the important parameters for supercapacitors.74

Singaramohan et al. (2023) demonstrated that graphene derived
from petcoke through ECE synthesis can be used as a super-
capacitive material, showing amaximum specic capacitance of
40 F g−1 at a scan rate of 25 mV s−1 for pet graphene used in the
H2SO4 electrolyte system.75 Unlike the CNM obtained by Mandal
et al. (2021), using the same scan rate and H2SO4 electrolyte
system, the graphene obtained by the liquid-phase exfoliation
method of petroleum coke resulted in a specic capacitance of
∼48 F g−1.73

Based on this scenario, it can be seen that the electro-
chemical performance of CNM varies not only with the pro-
cessing conditions, but also with the type of carbon raw
material used. Furthermore, the morphological properties of
carbon materials (such as crystallinity, the presence of hetero-
atoms, pore sizes, thicknesses and densities) all have an effect
on electrochemical performance.76–78 It is based on these
aspects that petroleum coke differs from other carbonaceous
precursors, such as graphite, which has a structure made up of
stacks of the highly oriented hexagonal layers of sp2 carbon.
This non-calcined byproduct (green petroleum coke) has an ill-
dened molecular structure, as a large part of this structure is
composed of a complex arrangement of hydrocarbons, con-
taining metallic impurities and high porosity.79 These
19958 | RSC Adv., 2024, 14, 19953–19968
characteristics result in less efficient electrochemical proper-
ties. For this reason, the high temperature treatment process
permits the removal of impurities, as well as the removal of
sulphur and covalently bonded oxygenated functional groups,
restructuring the molecules in such a way as to increase the
graphitization degree of synthesized nanomaterials,10,80,81

contributing positively to its electrochemical performance.
Assuming that petroleum coke is an alternative resource in

obtaining graphene, a limited number of works involving
these two materials were observed. This aggravating factor
may be correlated to the petrochemical byproduct structure,
since petroleum coke is made of stacked, linear, curved, and
heteroatom-lled PAHs and defects.79 Acquiring an ordered
lattice of atoms as a base structure of graphene from petcoke
by means of current synthesis techniques becomes a major
challenge. Thus, one way to solve this difficulty is to fuse and
isolate the PAHs to form graphene nanosheets, and to cut
them in the most defective regions to produce carbon
quantum dots.82
Carbon quantum dots (CQDs)

Among numerous studies of nanomaterials, carbon quantum
dots (CQDs) belong to a class of 0D nanomaterials with particle
sizes smaller than 10 nm, whose main characteristic is linked to
its uorescence.83 Due to their relative thermal stabilization,
non-toxic nature, easy synthesis route and low cost,84 CQDs have
been gaining prominence as the basis for light emitting
devices,85 supercapacitor electrodes,86 in the manufacturing of
military textiles,87 and in catalytic processes88 and sensors89 to
name just a few.90–92

The harnessing of waste to design them as nanomaterials
also applies to CQDs synthesis, especially for petroleum coke,
which has been studied as an important precursor for this type
of nanomaterial 0D. Wu et al. (2021) were able to synthesize
hydrophilic CQDs with an average particle size of 2.54 nm
through an electrochemical approach using petroleum coke as
a carbon resource.93 They observed that treatment with ozone
allowed the CQDs to achieve improved oil recovery in tight oil
reservoirs without the use of surfactants.

Another study demonstrated the ability of petcoke to
promote biomarker 0D nanostructures. Ma et al. (2020) re-
ported the decomposition of petroleum coke by supercritical
carbon dioxide, obtaining different feedstock sizes and gener-
ating different colors of CQDs by hydrothermal treatment.94 In
this study, confocal microscopy results demonstrated cell
viability and the presence of red uorescence in macrophages
exposed to treated petroleum coke CQD, indicating that the
nanomaterial could be safely applied in environmental, energy
and biomedical elds. In addition to being a great biomarker,
CQDs are susceptible to sensing applications. Wang et al. (2015)
reported the yellow uorescence of petroleum coke-derived
CQDs synthesis through ultrasound-assisted chemical oxida-
tion, where they were used to detect Cu2+ ions in water.95 They
concluded that Cu2+ detection is related to the uorescence
quenching of CQDs synthesized by photoinduced electron
transfer mechanism, which allows the yellow uorescent CQD
© 2024 The Author(s). Published by the Royal Society of Chemistry
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probes to have a linear detection range of 0.25 to 10 mM,
a detection limit of 0.0295 mM, and a response time of 3 s.

Liu et al. (2017) produced a N-doped graphene/CQD nano-
composite as an efficient catalyst in the oxygen reduction
reaction (ORR) present in fuel cells. The CQDs with an average
diameter of 2–4 nm used in the study were synthesized by acid
oxidation of petroleum coke as the main precursor.96 Similarly,
Jlassi et al. (2020) also synthesized CQDs via acid oxidation of
petroleum coke (Fig. 6a).97 With an average size of 5 nm
(Fig. 6b), the N and S-doped CQDs subsequently were dispersed
in a chitosan polymeric matrix, forming a hybrid lm for heavy
metal removal. The presented work demonstrates that besides
being a water-soluble, biocompatible and photoluminescent
material over a wide pH range, it is also an excellent metal ion
adsorbent, especially for the removal of Cd2+ ions (Fig. 6c and
d), paving the way for adsorbent lms of CQDs in water treat-
ment using low-cost precursors from petroleum coke.

The co-doping of petroleum coke-derived CQDs is not
limited to nitrogen and sulfur. Liu et al. (2021) synthesized
boron and nitrogen co-doped CQDs by an electrochemical
etching method using calcined petroleum coke electrodes.98

From the electrolytic solution of ammonia and sodium tetra-
borate, the boron and nitrogen species were incorporated into
the 5.4 nm diameter CQD structure, exhibiting excellent ORR
performance and better electrocatalytic stability than commer-
cial Pt/C-type catalysts.
Fig. 6 (a) Synthesis process of CQDs and CQDs-CH from petroleum
coke residues, (b) TEM image of CQDs, (c) extraction efficiency at
different times for Cd2+ using CH and CH-CDs in the dark and under
UV light (360 nm) at pH = 8, and (d) mechanism of cation exchange in
the presence of Cd2+ of the CH-CDs membrane. Reproduced
(adapted) with permission from ref. 97. Copyright© 2020, Environ-
mental Sciences Europe.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Althoughmany studies have been conducted into the various
applications of heteroatoms-doped CQD in the carbon struc-
ture, including N, S, B, etc., few studies have been published on
doping with these and other chemical elements in petroleum
coke-derived CQDs, especially when it comes to heteroatoms
such as uorine and phosphorus. This absence of further
studies of heteroatoms-doped CQDs obtained from petroleum
coke may be related to the synthesis approach used to generate
CQDs, since obtaining heteroatoms-doped CQDs can be done
through top-down and bottom-up approaches (Fig. 7). In the
rst route, doping already occurs in the carbonaceous material,
or the doping occurs during the process of breaking/cleaving
larger carbon structures (such as activated carbon, graphite
powder, carbon nanoparticles, toluene and petroleum coke
powder). Conversely, in the second route, the doped CQD is
synthesized from the carbonization of small organic polycyclic
aromatic hydrocarbon (PAH) molecules,99 chitosan, cellulose,
biomass waste, etc.

However, the top-down approach requires equipment and
more expensive materials, long reaction times, severe reaction
conditions, as well as being a route that does not allow for
precise control of the shape and size of the doped CQDs.99,100

These and other factors, such as the low yield methods and start
from high-cost powdered materials, such as graphene101 and
GO,102 suggest the bottom-up route as a more favorable
approach for the synthesis of doped QDs because it allows for
carbon conversion from smaller molecules through external
energy application, such as hydrothermal method, sol-
vothermal, microwave synthesis, electrochemical, etc., and
Fig. 7 Synthesis methods of doped and un-doped CQD through top-
down and bottom-up approaches.

RSC Adv., 2024, 14, 19953–19968 | 19959
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allows for safe synthesis conditions, as well as the effective
control of the morphology and uniform size distribution of the
nanomaterial.103 We can therefore infer that the small amount
of published work on doping heteroatoms in CQDs derived
from petroleum coke is due to the advantages provided by the
bottom-up methods, and that it is more convenient to use
heteroatoms in CQDs using this approach.104

Although graphite is a traditional precursor for obtaining
different CNMs, structures similar to graphene and CQD that
can be obtained from other carbon-rich sources, including rice
husks,105 lignocellulosic waste,106,107 corn starch,108 etc., are
promising for electrochemical applications. This is due to the
intrinsic porosity of the raw material, which facilitates the
penetration of electrolytic substances, reducing the diffusion
distance of ions, as well as the presence of nitrogen generally
contained in the biomass and other heteroatoms that
contribute to the reactions through larger quantities of active
sites.109 However, in contrast to petroleum coke-derived CNMs
whose complex structures of aromatic hydrocarbons are
dependent on the source and type of coking, obtaining CNMs
derived from plant materials is dependent on their lignocellu-
losic structure. The plant carbonization materials contain fewer
crystalline regions in their structure, resulting in spherical
CNMs with low porosity, such as CQDs. On the other hand,
plant materials with more crystalline regions, under the same
processing conditions, result in CNMs with high porosity
because they are able to preserve their structural characteristics
aer carbonization.109

Therefore, most CQD properties depend strongly on the
original precursor.110 In addition to the origin source, we can
infer that the CQDs properties, especially uorescence, are
inuenced by the quantum connement linked to the particle
size,111 and by various functional groups contained in the
structure on the carbon core surface (surface defects) aer
oxidation during and aer synthesis, such as carbonyl,
hydroxyl, carbonyl, sulfoxides, etc.112 Functional groups have
different energy levels that can be related to their ability to
supply electrons. Thus, when light of a specic length is
directed on the CQD, the photons whose energy satises the
optical bandgap promote the formation and capture of excitons
that contributes to both photoluminescence phenomena (when
electrons return to the fundamental state to emit visible light of
different wavelengths) and photooxidative performance, where
it allows the production of reactive oxidative species (ROS) (e.g.,
O2, H2O2, OH*) in an aqueous medium that degrade organic
compounds.113,114 Therefore, as the level of oxygenation
increases during synthesis, the greater presence of surface
defects retains a greater amount of excitons, which will largely
determine the CQDs properties.
Graphene quantum dots (GQDs)

Although graphene quantum dots (GQDs) and carbon quantum
dots (CQDs) have a large surface area, low toxicity, excellent
stability and are chemically composed mainly of carbon,115

GQDs and CQDs differ in their structural properties. This is
because GQDS have a crystalline lattice formed by sp2 bonds
19960 | RSC Adv., 2024, 14, 19953–19968
containing point-centered graphene sheets with less than
10 nm particle size and are only 10 layers thick, while CQDs are
constituted of an amorphous structure with sp3 hybridizations
of almost spherical shape.116 Thus, GQDS exhibit exceptional
electronic and optical properties as a consequence of quantum
connement,117 making this nanomaterial excellent in the UV-
Vis absorption spectrum, exhibiting stable uorescence, pho-
toluminescence, among other enhanced properties118 that serve
as a basis for supercapacitors,119 batteries,120 catalysts,121

biomarkers,122 photocatalytic water splitting and CO2 reduc-
tion,123 among others.124–126

Its use in several applications led researchers to investigate
different carbon sources as an economical and sustainable
alternative to synthesize GQDs, since they reduce waste
generation and dependence on non-renewable carbon sources,
such as graphite. Thus, petroleum coke is an alternative
resource for GQDs production. For example, Thomas and
Balachandran (2023) reported on biomarkers based on petro-
leum coke-derived GQDs using Hummers' improved method,
using ethylenediamine and phosphoric acid as nitrogen and
phosphorus doping agents, respectively.127 It was found that N-
doped GQDs had better photophysical characteristics than F-
doped GQDs or both heteroatoms, showing an increase in
quantum yield (16%), greater photostability (92%), a uores-
cence lifetime of 8.51 ns, as well as a cell viability of∼85% even
aer 24 h of incubation, demonstrating that petroleum coke-
derived N-GQD can be a cancer cell biomarker for in vitro
imaging applications, which is essential in cancer diagnosis
and therapy.

Yew et al. (2017) used calcined petroleum coke as a carbon
source for the synthesis and attainment of GQDs by the oxi-
reduction method with acidic agents. Due to their excellent
photoluminescent properties, the petcoke-derived GQDs
exhibited excellent performance in the detection of DNA at
low concentrations (0.004–4 nM), showing its potential as
a promising material for the development of affordable and
efficient nanobiosensors in the detection of highly sensitive
nucleic acid.128

Ye et al. (2013) described the direct synthesis of GQDs from
three pregraphitic sources, one of them being petroleum coke,
which was sonied in a sulfonitrile solution and thermally
treated, resulting in GQDs of 6 nm and yield of 10–20 (wt%).129
Carbon nano-onions (CNOs)

Another type of CNMs classied as a zero-dimensional nano-
structure is CNOs or bucky onions, with particle sizes ranging
from 5–100 nm. This nanomaterial similar to an onion cut in
half is a part of the family of fullerenes that are formed, for the
most part, during the thermal annealing of nanodiamonds at
high temperatures under an inert atmosphere in a high
vacuum.130 Depending on the preparation method, the carbon
atoms rearrange themselves into quasi-spherical and poly-
hedral graphitic layers, forming a fullerene core encircled by
concentric graphene layers130 with d-spacing approximately
equal to the distance between two graphitic planes (0.334
nm).131
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Synthesis process of GO derived from petroleum coke (GO–
NC), (b) SEM image of GO–NC, (c) process of obtaining the PAM/GO–
NC hydrogel and adsorption of the MG dye, and (d) adsorption
capacity of GO–NC/PAM, GO/PAM and PAM. Reproduced (adapted)
with permission from ref. 152. Copyright© 2018, Taylor & Francis.
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Although CNOs can present different shapes (spherical132

and polygonal133), diameters (small134,135 and large132) and cores
(dense135 or hollow134), depending on the preparation method
used, CNOs have similar structures, composed of carbon atoms
arranged in hexagonal and pentagonal rings located at the
vertices of these structures, and forming two single bonds and
one double bond around carbon atoms. These bonds result in
delocalised p electrons in the structure,130 which confer exem-
plary electrochemical properties as high-performance materials
for energy storage.136 Moreover, CNOs can be produced from
various hydrocarbon sources, which include plant extracts
(tomato),137 castor oil,138 butter,139 organic gases,140 agricul-
tural141 and plastic142 wastes, among others. However, petro-
leum coke is not le out of this list.

Recently, Lei et al. (2021) proved spherical CNOs formation
with a petroleum coke core decorated with pitch, both used as
carbon sources, respectively.135 The mixture pyrolysis of the two
raw materials under atmospheric nitrogen gas conditions
produced CNOs of sizes between 5 and 30 nm in diameter that
provided a high surface area and abundant volume of micro-
pores present in the structure. Pyrolysis is a method that
consists of thermal degradation of the organic material in the
partial or total absence of an oxidising agent, or even in an
environment with an oxygen concentration capable of prevent-
ing the intensive gasication of the organic material. Moreover,
electrochemical analyses of CNOs investigated in an electrode
system showed a high specic capacitance at 312 F g−1 at
a current density of 1 A g−1, and a low ohmic resistance of 0.42U
and good energy density of 7.47W h kg−1 at the power density of
221 W kg−1.135 Such results suggest that petrochemical waste
can be converted into CNMs with high capacitance and excel-
lent electron and ion transfer rate, fundamental requirements
for practical application in high-performance supercapacitors.
Graphene oxide (GO)

Graphene oxide is one of the carbon allotropes that consists of
a at layer of carbon atoms organized in a hexagonal network
lled with functional groups containing oxygen in its basal
plane and at the edges in epoxy, hydroxyl and carboxyl forms,
which result in a mixture of sp2 and sp3 hybridized carbon
atoms.143 This chemical conguration allows covalent or non-
covalent interactions with various other molecules,144 which
makes GO a promising resource for material production in
catalytic systems for water purifying,145 as approached in a study
by Almarzooqi et al. (2021) who prepared and tested GO-coated
polyethylene terephthalate membranes for the desalination and
separation of produced water,146 as well as biosensing147 and
drug delivery for the treatment of genetic diseases.148 In addi-
tion, the high electrical thermal conductivity, high surface area
and high mechanical strength of GO make possible various
applications, including optoelectronic devices,149 super-
capacitors,150 and base material for reinforcement in
composites.151

The most common way to produce GO is realized through
graphite oxidation, followed by exfoliation of this oxide using
acid agents. However, this mineral is not the only precursor for
© 2024 The Author(s). Published by the Royal Society of Chemistry
obtaining GO nanosheets. Thus, petroleum coke is also
considered as an alternative precursor for the manufacturing of
this 2D nanomaterial. Xing et al. (2019) carried out the synthesis
of GO nanosheets through the oxi-reduction process following
a modied Hummers' method using needle coke (GO–NC)
(Fig. 8a).152 In addition to the morphology of ultrasonically
exfoliated GO–NC (Fig. 8b) being analogous to graphite
precursor-based GO nanosheets, the researchers produced
polyacrylamide (PAM)/GO–NC hydrogels (Fig. 8c), which resul-
ted in a nanocomposite with high adsorption capacity for the
malachite green dye (Fig. 8d).

In another study, Sierra et al. (2016) demonstrated that pre-
graphitic materials from different origins can be used as gra-
phene oxide precursors.153 In this work, ultrasonically exfoliated
GO sheets generated from oxidized petroleum coke exhibited
similar characteristics to those reported for other GOs obtained
from graphite in terms of the defects, type, and content of
oxygen functional groups. During the same period, Sierra et al.
reported on the GO formation prepared from petcoke by
Hummers' method, followed by the sonication technique.154

From the Raman spectroscopy results, the GO derived from
petcoke oxidation provided less decoration of oxygenated
groups present in the basal plane.
Reduced graphene oxide (RGO)

Reduced graphene oxide (RGO) is a 2D nanomaterial prepared
by chemically oxidizing natural graphite to obtain graphene
oxide, and then reducing it to the point of producing a material
with a low content of oxygen functional groups present in the
basal plane of graphite. As such, RGO has attracted research
attention due to its intrinsic properties that are similar to those
of graphene, such as biocompatibility,155 high mechanical
resistance,156 high surface-to-volume ratio,157 and high thermal
and electrical conductivities.158 Furthermore, the oxidation and
hydrothermal methods of GO to generate RGO are less expen-
sive than the current methods of graphene synthesis, which are
quite expensive and of low yield, such as mechanical exfoliation
RSC Adv., 2024, 14, 19953–19968 | 19961
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and CVD. However, the electronic and mechanical properties of
RGO present substantially reduced values when compared to
graphene.159

Generally, graphite is the most used precursor for the RGO
preparation process because it has crystalline phases that
provide the basal structural unit of graphene.67 However, the
mechanisms are not limited only to this mineral. Considering
that the high carbon content in raw material is an important
parameter to use it in CNMs preparation, it is not clear whether
petcoke is suitable as a precursor of RGO, because its produc-
tion process from this by-product is more challenging in view of
the PAH structural nature encrusted oxygen functional groups
present in petroleum coke,79 which may affect the quality and
efficiency of the post-reduction nal product, as RGO has
a larger amount of defects than graphene.160

Therefore, it is observed that few works have been reported
on using petroleum coke as a carbon source for RGO synthesis
over the years. However, considering the feasibility and
economy, coke can become a prime candidate in the nano-
material production, bringing added value. Kumar et al.
(2023)161 used GO derived from thermally pre-treated PC to
produce RGO by the Hummers' method, followed by a hydro-
thermal reduction. From these procedures, they were able to
obtain a carbon-based nanostructure with remarkable electro-
catalytic properties in terms of stability, efficiency, and large-
scale production of green H2 as a sustainable fuel source.
Furthermore, XRD analysis conrmed the presence of graphitic
carbon in petroleum coke aer heat treatment above 2000 °C,
suggesting that treatment converts the amorphous carbon of
pure petroleum to a more crystalline densied structure due to
the removal of pores and void reduction that results in a smaller
band gap, which is ideal for improving the electrocatalytic
performance for hydrogen and oxygen evolution reactions (HER
and OER). This makes PC a candidate material for producing
more valuable products and for application in energy devices.

Similar to how Xing et al. (2019) synthesized GO from needle
coke, the researchers used the same precursor to produce RGO
nanosheets by a thermal reduction method of GO.152 As re-
ported, thermal reduction of GO provided RGO nanosheets with
smaller than ten graphene layers with a basal graphite crystal
structure. It is important to emphasize that ordered graphitic
structures can achieve fast charge transfer characteristics
conditioned by their sp2 hybridized structure, contributing
positively to the enhancement of their supercapacitive proper-
ties under high current density conditions.162
Carbon nanotubes (CNTs)

CNTs is one of the most remarkable CNMs of the 1D nano-
structure family, as they exhibit excellent mechanical proper-
ties, high thermal and electrical conductivities,163 as well as
electrochemical properties,164 such as enhanced voltammetric
currents,165 high heterogeneous electron transfer, electro-
catalytic effect in H202 production166 and fouling-resistant
electrodes.167 As a result, CNTs have attained the focus of
innumerable works for a wide range applications that from
electronic devices,168 biosensors,169 biomedicine,170 photovoltaic
19962 | RSC Adv., 2024, 14, 19953–19968
cells,171 to drug delivery172 and removal organic pollutants/heavy
metals.173

One of the factors that justify the excellent properties of
CNTs is their structure which consists of sp2 hybridized carbon
atoms, arranged in a benzene rings progression, forming a rol-
led graphene sheet in a cylindrical shape with an external
diameter of <100 nm, which can have an open or closed end.173

Thus, CNTs can be classied according to the number of layers
present in their structure, so that single-walled carbon nano-
tubes (SWCNTs) are characterized by a single rolled graphene
sheet, while double-walled carbon nanotubes (DWCNTs) or
multiple-walled carbon nanotubes (MWCNTs) consist of two or
more graphene sheets involving a hollow core analogous to
SWCNTs.

In all methods for CNTs synthesis, energy and carbon sour-
ces are used. For example, arc discharge, laser ablation and
chemical vapour deposition use different carbon sources that
include methane, acetylene, benzene, xylene, and toluene,174

presuming that the choice of carbon source can affect the
properties of CNTs, such as the diameter, length and purity
degree. However, an important factor to consider is the cost of
the raw material used in CNTs synthesis. Although the carbon
sources mentioned are common, they are also relatively
expensive. This may limit the CNTs application in certain areas
due to the high cost of production. Therefore, it is necessary to
consider the development of this nanomaterial from cheaper
raw materials in industrial scale production to increase its
competitiveness before other means.

In this context, researchers have explored other organic
carbon sources for CNTs synthesis, in addition to those
mentioned above. Some of these sources include essential and
vegetable oils,175,176 chicken feathers,177 plastics178 and agricul-
tural wastes,179 biodiesel,180 as well as petroleum hydrocarbon.
As an example, Xu et al. (2014) realized a study in which they
synthesized SWCNTs and DWCNTs by arc discharge in
a controlled manner using petroleum coke.181 The method was
executed under atmospheric He and Ar gas conditions, result-
ing in a content of SWCNTs and DWCNTs (Fig. 8a) with a purity
above 95% and average outer diameter distribution concen-
trated between 1 and 1.6 nm (Fig. 8b) and 3–4.4 nm (Fig. 8c),
respectively. Moreover, they fabricated solar cells based on lms
of these CNTs under single-crystal silicon substrates, and
observed that SWCNTs-based solar cells (Fig. 8d) exhibited
higher energy conversion efficiency compared to DWCNTs-
based solar cells (Fig. 8e) under LED illumination in the range
between 400 and 940 nm. However, it was noted that the
performance can be improved from the combination of both,
demonstrating that petroleum coke is a viable feedstock that
can be converted into different types of high quality and value-
added CNTs.
Nanoporous carbon

The synthesis of petroleum coke-derived nanoporous carbon
involves a heating process of the precursor at high temperatures
under a controlled atmosphere, followed by activation steps to
create the desired nanoporous structure. Generally, the coke
© 2024 The Author(s). Published by the Royal Society of Chemistry
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oxidation can be carried out in an acidic solution, in a mixture
of HNO3 and H2SO4. In addition, the activation of these nano-
pores can be carried out using physical methods, such as heat
treatment in the presence of inert gases, or chemical methods
using activating agents, such as KOH or H3PO4. These activation
procedures promote the removal of volatile components that
are commonly in petroleum coke, resulting in a porous carbo-
naceous structure with a high proportion of nanopores.182

Greater porosity favors the diffusion of reagents and/or adsor-
bents, both internally and on the materials surface, as well as
provides a high surface area that increases their capacity for
adsorption and interaction with molecules and ions. During
synthesis, it is possible to adjust the size, shape and distribu-
tion of nanopores carbon.182 Various structures and morphol-
ogies of nanoporous carbons can be produced using a variety of
carbon precursors. Characteristics, such as the composition
and structure of the precursors, have a crucial role in control-
ling the resulting nanoporous carbons properties. Some
research has shown that various source materials, such as coal,
biomass (including agricultural waste) and petrochemical
compounds, have been used in different types of synthesis
methods of the nanoporous carbons, each with their own
distinct surface properties.183 Nanoporous carbon has intrinsic
chemical/thermal stability, and is resistant to adverse chemical
environments and high temperatures, giving this material
durability. In certain applications, carbon nanopores can
exhibit satisfactory electrical conductivity, which makes them
suitable for use in electrochemical devices such as super-
capacitors and fuel cells.184 Thus, petroleum coke-derived
nanoporous carbons have been widely studied in super-
capacitor development with a high capacitive retention rate,
high energy, power density, excellent cycling stability and
coulombic efficiency,26 including lithium-ion capacitors,3 Zn-
ion hybrids (ZICs).185 Other applications have been success-
fully implemented in the capture of CO2 from ue gases.186
Market

Approximately 75% of the worldwide production uses petcoke
as a fuel source, while the rest is directed toward the
manufacturing of products such as steel and electrodes.13 In
this context, petroleum coke, including green and calcined, is
a worldwide traded commodity with nancial returns gener-
ating $18.72 B in 2022.187 The United States, Canada and
Fig. 9 The top exporters of green petroleum coke and calcined
petroleum coke in 2022.187

© 2024 The Author(s). Published by the Royal Society of Chemistry
Singapore and China are the largest exporters of this sub-
product, as shown in Fig. 9.

Furthermore, needle coke used in electrodes in steel
production can be purchased for ∼$1500–3000 per ton. Bulk
graphene powder can be purchased on a laboratory scale for
∼$8 per gram, which is orders of magnitude more valuable than
coke. Other data show that global needle coke production was
1.1 million tons per year in 2020, and is expected to increase to
1.5 million tons per year until 2026.10 However, this estimate
refers to demand for the steel and lithium-ion battery produc-
tion industries,10 which can be increased if it is destined to
graphene and other CNMs production, since the nancial
capital from the commodity commercialization tends to
increase in value in an industry 4.0 scenario, where the global
nanotechnology market is projected to reach more than US
$91.8 billion by 2028.188

Understanding the dynamic nature of the CNMs pricing is
essential to appreciate the interaction complex with their
sources, especially when it is related to petroleum coke, as the
byproduct prices are inuenced by a variety of factors, including
supply and demand dynamics, money supply, production,
competition, interest rates, political factors, among others.189–191

Therefore, considering that a greater supply of other carbon
precursors is present on the market, in addition to the tradi-
tional raw material used for the production of graphite-based
nanomaterials, the prices of CNMs can be affected based on
the premise of the law of supply and demand. For example, the
increase in demand for lithium-ion batteries caused the
Chinese industry to increase its graphitization capacity,
exceeding the 2.3 million tons of graphite produced in the last
period of 2022 compared to 1 million tons in March of the same
year. This situation was also attributed to the signicant drop of
more than 40% in the price of needle-type petroleum coke, an
important source of rawmaterial for the production of synthetic
graphite, when compared to 2021.192

It is interesting to realize that since graphene was rst
discovered in 2004 by A. K. Geim and K. S. Novoselov,193 a vast
number of scientic papers and patents have been produced,
reaching over 50 000 patents led throughMay 2019 referring to
energy applications,188 for example. However, natural graphite
is a nite source with an estimated 800 million tons, meaning
that a small portion of this amount is basal graphitic carbon for
nanostructures production.194 Therefore, it is very important to
expand the set of precursors of CNMs to include other industrial
byproducts, such as petcoke and its subtypes, thus making it
more commercially attractive.

GO is still a product with a low market share, but the
projection for the coming years is that its demand will only go
up, thus making it a more attractive product for investors.
According to the report “The Global Graphene Market,”
released in 2019 by the consulting rm Research andMarkets, it
reports there are 200 companies in the world that produce
materials that use graphene or are developing products that
incorporate graphene, mostly in North America, Europe, China,
and Australia. This market is estimated to grow 30% per year
and reach $250 million by 2025.195
RSC Adv., 2024, 14, 19953–19968 | 19963
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Another aggravating factor that supports the potential
market for the use of petcoke in the production line of CNMs is
also linked to the environmental impacts. In addition to the
problems previously mentioned in this study, the generation of
fugitive dust from petroleum coke piles is an eminent concern
as the global stockpile of this petrochemical byproduct has
been increasing considerably at a rate of ∼6 million tons per
year,196 which can lead to the accidental inhalation of organ-
isms in localities near residential areas. About 100 tons of
petroleum coke fugitive dust is released into the atmosphere
per year in the United States.197 These and other concerns re-
ported earlier press the need for the management of petcoke
for sustainable and cost-effective end uses, as a precursor to
CNM production.

Conclusions

In general, petroleum coke is commercialized in green or
calcined form, depending on the rening quality specications
and the source of crude oil, with different types, such as needle
coke, shot coke and sponge coke. There are different elds of
application for petroleum coke, mainly in the area of energy
generation and in the aluminum smelting process as a carbon
anode. On the other hand, its physicochemical properties, high
carbon content, availability and low cost allow also use it as
a precursor to obtain different CNMs, such as graphene, its
derivatives (GO and RGO), and other 0D, 1D and 2D nano-
materials, in accordance with a dened synthesis method,
where it was observed that the bottom-up approach is most
advantageous for doped and undoped CQDs derived from
petroleum coke.

However, there is a limited amount of published work
compared to other carbon-based precursors, such as graphite,
biomass and other carbonaceous residues. These studies are
mainly aimed at inuencing the synthesis parameters, the type
of coke used, the phenomena and reaction mechanisms in the
formation of different nanostructures, and how this entire set
will interfere with the electrochemical performance and other
properties related to CNMs. Therefore, there is a range of
petroleum coke possibilities to be explored.

Furthermore, the production of petroleum coke-derived
CNMs could bring both economic and socio-environmental
benets, considering that petrochemical industries are look-
ing for cheaper resources, which promote value-added mate-
rials and satisfy the sustainable policies of the Sustainable
Development Goals. Therefore, the future of petroleum coke as
a precursor for the preparation of CNMs is very promising due
to the benets that its use can bring, not only because of its
intrinsic microstructural characteristics that promote several
applications for carbon nanostructures, including energy
conversion, storage of energy, sensing, advanced oxidative
processes, luminescence, catalysis, etc., as well as because it is
an abundant, low-cost source. Furthermore, in the last ve
years, there has been a signicant effort in research focused on
the exploration of CNMs obtained from petcoke, indicating
a growing interest and potential for advances on the horizon in
this eld.
19964 | RSC Adv., 2024, 14, 19953–19968
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