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ARTICLE INFO ABSTRACT
Keywords: This study involved the synthesis and characterization of graphene oxide (GO) from mineral coke
Chemical treatment and bituminous coal. HCI treated and non-HCl treated ultrafine powder obtained from both

Oxidative treatment

Sonicati precursors were treated with HaSO4, followed by thermal treatment, and oxidation with ozone
onication

and ultra-sonication for GO production. The synthesized materials were characterized using
Fourier transform infrared spectroscopy (FTIR), zeta potential (ZP), particle size distribution
(PSD), transmission electron microscopy (TEM), X-ray diffraction (XRD) and Raman spectros-
copy. The results confirmed the exfoliation of the material primarily at the edges of its structure
and the formation of multilayer graphene oxide (GO) from mineral coke and bituminous coal.
Furthermore, it was found that carbonaceous materials with graphitic morphology are easier to
exfoliate and oxidize, leading to the production of higher quality graphene oxide. Therefore, the
GO synthesized from mineral coke exhibited the best quality in this study. The methodology used
proposes an innovative approach, offering a faster, more economical, and environmentally
friendly synthesis compared to the traditional Hummers’ method, thereby adding value to other
raw materials that can be utilized in this process, such as Brazilian coke and coal.

1. Introduction

Mineral coal has recently been proposed for use as a low-cost alternative to graphite as a raw material for graphene production via
chemical exfoliation [1-3]. In addition to being low cost, coal is very abundant in several parts of the world. This has led to the
development of competitive processes to convert this raw material into a key resource for the manufacture of new materials [4].
Various grades of coal found in abundance are favorable sources for synthesis or for their transformation into nanomaterials such as
graphite, graphene oxide, carbon fibers and carbon nanoparticles [5,6].

Graphene-based compounds such as graphene oxide and reduced graphene oxide have received great attention in recent years, and
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The following abbreviations were used in this manuscript

GO Graphene Oxide

TEM Transmission Electron Microscopy

FTIR Fourier Transform Infrared Spectroscopy
XRD X-ray Diffraction

yAY Potential Zeta

PSD Particle Size Distribution

DLS Dynamic Light Scattering

ELS Electrophoretic Light Scattering

AFM Atomic Force Microscopy
ID/IG Intensity of the D peak to the intensity of the G peak

La Crystallite size

U Moisture

FC Fixed Carbon

VM Volatile Material

CZ Ash

PVDF polyvinylidene difluoride
Cq Coke

CB Mineral Coal B

CS Mineral Coal S

Cq OG  Graphene oxide from Coke

Cq_HCL.OG Graphene oxide from Coke with HCl treatment

CB_.OG Graphene oxide from Mineral Coal B

CB_HCI_OG Graphene oxide from Mineral Coal B with HCl treatment
CS_.OG  Graphene oxide from Mineral Coal S

CS_HCL.OG Graphene oxide from Mineral Coal B with HCI treatment

due to their excellent electrical, mechanical, and thermal properties have been considered for use in polymer nanocomposites, energy
storage, thin films, and degradation of organic pollutants, among other applications [7,8]. Therefore, several methods to produce
graphene have been reported, such as electrochemical exfoliation [9-11], arc discharge [12,13], chemical vapor deposition [14], and
sonication [15]. The process most used to date is the individual exfoliation of the graphite layers based on the Hummers’ method
[16-18]. However, some challenges still persist in this procedure, such as the high consumption of oxidants and intercalating agents,
which are essential for the quality of the product obtained [19]. The synthesis duration is also lengthy, leading to high production costs
on an industrial scale [20]. Additionally, the Hummers’ method generates a significant amount of acidic waste, which is challenging to
treat and may pose risks to health and the environment [21].

Graphene is not thermodynamically stable due to its melting temperature (3925-3970), which decreases as its thickness decreases.
For this reason, a method has been found to go from graphene-to-graphene oxide (GO) [22,23]. GO is composed of functional groups
on its surface such as carboxylic acid, hydroxyl, and epoxy. It also has excellent adsorption capacity due to the aromatic hexagonal
plane within its structure, which favors strong adhesion to different organic and inorganic molecules [24]. GO can be synthesized by
chemical oxidation and exfoliation of graphite. It is also of vital importance to properly introduce reactive functional groups to GO,
since this improves the catalytic and adsorption properties for some GO applications. As an example, sulfuric acid (H2SO4) is used to
oxidize the carbon on the graphite surface, resulting in the formation of functional groups such as carboxyl (-COOH) and hydroxyl
(-OH) groups, essential for producing graphene oxide. Likewise, the inclusion of oxygenated groups allows easy dispersion in water and
organic solvents [22].

In contrast to the synthesis procedure that have been used, a new method with ozone has been found and it has been shown that
ozone gives rise to atomic oxygen and hydroxyl radicals leading to the oxidation of carbon chain, although the mechanism of this
reaction is still not clear [25]. According to Lesiak et al. [26], GO was prepared through ozone oxidation, obtaining a lower amount of
sp3 carbon atoms and oxygen groups, using a more economical, safe, effective, and environmentally friendly method. Similarly, ozone
oxidation and thermal treatment were used to modify the optical properties of GO [27,28].

Nevertheless, the coal-based graphene properties depend on the coal rank, the structural evolution of the coal, degree of graphi-
tization, and ash content [28]. The coal impurities (mineral components) may destroy the integrity of the aromatic layer during
graphitization, and the raw coal should be treated by HCl or purified before coal-based graphene preparation [29-31].

The maceral composition of the mineral coals also affects the coal-based graphene properties. Bituminous coal and anthracite are
potentially useful for producing graphene, but there is no consensus about the formation mechanisms of coal-based graphene from
macerals and the most suitable method for obtaining high yield and optimized properties for each GO application.

Therefore, the main goal of this study was to propose a synthesis procedure to prepare GO from Brazilian coal and coke using
chemical and thermal exfoliation and ozone oxidation procedures. This innovative synthesis is more environmentally friendly than
traditional synthesis methods. To synthesize a given amount of graphene oxide-based materials, the sulfuric acid consumption using
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the Hummers’ method is more than 30 times greater than when using the synthesis method proposed in this work, without comparing
the quality of the resulting products. Moreover, this method eliminates the use of potassium permanganate (KMnO4) and hydrogen
peroxide (H20) and, in addition, involves the use of in situ ozonation.

2. Materials and methods

Two different Brazilian bituminous coals were supplied by different companies, as designated in Table 1. Additionally, a mineral
coke was also used as raw material to prepare GO. Hydrochloric acid (HCI, PA, 37 %, Wt.: 36.458 g mol 1) was purchased from Exodo
Cientifica (Brazil) and sulfuric acid (H2SO4, PA, 99.8 %, Wt.: 98.079 g mol 1) from Vetec (Brazil). Nitrogen under high pressure was
purchased from White Martins (Brazil) and ozone was generated in situ by an ozone generator (O3R, Brazil).

The coal samples were treated by adding 500 mL of 20 % hydrochloric acid (HCI) to 10 g of solid coal in a flask under magnetic
stirring for 24 h. The suspension was then filtered in a vacuum system using 0.55 pm glass membrane filter followed by washing using
deionized water to remove the excess of acid. The samples were dried at 45 °C in oven for 48 h.

Then, the chemical treatment was performed by adding 10 mL of sulfuric acid (H2SO4) to the solid and kept in contact for 24 h at
room temperature. Thermal exfoliation was performed by placing the mixture in a quartz tubular reactor and left in the furnace at
950 °C for 30 min in an inert nitrogen atmosphere. The furnace was previously heated at a rate of 20 °C min~". For the oxidative
treatment, the resulting powder was suspended in water and treated with ozone for 18 h using a flow rate of 1 L min~. Next, the
aqueous suspension was sonicated in an ultrasonic bath (Unique, model USC-1650A) for 60 min at a frequency of 25 kHz. Finally, the
GO was separated by vacuum filtration using 0.22 pm PVDF membrane and oven-dried at 45 °C overnight. Non-HCI treated samples
were also submitted to chemical, thermal, oxidation and sonication treatments to examine the effect of the mineral content on the GO
properties. Fig. 1 presents a schematic representation of the process applied for obtaining GO.

Table 2 shows the designation given to the synthesized materials according to the treatment applied, where XX can be Cq, CB or CS.

The resulting GO was characterized by X-ray diffraction (XRD) on a Rigaku Miniflex 600 diffractometer operating with radiation
CuKa (A = 0.1542 nm). The X-ray generator was set at a voltage of 40 kV and current of 40 mA. The continuous scan mode was used in a
20 between 10° and 90° with a step of 0.05° at a rate of 10° min~L. Equation (1), known as the Scherrer equation, was used to
determine the crystallite size, where A is the radiation wavelength, 0 is the Bragg angle, L is the apparent particle size, f is the half peak
width and K is the Scherrer constant [32].

p=K2/L.cos 0, €Y

The zeta potential of the sample was determined by electrophoretic light scattering (ELS) at 173° on a Malvern MPT-2 equipment.
The particle size distribution was determined by dynamic light scattering (DLS) on a Malvern Zetasizer Nanosizer (0.3 nm-10 pm). The
Fourier transform infrared spectroscopy (FTIR) was analyzed on a PerkinElmer Spectrum 100 equipment, using KBr pellets and a
wavenumber range of 4000 to 400 cm™ L. The morphology of the resulting material was obtained by transmission electron microscopy
(TEM) on a JEM-2100 microscope with a maximum accelerating voltage of 200 kV. The proximate analysis was done in the Shimadzu
DTA-60 equipment and the analysis conditions can be seen in Table 3.

3. Results and discussion
3.1. Proximate analysis

For the production of GO, it is important to know the composition and quality of the raw materials used as they can influence the
quality of the products obtained. For coal and coke, the content of moisture (U), fixed carbon (FC), volatile matter (VM) and ash (Z) are
important information that reveal characteristics of their composition. The moisture content was determined by the difference be-
tween the weight of the wet sample (at 25 °C) and the weight of the dry sample (at 100 °C) divided by the weight of the wet sample
during the proximate analysis. The parameters in the dry basis were obtained by Equations (2)-(5).

(wet weight — dry weight)

U= 100 2
wet weight x @
, 100
VM =VM 3
100 - U ®
, 100
Z=Z 4
100 - U ®
Table 1
Sample names and nomenclature of coke and coal.
Supplier Sample Nomenclature
Company B, Brazil Mineral coke Cq
Company B, Brazil Bituminous coal CB

Company S, Brazil Bituminous coal CS
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Fig. 1. Schematic process to obtain GO.
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Table 2

Nomenclature of the product samples according to the treatment applied.
Nomenclature” Treatment
XX_HCIL.OG HCl treatment, thermal exfoliation followed by oxidation with ozone and sonication
XX_0G Thermal exfoliation followed by oxidation with ozone and sonication

@ where XX can be Cq, CB or CS.

Table 3
Conditions applied for proximate analysis.

Temperature rate, °C/min Holding temperature, °C Retention time, min Gas
10 35 20 N,
50 50 5 N,
50 110 5 Ny
20 950 15 Ny
-10 750 0 Air
1 750 40 Air
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The percentage of fixed carbon is the portion of carbon that remains as a residue after the volatile matter has been removed from the
material. It usually consists only of carbon, but may contain traces of hydrogen, oxygen, nitrogen and sulfur [33]. Volatile matter is
composed of components that burn easily in the presence of oxygen, including short- and long-chain hydrocarbons and aromatics [34,
35]. Finally, ash refers to the inorganic residues remaining after the heat treatment of coal. These residues are mainly composed of
minerals that do not burn during coal combustion and generally consist of oxides of silicon, aluminum, iron, calcium, magnesium and
other elements present in the rocks from which the coal was formed [36].

Table 4 shows that the percentage of VM was considerably reduced in CB and CS samples, with a reduction of 15.29 % and 17.52 %,
respectively. On the other hand, there was a small increase in the VM content for coke, which was expected since coke is a material that
has been previously treated at a high temperature.

It was expected that the chemical treatment would be able to almost completely reduce the percentage of ashes, which can interfere
with subsequent stages of the process. However, Table 4 shows that Cq slightly decreases its ash content (0.68 %) while CB and CS
increase this content. This is due to the fact that the coal samples were treated only with HCI, which will eliminate a smaller amount of
minerals, as this acid is not capable of eliminating other minerals present in the ash in large quantities, such as SiO; [37,38].

Furthermore, some particular cases can be observed, such as coke, which suffered a certain decrease in its fixed carbon content after
going through the ozonation process. This may occur because some oxygen atoms present in ozone can bind to carbon atoms from the
material and be released in the form of CO or CO,, even if in small quantities.

3.2. FTIR analysis

The FTIR spectra of the different GO synthesized (Fig. 2) show the presence of absorption bands at 1032 cm ™}, 1053 cm™! and 1426
cm™!, which are attributed to C-O stretching vibrations [39,40]. The 1032 cm ™! peak is less intense for Cq_OG, while good intensity is
seen for Cq_HCI_OG and CS_OG materials. The 1053 cem ™! peak is only seen in CB_OG, CB_HCl_OG and CS_OG samples, although in the
latter material its intensity is low. Meanwhile, the 1426 cm ™! peak is only found in CS_OG sample with medium intensity. The peak at
1529 cm ™! is related to C=C stretching [40-42] and is found with a low intensity in Cq_ HCl_ OG, CB_OG and CB_HCI OG. A char-
acteristic peak of commercial GO, at 1600 cm’l, is attributed to the O-H vibrations of water [41] and can be found in materials made
from coal. Likewise, in materials originating from coke, two high intensity peaks at 2039 cm ! and 2155 cm ™ are identified, related to
the C=C—C stretching of a material derived from coal. Similarly, in CS_OG, the peaks at 2835 cm ! and 2919 cm™! correspond to the
hydrogen bonded in OH groups of the COOH groups and the O-H stretching [41]. In the materials made from CB and CS coals, a large
amplitude peak was observed at 3428 cm ™! with strong intensity, which corresponds to the stretching vibrations of the OH groups of
water [42,43]. Finally, in CS_OG, there were more oxygenated groups because the oxidation with ozone was more effective than in the
other GO syntheses. Similarly, it could be noted that the materials made from coke were the poorest in oxygenated groups, although
they still presented peaks characteristic of untreated coal.

3.3. Zeta potential analysis

The zeta potential of samples was measured in aqueous solution at neutral pH to determine the stability of the synthesized GOs,
which is dependent on the stabilization of the electrostatic charge (Table 5) [44].

The results obtained for all prepared GO had negative values, which may be due to the ionization of the carboxylic acid group and
the appearance of negatively charged functional groups [37,45]. Likewise, a high negative value would indicate a high physical
stability. Therefore, the carbon-based materials obtained in this study achieved a zeta potential more negative than its initial value,
indicating the improvement in the electrical activity and the inhibition of aggregates due to electrostatic repulsion [44]. However, the
materials synthesized from coke did not improve their stability, achieving a less negative zeta potential value than the initial coke
value.

Table 4

Results of the proximate analysis of the raw and treated samples.
Nomenclature Fixed Carbon, wt% (db®) Volatile Matter, wt% (db) Ash, wt% (db)
Cq 82.39 6.70 10.91
Cq 0G 77.49 9.00 13.51
Cq_HCLOG 81.37 8.39 10.23
CB 52.32 33.18 14.50
CB_OG 58.31 23.60 18.09
CB_HCL OG 63.45 17.89 18.66
(& 54.46 31.26 14.27
CS_0G 68.77 17.39 13.84
CS_HCl1 OG 68.42 13.74 17.84

2 db: dry basis.
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Fig. 2. FTIR spectrum of the treated samples Cq_OG, Cq_ HCI_OG, CB_OG, CB_HC]_OG, CS_OG and Cq HCI_OG.

Table 5
Results for zeta potential for the aqueous dispersions ob-
tained from raw and treated samples.

Nomenclature Zeta potential, mV
Cq —26.4

Cq_0G —21.3

Cq_HCL.OG -17.8

CB 8.6

CB_.OG -14.1

CB_HCLOG -17.5

CS -14.2

CS_0G —25.36
CS_HCL.OG —-21.2

3.4. Particle size distribution

Particle size distribution has been reported as a simple and fast method for graphene characterization [46]. Fig. 3 shows the particle
size distributions of all the carbon-based materials with a Gaussian approximation. For CS_OG, an average size of 3800 nm was
determined, being the largest particle size achieved. The second largest particle size has an average of 1500 nm and is from Cq_OG,
while for the rest of the synthesized materials a particle size between 200 nm and 800 nm can be observed.

The initial particle sizes of Cq, CB and CS were 1403 nm, 1306 nm and 3236 nm, respectively. In fact, the particle size of the
graphene obtained according to previous studies is related to the size of the coke or coal used [47], which was also observed in this
study. For Cq_OG and CS_OG samples, the size remained the same or very similar to the initial size. On the other hand, for Cq_HCI_OG,
CB_HCI_OG and CB_OG samples, a reduction in size of 42 %, 38 % and 35 % respectively, was achieved. The material that reduced its
size the most was CS_OG, with a reduction of 78.3 %, initially being the largest. Thus, smaller particles can be achieved by breaking
down larger carbon particles during synthesis, increasing the hydrophilic property of the obtained graphene-based material [47,48].
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Fig. 4. TEM of the samples (a) Cq_ HCI_OG, (b) Cq_OG, (c) CB_HCI_OG, (d) CB_OG, (e) CS_HCI OG and (f) CS_OG.

3.5. TEM analysis

The morphology of the synthesized GO was studied by TEM images and the results are presented in Fig. 4(a—f).

The morphology for the GOs produced were similar, mostly formed by lamellae with different transparencies, which reveal the
nature of the material [49]. In fact, the darker portions correspond to regions where there is greater layer stacking (multilayers), while
the more transparent parts are formed by one or two layers [50]. This can occur when exfoliation is not complete throughout the
structure, but occurs mainly at the edges of the GO layers. This may happen since coal and coke are not homogeneous or completely
ordered materials like graphite. In addition, they are materials that can contain large amounts of impurities. This means that when
H2S04 is added, it experiences difficulty placing its atoms in the innermost parts of the material [26-28]., but can do so easily at the
edges. Therefore, GOs produced from coke (Fig. 4a and b) or coal (Fig. 4c-f) are not high-purity materials, but they can be used in a
variety of applications that do not require a single-layer graphene-based material. Furthermore, after oxidation with ozone,
oxygenated functional groups were expected to form at the edges of the materials layers, as was observed in the results obtained by
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FTIR (Fig. 2). Likewise, the presence of darker parts in the TEM images (Fig. 4a—f) may indicate a low stability of the GO due to the
tendency of the layers to come together again due to the van der Waals attraction force. It may also be due to the adsorption of
contaminants on the surface at room temperature, which makes it difficult to directly observe the morphology of GO [51].

3.6. XRD analysis

The results obtained by XRD are presented in Fig. 5(a—c). The graphs show the initial and post-treatment conditions for each
sample. For the three raw materials, Cq (Fig. 5a), CB (Fig. 5b) and CS (Fig. 5c), the peak at 26.5° can be identified, which is char-
acteristic of bituminous coal and confirms the presence of quartz. On the other hand, CS presents hematite derived from the reaction
between sulfur from pyrite and calcite from coal [52].

The peak at 26.5° was present in all the GOs produced, which means that GO may be mixed with quartz (ICSD-0861560). This peak
was lower after the treatments performed in this work, which is characteristic of the formation of GO from carbon exfoliation. A peak at
19.5° is related to kaolinite (ICSD-0291488). Likewise, the incomplete reduction of these peaks indicates that demineralization with
HCI was not effective in removing ash content from the raw materials, as also observed in Table 4. The crystal size, shown in Table 6
and determined by Equation (1), decreased after the treatments performed, confirming the expected behavior in the transformation of
carbon to GO [40,53-55]. The non-demineralization of carbon can also be seen in Table 6, where the carbon-based materials crystal
size were 22.3 nm and 20.2 nm for CB_HC]_OG and CS_HCI_OG, respectively, while the average value expected for a completely
demineralized material is 2.354 nm.

Cq _HCI_0G CB 0OG
Cq CB_HCl OG
Cq 0G CB
> >
B Z
3 5
E = |
|
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T T T T T T T T
20 40 60 80 20 40 60 80
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Fig. 5. XRD results obtained for the raw and treated samples (a) Cq, Cq_OG, Cq_HCl_OG, (b) CB, CB_OG, CB_HC]_OG, (c) CS, CS_OG and CS_HC]_OG.
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Table 6
Crystal size of the raw and treated samples Cq, Cq OG,
Cq_HCL OG, CB, CB_OG, CB_HCLOG, CS, CSOG and

Cq_HCL OG.

Nomenclature Crystal size, nm
Cq 31
Cq 0G 2.6
Cq_HCL.OG 0.8
CB 25.3
CB_OG 20.9
CB_HCLOG 22.3
CS 24.2
CS_.0G 22.8
CS_HCLOG 20.2

——Cq_HCLOG

——CB_HCI_0G

Intensity (a.u)

CS_0G

——CS_HC1 OG

4 +
500 1000 1500 2000 2500 3000 3500 4000
Raman Shift (cm'l)

Fig. 6. Raman spectra obtained for the treated samples Cq OG, Cq_ HCI_OG, CB_OG, CB_HCI_OG, CS_OG and CS_HC] OG.

3.7. Raman analysis

The Raman spectra for GO synthesized samples are shown in Fig. 6. The D-band can be seen at 1376 cm ™! and the G-band at 1596
cm ™!, which corresponds to the order dispersion of the E2g mode. The 2D-band at 2893 cm ™! corresponds to the overtone of the D-
band and is helpful for determining the structural parameters of the c-axis orientations [56]. Meanwhile, in the materials synthesized
from coke, a D band can be seen with lower intensity than in those produced by coal, which may be due to a defective formation and
the presence of hetero-atoms in the plane grain boundaries. Similarly, the intensity of the 2D band was minimal due to the breaking of
the stacking of the coal and coke layers by oxidation with sulfuric acid [56].

The bands observed for the treated samples are in agreement with other GOs reported in the literature [51,57-59]. The charac-
terization of GO synthesized through the methods proposed in this study has shown a G band towards a higher wavenumber, which
means that GO has a higher oxidation level.

Moreover, the crystallite size (La) of each material can be seen in Table 7 and Equation (6) was used for this calculation. The ID/IG
ratio is used to verify whether the material was modified during the synthesis performed. Amaro-Gahete et al. [46] reported an ID/IG
ratio for coal of 0.10, similar to the values obtained for Cq, CS and CB, between 0.8 and 0.9, which means that this ratio increased,
confirming the exfoliation of coal and coke [49]. The crystallite size of the synthesized materials was calculated according to Equation

(6).
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Table 7
Ip/Ig ratio values and crystallite size (La) estimated by RAMAN spectroscopy for
the GO samples obtained.

Nomenclature In/lIg La, nm
Cq 0G 0.854 22
Cq_HCL.OG 0.900 21
CB_OG 0.876 22
CB_HCL.OG 0.899 21
CS_.0G 0.897 21
CS_HCLOG 0.887 21

(2.4x10 — 10)(2)*
In/lg ’

All materials presented similar crystallite size (La), and the results agree with XRD results. From the Ip/Ig ratio, it is possible to
conclude that multilayered materials were synthesized by the thermal exfoliation followed by oxidation with ozone and ultrasound.

La(nm) = 6)

4. Conclusions

In this study, multilayer GO was synthesized from coke and coal as base materials and was characterized by FTIR, ZP, TEM, XRD
and Raman. HySO4 was used as a chemical agent responsible for a prior insertion of oxygenated groups into the structure of the
material, mainly at the edges of the material. Furthermore, the combination of H;SO4 and high temperature is particularly important in
this step, as the heat treatment acts to separate the layers of the material, facilitating the penetration of the sulfuric acid. Subsequently,
in situ ozonation proved to be efficient to produce oxidized materials. The sample of GO prepared from mineral coal was the most
oxidized of the synthesized materials and this is proven by the amount of oxygenated groups seen in the FTIR spectra and by the
decrease of 78.3 % in crystal size. XRD pattern showed a peak at 26° with a lower intensity after the treatments performed. TEM images
revealed that the exfoliation of coal- and coke-based materials was better at the edges than in the internal structure of these materials.
Graphene oxide synthesized from coke proved to have better quality and better stability than those prepared from mineral coal. The
methodology proposed in this study presents a new method of rapid, economical and more environmentally friendly synthesis than the
traditional methods used, in addition to diversifying the raw materials used, adding value to mineral coal and coke. Finally, HCl was
used as a necessary pretreatment for coal and coke raw materials in order to remove mineral impurities present in this type of material,
but it seemed recommendable that future studies investigate demineralization with HF and HCI to reduce the initial percentage of coal
ash in order to obtain a higher purity GO.
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