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Graphene oxide (GO) has been widely utilised in diverse applications due to its unique properties
and versatile functionalisation capabilities. Maintaining the optimal synthesis parameters is
crucial to producing high-quality GO with high oxidation. This study focuses on the effect of
different reaction times during the modified Hummers method synthesis on the structural and
morphological properties of GO derived from regenerated carbon black (CB) of waste tire. Using
reaction times of 60, 120, and 180 minutes, the resulting GO samples were systematically
examined through various characterisation techniques. FTIR spectroscopy confirmed the
increased intensity of O-H bond vibrations, correlating with longer reaction times. XRD analysis
revealed that increasing reaction times resulted in broader and more amorphous peaks, indicative
of greater intercalation of oxygen-containing groups. Notably, as the reaction time increases, the
oxygen content in the GO also increases, as evidenced by the intensified EDX peaks. Our
findings demonstrate that the reaction time significantly influences the degree of oxidation and
the distribution of functional groups in GO. This research provides valuable insights into the
synthesis of GO from sustainable sources, promoting cost-effective and environmentally friendly

approaches to advance material production.
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Graphene oxide (GO) is a highly versatile material
with unique properties that make it an essential
component in various applications, including electronics
[1], energy storage [2], water purification [3], and
biomedical fields [4]. Unlike pristine graphene,
GO contains oxygenated functional groups, such
as hydroxyl, epoxy, and carboxyl, which enhance its
solubility and facilitate further functionalization [5].
These properties make GO a promising candidate for
various advanced technologies. The synthesis of high-
quality GO with a high degree of oxidation is critical
to maximizing its functional properties. GO with high
oxygenated functional groups is favourable for use
in healthcare settings due to its enhanced reactivity
and potential for functionalization [6]. The modified
Hummers method is one of the most widely used
techniques for producing GO. Optimizing synthesis
parameters, such as reaction time, is crucial as it
significantly affects the structural and morphological
properties of the resulting GO [7]. Reaction time
influences the degree of oxidation and the distribution
of oxygen-containing functional groups, which are
pivotal for the material's performance in various
applications. Despite its importance, limited research
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exists on the effect of reaction time on the quality of
GO synthesized from carbon black (CB).

Apart from the synthesis process, the mass
production of GO faces significant challenges due to
the high cost of pure graphite, the primary raw
material used in the process, contributing to the overall
expense of manufacturing GO. Pure graphite obtained
from mining is significantly more expensive, by at
least one order of magnitude, than industrial graphite
[8]. The demand for natural graphite has surged
in recent years due to the expansion of end-user
electronics markets, exerting considerable pressure on
supply and value chains. Although global reserves
and ore quality of natural graphite are high, mining
operations need to be developed in many regions
with mineral deposits. Malaysia, for instance, lacks
natural graphite reserves, necessitating exports from
major graphite-exporting countries such as China,
Mozambique, and Madagascar [9]. This reliance on
exports has driven up the price of graphite significantly.

The modified Hummers' method is one of the
most widely used approaches to the synthesis of GO
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due to its simplicity and scalability. However, the
quality and functionality of the resulting GO are highly
dependent on the reaction parameters, including the
reaction time. Previous studies show that the reaction
time in the synthesis of GO in the modified Hummers'
method significantly influences the degree of oxidation,
exfoliation, and the distribution of oxygen functional
groups within the carbon lattice. Despite this, limited
studies have thoroughly examined the effect of
reaction time on GO synthesized from alternative
carbonaceous precursors. Previous researchers have
mainly focused on graphite-based GO [10,11]. Aixart
et al. (2021) examined how increased reaction time
in the Hummers' method enhances exfoliation and
reduces oxidation degree when using graphite as a
precursor [12]. Similarly, Dziejarski et al. (2025)
explored the chemical conversion and subsequent
reduction of rCB into reduced graphene oxide
(rGO) using long-duration oxidation and reductive
treatments [13]. However, these studies emphasize
either graphite-derived GO or the production of
rGO, with limited emphasis on the evaluation of
shorter reaction time effects on GO synthesis from
rCB. Thus, this gap underscores the need for further
studies into the oxidation behavior of GO from
recovered carbon black of waste tire precursor,
focusing on shorter reaction times.

Synthesized GO has diverse chemical
functionalization based on epoxides, hydroxyls,
carbonyls, and carboxyl groups. Severe pre-treatments
influence these functionalities and must be addressed
during the synthesis of GO. The presence of
oxygenated groups on the surface of GO can be
utilized to alter its characteristics and facilitate
functionalization [14]. Controlling specific parameters
during the synthesis process of GO allows for alteration
of its electrical, optical, and mechanical properties.
For example, highly oxygenated GO exhibits limited
electrical conductivity but possesses exceptional
antibacterial properties that are advantageous in
medical healthcare applications [15]. Various
modifications to the Hummers method have been
used to improve the quality of GO by adjusting the
oxidation degree of the samples through controlling
the pre-treatment process. However, the vast range
of possible changes has yet to be extensively
explored, leaving room for further investigation on
graphite oxidation and discrepancies between the
obtained GOs.

For this purpose, this study proposed a novel
study to utilize recovered carbon black (CB) from
waste tires as an alternative carbon source to
synthesize GO. The carbon black recovered from
pyrolyzed waste tires (rCB) offers a promising
feedstock for GO production. Despite its potential,
there is limited published work on GO synthesis from
rCB and a clear lack of understanding regarding the
influence of shorter reaction time on the structural and
chemical properties of such GO. Therefore, this study
focuses on evaluating the effect of shorter reaction
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times (60, 120, and 180 minutes) on the morphology,
oxidation level, and functional group content of GO
synthesized from rCB. By highlighting the feasibility
of synthesizing GO at shorter reaction times, this study
contributes to both cost reduction and environmental
sustainability in GO production.

EXPERIMENTAL
Materials

All chemicals used in this study were of analytical
grade and utilized without further purification.
Recovered carbon black (rCB) was obtained from
Eco Power Synergy Sdn. Bhd with the carbon content
ranging from 92-99 wt%. Concentrated sulphuric
acid (H2S04, 98%) and hydrogen peroxide (H20»,
30%) were purchased from Merck (Germany). Sodium
nitrate (NaNO3, >99%), potassium permanganate
(KMnO4, >99%), and hydrochloric acid (HCI, 37%)
were obtained from Sigma-Aldrich (USA).

Synthesis of GO from Waste Tire

Graphene oxide was synthesised using the modified
Hummers' method. The rCB was sieved to a particle
size of 200 pm before use. One wt% rCB was added
to a solution containing 23 mL of H,SO4, 1.0 g
NaNO:s, and 3 wt% of CB, and the mixture was stirred
in an ice bath for 2 hours. Subsequently, 3.0 g of
KMnOj4 was gradually added to the mixture over 10
minutes. Next, the mixtures were allowed to react in
varying reaction times (60, 120, and 180 minutes), and
the temperature was maintained below 20°C in an ice
bath. After removing the ice bath, the mixture was
heated to 35°C for an hour. Then, 46 mL of distilled
water was added, and stirring continued for 2 hours at
90°C. The reaction proceeded at room temperature
with the addition of 100 mL of distilled water. To
quench the oxidation reaction and remove excess
KMnOys, 10 mL of H,O, was added slowly, followed
by 1 hour of stirring. The mixture was washed with
hydrochloric acid (HCl) and distilled water in a 1:3
ratio. Each washing cycle involved centrifugation at
8000 rpm for 5 minutes to separate the precipitate
from the liquid, repeated until the solution reached a
neutral pH. Finally, the GO samples were dried in an
oven at 70°C for 24 hours.

Characterisation of GO

Raman spectroscopic measurements of the CB
and GO samples were performed using a Raman
microscope (Thermo Scientific model: DXR2xi).
The spectra were acquired with a laser excitation
wavelength of 532 nm and an integration time of
5.04 seconds. The XRD analysis is conducted using
PANalytical X'pert PRO XRD diffraction (series
number: DY2536), varying the 26 from 5° to 90° at
a scan speed of 2°/min. The FTIR analysis uses a
Thermo Nicolet 6700 FTIR with an absorbance
spectrum of 500-4000 cm™!. The CB and the prepared
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samples were coated with a thin layer of gold-
palladium (Au-Pd) to ensure the good electrical
conductivity of the sample, allowing for precise and
accurate imaging. Then, the surface morphology
and elemental composition of the CB waste tire
and GO samples were analyzed using field emission
scanning electron microscopy-energy dispersive X-
ray spectroscopy (FESEM-EDX). In this experiment,
the magnification of FESEM was used to observe
the surface of GO at 40,000x. The particle size
distribution of GO samples was determined using a
Zetasizer Nano ZS, following probe sonication and
filtration to ensure uniform dispersion. Measurements
were conducted at 25°C in triplicate using dynamic
light scattering under fixed optical parameters for
accuracy and reproducibility.

RESULTS AND DISCUSSION

The Raman spectra of carbon black (CB) and
graphene oxide (GO) samples are presented in Figure
1, with each spectrum representing the average of
three measurements taken from different regions of a
drop-cast sample. Raman spectroscopy is crucial for
assessing sample quality in graphitic materials
through three key bands: the D-band, G-band, and 2D-
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band [15]. The GO samples show a notable D-band
shift from 1305 cm™! (CB) to 1363 cm™ (GO) and G-
band shifts from 1546 ¢cm™! (CB) to 1585 cm™! (GO).
The D-band shift toward higher wavenumbers in GO
aligns with the finding of Kudin et al. (2008), who
reported that oxidation-induced structural strain
and the disruption of m-conjugation by oxygenated
functional groups caused increased vibration energy
of the sp? domains [16]. This shift reflects a reduction
in the average size of the aromatic domains and greater
lattice distortion due to chemical functionalization.
Similarly, the G-band upshift toward higher
wavenumbers corresponds to the conversion of sp’-
hybridised carbon to sp* hybridization due to oxidative
treatment from CB to GO. The Ip/lg ratio, which
reflects the degree of disorder in graphitic materials,
increases with reaction time, rising from 0.80 in
GO-60 to 0.84 in GO-120 and 0.87 in GO-180. This
increase suggests that longer reaction times result in
greater defect formation and more sp* domains due
to the introduction of oxygen-containing functional
groups. These findings are consistent with previous
work, which observed a similar trend using graphite
to synthesize graphene oxide, further confirming
that prolonged oxidation enhances disorder and
defect formation in graphitic structures [17].
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Figure 1. Raman spectra of the CB and GO prepared at different reaction times.
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Figure 2. FTIR spectroscopy of GOs with different reaction times.

FTIR analysis is a powerful tool for determining
the formation of oxygen-containing functional groups
and the type of groups covalently grafted to the surfaces
of GO samples as a result of oxidation [17]. Figure 2
shows that the FTIR spectra of GO treated with varying
reaction durations of 60, 120, and 180 minutes are
similar, with only minor changes in peak intensity. The
peaks at 1720 cm™ (C=O stretching) and within the
range 1050-1250 cm™! (C-O) stretching correspond
to the formation of carbonyl and epoxy groups,
respectively [18]. GO shows prominent peaks at 3400,
3500, and 3705 cm™! for GO-60, GO-120, and GO-180,

respectively. Interestingly, when the reaction period
grows from 60 to 180 minutes, the stretching vibrations
of O-H bonds increase significantly. This increase in
peak intensity reflects a higher concentration of
hydroxyl groups formed due to prolonged oxidation.
The longer reaction time allows deeper penetration of
oxidizing agents, facilitating greater functionalization
of the graphene sheets with oxygen-based groups.
The increasing intensity of these peaks is due to the
enhanced oxidation, corroborating the hypothesis
that extended reaction durations introduce more
oxygen-containing groups.
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Figure 3. XRD spectra for CB, GO-60, GO-120 and GO-180 at different stages of reaction time.
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Element | Weight | Atomic
(%) (%)
Carbon | 87.56 91.30
Oxygen | 9.80 7.67
Sulphur | 2.64 1.03

|
Element | Weight | Atomic
(%) (%)
Carbon | 79.71 84.86
Oxygen | 17.60 14.07
Sulphur | 2.68 1.07
4 6 keVB 10 12 14
|
Element | Weight | Atomic
(%) (%)
Carbon | 79.27 84.28
Oxygen | 18.66 14.89
Sulphur | 2.07 0.82
|
Element | Weight | Atomic
(%) (%)
Carbon | 79.52 84.27
Oxygen | 19.07 15.17
Sulphur | 140 0.56

Figure 4. GO sample EDX spectra showing the elements that were identified on (a) CB, (b) GO-60, (c) GO-120,
and (d) GO-180.

Complementing the FTIR results, the XRD
patterns in Figure 3 illustrate the structural evolution
of GO. All GO samples exhibit a distinct peak at
20=26° in their XRD pattern, attributed to the (002)

plane of carbon atoms, underscoring the presence of
non-oxidized forms of CB [19]. However, with
increased reaction time, another significant peak
appears at a lower diffraction angle, confirming the
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successful oxidation of carbon to GO. The X-ray
diffraction (XRD) analysis of samples GO-60, GO-
120, and GO-180 at various reaction times revealed
the presence of GO peaks at 20 values of 11.24°,
11.12°, and 10.24°, respectively. The interlayer
spacing of these samples was measured to be
approximately 0.79, 0.82, and 0.87 nm, respectively.
As the reaction time increased, the XRD pattern of the
synthesized samples exhibited noticeable alterations
in the phase of GO. Specifically, the intensity and
broadness of the peak increased with reaction time.
This broadening is due to the intercalation of
oxygen-containing groups on the surface and basal
planes of the GO during oxidation, causing the
GO to appear in an amorphous phase rather than
crystalline [20]. Notably, the peak for GO-180 is
the most intense, indicating the highest degree
of intercalation of oxygen-containing groups.
The persistent peak at 20 = 26° for all three GO
samples suggests the presence of some residual
non-oxidized carbon, which indicates incomplete
oxidation of the carbon black [21,22]. The FTIR and
XRD peak changes further confirmed that prolonged
reaction time leads to increased oxidation with
enhanced incorporation of oxygen functionalities onto
the layers of carbon.

Figure 4 displays the EDX spectra for
CB and GO samples. The EDX mapping revealed
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that the GO samples mainly comprised carbon
and oxygen. The spectrum displays a prominent
peak for carbon, signifying its prevalence in
the sample with 87.56 wt.% and 91.30 at.%.
The oxygen content is 9.80 wt.% and 7.67 at.
%, whereas sulphur has the lowest concentration
at 2.64 wt.% and 1.03 at.%. Spectrum b) has a
prominent peak for carbon, with a measurement of
79.71 wt.% and 84.86 at. %, respectively. The
concentration of oxygen has risen to 17.60 wt.%
and 14.07 at. %, while sulphur is at 2.68 wt.%
and 1.07 at.%. Spectrum c) demonstrates the
pattern by exhibiting carbon at 79.27 wt.% and 84.28
at. %, while oxygen is slightly higher than spectrum
b) at 18.66 wt.% and 14.89 at.%. The sulphur
content is 2.07 wt.% and 0.82 at.%. Spectrum d)
displays carbon with 79.52 wt.% and 84.27 at. %,
oxygen has climbed to 19.07 wt.% and 15.17 at.
%, and sulphur is at its lowest point in the series
with a weight percentage of 1.40 wt.% and an
atomic percentage of 0.56 at.%. The variation
of the oxygen content for all three samples
demonstrated that the increased reaction time
increases oxygen content in GO samples [19]. This
phenomenon was correlated with the increment of
oxygen contents to show that the formation of GO
is successful due to the introduction of oxygen
towards carbon-based material, which aligns with
the FTIR results.
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Figure 5.(a) FESEM images with magnification of 40000X and (b) Intensity-based particle size distribution of
graphene oxide at different reaction times.
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Figure 5 presents the FESEM images of GO
samples at varying reaction times. The FESEM
images (Figure 5a) shows that GO-60 exhibits well-
dispersed and less agglomerated particles, suggesting
that a shorter oxidation time resulted in limited
disruption of graphitic layers. In contrast, GO-120
begins to show more agglomeration, while GO-180
displays larger and more compact clusters observed
at higher magnifications. This morphological trend
corresponds with the intensity-based particle size
distribution analysis (Figure 5b), which shows an
increased average particle size with longer reaction
times. The increase in particle size is due to the
excessive oxidation and structural damage that
may promote the re-stacking and agglomeration
of exfoliated particles. The increased oxidation
introduces more oxygen-containing functional
groups, leading to GO particle clustering [20].
Additionally, the unique composition of CB, derived
from waste tires, contributes to the GO samples'
diverse morphology and particle distribution, in
contrast to graphite-based GO [21].

CONCLUSION

The present study offers a novel perspective on the
scalable production methods for chemically modified
GO generated from rCB derived from waste tires using
a modified Hummers' method, with control durations
of 60-180 minutes. Structural and morphological
analyses confirmed that reaction time plays a critical
role in tuning the physicochemical properties of GO.
FTIR spectroscopy revealed increasing intensity of O-
H, C=0, and C-O functional group peaks with longer
reaction durations, indicating increased oxidation
and enhanced incorporation of oxygen-containing
groups. XRD analysis showed a shift in the (001)
peak from 11.24° (GO-60) to 10.24° (GO-180), with
corresponding increases in interlayer spacing from
0.79 nm to 0.87 nm, suggesting greater exfoliation
and functional group intercalation. Raman spectra
confirmed the oxidation of rCB to GO, with an
increasing Ip/Ig ratio (from 0.80 to 0.87), reflecting a
higher degree of structural disorder and defect density
in GO with extended oxidation. FESEM images
revealed more pronounced agglomeration and larger
particle sizes at higher reaction times, correlating
with intensity-based particle size distribution data.
Additionally, EDX analysis indicated an increasing
oxygen-to-carbon atomic ratio from GO-60 to GO-
180, confirming enhanced surface oxidation. These
combined physicochemical results confirm that
reaction time is critical in tailoring the oxidation
level, structural properties, and surface chemistry of
GO synthesized from waste-derived precursors. The
ability to modulate these characteristics provides a
pathway to optimizing GO for specific functional
applications in electronics, filtration, and antibacterial
textiles, making this approach promising for sustainable
and value-added reuse of waste tires.

Effect of Reaction Time on the Synthesis
of Graphene Oxide using Waste Tire

ACKNOWLEDGEMENTS

The authors sincerely thank the Ministry of Higher
Education Malaysia for financially supporting this
project through the Fundamental Research Grant
Scheme (FRGS) under grant code FRGS/1/2021/
STGO5/UITM/02/16. Appreciation is also given to the
Faculty of Applied Sciences, Universiti Teknologi
MARA (UiTM) Shah Alam, for providing access
to research equipment and facilities.

REFERENCES

1.  Wu,J., Lin, H., Moss, D. J., Loh, K. P. & Jia, B.
(2023) Graphene oxide for photonics, electronics
and Optoelectronics. Nature Reviews Chemistry,
7(3), 162-183.

2. Tian, Y., Yu, Z., Cao, L., Zhang, X. L., Sun, C.
& Wang, D. -W. (2021) Graphene oxide: An
emerging electromaterial for energy storage
and conversion. Journal of Energy Chemistry,
55, 323-344.

3. Anegbe, B., Ifijen, I. H., Maliki, M., Uwidia, I.
E. & Aigbodion, A. 1. (2024) Graphene oxide
synthesis and applications in emerging Contaminant
Removal: A comprehensive review. Environmental
Sciences Europe, 36(1).

4. Bellier, N., Baipaywad, P., Ryu, N., Lee, J. Y. &
Park, H. (2022) Recent biomedical advancements
in graphene oxide- and reduced graphene oxide-
based nanocomposite nanocarriers. Biomaterials
Research, 26(1).

5. Costa, M. C., Marangoni, V. S., Ng, P. R.,
Nguyen, H. T., Carvalho, A. & Castro Neto, A.
H. (2021) Accelerated synthesis of graphene
oxide from graphene. Nanomaterials, 11(2), 551.

6.  Petrucci, R., Chiarotto, 1., Mattiello, L., Passeri,
D., Rossi, M., Zollo, G. & Feroci, M. (2019)
Graphene oxide: A smart (starting) material for
natural methylxanthines adsorption and detection.
Molecules, 24(23), 4247.

7.  Emiru, T. F. & Ayele, D. W. (2017) Controlled
synthesis, characterisation and reduction of
graphene oxide: A convenient method for large
scale production. Egyptian Journal of Basic and
Applied Sciences, 4(1), 74-79.

8. Suhaimin, N. S., Hanifah, M. F., Jusin, J. Wani,
Jaafar, J., Aziz, M., Ismail, A. F., Othman, M. H.,
Abd Rahman, M., Aziz, F., Yusof, N. & Mohamud,
R. (2021) Tuning the oxygen functional groups
in graphene oxide nanosheets by optimising the
oxidation time. Physica E: Low-Dimensional
Systems and Nanostructures, 131, 114727.



181 Azra Umairah Anuar, Noor Najmi Bonnia,

10.

11.

12.

13.

14.

15.

Norashirene Mohamad Jamil, Nor Dalila Nor Affandi,
Noor Asnida Asli and Nor Suhaila Md Hanapi

Solangi, N. H., Karri, R. R., Mubarak, N. M. &
Mazari, S. A. (2023) Mechanism of polymer
composite-based nanomaterial for biomedical
applications. Advanced Industrial and Engineering
Polymer Research.

Jara, A. D., Betemariam, A., Woldetinsae, G. &
Kim, J. Y. (2019) Purification, application and
current market trend of natural graphite: A
Review. International Journal of Mining Science
and Technology, 29(5), 671-689.

Ramji, A., Shivani & Das, A. (2024) Releasing
the pressure: Cultivating graphite value chains in
an expanding market, April 9, 2024.

Anuar, A. U., Bonnia, N. N., Tarawneh, M.,
Affandi, N. D., Al Garalleh, H., Khouj, M.,
Fauzi, F. N. & Jamil, N. M. (2024) Graphene
oxide nanoparticles synthesised from waste
tires: A multi-faceted analysis of structure,
morphology and antibacterial behavior. Nano-
Structures & Nano-Objects, 38, 101176.

King, A. A., Davies, B. R., Noorbehesht, N.,
Newman, P., Church, T. L., Harris, A. T., Razal,
J.M. & Minett, A. 1. (2016) A new Raman metric
for the characterisation of graphene oxide and its
derivatives. Scientific Reports, 6(1).

Aixart, J., Diaz, F., Llorca, J. & Rosell-Llompart,
J. (2021) Increasing reaction time in Hummers'
method towards well exfoliated graphene oxide

of low oxidation degree. Ceramics International,
47(15), 22130-22137.

An, S., Zeng, Q., Li, W. & Fortner, J. (2021) A
graphene oxide cookbook: Exploring chemical

16.

17.

18.

19.

20.

21.

Effect of Reaction Time on the Synthesis
of Graphene Oxide using Waste Tire

and colloidal properties as a function of synthesis
parameters. Journal of Colloid and Interface
Science, 588, 725-736.

Baudot, C., Tan, C. M. & Kong, J. C. (2010)
FTIR spectroscopy as a tool for nano-material
characterisation. Infrared Physics & Technology,
53(6), 434-438.

Emiru, T. F. & Ayele, D. W. (2017) Controlled
synthesis, characterisation and reduction of
graphene oxide: A convenient method for large

scale production. Egyptian Journal of Basic and
Applied Sciences, 4(1), 74-79.

Suhaimin, N. S., Hanifah, M. F., Jusin, J. Wani,
Jaafar, J., Aziz, M., Ismail, A. F., Othman, M. H.,
Abd Rahman, M., Aziz, F., Yusof, N. & Mohamud,
R. (2021) Tuning the oxygen functional groups
in graphene oxide nanosheets by optimising
the oxidation time. Physica E: Low-Dimensional
Systems and Nanostructures, 131, 114727.

Blanton, T. N. & Majumdar, D. (2012) X-ray
diffraction characterisation of polymer
intercalated graphite oxide. Powder Diffraction,
27(2), 104-107.

Moosa, A. A. & Abed, M. S. (2021) Graphene
preparation and graphite exfoliation. Turkish
Journal of Chemistry, 45(3), 493-519.

Anuar, A. U., Bonnia, N. N,, Jamil, N. M. &
Affandi, N. D. N. (2023) Graphene oxide
based regenerated Carbon Waste Tyre (RCB):
Synthesis by modified Hummers Method and
characterization. Materials Today: Proceedings.



