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A composite modifier made from waste ethylene-vinyl acetate copolymer (WEVA) and
graphene oxide (GO) is used to modify asphalt used to pave the roadway. At the same
time, the effect of GO on the related properties of modified composite asphalt is
investigated in terms of softening point, penetration, ductility, as well as distribution.
The preparation of the composite modifier can reduce the modification’s complexity and
enhance the modifier’s dispersion in the asphalt system in the storage phase. By
increasing WEVA and GO contents, the softening point of modified composite asphalt
increases, and both the penetration and ductility decrease. It is proved that the high-
temperature performance of composite asphalt modified by WEVA and GO is better than
that of modified asphalt with WEVA. The distribution characteristics of modified asphalt on
a fluorescencemicroscope show that by addingmore GO, we get amore even and smaller
“bee structure” asphalt system. It indicates that GO can promote dispersion and stop the
aggregation of WEVA. The FTIR spectrum results show that the composite modification by
adding WEVA and GO is a physical modification, indicating GO can physically prevent the
aggregation of the polymers in the storage phase. We present a schematic of the effect on
GO and WEVA in asphalt modification to show the improvement in the distribution of the
asphalt system from GO. In all, this study provides an idea for the preparation of modified
composite asphalt and the application of nano-materials.
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INTRODUCTION

Waste packaging polymers result in serious environmental pollution and resource wastage, gradually
attracting close attention from all walks of life (Saleem et al., 2018). As a polymer modifier applied to
asphalt modification, waste ethylene-vinyl acetate copolymer (WEVA) can not only improve the
shortcomings of asphalt, such as easy flow in high temperatures and easy cracking in low
temperatures, but also promote the recycling of waste packaging polymers (Yu et al., 2017; Yan
et al., 2020; Yao et al., 2020). The performance of modified asphalt is a comprehensive embodiment
of both modifier performance and asphalt performance. The modifier and modification process have
essential impacts on the performance of modified asphalt (Yu et al., 2018). The dispersion of
modifiers in the modified asphalt system directly affects the compatibility and storage stability of the
modified asphalt (Sun et al., 2021; Zhang et al., 2021). The poor compatibility between the polymer
modifier and the asphalt is the reason for the poor storage stability of the modified asphalt system,
which is due to the differences in density, molecular weight, polarity, and solubility of the polymer
and base asphalt (Guo et al., 2020). The asphalt modified by a single polymer has some defects, such
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as uneven dispersion of polymers, unstable storage, and easy
aging. So, composite modification is usually adopted to improve
the performance of bare asphalt (Bala et al., 2020; Xin et al., 2020;
Wu et al., 2021).

A high-quality composite modifier of polymer and
nanoparticles is necessary for the high-grade paved asphalt to
meet the requirements (Jin et al.,2021; Liao et al., 2021; Wu et al.,
2021). As nanoparticles, graphene oxide (GO) with unique
surface effects, quantum size effects, volume effects, and
quantum tunneling effects has excellent abilities to enhance
the composite modification (Duan et al., 2019; Zhu et al.,
2019; Adnan et al., 2020; Singh et al., 2020; Wang et al., 2020;
Fakhri and shahryari, 2021). The decrease in the size of the “bee
structure” in the graphene-modified asphalt was primarily related
to the factors contributing to the formation of the “bee
structures,” which indicated graphene could improve the
dispersibility of the modified asphalt (Li et al., 2021). The GO
content of 1% can improve the thermal stability of 90A, and the
GO can slightly improve the anti-fatigue and anti-cracking
performance of the asphalt binders utilized (Li et al., 2018).
Through the rutting test, low-temperature bending test, and
freeze-thaw splitting test of the asphalt mixture, it was found
that the GO–rubber asphalt mixture achieved good road
performance (Adnan et al., 2020). The modified asphalt was
improved due to the polymer modifier and GO’s dispersibility,
and then the formation of the small “bee structures.” The addition
of GO can significantly enhance the physical properties of
asphalt.

In this subject, the self-prepared graphene oxide (GO)
emulsion and the packaging waste ethylene-vinyl acetate
copolymer (WEVA) were used as a composite modifier to
modify asphalt, which made up the defects of a single
modifier or multiple polymer composite modifier.
Subsequently, a physical performance analysis and dispersion
discussion would clarify the reason for the improvement of
modified asphalt and the effects of GO on polymer dispersion.
Basic material rules, phase transformation theory, and diffusion
theory were introduced to form the schematic to interpret the
impact of GO on WEVA in the asphalt system. The research
provided an idea for modifying high-performance asphalt and for
the application and study of nano-materials in modified asphalt.

MATERIALS AND EXPERIMENTS

Materials
In this experiment, we chose ordinary industrial asphalt 90
produced by Xi’an Petrochemical Factory, and its main
properties are shown in Table 1. Recycled waste toys whose
main content was ethylene-vinyl acetate copolymer (WEVA) and

their box lining were selected as a modifier. They were cleaned
and crushed, then granulated by a twin-screw extruder. The
granulation process was as follows: mixing in a double-roller,
crushing at high speed, then extruding via a twin-screw extruder,
grinding, and at last drying. Finally, the WEVA particles were
prepared.

The self-prepared GO emulsion in our laboratory was used in
this experiment. Sulfuric acid and potassium permanganate were
used to oxidize flake graphite. After that, the mixture was cleaned
several times and then centrifuged. Finally, the GO emulsion was
prepared.

Modification
Based on our research on asphalt composite modification and the
preparation of composite modifier (Fang et al., 2015; Zhang et al.,
2016), WEVA concentration was varied by 2, 4, and 6 wt%, while
GO concentration was varied by 0, 0.02, 0.04, 0.06, 0.08, and
0.1 wt% in the experiment.

If the GO emulsion were directly mixed with the molten raw
asphalt over 100°C in modification, the volatilization of moisture
in the GO emulsion would lead to the splashing of modified
asphalt. In this case, there would be a security risk caused, and it
would also not be suitable for the control of the asphalt
modification.

The Improvement of This Experiment Is as Follows:
The Preparation of the Composite Modifier
The prepared WEVA particles and the corresponding GO
emulsion were mixed with the right amount of xylene in a
glass container. At 90 5°C, the mixture was melted and
dispersed in an oil bath. WEVA particles could be dissolved in
xylene to form a viscous mixture, while GO emulsion was
insoluble in xylene. However, GO could be dispersed better in
the formation mixed by WEVA particles and xylene under the
stirring and moisture volatilization in GO emulsion. And then,
the mixture of WEVA and GO was flocculated, filtrated,
and dried.

The Preparation of Modified Asphalt
The base asphalt was heated to 170°C until it was completely
melted. After that, WEVA and GO prepared modifiers were
added to the melted asphalt at 170°C in a reaction kettle. We
maintained the mixture temperature. The mixture was stirred
for 30 min with a glass stirring rod and then sheared by a
shearing machine at a high speed of 4,000 r/min for 80 min.
The mixture’s temperature was reduced to 130°C and left
undisturbed for 50 min to fully swell. The mixture was
sheared again at a high speed of 3,800 r/min for 80 min
until the particles of modifiers dispersed uniformly in the
asphalt mixture.

TABLE 1 | Main characteristics of raw asphalt.

Raw asphalt Penetration degree (25°C,
100 g)/0.1 mm

Softening point (ring
and ball)/°C

Ductility (25°C,5 cm/min)

90 81 42 >100
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Performance Test of the Modified Asphalts
The penetration degree, softening point, and ductility of modified
asphalt were measured according to GB/T0604-2000, GB/T0606-
2000, and GB/T0605-1993, respectively. The penetration degree
of modified asphalt was measured with a GS-IV type automatic
asphalt penetrometer (China). The softening point of modified
asphalt was tested with a SLR-C type digital softening point tester
(China). The ductility was tested with a STYD-3 type digital
ductility testing machine (China). In addition, a CX40-RFL32J
fluorescent microscope, produced by OLYMPUS, was employed
to view the microstructure of the modified asphalt surface
distribution. HD-2700 of TEM was used to conduct the tests.
FT-IR spectra (Shimazu FTIR-8400S) were used, with a scanning
range of 400–5000 cm−1, frequency: 20-Hz meas.

RESULTS AND DISCUSSIONS

Properties of Modified Asphalt
In Figure 1, the horizontal axis represented GO concentration in
three types of modified asphalt with 2, 4, and 6% WEVA.

Figure 1A shows the softening points of the asphalt composite
modified by WEVA and GO. With the same content of WEVA,
the softening point increased along with the increase of GO
content in three types of modified asphalt. As it could be seen,
modified by adding GO, the softening points changed from 52.3
to 56°C in 2%WEVA asphalt, 58.7–64°C in 4% WEVA asphalt,
and 62.3–66°C in 6% WEVA asphalt, increasing, respectively, by
3.7, 5.3, and 4.7°C. The changes in the softening point of modified
asphalt caused byWEVAwere more significant than those caused
by GO, indicating that both GO and WEVA could increase the
softening point of modified asphalt. Still, the improved high-
temperature performance of modified asphalt was mainly
determined by WEVA and could be further enhanced by GO.

The penetrations of three asphalts were modified by 2, 4, and
6%WEVA, respectively, and GOwith different contents is shown
in Figure 1B. It was shown that the penetration of three kinds of
modified asphalt decreased continuously with GO and WEVA.
With the same range of GO, for example, at the point “GO 0%,”
the decrease in penetration of “WEVA = 6%” modified asphalt
was more prominent than that of “WEVA = 2%” and “WEVA =
4%” modified asphalt. The penetration was reduced from 67 to

FIGURE 1 | Properties of three types of modified asphalt: (A) softening point, (B) penetration, (C) ductility.
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62 dmm with a decreasing range of 5 dmm in “WEVA = 2%”
modified asphalt. The penetration of “WEVA = 4%” modified
asphalt dropped from 65 to 61d mm, with a decreasing degree of
4 dmm. The penetration of “WEVA = 6%” modified asphalt fell
from 57 to 54 dmm with a decreasing range of 3 dmm. The
penetrations of three modified asphalts decreased continuously
with the increase of GO, while the decreasing amplitudes were
getting smaller along with the increasing WEVA content. It
indicated that the change in the penetration of the modified
asphalt was mainly affected by the content of WEVA, and GO
had an enhanced effect on penetration.

In Figure 1C, the curves of “WEVA = 2%,” “WEVA = 4%,”
and “WEVA = 6%” showed the change in ductility of three types
of asphalt modified by WEVA and GO. As seen from Figure 1C,
when the content of GO was the same, the ductility of the
composite modified asphalt decreased as the content of
WEVA increased. While with the same range of WEVA, the
ductility of the composite modified asphalt gradually reduced
with the increase of the content of GO. The ductility decreased
from 97 to 90 cm with a decreasing amplitude of 9 cm in “WEVA
= 2%”modified asphalt. The ductility of “WEVA = 4%”modified
asphalt dropped from 60 to 50.6 cm with a decreasing amplitude
of 9.4 cm, and it decreased from 45 to 39.7 cm with a decreasing
amplitude of 5 cm in “WEVA = 6%” modified asphalt. By
contrast with the decreasing range of ductility for “WEVA =
2%” modified asphalt, it had sharp drops in “WEVA = 4%” and
“WEVA = 6%” modified asphalt. The ductility of the asphalt
modified by adding WEVA with a content of 2% was 97 cm at
“GO 0%.” The decrement was about 30 cm lower than that of the
raw asphalt. Throughout the ductility of three kinds of composite
modified asphalt, we found that it decreased by nearly 30 cm with
each 2% content addition ofWEVA. However, the ductility of the
composite asphalt modified by WEVA and GO was lower than
that of the asphalt modified by WEVA. With the same WEVA
content, the ductility of composite modified asphalt decreased
within a small range in pace with the increased content of GO. It

indicated that the reduced ductility of modified asphalt was
mainly affected by the addition of WEVA.

Distribution Characteristics of Modifier
Figure 2 shows the distribution characteristics of modified
composite asphalt. Throughout the distribution characteristics
of the modified composite asphalt, the asphalt modified by 4%
WEVA and GO had serious aggregation of WEVA particles in
contrast to that of the modified asphalt with 2% WEVA and GO.
It indicated that the aggregation of WEVA particles got more
serious along with the increasing content of WEVA. In “a” to “d”
or “e” to “h,” under the condition of maintaining the same range
of WEVA, the dispersion of WEVA particles was getting more
evenly and smaller in the modified composite asphalt system
along with the increasing content of GO. It indicated that GO was

FIGURE 2 | Fluorescence microscope of composite asphalt modified by GO and WEVA (A–D) is the asphalt modified by 2% WEVA and GO with, respectively,
0.02, 0.04, 0.06, and 0.08%. (E–H) Modified asphalt including 6% WEVA and GO content, respectively, as 0.02, 0.04, 0.06, 0.08%.

FIGURE 3 | FTIR spectrum of raw asphalt and modified asphalt.
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able to promote the distribution of WEVA in asphalt by stopping
the aggregation of WEVA, which enhanced the compatibility of
the modified asphalt. The smaller the WEVA particles’ size was,
the better the modification was (Huang et al., 2021). It also
confirmed that GO could enhance the distribution of the swelled
WEVA particles in the modified asphalt multiphase system and
then form a spatial network structure, which played a decisive
role in distributing WEVA in modified asphalt (Hu et al., 2021;
Yu et al., 2021). The dispersion of asphalt modified by 0.8% GO
and WEVA is better than that of modified asphalt with other Go
content, and the cost of asphalt modification does not increase for
the little content of GO.

FTIR Analysis
Infrared spectra of the raw asphalt, the asphalt modified by
WEVA, and the composite modified asphalt with WEVA and
GO are shown in Figure 3. For the modified asphalt and the base
asphalt, there was no change in the peaks within
3,000–2,754 cm−1(A). The typical stretching vibration of
saturated hydrocarbons and their derivative functional groups
of base asphalt are familiar, which means no new substances were
created in the modified asphalt. Carbonyl C=O stretching
vibration of EVA is observed at 1735 cm−1(B), and the
subsequent peaks at 1,600 and 1,450 cm−1(C) are the
stretching vibrations of conjugated C=C and C=O in asphalt.
The weak absorption peak at 1,242 cm−1 (D) is the C-H bending
vibration of an aromatic component. Characteristic peaks within
2,400–1,500 cm−1 are mainly unsaturated functional groups’
stretching vibrations, which are the features of aromatics in
modified asphalt. The aromatic characteristic peaks
significantly weakened in modified asphalt, while the vibration
intensity varied in modified asphalt and stabilized at last. We can
conclude that the modifier and asphaltene are striving for the
aromatics to form their own stable colloidal structure. The
characteristic aromatic peaks of modified composite asphalt

weakened significantly as GO increased.. It indicated that GO
could enhance the dispersion of EVA and then get more
aromatics to form a stable colloidal structure and reach a
more stable equilibrium state in the composite modified
asphalt system.

Interaction of GO and WEVA
GO was a two-dimensional and lamellar nanometer carbon
material with a high specific surface area and large functional
groups (Lin et al., 2019; Sali et al., 2019; Hu et al., 2021). There
were many polar functional groups on the two-dimensional
surface of GO, such as hydroxyl, carbonyl, carboxyl, and
epoxy functional groups (Joshi et al., 2021; Li et al., 2022).
The TEM of GO in asphalt modified by GO with a content of
0.1% is shown in Figure 4. We can find that GO was aggregated
and distributed at the nano-stage without physical changes,
including no swelling in the modified asphalt system. It
ultimately confirmed why there is no significant improvement
in the physical properties of GO-modified asphalt.

We get better physical properties in GO/WEVA-modified
asphalt than in WEVA-modified asphalt. In graphene-
modified asphalt, the size of the “bee structure” became
smaller (Li et al., 2021). In the GO/WEVA-modified
composite asphalt, we found that the WEVA particles were
dispersed in a micron size. The WEVA particles suspended in
themodified asphalt system became smaller andmore even, along
with the increased content of GO in Figure 2. As there is no
improvement in GO-modified asphalt, the progress of composite
asphalt modified by GO and WEVA comes from the effect of GO
on WEVA particles (Li et al., 2022). Based on the mentioned
changes in physical properties of modified asphalt, the respective
characteristics of modifier, and their effect on the modification,
we conducted the schematic (Figure 5) to clarify the interaction
of GO and WEVA in the asphalt modification.

As shown in Figure 5, due to the immense surface and high
free energy on surfaces, GO could stop the aggregation of WEVA
particles strongly in the storage phase. In modified composite
asphalt, the adsorption and deposition of GO nanoparticles on
the surfaces of WEVA particles decreased the free energy on the
surfaces of GO nanoparticles, suppressed the aggregation of
WEVA particles, improved interface binding capacity between
the WEVA particles and asphalt, and enhanced the dispersion
and swelling of WEVA particles in modified asphalt. GO has
stable chemistry and polarity. Asphalt is an organic mixture of
hydrocarbons and non-hydrocarbon derivatives. They are
incompatible materials as their solubility parameters are being

FIGURE 4 | TEM of GO in asphalt modified by GO.

FIGURE 5 | Schematic of the effect of GO on WEVA in modification.
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different. However, GOmolecules can form hydrogen bonds with
asphalt molecules. They can also form aromatic ring stacks with
aromatic and resin molecules; these non-bond interactions were
the key to strengthening the adsorption between the GO
molecules and asphalt (Zeng et al., 2020). Therefore, GO could
enhance the formation of the stable dispersion in the modified
composite asphalt system, which was good at improving the
asphalt modification.

CONCLUSION

1) The performance of modified composite asphalt is mainly
influenced by the addition of WEVA. In contrast, GO can
suppress the aggregation of WEVA particles in the
modified asphalt system by the adsorption and
deposition of GO nanoparticles on the surface of WEVA
particles.

2) In the modified composite asphalt system, it is better to
control the content of GO by about 0.08%. The cost of the
asphalt modification does not become more for the tiny scope
of GO. The excessive amounts of GO could not significantly
improve the comprehensive performance of modified asphalt.

3) Based on FTIR analysis, no new substance is produced in
asphalt modified by GO and WEVA. The modification is
physical blending, and it belongs to physical action.

4) The non-bond interactions among GO, WEVA, and asphalt
are the key to enhancing the formation of the smaller “bee
structures” of the asphalt system and the comprehensive
performance of modified asphalt.
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