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This study introduces a circular and economic strategy to produce reduced graphene oxide (rGO) from
recovered carbon black (rCB). Using a modified Hummers' method followed by chemical reduction of
graphene oxide (GO), this approach addresses environmental concerns while offering a cost-effective
alternative to conventional rGO precursors. Furthermore, the effects of stirring duration (24 and
48 hours) on the rCB-to-rGO conversion process were examined to optimize production. The rCB-
based rGO materials were characterized by N, adsorption/desorption, SEM, FT-IR, Raman spectroscopy,
TGA, XRD, and XPS. Results showed a notable increase in BET surface area (149 m? g~%) and pore
volume (0.350 cm® g1 with enhanced thermal stability. SEM analysis confirmed the successful
reduction of GO, revealing folded graphene sheets and morphological changes in rCB during the
conversion process. FT-IR spectra provided supporting evidence, showing that O—H and C-O vibration
modes either disappeared or diminished in intensity after reduction of GO, which was further validated
by XPS. Raman spectroscopy results, reflected by increased /p//g ratios (0.982 and 1.017) in rGO samples,
indicated the restoration of sp? carbon structures and a reduction in the average sp? domain sizes. XRD
analysis clarified the formation mechanisms of various phases during oxidation (MNnPO4-H,O, MnPOy,-
1.5H,0, Mn, and MnO) and reduction (Mnz(PO4),-2H,0, KzHz(PO4)s, K;HPO,4, and Mn,Os). This research
introduces novel insights into the transformative potential of converting rCB into rGO through chemical
processes, offering innovative pathways for advancing sustainable material production.
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1. Introduction

The exponential progress in the scientific and technological
fields has resulted in an increased need for advanced materials.
Graphene, an allotrope of carbon with a two-dimensional

Department of Chemistry and Chemical Engineering, Division of Energy and structure, has gained significant attention in the scientific

Materials, Chalmers University of Technology, SE-412 96 Gothenburg, Sweden.

E-mail: bartoszd@chalmers.se

b Department of Space, Earth and Environment, Division of Energy Technology,
Chalmers University of Technology, SE-412 96 Gothenburg, Sweden

¢ Faculty of Environmental Engineering, Wroclaw University of Science and
Technology, 50-370 Wroclaw, Poland

 Department of Inorganic and Organic Chemistry, University of Barcelona,
Marti i Franques, 1-11, 08028, Barcelona, Spain

¢ Departamento de Quimica, Facultad de Ciencias, Grupo de Investigacion en
Solidos Porosos y Calorimetria, Universidad de los Andes, Cra. 1a No. 18A-10,
Bogotd D.C. 11711, Colombia

7, Departamento de Quimica, Grupo de Calorimetria, Universidad Nacional de
Colombia, Sede Bogotd, Cra. 45, Bogotd D.C. 11711, Colombia

¢ Catalonia Institute for Energy Research (IREC), Jardins de les Dones de Negre 1,
Barcelona, 08930, Spain

" Department of Chemical Engineering, University of Utah, Salt Lake City, UT, USA

This journal is © The Royal Society of Chemistry 2025

community owing to its wide range of properties."” These
properties include notable electron mobility, outstanding
thermal conductivity, and remarkable mechanical strength.’
Here are different forms of graphene that have been tested
through the years: few-layer graphene (FLG), graphene nano-
ribbons (GNRs), graphene quantum dots (GQDs), 3D graphene,
and graphene oxide (GO). Among the different forms, GO laced
with oxygen-containing groups (OCGs) has recently gained signi-
ficant interest. The incorporation of OCGs not only enhances the
solubility and processability of graphene but also paves the way for
the synthesis of reduced graphene oxide (rGO). Even though
graphene demonstrates substantial properties, limited processa-
bility and tunability hinder its wider implementation in materials
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science and technology.* To unlock the full potential of graphene
materials, and in particular graphene oxide, many researchers
have focused on the development of an alternative material
referred to as reduced graphene oxide (rGO).>”

Graphene oxide (GO) is produced by oxidizing graphene
with strong oxidizing agents, such as sulfuric acid (H,SO,),
nitric acid (HNO;), potassium permanganate (KMnO,), or
hydrogen peroxide (H,O,). Reduced graphene oxide (rGO) is
subsequently obtained through the partial reduction of OCGs
introduced during this oxidation process. This reduction can be
accomplished through various methods, including thermal,
chemical, and electrochemical techniques. The restoration of
sp® carbon-carbon bonds and the subsequent re-establishment
of the conjugated m-electron system contribute to enhancing
specific features that closely resemble those of pristine
graphene.® These include robust mechanical strength and
inherent flexibility, enabling its incorporation into composite
materials.” Such qualities make rGO an exceptionally adaptable
and attractive candidate in material science. Additionally, the
superior electrical conductivity, substantial surface area, and
excellent thermal stability of rGO offer significant benefits
across various applications in diverse range of industry sectors,
including energy, environmental technology, and electronics.'*™"*
For instance, the structure supports enhanced reaction rates in
catalysis, the high surface area enables efficient adsorption for
water purification and pollutant removal, conductivity and
stability make it ideal for advancements in batteries and super-
capacitors, and thermal properties improve durability in high-
performance coatings.

The current limitation of producing large quantities of high-
quality graphene, which serves as a precursor for obtaining
rGO, has become a significant barrier for further development.
These limitations are mainly due to concerns regarding scal-
ability, cost-effectiveness, and the need for careful control of
the preparation process.'” The conventional approaches used
in the production of graphene include the exfoliation of gra-
phite or the chemical vapor deposition (CVD) technique utiliz-
ing carbon precursors. These methodologies frequently require
costly chemicals, energy-intensive operations, and intricate
apparatus'® Consequently, there is an increasing tendency
towards the development of alternative methodologies and
precursors that exhibit low cost, sustainability, and environ-
mental friendliness. Recent research has shown that biomass
waste resources have the potential to be converted into graphi-
tized carbon materials, including GO and rGO."""*®

In view of this, the utilization of recovered carbon black
(rCB) offers a compelling solution to challenges of economic
viability and scalability. As a commonly produced by-product of
the pyrolysis of end-of-life tires (ELTs), rCB provides a plentiful
and cost-effective source of carbon for synthesizing graphene-
based materials.'® Moreover, approximately 1 billion waste tires
are still generated annually, with this number projected to rise
to 1.2 billion by the year 2030.%° On a global scale, the manage-
ment and elimination of ELTs give rise to urgent and signifi-
cant challenges connected to environmental, health, and safety
issues. Using ELTs to produce rGO can both decrease the
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number of tires that are disposed of in landfills and aid in
the resource management of carbon, thereby contributing to
circularity in existing material flows.*! Some works have pre-
viously demonstrated the use of ELTs in the production of
graphene-based materials. Wang et al.>*> employed a one-step
high-temperature pyrolysis with routine alkaline catalysis to
convert waste tires directly into monolithic 3D graphene for use
as a supercapacitor electrode. This study highlights a simple
and abundant resource-based approach for large-scale graphene
production, introducing a novel method for repurposing waste
tires. Anuar et al.>® synthesized graphene oxide from one weight
percent (1 wt%) of carbon black from waste tires using a straight-
forward modified Hummers’ method. Despite previous very
promising results in transforming rCB into graphene-based
materials, the novelty of using rCB as a precursor for rGO synthesis
remains unexplored, with the conversion mechanism and material
characteristics still not thoroughly investigated.**>*

The presented methodology involves the preparation of GO
from industrial obtained rCB via the conventional Hummers’
method and the subsequent reduction of GO to rGO via
chemical reduction. This study also highlights the significance
of stirring duration (24 and 48 hours) in the synthesis of GO
and rGO, as it substantially impacts the quality of the resulting
graphene-based materials.>>*® Finally, the rCB, along with
the synthesized GO and rGO, was characterized using various
state-of-the-art techniques, including elemental analysis, N,
adsorption/desorption, Fourier transform infrared spectro-
scopy (FT-IR), Raman spectroscopy, X-ray diffraction (XRD)
analysis, scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), and X-ray photoelectron spectroscopy (XPS).
Through this study, we aim to contribute to and promote the
utilization of globally available waste streams, such as ELTs, in the
potential production of high-quality graphene-based materials.
Furthermore, this work seeks to deepen understanding of the
mechanisms involved in transforming rCB into rGO, supporting
the circular economy and advancing ELT valorization.

2. Materials and methods

2.1. Raw material - recovered carbon black (rCB)

The rGO precursor used in this study exhibited an average ash
content ranging from 0.5% to 2%. The primary constituent of
rCB was carbon (C), which varied in content from 92% to
99.5%. In addition, rCB contained volatile substances with a
concentration exceeding 0.2%, as well as mineral matter that
fluctuated between approximately 0.5% and 2%. The mineral
matter included elements such as Si, Al, Zn, S, and Ca. In small
amounts, these metals are unlikely to substantially impact on
the oxidation and reduction processes or the quality of the
resulting GO and rGO. Table 1 displays the main CHNS/O
elemental analysis of the rCB sample.

2.2. Preparation of rCB/rGO via chemical reduction

The synthesis of GO was carried out using a modified version of
Hummers’ method,””*® starting with rCB powder (Fig. 1).

This journal is © The Royal Society of Chemistry 2025
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Table 1 Elemental analysis of recovered carbon black [wt%]

Sample C H N S o

Recovered carbon black 92.53 1.16 0.42 0.71 5.18

“ It is obtained by calculation.

A solution was prepared by mixing H,SO, (98 wt%) and H;PO,
(75 wt%) in a ratio of 4:1 to a total volume of 200 mL and
stirring at 500 rpm for 30 minutes. Subsequently, 5 g of rCB and
9 g of KMnO, were gradually introduced into the mixture over
1 hour by continuous blending. Following Low et al.,*® who
showed that high stirring speed (>1000 rpm) and duration
(>24 h) with hydrazine as a reducing agent can synthesize
ultrathin monolayer rGO, two mixtures were stirred at 1100 rpm
for 24 and 48 hours to facilitate oxidation process. The influ-
ence of stirring time is evident in factors such as GO sheet
tearing and the effectiveness of the chemical exfoliation pro-
cess, underscoring that optimizing stirring duration is essential
to mitigate these challenges.

The entire procedure was conducted in an ice-water bath at
temperatures below 20 °C. The mixture was then cooled to
room temperature over 5 hours. The obtained mixture was
slowly poured into a container of ice, and 3 mL of H,0, were
added to terminate the oxidation process and eliminate any

H:PO. (75%)

Ratio 4:1 40 ml

—
o e

HaS04 (98%)
160 ml

Stirring

5 g of recovered carbon black
for 30 minutes "

3ml
of H:0: (30%)

—
>

Centrifugation at a spced of 4700 rpm
for § times

Pouring the mixture into
a container of ice

5

[

Washing with destilled water and HCI
till obtaining neutral pH

Drying at 90 °C for 24 h

Fig. 1 Scheme of rCB-based GO synthesis through Hummers' method.
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excess KMnO,. Centrifugation was performed five times to
effectively separate the precipitate from the liquid, each cycle
lasting 30 minutes at 4700 rpm. The remaining solid material
was ultrasonicated and washed with hydrochloric acid (HCI)
and deionized water (DI) until a neutral pH was achieved. The
obtained GO samples were dried in an oven for 24 hours at
90 °C. Additionally, if manganese residues were still present in
the GO structure, heat treatment in an inert gas (within the
range of 500-800 °C) was applied to aid in the removal of
residual impurities while preserving its integrity.

For the next step, GO powder obtained after 48 hours of
stirring was introduced into purified water at a concentration of
3 mg mL™" (Fig. 2). Following this, 1 mL of hydrazine was
added to the mixture as a chemical reducing agent. The finely
dispersed mixture was then immersed in a water bath at 90 °C to
facilitate heat transfer and was vigorously stirred for either 24 or
48 hours. The mixture underwent ultrasonication to enhance rGO
dispersion and aid in impurity removal, followed by multiple
filtration processes with excess HCl and deionized water to
eliminate undesired chemicals and impurities. As a final step,
the rGO samples were dried in an oven at 90 °C for 48 hours.
Similarly, if residues persisted, heat treatment in inert gas was
applied to eliminate them, as in the GO synthesis procedure.

The recovered carbon black sample was labeled as rCB,
while the graphene oxide and reduced graphene oxide samples

Blending for 1 h R
o
9 g of potassium permanganate E‘
(KMnO.) =
o
w
°
(o
>
S
»
g
Mixture ;
Co——
$ ; b
Ao <_J
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Fig. 2 Scheme of rCB-based rGO synthesis through chemical reduction.

were systematically designated as GO-X and rGO-X, respectively.
In these labels, ‘X’ represents the stirring time in hours applied
during synthesis, reflecting the varying preparation conditions.

2.3. Characterization of rCB-based GO and rGO materials

The elemental analysis of the rCB precursor was conducted
using a CHNS elemental analyzer FLASH 2000 from Thermo
Fisher Scientific.

The changes in textural characteristic of the produced rCB-
based GO and rGO samples were assessed using N, adsorption-
desorption at a temperature of 77 K. Gas adsorption experi-
ments were conducted using a QuadraSorb Station 4 gas
sorption analyzer. Prior to the adsorption tests, the samples
were degassed for 16 hours at 250 °C. The specific surface area
(Sger) was estimated using the Brunauer, Emmett, and Teller
(BET) method, applying the Rouquerol criteria to ensure
accuracy.®® The total pore volume (Vyor) was calculated from
N, adsorption isotherms at a high relative pressure (P/P, =
0.98-0.99), capturing the full pore-filling capacity of the mate-
rial. Finally, the non-local density functional theory (NLDFT)
model was employed to determine the pore size distributions
(PSD) of the samples based on experimental data.

Fourier-transform infrared (FT-IR) spectroscopy in transmis-
sion mode was performed using a Thermo Nicolet 5700 FTIR
instrument to identify the introduction and removal of
functional groups present on the sample surfaces. The wave-
number region used for the acquisition of FTIR spectra was
4000-400 cm ™.

Raman spectroscopy was employed to examine the D, G, and
2D bands of the GO and rGO samples. This analysis provided
detailed information on the defects (D band), graphitic order-
ing (G band), and layer structure (2D band) of the carbon
skeleton, thereby clarifying the effects of oxidation and
reduction processes. The measurements were performed using
a Jobin-Yvon LabRaman HR 800 spectrometer. The spectra
were obtained through three consecutive accumulations, each

2756 | J Mater. Chem. C, 2025,13, 2753-2767
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lasting 5 s, using a 50 x objective lens. The samples were excited
using a 532 nm solid-state laser, with the power restricted to
1.5 mW to mitigate any potential thermal impacts. The ratio
between the intensities of the D and G peaks was determined
using the formula:

R=
I

(1)

where: I, - the intensity of the D peak, I - the intensity of the
G peak.

X-ray diffraction (XRD) analysis was used to examine the
crystalline phases of the samples and to explore potential
mechanisms of conversion from rCB to rGO. The measure-
ments were performed using a PANalytical X’Pert PRO MPD
Alphal powder diffractometer equipped with Cu Ko radiation
(/. = 1.5406 A). The XRD patterns were recorded in the 20 range
of 10-80°.

Scanning electron microscopy (SEM) was conducted using a
JEOL JSM-7001F instrument equipped with secondary electron
(SE) and backscattered electron (BSE) detectors to assess
changes in the morphology of the samples.

Thermogravimetric analysis (TGA) was carried out using a
Mettler Toledo TGA-DSC 3+ thermal analyzer. The test involved
heating the materials at a rate of 10 K min~", starting at 25 °C
and reaching 900 °C. The analysis was performed in an N,
environment to investigate the thermal stability and decom-
position stages of the materials.

X-ray photoelectron spectroscopy (XPS) was performed using
was performed using Al Ko (hv = 1486.6 eV) radiation with a
Prevac system equipped with a Scienta SES 2002 electron energy
analyzer operating at a constant transmission energy (pass
energy of 50 eV). This analysis provided insight into the surface
chemistry and bonding environment of carbon in GO and rGO
samples.

This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion

3.1. Textural properties

In Fig. 3, the N, adsorption isotherms at 77 K are presented.
According to the IUPAC classification,®" the precursor material
(rCB) exhibits a type III isotherm, characteristic of nonporous
or macroporous materials. A similar shape is observed for GO
samples; however, the isotherm for rCB shows a higher N,
uptake. Interestingly, the isotherms obtained for the rGO
samples are classified as type IV, displaying a hysteresis loop
of type H3, which is characteristic of mesoporous materials.
Additionally, it is noteworthy that the amount of nitrogen
adsorbed at low values of P/P, (<0.1) is greater for the two
rGO samples than for the rCB and GO materials. This behavior
is likely due to the development of a certain degree of micro-
porosity following the reduction of GO.

The textural characteristics of GO and rGO samples obtained
from the rCB are shown in Fig. 1. As shown, the rCB exhibited a
Sger of 55 m? g~ 1. After chemical treatment using the modified
Hummers’ method, this parameter decreased to 15 m”> ¢~ * and
25 m® g~' for GO-24 and GO-48, respectively. A similar trend
was observed for Vior values. This behavior can be attributed to
the oxidation of the carbonaceous matrix, resulting in the
formation of oxygenated groups on the surface and at the edges
of the rCB pores, which hinder the entrance of N, molecules
into the pores. Additionally, it is evident that this type of
chemical treatment on rCB modifies not only the surface
chemistry but also the porous structure of the material, similar
to other oxidation methodologies such as those using HNO;.
Kamegawa and coworkers®> found that the porosity of carbon
black varied depending on its nature and the oxidation time
with HNO;. For time intervals shorter than 20 hours, an
increase in Sgpr from 76 m* g~' to 268 m> g~ ' was observed.
However, longer treatment times resulted in a rapid decrease in
this textural property. In our study, regarding the effect of
stirring, GO-48 demonstrated higher Sgpgr and Vyor values
compared to GO-24 (Table 2). Prolonged processing led
to a more pronounced restructuring of the pore architecture,

—o— Recovered carbon black 9
2004 o GO-24
T —o— GO-48 ?
5 @ rGO-24 fs
o o rG0O-48 O@Q
5 9
£ 150+ /}1/;‘0
g P
IS ]
2 090 e
3 L /
S 100 o o/% o /J‘
> ) |
= 0 %0 /
g //
=1 ] /
S 5 o8
50 3889 8

Relative pressure (P/Pg)

Fig. 3 N, adsorption/desorption isotherms at 77 K for rCB-derived gra-
phene materials.
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Table 2 Textural properties of prepared rCB-based GO and rGO

Sample  BET surface area® [m> g~']  Total pore volume” [em® g™"]
rCB 57 + 0.212 0.173 £+ 0.007
GO-24 15 + 0.043 0.049 £+ 0.003
GO-48 25 + 0.072 0.074 £+ 0.004
rGO-24 133 + 0.074 0.350 £+ 0.009
rGO-48 149 4+ 0.079 0.255 4+ 0.008

“ Calculated by BET method using the Rouquerol criteria. ? Calculated
by N, adsorption isotherm at a high relative pressure (P/P, =~
0.98-0.99).

influencing both surface area and pore volume. Specifically for
GO-48, the extended oxidation treatment may have enhanced
the adhesion of graphene sheets, resulting in the formation
of gaps or channels between layers and thereby expanding the
surface area by creating larger pores.

The chemical reduction of GO with hydrazine led to an
increase in the textural properties of the resulting rGO materials.
As shown in Table 1, the BET surface area increased by 9 and 6
times for rGO-24 and rGO-48, respectively, compared to the GO
samples. Additionally, the total pore volume also rose after
reduction, indicating the development of the porous network,
as confirmed by the pore size distribution presented in Fig. 4.
The rGO samples exhibited pore widths predominantly meso-
porous (2 to 10 nm), with some microporosity also present.
Furthermore, extended stirring during the reduction process
(48 hours) may have caused partial restacking, folding, or
aggregation of the graphene sheets, leading to a more complex
arrangement.*** These interactions promote closer sheet align-
ment and curling or overlapping at the edges, leading to a denser
configuration with modified pore characteristics. This effect is
evident in rGO-48, which showed a higher BET surface area but a
lower total pore volume compared to rGO-24. The resulting
structure generally consists of fewer but larger pores, as sheets
bridge small gaps, reducing accessible spaces between layers.*®
Larger pores can increase Sppr by exposing more graphene sur-
face; however, they also reduce the number of smaller pores,
which contribute significantly to Vror.

In principle, when comparing the textural properties of GO
and rGO samples, it is expected that the oxygen surface groups
of GO are eliminated after the reduction, depending on
the process conditions, with minimal impact on the porous
structure. However, some studies have shown that changes in
surface chemical groups on GO can alter interactions between
carbonaceous structures, potentially affecting porosity. For
instance, the thermal reduction of GO conducted by Son
et al.>® led to an increase in from 17 to 67 m* g~ ' at a reduction
temperature of 2000 °C. More recently, Abakumov and co-
workers®” achieved highly porous rGO structures with surface
areas reaching up to 600 m> g~'. They used GO derived from
graphite flakes oxidized via a modified Hummers’ method
proposed by Marcano et al.*® Abakumov concluded that the
suspension of GO during the reduction with hydrazine pre-
vented the restacking of GO due to the formation of quasi-
organized structures (nematic structures), which are highly
stable. Additionally, the behavior of GO suspensions has been

J. Mater. Chem. C, 2025,13, 2753-2767 | 2757
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Fig. 4 Pore size distribution of (a) rCB, GO-24, GO-48 and (b) rGO-24, rGO-48 based on N, adsorption at 77 K.

widely studied in the literature, where it is well-established that
liquid crystal (LC) phases form from aqueous GO dispersions.*”
This unique property depends on factors such as temperature,
GO concentration, geometric shape, and particle size. In this
study, the prepared suspension had a concentration of
3 mg mL™", which aligns with the range used in Abakumov’s
work, suggesting the formation of a nematic phase in this case
as well.

3.2. FT-IR spectroscopy

The FT-IR spectra of GO samples prepared at different synthesis
times are shown in Fig. 5. The FT-IR analysis indicated that
both GO samples exhibited similar spectral patterns, with
characteristic vibrations observed around 3133-3016, 972,
849, 659, and 598 cm ', which may correspond to oxygen-
containing functional groups (OCFGs) such as hydroxyl (-OH),
carbonyl (-C=O0), carboxylic (-COOH), and epoxy (-O-)
groups.’®*! These OCFGs are the most common surface func-
tional groups found in GO. The band observed between
3016 and 3133 cm™ ', associated with the stretching vibration
of O-H bonds, signifies the presence of hydroxyl groups and
highlights the role of hydrogen bonding interactions within
the GO structure.*” Such interactions critically influence the
physical properties of GO, including interlayer spacing and
overall morphology, affecting its porosity, surface area, and
mechanical properties. The band at 972 cm ™" is linked to the

2758 | J Mater. Chem. C, 2025, 13, 2753-2767
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Fig. 5 FT-IR spectra of GO samples for two different stirring durations (24
and 48 hours).

stretching vibrations of alkoxy (RO-) or epoxy (-O-) groups in
the GO structure, while the signal at 659 cm ™ is attributed to
the C—C skeletal stretching of the alkene group.**** Finally,
the peaks at 849 and 578 cm™ " are related to the presence of
aromatic C-H bonds.*>*°

Multiple models of the GO structure have been proposed
by authors such as Hofmann et al.,"” Ruess,*® Nakajima and

This journal is © The Royal Society of Chemistry 2025
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Edge Plane Basal plane

Fig. 6 Common surface functional groups presented in each of the
planes (edge and basal) of GO layers. Red circle: carbonyl (C=0), green
circle: carboxyl (~COOH), blue circle: hydroxyl (~OH), and purple circle:
epoxide (-O-).

Matsuo,* Scholz and Boehm,>® Lerf-Klinowski,”' Dékany>> and
Ajayan.”® These models demonstrate that different surface
functional groups are present depending on the plane of the
graphene layer. Fig. 6 depicts the two planes of a single GO
layer, showing the distribution of surface functional groups. As
illustrated, carbonyl (red circle) and carboxyl (green circle)
groups are predominant on the edge plane, while hydroxyl
(blue circle) and epoxide (purple circle) groups are primarily
found on the basal plane.>*

For the rGO samples (Fig. 7), FT-IR analysis revealed that the
most characteristic vibrations in the spectral patterns are
observed around 1600, 985, 938, and 552 cm ™ '. The band at
1600 cm ™' corresponds to structural vibrations within the
graphitic domains, attributed to the C=C stretching of aro-
matic rings. The presence of residual OFG and structural flaws
in rGO may impact the C—=C stretching vibration, resulting in
slightly deformed spectra. Additionally, the peak at 985 cm ™"
corresponds to the C-O stretching of epoxide or alkoxide
group.®>*® Finally, the signals at 938 and 552 em™" are linked
to the out-of-plane bending of aromatic C-H bond.””"*®

These results indicate that effective reduction of graphene
oxide was achieved at varying synthesis times. The FT-IR
spectra of rGO clearly show that bands related to O-H and
C-0 vibration modes either disappear or become less intense.

80 —rGO-24
—rG0-48
— 60 -H
X i
© :
[&] |
= '
S i
= 40 :
£ |
[72] 1
< i
© |
= i
20 '
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Wavenumber [cm™]

Fig. 7 FT-IR spectrum of rGO samples, indicating bond types, prepared
with stirring durations of 24 and 48 hours.
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These signals are characteristic of GO, and the reduction in
their intensity suggests that the reduction process successfully
facilitates the removal of hydroxyl and carboxyl groups from the
graphitic structure.>*' Furthermore, it was observed that a
longer synthesis time results in a more extensive reduction of
rGO, as the signals for oxygen-containing functional groups are
significantly diminished after 48 hours compared to 24 hours.

3.3. Raman spectroscopy

The Raman spectra of the prepared graphene-based materials
are presented in Fig. 8. All GO and rGO samples exhibited two
distinct bands within the Raman shift range of 1300-1600 cm™".
The first peak, observed at approximately 1353 cm ', is com-
monly referred to as the D-band and represents the disordered
phase. The D-band is associated with a breathing mode of j-point
photons of A, symmetry in the aromatic carbon ring.*” It arises
due to sp*like structural defects and imperfections in the carbon
lattice of graphite. In contrast, the peak observed at 1578 cm ™" is
associated with the G-band, which indicates the presence of the
graphitic phase. This peak originates from the in-plane stretching
vibrations of C-C bonds within graphite layers and includes sp>
bonded carbon atoms found in both aromatic rings and linear
chains.®® Additionally, a noticeable secondary D peak appeared as
a broad and upward-shifted 2D band (G’ band) at 1753 cm ™. The
G’ band is connected with a second-order two-phonon process
involving in-plane vibrational modes of carbon atoms within the
graphene sheet.’"

The intensity of the G-band peak serves as an indicator of
the carbon atom arrangement within the material. By examin-
ing the correlation between the D-to-G band intensity ratio
(In/lIg), it is possible to identify key structural characteristics in
the materials studied.”” A lower intensity ratio suggests a
higher degree of carbon graphitization, while higher values
indicate a more disordered phase. The I,/I; ratios of GO-24 and
GO-48 were found to be 0.982 and 1.017, respectively (Table 3).
After the reduction process, the Ip/Ig values for rGO samples
increased, reflecting both the restoration of sp> carbon and a

D-band G-band

2D-band

Ip/lg=1.049 I,0/1=0.087]

lo/16=0.101

I/1=0.998

Intensity [-]

Ip/l6=1.017 lpo/1=0.104

I5/15=0.982

o/15=0.096

T T T T T T T
500 1000 1500 2000 2500 3000 3500

Raman shift [cm™]

Fig. 8 Raman spectra of synthesized rCB-based GO and rGO materials,
stirred for 24 and 48 hours.
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Table 3 The Ip/lg and I>p/lg band intensity ratios of GO and rGO samples
Sample Ip/lg Lpllg
GO-24 0.982 0.096
GO-48 1.017 0.104
rGO-24 0.998 0.101
rGO-48 1.049 0.087

reduction in the average sizes of sp> domains, reaching 0.998
and 1.049. Furthermore, the I,1/I; ratio, which varied between
0.087 and 0.96, provided insights into the number of graphene
layers and confirmed the presence of multilayer graphene.

3.4. X-ray diffraction (XRD) analysis

The XRD patterns of rCB, GO, and rGO with varying synthesis
times are shown in Fig. 9. In the XRD pattern of recovered
carbon black, the peak at 26 = 24.83° is typically linked to the
(002) plane of graphite, indicating the stacking of graphene
layers. The peak near 20 = 43.92° generally aligns with the (101)
plane, reflecting in-plane crystalline order, while a peak around
26 = 80.08° is often associated with the (110) plane, suggesting a
higher degree of graphitization or structural ordering.

In the XRD spectra of the synthesized samples, peaks at 20
angles of 11.16° and 23.95° can be linked to GO and rGO,
respectively, corresponding to the interlayer distances between
the graphitic sheets.®® The peak observed in the XRD pattern of
GO is attributed to the (001) plane of GO. These results indicate
that during oxidation, there is an increase in the interlayer
spacing due to the introduction of oxygen-containing func-
tional groups (C=O, -OH, COOH) in both the basal plane
and the sheet edges.®**® For rGO samples, the diffraction peak
at 23.95° is attributed to the (002) plane of rGO, and the
variation in peak intensity may arise during the oxidation
process or a substantial proportion of carbon in amorphous
form. Upon reduction of GO to rGO, the interlayer distance
decreases as oxygen-containing functional groups are removed,
leading to the restacking of rGO sheets. The removal of these

24.83° (002 P
5 (002) rCB
30
43.92° (101)
15 80.08° (110)
0
— | 11167001 —GO-24
> ——GO-48
‘@
c
[}
k=
026 —rGO-24
0.13 rGO-48
23.95° (002)
0.00
0.13 A

10 20 30 40 70 80 90
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26
Fig. 9 XRD analysis of rCB, GO, and rGO prepared with different stirring
process durations.
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Fig. 10 (a) XRD patterns of GO-24 and GO-48 prior to the purification

treatment. (b) XRD patterns of rGO-24 and rGO-48 prior to the purification
treatment.

groups reduces the d-spacing and reestablishes the sp> network
during the reduction process.>*®°

Furthermore, based on the XRD peaks observed in the
synthesized samples of rCB-based GO/rGO prior to washing, a
hypothesis regarding a mechanism that includes side reactions
can be proposed. As shown in Fig. 10(a), the formation of
MnPO,-H,0, MnPO,-1.5H,0, Mn, and MnO during the oxida-
tion process is identified. In the presence of phosphoric acid,
KMnO, can lead to the production of manganese(i1) phosphate
monohydrate (MnPO,-H,0) and sesquihydrate (MnPO,-
1.5H,0) as by-products or intermediate compounds. These
compounds may form through reactions between manganese
ions (from KMnO,) and phosphate ions (from H;PO,) in an
aqueous environment, as presented in eqn (2) and (3),
respectively.

Mn** + HPO,*>~ + H,0 — MnPO,-H,0O (2)
Mn*" + HPO,>~ + 1.5H,0 — MnPO,1.5H,0  (3)

On the other hand, when KMnO, is mixed with H,SO,, it is
reduced to MnO, rather than directly to MnO (eqn (4)).
To obtain MnO, hydrogen peroxide may act as a reducing agent
(eqn (5)). Additionally, the reduction of KMnO, in an acidic

This journal is © The Royal Society of Chemistry 2025
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environment involves a series of redox reactions that can lead
to the formation of elemental manganese (Mn). In this process,
the oxidation state of manganese in KMnO, decreases from +7
to +2, forming Mn** ions (as shown in eqn (6)) before further
reduction to Mn.

4KMnO, + 2H,S0, — 2K,SO, + 4MnO, + 2H,0 + 30, (4)
MnO, + H,0, — MnO + O, + H,0 (5)

MnO, + H,0, + 2H" — Mn”" + 0, + 2H,0 (6)

In the case of unwashed rGO, XRD analysis revealed the
presence of several phases (Fig. 10(b)). To provide a compre-
hensive understanding of all potential chemical reactions in
rGO production as one step process, the unwashed GO samples
were used, retaining Mn and phosphate impurities. The iden-
tified phases and interactions include:

e Mn3(PO,),2H,0: likely formed due to interactions
between manganese and phosphate ions under the reducing
conditions introduced by hydrazine.

e K3H;3(PO,),: suggests interactions between potassium and
phosphate ions during the reduction process.

e K,HPO,: a potassium phosphate compound, distinct from
K3H;(PO,), in stoichiometry, implying diverse chemical inter-
actions during the reduction due to factors such as ionic
strength, acid-base characteristics, redox behavior, complexa-
tion, or crystal structure.

e Mn,0;: formed from the partial reduction of manganese
compounds (e.g., MnO,, KMnO,) by hydrazine, indicating redox
reactions during the reduction step.

Overall, a peak typical of GO was observed at approximately
11°, while a peak characteristic of rGO appeared at 44°, indicat-
ing complete oxidation and reduction. For example, Anuar
et al.>® and Sujiono et al.’® attempted to synthesize GO using
carbonaceous waste and observed two distinct peaks at 23.97-
25.39° and 23.97-43.04°, respectively. They attributed these
peaks to incomplete oxidation or variations in the degree of
oxidation. Furthermore, these differences may also stem from
the type of precursors used and their inherent properties.
In this work, manganese and phosphate impurities were effec-
tively removed from the material structure through washing
combined with ultrasonication or additional thermal treatment.
Potentially, any residual trace amounts of these contaminants are
unlikely to significantly influence or alter the structural integrity
of the samples. Minor amounts of manganese and phosphates,
which may still appear in the XRD patterns, could intercalate
between the GO and rGO layers or adsorb onto the surface of the
carbon planes. However, these small quantities are generally
insufficient to cause notable changes in interlayer spacing or
crystallographic order, and thus do not substantially affect the
structural properties of GO and rGO. The distinct phases identi-
fied at each step of the synthesis process reflect the complex
reaction pathways involved in producing rCB/rGO, underscoring
the need for careful control and a thorough understanding of
each stage in the preparation procedure to achieve the desired
material properties.
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3.5. Scanning electron microscopy (SEM) analysis

Fig. 11 presents SEM micrographs of GO-48 and rGO-48 sam-
ples. Generally, the primary structure of pristine rCB consists of
agglomerated spherical-shaped particles, as previously reported
by Dziejarski et al.®” Following the formation of the primary
structure, the rCB aggregates continue to merge, resulting in
secondary structures with distinct shapes (expanding chain and
prolate spheroid shape). The micrographs in Fig. 11(a and b)
show GO-48 with a rough particle surface containing defects of
varied sizes and a combined wrinkled layer structure. This
material typically presents a thin, flexible morphology with
folds, rolled-on, rippled, and/or crumpled structures, depend-
ing on the precursor and synthesis methodology.®® On the
other hand, the micrographs in Fig. 11(c and d) illustrate
rGO-48 with thinner structures composed of folded rGO sheets.
These folds result from the reduction of oxygen functional
groups at the edges of the GO layers, leading to more pro-
nounced folding in this region.®® This localized reduction
weakens interlayer repulsion, encouraging structural changes
and causing the edges to fold or crumple more significantly
than other areas, contributing to rGO’s distinctive morphology.
The overall morphological transformations in rCB during its
conversion to rGO are illustrated in Fig. 12.

3.6. Thermogravimetric analysis (TGA)

Fig. 13 shows the TGA curves of GO and rGO. In the GO
samples, an initial weight loss (~1.5 wt%) occurred below
110 °C, attributed to the removal of adsorbed water molecules
from the graphene surface. As the temperature increased, a
rapid weight loss (~14 wt%) was observed between 110 and
450 °C, resulting from carbon oxidation and the decomposition
of stable oxygen-containing functional groups, likely releasing
CO, CO,, and water vapor.”® The third temperature range, from
450 to 900 °C, was linked to the oxidative pyrolysis of the carbon
framework. This phase was due to the breakdown of graphitic
carbon and the presence of unstable carbon within the GO

Fig. 11 SEM micrographs of (a) and (b) GO-48 and (c) and (d) rGO-48
samples.
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subjected to a heating rate of 10 K min~* from 25 °C to 900 °C.

T T T
100 200 300 900

structure, which led to additional weight loss (~1.8 wt%).”"
The TGA curve for GO-24 shows an earlier onset of weight loss
compared to GO-48, indicating lower thermal stability. In contrast,
the TGA curve for GO-48 exhibits a more gradual weight loss,
suggesting enhanced thermal stability, potentially due to more
effective oxidation over the extended treatment time.

Compared to GO, rGO samples demonstrated improved
thermal stability, particularly within the temperature range of
200 to 450 °C (~10 wt%). Furthermore, at temperatures below
800 °C, the overall weight loss of material was 14.5%. This
indicates a substantial drop in the presence of labile oxygen-
containing functional groups and a profound reduction of
GO.” The TGA curve for rGO-24 displays a steeper weight loss
at lower temperatures, which could indicate incomplete
reduction. In contrast, the rGO-48 curve suggests enhanced
thermal stability, likely due to a more thorough reduction
process as a result of the longer synthesis duration.

a) C1s b) C1s
C-C/Cc=C C-C/C=C
= - > -
C-0
Cc=0 Cc=0
T T T T
284 288 292 284 288 292
Binding energy (EV) Binding energy (EV)

Fig. 14 XPS spectra of (a) GO-48 and (b) rGO-48 for C 1s spectra.
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3.7. X-ray photoelectron spectroscopy (XPS)

For the examination, GO-48 was chosen alongside rGO-48. The
selection was made strategically for several reasons such as
maintaining the uniformity of the GO material. Additionally, it
aimed to compare the maximum studied reduction time for
rGO, which represents the maximum removal of oxygen-
containing groups from the GO. As shown in Fig. 14, the C 1s
spectra partially validate the FT-IR findings, demonstrating the
successful synthesis of graphene oxide and its reduction to
reduced graphene oxide from rCB. Specifically, three distinct
peaks were revealed, as also observed in many different
works.”>””> These peaks may be assigned to the presence of
sp> hybridized C-C/C=C in aromatic rings (including C-H
bonding), sp® hybridized C-C in diamond-like structures or
alkanes, C-O (hydroxyl or epoxide groups), and C—O0 (carbonyl
groups) chemical bonds. Furthermore, it was noted that the
chemical reduction procedure resulted in a substantial
decrease in the intensities of oxygen-related peaks in the rGO-
48 sample as compared to those in GO-48. The notable decline
in the value suggests the reestablishment of the delocalized &
conjugation in the rGO sample.”®

4. Conclusions

The present work demonstrates a circular and cost-effective
pathway for producing rGO from rCB obtained through the
pyrolysis of end-of-life tires. Using a modified Hummers’
method, followed by chemical reduction of GO with hydrazine
under varying stirring times (as shown in Fig. 15), the synthe-
sized rCB-based GO and rGO materials were characterized.
Detailed analyses of structural, morphological, thermal, surface,
and chemical properties occurring during the synthesis were
performed using N, adsorption/desorption, SEM, FT-IR, Raman
spectroscopy, TGA, XRD, and XPS.
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The N, adsorption/desorption analysis showed an enhanced
BET surface area of 149 m® g~ ' and a pore volume of 0.350 cm® g™ *
for rGO compared to GO, indicating a significant increase in
accessible surface area and porosity. SEM analysis revealed
morphological changes, capturing the shift from carbon black
particles to layered, folded graphene-like sheets characteristic
of reduced GO, confirming the successful reduction of GO.
FT-IR spectra showed decreased intensity of O-H and C-O
vibration modes, indicating effective deoxygenation and struc-
tural reordering, further supported by XPS C 1s spectra. Raman
spectroscopy, with increased Ip/Ig ratios (0.982 to 1.017 for
rGO), demonstrated restored sp> carbon domains and reduced
domain size, suggesting a more graphitic structure. TGA results
showed the thermal stability of synthesized rGO. XRD analysis
revealed structural and phase changes during oxidation and
reduction, clarifying crystallinity, distribution, and reduction
mechanisms within the rGO matrix.

Overall, this sustainable approach from waste to advanced
materials not only contributes to the circular economy by
repurposing ELT wastes but also offers an environmentally
friendly route for the bulk production of rGO. The multi-
technique characterization employed in this study provides
an in-depth understanding of the material’s characteristics
and suitability for potential applications. Additionally, the
conclusion presents an outlook on examining the efficiency,
yield, cost, and environmental footprint of our rCB-based rGO
synthesis method compared to conventional approaches.
Further investigation could focus on optimizing key influen-
cing parameters beyond stirring duration, such as the rCB/
KMnO, ratio, blending time, amount of H,0,, GO/hydrazine
ratio, and the stirring temperature of the GO/hydrazine mix-
ture. Fine-tuning these factors may enhance the quality and
yield of the produced GO and rGO, providing a more compre-
hensive understanding of how these parameters interrelate and
affect the final material properties.

Chemical reduction
via hydrazine

Reduced graphene oxide (GO)

Fig. 15 Overview of rCB conversion via the Hummers' method and chemical reduction for rGO synthesis.
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