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ABSTRACT: Graphene oxide (GO) has gained significant attention for its unique physical and
chemical properties. GO finds application in a wide range of fields, including biomedicine,
electronics, energy, and the environment. It also plays a significant role in the modification of
infrastructure materials, such as asphalt and cement, in civil engineering. In this study, we report
on the synthesis of GOs from graphite (Gr) powder and graphene nanoplatelets (GNPs) using an
improved Hummers’ method. We extensively investigated the effects of particle size and specific
surface area of the Gr and GNP precursors on their oxidation, which have not been addressed in
literature. The results from Fourier-transform infrared (FTIR) and X-ray photoelectron
spectroscopy (XPS) analyses show that the GO made from Gr powder with a large surface area
and small size has a higher degree of oxidation with about 9.8% carboxyl functional groups. This
provides more opportunities for interactions with different molecules, including asphalt
components. In this regard, we investigated the impact of carboxyl-rich GO (higher oxidation
percentage) on the high-temperature performance of asphalt binder through rotational viscosity,
rheology, multiple stress creep and recovery (MSCR), and anti-aging property measurements. Our
experimental results indicate that GO obtained from the Gr powder precursor (designated ox-Gr)
can significantly improve the high-temperature performance of asphalt binder. For example, the
introduction of only 2 wt.% GO to a performance grade asphalt binder (PG 67-22) can dramatically
increase its complex shear modulus (G*), as well as decrease the phase angle (), at high
temperatures. The MSCR tests showed that the addition of GO to asphalt binder effectively
mitigates its permanent deformation and improves its elastic response, as demonstrated by about
39% reduction in the creep compliance (J,,;-) and an impressive 297% increase in the percent
recovery (€R) of the GO-modified binder. Furthermore, the measured viscosity aging index and
G* ratio of the GO-modified asphalt binder confirm the significant effect of GO on the
improvement of the anti-aging properties of the binder.
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1. INTRODUCTION

Graphene and its derivative graphene oxide (GO) offer many potential applications, ranging from
catalysis and drug delivery to sensors and energy storage devices.!™ Moreover, GO is increasingly
being used as a property modifier for many conventional infrastructure materials, such as cement
and asphalt.>® The most promising method for the large-scale production of graphene involves
converting multi-layered graphite (Gr) into GO and reducing it to a nearly single or few-layer
substance. GO is a substance composed of ultra-thin graphitic sheets formed through the oxidation
of Gr, a cost-effective and easily processable precursor. It can further be chemically or thermally
reduced to yield reduced graphene oxide (rGO). The chemical oxidation route for the GO synthesis
enables further modification of the physicochemical and mechanical properties of graphene. Gr
oxidation is commonly done using Hummers’ method,” which introduces functionalities, such as
hydroxyl, epoxide, ketone, and carbonyl, to graphene. This is achieved by controlling the quantity
and nature of reagents or the physical parameters such as temperature and reaction time.*'° For
example, Hummers oxidized flaky Gr powders for half an hour,’ while Park et al.'! performed the
oxidation in two hours, However, they did not provide any information on the shape, size, and
surface area of the Gr flakes used. Wilson et al.'? oxidized Gr powder for five days. This
discrepancy in the reaction conditions coupled with the lack of information on the shape, size, and
surface area of the Gr precursors have left an open question of what factors might influence the
chemistry of the GO product. To the best of our knowledge, the effects of precursor morphology,
particle size, and surface area on graphene oxidation have not been thoroughly investigated in
literature.

GO is widely used in many industries, such as carbon-based electronics, gas sensors, polymeric
composite materials, and impermeable membranes, thanks to its exceptional structural and
functional properties. For example, Yoo et al.!* have shown that the layered structure of GO can
increase the gas diffusion path length in composite films, resulting in reduced gas flux. GO has
also been found to improve the modulus and tensile strength of butadiene-styrene-vinyl pyridine
rubber.'* Paci et al.'> and Bai et al.!® have demonstrated that the high modulus, rich surface
chemistry, and water solubility of GO makes it suitable for use as reinforcement in various
polymers. GO has an extremely large specific surface area. Jin et al.!” have demonstrated that GO
has the potential to enhance the thermal, mechanical, conductive, and rheological properties of
poly(methyl methacrylate). GO is also anticipated to yield significant improvements in asphalt
binders, enhancing their performance and addressing issues such as rutting,'®!” fatigue,?>?! and
thermal cracking.?>?* Additionally, some researchers have proposed that GO could serve as an
anti-aging material. For example, Adnan et al.'® conducted an analysis of the influence of GO on
the properties of asphalt binder. They concluded that GO has the potential to enhance the high-
temperature properties of the binder and reduce its susceptibility to permanent deformation. In
another study, An et al.?® explored the capability of GO in improving the fatigue life of asphalt
binders. They found that the inclusion of GO in an asphalt binder effectively extends its fatigue
life. Zeng et al.>* and Wu et al.”® utilized GO as an anti-aging modifier in an asphalt binder. Their
studies showed that GO enhances the anti-thermo-oxidative aging performance, as well as anti-
UV aging performance, of the asphalt binder. Other studies, including those of Pang et al.?¢ and
Apeagyei’’, have suggested that the aging of asphalt binder may negatively affect the performance
of flexible pavement. In general, GO can enhance the anti-aging performance of the asphalt binder
in several ways thanks to its unique molecular structure. One way is by inhibiting the oxygen
contact with asphalt, which lowers the reactant concentration during oxidation as part of the aging
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process. Second, GO can delay the volatilization of lighter components in asphalt because of its
superior barrier property.

Herein, we present a detailed account of the synthesis of GO from two different precursors, i.e.,
Gr and graphene nanoplatelets (GNPs), with differing particle sizes and surface areas using an
improved Hummers’ method. Our study aims to explore the impact of Gr and GNP sizes and
surface areas on their oxidation to achieve target surface and edge functionalities in the resulting
GO product. The physicochemical properties and surface chemistries of the synthesized GOs were
extensively analyzed and compared using various spectroscopic techniques. Additionally, we
selected an optimal GO with a higher percentage of carboxyl groups, namely ox-Gr based on the
product of the oxidation of the Gr powder precursor and added it as a modifier to a performance
grade asphalt binder, i.e., PG 67-22, in different weight percentages. We further analyzed the
influence of the GO modifier on the high-temperature performance and anti-aging properties of
the said asphalt binder. The findings of this work provide insights into the GO synthesis with target
functionalities towards applications in infrastructure materials, specifically formulation of asphalt
binders with improved high-temperature performance and anti-aging properties.

2. EXPERIMENTAL

2.1. Materials. We used three different GNP grades, i.e., xGnP® M15, M25, and C300,
purchased from XG Sciences, Inc., United States, with the mean particle sizes (surface areas) of
14.36 pm (128.3 m%/g), 24.2 um (132.8 m?/g), and 2.63 um (295.5 m%/g), respectively. GS-TC-
307 nano-graphite powder was purchased from Graphitestore®, United States, with the particle
size distribution (surface area) of 0.20-20 um (350 m%/g). All other chemicals, i.e., sulfuric acid
(H2S04), phosphoric acid (H3POs4), potassium permanganate (KMnQ4), hydrogen peroxide (H20»,
30% aqueous solution), and hydrochloric acid (HCl), were procured from Sigma-Aldrich, Inc.,
United States. The asphalt binder samples were prepared using a performance grade asphalt binder
(PG 67-22) procured from Ergon, Inc., United States.

2.2. Synthesis and Purification of GO. The Gr powder and GNP precursors were oxidized
using an improved Hummers’ method, as described in literature® with slight modifications in this
work (Figure 1). In brief, a 9:1 mixture of concentrated H>SO4/H3PO4 (360 ml/45 ml) was added
to the Gr powder (3g) or GNPs (3g) in a 500 ml round-bottom flask and stirred for 10 min. A six-
weight equivalent of KMnOys (18g) was slowly added to the reaction mixture in ice-cold conditions
to prevent the exotherm. Then, the temperature was raised to 60 °C and the reaction mixture was
continuously stirred for 12 h in the case of the Gr powder and 3 h in the case of GNPs until the
color of the reaction mixture changed from green to brown. The resulting suspension was allowed
to cool to room temperature, where after iced HoO/H>0> (750 ml/9 ml) was added to it while
stirring with a glass rod. Once the solution color turned golden yellow, the conclusion of the
oxidation reaction was confirmed. The suspension was then washed with 10% HCI, deionized
water, and ethanol multiple times by centrifugation at 10,000 rpm until the pH of the supernatant
reached neutral. The obtained residue was dried in a vacuum oven at 65 °C for 24 h to yield solid
GO. The GOs synthesized from the Gr powder and GNPs are abbreviated as ox-Gr, ox-M15, ox-
M25, and 0x-C300, respectively.
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Figure 1. Schematic illustration of the graphene oxide synthesis using the improved Hummers’
method.

2.3. Asphalt Sample Preparation. The asphalt binder was placed in an oven and heated at
160 °C for approximately 2 h. Next, ox-Gr, which was found in this work to have a higher
percentage of carboxyl groups, was added to the binder in the amounts of 0.05, 0.1, 0.5, 1, and
2 wt.% and thoroughly mixed in a high-shear mixer at 8000 rpm for 45 min. Subsequently, the
mixture was allowed to cool to room temperature. The different asphalt binder formulations are
designated PG 67-22 (neat binder), 0.05 wt.% GO (PG 67-22 plus 0.05 wt.% ox-Gr), etc.

2.4. Characterizations. The GO products were first dried in a vacuum oven at 60 °C for 10 h
prior to analysis. The Fourier-transform infrared (FTIR) spectra were obtained using a Thermo
Fisher Scientific Nicolet iS5 spectrometer with an iD5-ATR (diamond) accessory. The Raman
spectra were obtained using a Jobin Yvon HR800 Raman Microscope at 514 nm. The intensity
ratio of (ID/IG) was used to characterize the samples. The X-ray diffraction (XRD) patterns were
obtained using a Rigaku Smart Lab X-ray Diffractometer, and thermal behavior was studied using
a Perkin Elmer Diamond STG-DTA. X-ray photoelectron spectroscopy (XPS) measurements were
used to investigate the surface chemistry of the synthesized GOs. The surface morphologies of the
samples were analyzed using a JEOL JSM-7200FLYV field-emission scanning electron microscope
(FESEM), and the shapes and thicknesses of the GOs were determined using a PARK XE-007
atomic force microscope (AFM). Contact angle (CA) measurements were carried out to describe
the surface properties of the synthesized GOs. Centrifugation was carried out using an Eppendorf
5810R, and the Heidolph rotavac was used to remove the solvent from the GO suspensions. A
probe sonicator (QSonica Q700) was used to produce a pulse with a duration of 10 s, a power
output of 500 W, and a frequency of 20 kHz.

The asphalt binder samples were evaluated based on the unaged and short-term aged conditions.
The latter was achieved through the rolling thin film oven (RTFO) method, following the
AASHTO T-240 standard. An FGB EVO-Series rotational viscometer was used for the rotational
viscosity measurements to evaluate the workability of the modified asphalt binders in compliance
with the AASHTO T-316 standard. The rotational viscosity was measured at temperatures of 110,
135, 165, and 185 °C. Furthermore, the viscosity aging index (VAI) was employed as a key
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indicator to evaluate the influence of ox-Gr on the anti-aging properties of the binders. For the
assessment of the rheological properties, a dynamic shear rheometer (DSR) was used, and several
tests were performed using a DSR RN 4.3 instrument (Rheotest, Germany). Tests were conducted
to determine the complex shear moduli (G*) and phase angles (8) of both unaged and RTFO-aged
binders at temperatures of 64, 70, and 76 °C, following the AASHTO T-315 standard. Finally, the
resistance to rutting was evaluated through a series of multiple stress creep and recovery (MSCR)
tests, aimed at analyzing the creep and recovery characteristics of both unmodified and modified
asphalt binders. This testing protocol was executed on binders that had undergone the RTFO aging
process at 64 °C, following the AASHTO T-350 standard. Figure 2 outlines the characterization
scheme for the asphalt binder samples. Furthermore, FTIR spectra were used to identify any
potential chemical or physical interactions between GO and asphalt binder molecules to better
understand the mechanism by which GO improves asphalt binder properties.

Rotational
Viscosity (RV)
AASHTO T-316
Unaged-Binder
Rheological
Properties
AASHTO T-315

Rotational
Viscosity (RV)
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Short-Term Aged
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Figure 2. Characterization scheme for the asphalt binder samples.

3. RESULTS AND DISCUSSION

3.1. Oxidation of Gr and GNPs. Traditionally, a combination of HoSO4 and sodium nitrate
(NaNQO3) is used as intercalants in Hummers’ method. However, in the improved Hummers’
method used in this study, a mixture of H>SO4 and H3PO4 was employed to investigate the
effectiveness of H3PO4 in simplifying the purification process and enhancing the properties of the
synthesized GOs. Figure S1 in the Supplementary Information section displays various stages of
the oxidation of the precursors. The oxidation reaction consisted of three key stages: In Stage 1,
Gr salt was formed by adding KMnO4 and intercalants, leading to a shift in the oxidation state of
manganese and a color change from black to green.!® During Stage 2, the reaction mixture
underwent a significant color change, going from light to dark brown, indicating the presence of
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the Gr intercalant compounds. In Stage 3 (Figure S1), the reaction was stopped by adding a large
volume of water and H20: to dissolve the manganese salts. The reaction mixture was then allowed
to settle through gravity and subsequently separated by centrifugation at 10,000 rpm for 15-30 min
at 5 °C. The separated residues were then washed with deionized water, ethanol, and 10% HCIL.
The resulting oxidized Gr product (ox-Gr) exhibited a wet, thick appearance with a brown color,
while 0x-M15, ox-M25, and 0x-C300 showed a black, gluey appearance. Ox-Gr transformed into
a blackish-brown powder upon drying, whereas ox-M 15, ox-M25, and ox-C300 formed less dense,
black-colored, paper-like sheets. The yield of the hydrophilic oxidized GO was higher for the Gr-
based than the GNP-based precursor. It is noteworthy to mention that the oxidation process
involving lower temperatures and longer reaction times in the absence of NaNOj3 is considered a
sustainable strategy for producing highly oxidized GOs on a large scale with numerous hydrophilic
functional groups, especially —COOH. These functional groups are essential for many
applications since they provide sites for favorable intermolecular interactions or further
functionalization with other small molecules. The structure of the synthesized GOs comprises
numerous hydrophilic functional groups, particularly fused aromatic rings with sp? and sp® carbon
domains (defects due to oxidation), as well as oxygenated species such as —C—O, C=0,
—COOH, and —OH on the surface and edges of the graphene sheets.?®3° The obtained GOs
readily disperse in aqueous due to the presence of the aforementioned hydrophilic functional
groups.

As mentioned before, FTIR and XPS were employed to confirm the presence of the functional
groups in the synthesized GOs. The FTIR spectra of the GOs are shown in Figure 3a. The
successful conversion of Gr and GNPs to GO was confirmed by identifying specific absorption
bands associated with various oxygenated functionalities. The vibration modes present in the GOs
obtained from both Gr and GNPs were characterized by broad signals centered at 3200 cm!
(O—H of the phenol, diol, and carboxylic groups), 1730 cm™! (C—O of the carbonyl and
carboxylic groups), 1620 cm ™! (sp*-hybridized C—C, adsorbed water), 1395 cm™! (C—OH), and
1043 cm™! (epoxide C—O—C), respectively.®! Figure 3a shows the peak intensities of the GOs
being significantly different in different regions of 1800—-1500 cm ™!, 1500-1180 cm ™, and 1180~
870 cm™!. These changes observed in the peak intensities indicate that the use of various particle
sizes and surface areas of the precursors, as well as reaction times, resulted in different percentages
of the oxygenated functionalities. The bending vibrations of O—H due to water molecules were
also observed in the range of 1600-1700 cm™'. To analyze the changes in the peak intensities of
the GOs in more detail, we performed a Gaussian fitting to deconvolute the peaks in the 1500-
1800 cm! range of the FTIR absorption spectra. The results of this analysis are presented in Figure
3b-e. The deconvoluted FTIR absorption spectra revealed the presence of various types of
functional groups, including sp*-hybridized —C—C—, —C=0 (ketonic), and —C=O0 (carboxyl).
In Figure 3b-e, the ox-M25 sample is observed to exhibit a higher percentage of sp*-hybridized
—C=C, with a value of 57%. On the other hand, the ox-Gr sample shows a lower value of 21.4%
for the sp?>-hybridized —C=C. This information provides insights into the degree of structural
disorder and level of oxidation that are present in the synthesized GOs. Compared to the other GOs
obtained from the GNP precursors (Figure 3b-d), ox-Gr synthesized from the Gr precursor with a
large particle size and surface area with more reaction time (12 h) exhibited a less composition of
21.4% sp*-hybridized —C=C— with 78.5% ketonic and carboxyl groups (Figure 3e). This
composition provides evidence of high oxidation levels observed in the ox-Gr sample, which are
beneficial for further functionalization with small molecules for desired applications.
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The UV-visible spectra of GOs were recorded in aqueous solutions and are shown in Figure 3f.
The synthesized GOs exhibited absorption bands at 230, 239, 263, and 264 nm for ox-Gr, ox-M15,
0x-M25, and 0x-C300, respectively, which are attributed to the m—m* transition of the sp*-
hybridized —C=C—. The non-bonding orbitals (n—n* transition of carbonyl groups), which
resulted from the oxidation, are observed in the range of 270 to 300 nm (shoulder).*? Figure 3f
indicates a red shift in the absorption maxima of the m—n* transition from 230 to 264 nm in the
GOs, suggesting a more ordered structure in ox-M15, ox-M25, and ox-C300 with a higher
retention of the aromatic rings on the basal planes, compared to the highly oxidized ox-Gr. This
result shows that ox-Gr has a highly disordered structure on the basal plan than the other GOs due
to the higher level of oxidation, which is consistent with the FTIR results discussed previously.
Figure 3g shows that the aqueous dispersions of GOs at the same concentration have different
colors, indicating the presence of various nanostructures in the GO samples. Ox-Gr appears brown,
while ox-M15, ox-M25, and 0x-C300 are darker, suggesting an increase in the light absorption.
This difference in color could be due to differences in the n-conjugated network extension, flake
size, and stacking. The lighter shade shows less conjugation, smaller flake size, and less stacking.
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Figure 3. (a) FTIR transmittance spectra and deconvoluted FTIR absorption spectra by a Gaussian fitting
of (b) ox-M15, (c) 0x-M25, (d) 0x-C300 and (e) ox-Gr, showing multiple peaks in the range of 1500-
1800 cm. (f) UV-Visible spectra of the GOs dispersed in aqueous media. (g) The photographs demonstrate
the GO dispersions in the aqueous media (0.1 mg/mL) and the resulting color shifts.

Figure 4a shows the XRD patterns of the synthesized GOs from the Gr and GNP precursors.
The (0 0 2) planes at 20 = 26.2° in the XRD pattern of the Gr and GNPs indicate a well-ordered
graphene structure. However, the non-appearance of the (0 0 2) plane in 0ox-Gr confirms the
absence of the Gr impurities. The development of (0 0 1) planes at 20 = 9.85° indicates oxidation,
which is evidenced by shifts from 20 = 26.2° to 9.85°. The GOs obtained from the GNP precursors
show the appearance of a new peak at 20 = 11.2°, 11.8° and 9.69° for ox-M15, 0x-M25, and ox-
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C300, respectively, due to the (0 0 1) planes. The appearance of (0 0 2) planes with slight blue
shifts indicates the presence of left-over Gr impurities in the oxidized GNPs. The interlayer spacing
of the GOs i1s directly correlated to the degree of oxidation. According to Bragg's equation, the
interlayer distance was calculated to be 0.89 nm for ox-Gr and 0.78, 0.74, and 0.91 nm for ox-
M15, ox-M25, and 0x-C300, respectively. This suggests that ox-Gr has the highest degree of
oxidation with non-existent (0 0 2) planes in the graphitic structure among the GOs. The increased
interlayer distance indicates the presence of more oxygenated structures between the graphitic
layers of 0x-Gr, highlighting the role of the reaction time in the oxidation process. The observed
interlayer distance of 0.89 nm for the average flake size of 0.20-20 um is significant because it
falls behind the previously reported maximum interlayer distance of 0.95 nm for a flake size of
150 pm.’ This suggests that crystallite size is an important parameter influencing intercalation.
XRD investigations indicate that the use of an H3;PO4/H2SO4 mixture coupled with a long reaction
time in the GO synthesis process may have facilitated contact and deeper penetration of the oxidant
into the Gr layers. This resulted in the highest intercalation and oxidation observed in ox-Gr,
followed by 0x-C300, 0x-M25, and 0x-M15. The findings from the FTIR and UV-vis analyses
support these observations and confirm a higher degree of oxidation on the basal planes of the ox-
Gr samples.

Figure 4b presents the results of Raman spectroscopy, which were used to confirm the density
of defects introduced in the GOs synthesized under different reaction conditions and with different
precursors. From literature, Gr has a strong G band at 1582 cm™!, corresponding to the first order
scattering of the Ezz phonon mode of the sp?-bonded carbon atoms and a weak D band at
1354 cm’!, originating from the breathing mode of the A, symmetry at the K-point.® Upon
transformation from Gr to GO (0x-Gr, 0x-M15, 0x-M25, and 0x-C300), both the D and G bands
broadened with the D band shifting to a lower wave number by more than 20 cm™. This shift
suggests a reduction in the size of the in-plane sp* domains due to oxidation. The ID/IG ratio
increased from Gr to GO, reaching its maximum in ox-Gr and 0x-C300. This indicates a greater
presence of structural defects in the carbon framework. Previous research has established that the
ID/IG ratio is a key indicator of structural defects in graphene-based nanomaterials.>>~
Comparing the synthesized GOs to Gr and GNPs, a significant difference in the ID/IG ratio was
observed, indicating a higher introduction of defects into the GO structures. The ID/IG ratio for
0x-C300 and ox-Gr was found to be 1.54 and 1.35, respectively, while 0x-M15 and 0x-M25 had
values of 1.21 and 1.19, respectively, indicating different degrees of oxidation defects resulting
from distinct synthesis procedures. The high density of the lattice defects in GO can be attributed
to the presence of various oxygenated functional groups, holes, permanent vacancies, and
rearrangements in the carbon framework of the GO. This analysis supports the hypothesis that the
basal planes are significantly affected by permanganate oxidation mediated by phosphoric and
sulfuric acids. The 2D peak of GO(H) appeared more diffused and broader compared to the peaks
of the GOs, making it challenging to determine the stacking pattern of the two peaks.

XPS was employed to analyze the composition and chemical states of various functional
groups in the synthesized GOs. The physicochemical parameters of the synthesized GOs are given
in Table S1 in the Supplementary Information section. Figure 4c-f presents the C(1s) XPS spectra
of 0x-M15, 0x-M25, 0x-C300, and ox-Gr. The peaks were carefully analyzed and fitted using the
literature references to identify the chemical states of the functional groups.>® The analyses
revealed five distinct Gaussian peaks at binding energies of 284.5, 285.2, 286.4, 288.1, and
289 eV, representing sp*- and sp’-bonded C—C/C=C/C—H, —C—O (epoxy)/ —C—OH,
—C=0, and —COOH functionalities, respectively. By calculating the percentage composition
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based on these peaks, it was determined that ox-Gr and o0x-C300 (Figure 4e&f) exhibited
significantly higher proportions (16.6% and 16.3%) of the sp*>-bonded C—C/C=C/C—H, whereas
ox-M15 and ox-M25 (Figure 4c&d) had lower percentages (less than 10%). This indicates that a
higher concentration of defects was introduced during the oxidation process for the latter two GOs.
Regarding the percentages of the —C=0 and —COOH functional groups, ox-Gr and ox-C300
displayed values of 3.6% and 8.9% for —C=0 in 0x-C300, and 7.9% and 9.81% for —COOH in
ox-Gr, respectively. These values were higher compared to the other two GOs. These findings
suggest that the chemicals and reaction times employed during intercalation significantly
influenced the degree of oxidation on the basal planes of ox-Gr and 0x-C300, as compared to ox-
M15 and ox-M25. The presence and types of functional groups determined by XPS align well with
the findings from the FTIR analyses presented in Figure 3a. Notably, the higher percentage of
9.81% for the -COOH functional group observed in ox-Gr indicates a higher degree of oxidation,
which offers further possibilities for functionalization with various small molecules for select
applications. The examination of the GO samples using Raman spectroscopy, XRD, and XPS
confirmed the successful transition from Gr to GO, along with the associated degrees of oxidation.
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Figure 4. (a) XRD patterns of the GOs, indicating the changes in the interlayer spacing. (b) Raman spectra
of GOs synthesized from Gr and GNP precursors. Deconvoluted core level C(1s) XPS spectra of (c) ox-
M15, (d) ox-M25, (e) 0x-C300, and (f) ox-Gr.
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The SEM images of 0x-C300 and ox-Gr are shown in Figure 5. The SEM images revealed the
presence of rippled, wrinkled, and folded structures, contributing to larger sheet sizes. In Figure
Sa&b, images of 0x-C300 graphene sheets with a glossy, black appearance and metallic luster are
shown. Figure 5d&e display the layered structures and wrinkled morphologies of the GOs.
Specifically, in Figure 5d, the SEM image shows a cross-sectional view of the air-dried ox-C300
obtained through centrifugation of an oxidized GNP dispersion in water during the purification
stage of the GO synthesis. The SEM images of ox-Gr obtained from the gold sputter-coated
samples exhibited a folded and non-uniform morphology due to the overoxidation (Figure 5f&g).
Figure 5h-j show the peak profile of ox-Gr and its AFM images. The images illustrate that the ox-
Gr nanosheets have a wavy morphology with a lateral size of a few microns and a thickness of a
few nanometers, which correspond to multilayer GO nanosheets. The ox-Gr nanosheets possess a
significant number of carboxylic functional groups on the basal plan, while the bulk of the
graphene sheets remain unmodified. This characteristic feature of ox-Gr allows the occurrence of
n-n stacking, which accounts for the formation of multilayer sheets.

Figure 5. (a&b) Photograph of ultra-thin graphene sheets of 0x-C300 and (c) ox-Gr powder. (d-g) Cross-
sectional (d) SEM image of 0x-C300 and ox-Gr. (h) AFM height profile and (i&;) tapping mode
topographic images of ox-Gr.
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The thermal profiles of the Gr and GNP precursors, as well the GOs were elucidated by means
of thermogravimetric analysis (TGA) from room temperature up to 700-800 °C with a heating rate
of 10 °C min! under air. The TGA and difference thermogravimetry ratio (DTG) curves of all
samples are depicted in Figure 6, and their thermal parameters are given in Table S2 in the
Supplementary Information section. The Gr and GNP precursors primarily exhibited one
decomposition stage, corresponding to the -C—C- bond cleavage, occurring at a temperature of
around 700 °C. Following chemical oxidation, all samples displayed a completely different
thermal behavior, revealing the presence of three distinct decomposition steps. The first
decomposition step is observed in the range of 35 to 150 °C, which is assigned to water
evaporation. Water is intercalated between the oxidized graphene sheets, confirming their
hydrophilic nature. The second decomposition step (170-350 °C) showed different weight losses
for different GOs. It was around 40% for ox-Gr, corresponding to the thermal decomposition of
the oxygen moieties, including carboxyl, hydroxyl, and epoxy groups.*’ The final decomposition
step was assigned to the total decomposition of the carbonaceous framework by the -C—C- bond
cleavage due to the pyrolysis of the labile oxygen-containing functional groups, occurring at a
temperature of around 600 °C. It is worth noting that ox-Gr exhibited lower thermal stability than
the GNP-based GOs, which can be attributed to the presence of a large number of oxygen-
containing functional groups on its surface. Overall, the thermal decomposition of ox-Gr took
place at lower temperatures than those of 0x-M15, 0x-M25, and 0x-C300. The significant decrease
of the Tqi-Tar range of the second decomposition step (151-248 °C for ox-Gr vs. 132-362 °C, 320-
526 °C, and 198-388 °C for 0x-M15, 0x-M25, and 0x-C300, respectively) provide further support
to the claim of high oxygen content of 0x-Gr compared to the other GNP-based GOs.
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Figure 6. (a) TGA and DTG curves of the GOs obtained using the improved Hummers’ method with Gr
and GNPs as precursors.

3.2. GO-Modified Asphalt. Rotational viscosity. Figure 7 shows the effect of GO (0x-Gr) on
the rotational viscosities of the unaged and RTFO-aged asphalt binders at different temperatures.
For the unaged binders, as the GO content increases, the rotational viscosity of the binders
increases too. When the GO content remains below 1.00 wt.%, only a marginal increase in the
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rotational viscosity is observed. However, a significant viscosity increase is achieved when the
GO content reaches 2.00 wt.%. At 2.00 wt.% GO, the viscosity of the modified asphalt binder
increases by approximately 88%, 60%, and 51% at temperatures of 110, 135, and 160 °C,
respectively (Figure 7a). Based on the FTIR results, there is no evidence for any chemical
interaction between GO and asphalt binder molecules (Figure S2). Thus, this increase in the
viscosity may be attributed to the ability of the functional groups of the GO to interact physically
(m—m interaction) with asphalt binder molecules leading to densification.!” Similar trends are
observed with the RTFO-aged binders, but the increase in the binder viscosity is smaller (Figure
7b). This observation may provide insights into the role of GO in improving the aging resistance
of the asphalt binder, as aging typically leads to an increase in viscosity. To gain a better
understanding of the impact of GO on the aging resistance of the asphalt binder, VAI is employed
at a temperature of 135 °C. The VAI is computed using the following equation:

NrTFO-aged — NMunaged x 100%

77unaged (1)

VAI (%) =

where 7 is the rotational viscosity of the binder. Figure 7c presents the VAI at 135 °C for the GO-
modified asphalt binders. A lower VAI value means better resistance to aging. Based on the VAI
data, the GO content below 2.00 wt.% is observed to have a negligible effect on the aging
resistance of the binder. In contrast, a GO content of 2.00 wt.% leads to a remarkable reduction in
the VAI at 135 °C, going from 51.1 to 24.3%, which indicates an impressive 52% decrease. This
observation supports the fact that the presence of GO plays an important role in improving the
aging resistance of the asphalt binder.>>*! It is noteworthy to mention that the AASHTO standards
dictate that the asphalt binder viscosity at 135 °C should be below 3 Pa s to ensure suitable
workability during mixing with aggregates and subsequent compaction. All GO-modified asphalt
binders in this study are observed to meet this standard, suggesting that adding GO to the asphalt
binder does not hinder the mixing or compacting process.
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Figure 7. Rotational viscosities of the GO-modified asphalt binders. (a) Rotational viscosities of the
unaged binders, (b) rotational viscosities of the RTFO-aged binders, (c) viscosity aging index (VAI) @
135 °C.

Rheological properties. Figure 8 shows the relationship between the complex shear moduli
(G*) and phase angles (8) of the unaged and RTFO-aged asphalt binders at different testing
temperatures. Figure 8a&b demonstrate a significant enhancement in the G* and a decrease in the
d when 2.00 wt.% GO is used to modify the asphalt binder. This improvement in stiffness and
elastic characteristics of the binder contribute to an increased resistance against deformation and
improved stability at elevated temperatures. The significance of these observations becomes
clearer when the rutting parameter (G*/sin(d)) is examined, following the AASHTO standards, as
shown in Figure 9a&b. For all GO contents and testing temperatures, increasing the amount of GO
leads to a noticeable increase in the rutting parameter with the maximum impact observed when
GO content reaches 2.00 wt.%. For example, in the case of the unaged binders, adding 2.00 wt.%
GO improves the rutting parameter by 120, 119, and 95% at temperatures of 64, 70, and 76 °C,
respectively. These observations are in a good agreement with the literature data.?'*?> This
improvement in the rutting parameter can be attributed to the ability of the GO to create a more
compact crosslinking framework between the GO and asphalt, resulting in decreased molecular
mobility of the binder. In Figure 9c, the failure temperature (Tr) values for both unaged and RTFO-
aged binders are presented. These values were obtained in reference to the AASHTO M320 binder
specification. The unaged control PG 67-22 binder displays a failure temperature (Tr) of 70 °C.
All GO-modified binders have increased Tr values that are greater than 70 °C. This observation
remains consistent with the other results, where the addition of 2.00 wt.% GO exhibits the
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maximum increase in Tr(76.5 °C). When combining the results of the unaged and short-term aged
binders, it becomes apparent that GO-modified samples exhibit significantly improved resistance

to rutting.
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Figure 8. Complex shear modulus (G*) as a function of phase angle (8) of the GO-modified asphalt
binders at different testing temperatures. (a) G* (Pa) as a function of 6 (°) of the unaged binders, (b) G*
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the asphalt binder modified with different GO content.
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In evaluating the anti-aging properties of the asphalt binders, the G* ratio (G* RTFO/G*
unaged) was utilized as an indicator. Specifically, a lower G* ratio indicates superior resistance to
aging.** Figure 10 illustrates the G* ratios of the GO-modified samples at 64 °C. Overall, the
inclusion of GO in the asphalt binder is found to enhance its aging resistance with the most
remarkable anti-aging performance achieved when incorporating 2.00 wt.% GO.*'** These results
are in strong agreement with the VAI indicator, confirming that the presence of GO can
significantly enhance the resistance of the asphalt binder to aging. This can be attributed to
potential interactions between the GO and asphalt, leading to a reduction in the volatility of the
asphalt components. Another potential reason can be the ability of GO to work as a physical barrier
that hinders the penetration of oxygen into the asphalt and, hence, the oxidative degradation of
asphalt.

MSCR tests. The MSCR tests were conducted on the RTFO-aged binders at a temperature of 64 °C,
following the AASHTO T-350 standard, to assess the influence of GO on the rutting performance
of the asphalt binder. The results are presented in terms of two key parameters, i.e., unrecoverable
creep compliance (J,,-) and percent recovery (€R), where J,,,- represents permanent deformation
and R reflects the elastic response of the binder. J,, and €R values at 64 °C, tested at 1 and
3.2 kPa, are shown for the GO-modified asphalt binders in Figure 11. Adding even a small amount
of GO is observed to significantly reduce J,, and increase €R, indicating enhanced rutting
resistance, reduced permanent deformation, and improved elastic behavior of the asphalt binder.
For example, at 3.2 kPa, the addition of 0.05, 0.10, 0.50, 1.00, and 2.00 wt.% GO to the binder can
reduce J,, by about 20.1, 23.1, 23, 34.6, and 39.1%, respectively. This reduction in J,, can be
attributed to the ability of GO to enhance the stiffness of the binder, leading to a substantial
decrease in its permanent deformation. Furthermore, at the same loading, GO increases €R by 8.6,
27.9, 31.7, 100, and 297.1% for the GO contents of 0.05, 0.10, 0.50, 1.00, and 2.00 wt.%,
respectively. This significant enhancement in €R points to a much more elastic RTFO-aged
binder.?!** One potential explanation for this improvement is the ability of the GO to enhance the
aging resistance of the binder and improve its anti-aging properties, leading to a more elastic

RTFO-aged binder.
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Figure 10. G* ratios of the GO-modified asphalt binders.
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4. CONCLUSION

In this work, we used the improved Hummers’ method to synthesize different GOs from graphite
(Gr) and graphene nanoplatelet (GNP) precursors with different particle sizes and surface areas.
Our study examined how the average particle sizes and surface areas of the Gr and GNP precursors
affect the oxidation process. We extensively analyzed and compared the physicochemical
properties and surface chemistries of the GOs using various spectroscopic techniques. Our
synthetic strategy is practical for industrial use because it does not require sodium nitrate, uses a
low reaction temperature, and provides an easy purification with an acid/co-acid intercalant
mixture. We found that Gr powder with a large surface area and small size achieves a greater
degree of oxidation (the GO product designated as ox-Gr), resulting in a 9.81% higher percentage
of the carboxyl functional group. This creates more opportunities for functionalization with small
molecules for desired applications. On the other hand, our experimental results demonstrate that
the incorporation of ox-Gr into a performance grade asphalt binder (PG 67-22) significantly
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improves its high-temperature performance and anti-aging properties. This improvement may be
attributed to the establishment of a more compact crosslinking framework and a reduction in the
molecular mobility within the matrix. Adding 2.00 wt.% GO to the asphalt binder improves the
rutting parameter by 120, 119, and 95% at temperatures of 64 °C, 70 °C, and 76 °C, respectively.
Furthermore, the multiple stress creep and recovery test results indicated that even small amounts
of GO can reduce the permanent deformation and increase the elastic behavior of the binders.
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