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Abstract: Asphalt is an important construction material in the development of road and
transportation infrastructure. However, this material often encounters challenges, such as cracking
and deformation due to traffic loads and environmental changes. An effective solution is the
modification of Asphalt using functionalized natural rubber (NR). Therefore, this research aimed to
enhance Asphalt resilience by using NR functionalized with Glycidyl Methacrylate (GMA), Maleic
Anhydride (MA), and Divinylbenzene (DVB), as well as to understand the interactions between the
materials. An Internal Mixer with heating, monomer addition, and purification was used for the
grafting process of GMA, MA, and DVB onto NR. The functionalized NR was integrated into the
Asphalt matrix through heating processes. The results showed that NR functionalized with GMA,
MA, and DVB successfully improved the physical, rheological, thermal, and morphological
properties of Asphalt. Asphalt/NR-g-GMA sample achieved the highest values at 25°C, with a
penetration of 68.7 mm, a softening point of 55.5° with a penetration of 173 cm. Rheological analysis
showed an increased post-aging complex shear modulus, particularly in asphalt/NR-g-MA. This
result showed superior performance and compatibility, reaching 12.86 kPa at 58°C before aging and
23.63 kPa afterward. Morphological analysis showed a more harmonious surface structure in Asphalt
modified with NR-g-GMA. In addition, FTIR analysis showed distinct spectrum changes between
Asphalt/NR and the modification with NR-g-GMA, NR-g-MA, and NR-g-DVB, suggesting
interactions between asphalt and the functionalized NR. In conclusion, this research showed that
functionalized NR caused significant chemical interactions, improving the physical, rheological,
thermal, and morphological properties, as well as the durability and resilience of asphalt.
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1. Introduction

Asphalt is an important construction material in developing road and transportation
infrastructure. The performance of this material plays a significant role in maintaining the integrity
and durability of roadways against vehicular loads, temperature fluctuations, and extreme weather
conditions. However, asphalt faces persistent challenges, such as wear, cracking, and permanent
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deformation, due to increasing traffic loads and changing environmental conditions. Addressing
these challenges is essential in producing resilience and enduring asphalt (Alhaji and Musa, 2018;
Ma et al., 2016). According to previous research, modifying Asphalt has become a significant focus
in enhancing performance. This modification aimed to alter the physical, mechanical, and thermal
properties to improve resilience and durability (Tamrin et al., 2023; Setiadji et al., 2022; Alas and
Ali, 2019; Yaacob et al., 2018). A promising method is using natural rubber (NR) as a modifier. NR
is known for its elasticity and has the potential to enhance asphalt performance (Suwarto et al.,
2023; Wuetal., 2023). However, the successful integration of NR often encounters challenges related
to adhesion and dispersion, which can impact the performance of the mixture due to the different
polarity characteristics. In this context, enhancing the interaction between NR and asphalt is
important (Jitsangiam et al., 2021; Sari et al., 2020).

Previous research on modification with rubber has been conducted, including Nanjegowda and
Biligiri (2023) which integrated recycled crumb rubber. Li et al. (2022b) used an internal de-
crosslinking method on crumb rubber to develop a mixture with superior characteristics. Yan et al.
(2023) optimized compatibility with thermoset NR using mineral oil as a softener. Wijaya et al.
(2022) explored compatibility with NR grafted using Glycidyl Methacrylate (GMA). Furthermore,
Alfian et al. (2021) grafted Divinylbenzene (DVB) and GMA comonomers onto cyclized NR, where
DVB acted as both a grafting material and a cross-linking agent, forming a network in the resulting
copolymer. This research made collective contributions to advancing superior and sustainable road
material technology.

An effective strategy to improve asphalt performance is by functionalizing NR using chemical
agents. A good chemical agent includes Maleic Anhydride (MA), which forms a bond with
hydroxyl groups in NR (Pongsathit and Pattamaprom, 2018). GMA reacts with hydroxyl and
carbonyl groups in NR, improving the adhesion and dispersion of NR in asphalt (Radabutra et al.,
2022). Shirokikh et al. (2020) successfully produced a stable high-concentration styrene-DVB graft
copolymer. Therefore, comprehensive research is important for understanding the impact of
functionalization on the thermal, mechanical, and physical properties of asphalt mixtures. In this
context, exploring the use of GMA, MA, and DVB to functionalize NR as a modifier is important.
GMA and MA can interact with the carbonyl and hydroxyl groups in NR, enhancing adhesion and
dispersion, while DVB is a cross-linking agent in the resulting copolymers. The novelty of this
research is in the use of NR with GMA, MA, and DVB for asphalt modification. This method goes
beyond previous research, which typically used non-functionalized NR, aiming to enhance the
interaction between NR and asphalt (Nanjegowda and Biligiri, 2023; Jitsangiam et al., 2021).
Therefore, this research aimed to significantly enhance resilience and performance by introducing
functionalized NR into the composition. Specifically, the impact of modifying NR with MA, GMA,
and DVB was investigated. The primary focus is on evaluating the influence of the modifications
on the thermal, mechanical, physical, and morphological properties of asphalt blends.

2. Methods

2.1. Materials
The materials used included asphalt (Penetration 60/70) purchased from PT. Gudang Aspal, Deli
Serdang, Indonesia. The Standard Indonesian Rubber (SIR-20) was obtained from PT. Perkebunan
Nusantara III, Medan, Indonesia. DVB, MA, GMA, and Dicumyl Peroxide (DCP) are chemical
substances sourced from Merck, Darmstadt, Germany.

2.2. Functionalization of NR with GMA, MA, and DVB monomers by the grafting method in the
molten state
NR of 30 g was placed in an internal mixer at a temperature of 160°C and a speed of 65 rpm for
10 min. Subsequently, 4.5 g GMA monomer and 0.3 g DCP initiator were added, and then the
mixing proceeded for 15 min. The sample was removed from the internal mixer, kept for 15 min,
and cut into small pieces. The NR/GMA sample was placed into a round-bottom flask containing
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200 mL of xylene and refluxed at 180°C, stirred at 60 rpm until dissolved. This solution was added
with 80 mL of acetone to cause a separation from the unreacted GMA and GMA homopolymer. The
formed NR-g-GMA precipitate was filtered, washed with 150 mL of methanol (repeated twice),
dried in an oven at 85°C for 6 h, cooled, and stored in a desiccator for 24 h. This was followed by
weighing the NR-g-GMA sample, similar to the process applied to MA and DVB monomers (Figure
1) (Ritonga et al., 2023, 2022a).

Internal mixer set _| Refluxed with 200 mL A mixi_n_g apparatus
(160°C, 65 rpm, 10 min) xylena (180 °C, 60 rpm) comprising a beaker
glass, agitator mixer, and
¢ ¢ hotplate is prepared
Ingredient are The solution was added
prepared with acetone of 80 mL Ingredients
¢ are prepared
NR, DCP, The precipitated was i
GMA/MA/DVB hed with 150 mL of
washed wi mko Asphalt and NR/
methanol (repeated twice)
NR-g-GMA copolymer/
All ingredients are mixed in ¢ NR-g-MA copolymer/
the internal mixer Dried in an oven (85 °C, 6 h), NR-g-DVB copolymer
after NR melts . ;
stored in a desiccator (24 h) l
¢ ¢ Blended and heated
; ] o ;
The lgrfz:fftmglgro?ess is NR-g-GMA/NR-g-MA/ (180°C, 100 rpm, 30 min)
ettior 1omin NR-g-DVB copolymers L
ified
purie AN, ANG, ANM, and
Cut into small pieces ﬁ AND samples

NR-g-DVB copolymers +—
unpurified

(@) (b)

Figure 1 Schematic diagram of (a) the functionalization of NR with GMA, MA, and DVB; (b)
Asphalt modified with NR-g-GMA, NR-g-MA, and NR-g-DVB

2.3. Modification of asphalt using NR-g-GMA, NR-g-MA, NR-g-DVB copolymers by blending
methods
Asphalt was integrated with NR in a mixing apparatus at a certain ratio, as shown in Table 1.
The mixture was blended and heated at a rotation speed of 600 rpm and a temperature of 180°C for
30 min (Luo et al,, 2024). Subsequently, the mixing activity was stopped and allowed to cool,
resulting in Asphalt/NR (AN). The same method was applied to NR-g-GMA, NR-g-MA, and NR-
g-DVB copolymers. The entire samples were characterized according to Figure 1b.

Table 1 Composition of asphalt and NR functionalized with various monomers

Sample Sample Asphalt NR NR-g-GMA NR-g-MA NR-g-DVB
P Code (Wt%) (g) Wt%) (g Wt  (g)  (wth) (g)  (wt%)  (g)
AN-1 95 4750 5 250 - - - - - -
ASP?Z% NR - AN=2 90 4500 10 500 - - _ ) . _
AN-3 85 25 15 750 ; - ] ] . ]
ANG-1 95 4750 ) ) 5 250 - ; - -
‘félﬁité&ré‘) ANG-2 90 4500 ; . 10 500 - - - -
& ANG-3 85 4250 - - 15 750 - ; - -
ANM-1 95 4750 ; . - - 5 250 . )
A_SISITI(XI\II\II\IZ)' ANM-2 90 4500 - - - - 10 500 . ]
& ANM-3 85 4250 - - - - 15 750 - ]
Asphalt/ NR AND-1 95 4750 - - - - - - 5 250
pha © AND2 90 4500 - - - - ; ; 10 500

g-DVB (AND)
AND-3 85 4250 - - - - - - 15 750
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2.5. Characterization

The monomers grafting onto NR used an Internal Mixer, namely (Thermo Haake Polydrive). The
sample blending process used a hotplate and overhead stirrer (Thermo Fisher Scientific).
Penetration at 25°C was inspected following ASTM D5-71, AASHTO T49-68, and SNI 2456-2011
standards, using a 100 g penetrometer tester at 25°C for 5 s. The softening point was examined
according to ASTM D36-69, AASHTO T53-74, and SNI 2434-2011 standards using a ring and ball
tester. The temperature was determined when the ball contacts the base plate. The ductility at 25 °C
was inspected according to ASTM D113-69, AASHTO T51-74, and SNI 2432-2011 standards using
a dactylometer tester.

Rheology was analyzed using a Dynamic Shear Rheometer (Matest). Functional groups were
analyzed using an FTIR Spectrometer (Agilent/FTIR Cary 630) at wavenumbers 4000 to 650 cm-.
Furthermore, thermal stability and properties were analyzed by TGA/DTA (Hitachi/TG/DTA
7300 series) at 30 to 600°C with a heating rate of 10°C/min and DSC (Hitachi/X-DSC 7000) at 30 to
200°C at 10°C/min under nitrogen flow. Morphology was observed using Scanning Electron
Microscopy (SEM)(ZEISS EVO @ MA 10).

3. Results and Discussion

3.1. Physical Characteristics of Asphalt Modified with NR-g-GMA, NR-g-MA, and NR-g-DVB
The physical characteristics evaluated include penetration tests, softening points, and ductility
of asphalt and the modifications, as shown in Table 2.

Table 2 Penetration, softening point, and ductility of Asphalt and the modifications

Penetration at 25°C Softening Point at - o
Type Test (0.1 mm) 950 Cg °C) Ductility at 25°C (cm)
1 2 3 1 2 3 1 2 3
Asphalt* 60-70 46-56 >100
Asphalt/NR (AN) 61.8 60.2 61.7  53.1 528 523 135 133 129

Asphalt/NR-g-GMA (ANG) 682 684 687 537 543 555 161 169 173
Asphalt/NR-g-MA (ANM) 659 676 678 525 536  53.8 156 163 164
Asphalt/NR-g-DVB (AND) 665 672 681 520 533 541 154 159 165
Notes: *Requirements

Asphalt penetration was evaluated according to ASTM D5 standards at 25°C under a 100 g load,
with 60-70 mm penetration being the preferred choice for tropical climates. Functionalized
Asphalt/NR samples exhibited increased penetration in the standard range, with a maximum
composition of 85:15 in ANG-3, ANM-3, and AND-3 samples (Kurniawan et al., 2020). The
softening point was tested per ASTM D36, and the result showed an increase in SNI standards with
the addition of modified rubber, ranging from 2-16% (Li et al., 2022a).

Asphalt ductility was assessed by ASTM D113 and found to meet the minimum standard of 100
cm for all samples, particularly ANG-3, ANM-3, and AND-3, with a ratio of 85:15. NR
functionalization enhanced the ductility of the mixture, with GMA monomer-grafted samples
showing significant superiority in physical tests. NR functionalized with GMA, MA, and DVB
improved the physical properties of asphalt. Penetration, softening point, and ductility tests
showed that NR functionalization significantly increased the quality of asphalt, particularly with
MA. The result also showed a significant improvement in asphalt durability compared to previous
research (Radabutra et al., 2022; Jitsangiam et al., 2021). Functionalizing NR with GMA, MA, and
DVB had better performance than previous modifications.
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3.2. Rheology Analysis of Asphalt Modified with NR-g-GMA, NR-g-MA, and NR-g-DVB
Rheological testing using DSR was conducted on Asphalt, Asphalt/NR (AN-1), Asphalt/NR-g-
GMA (ANG-3), Asphalt/NR-g-MA (ANM-3), and Asphalt/NR-g-DVB (AND-3), as shown in
Figure 2.

(a) (b)
14000 25000
12950 =il Asphalt 23530 == Asphalt
== Asphalt/NR (AN) 2082 =@= Asphalt/NR (AN)

12000 - mdbe= Asphalt/NR-g-GMA (ANG) wde= Asphalt/NR-g-GMA (ANG)
< =ap= Asphalt/NR-g-MA (ANM) ‘T 20000 - 1893 =i Asphalt/NR-g-MA (ANM)
a == Asphalt/NR-g-DVB (AND) | & =@= Asphalt/NR-g-DVB (AND)
¢ 10000 - %)
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] E]

3 S 15000 o
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o 4000 Q.
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Figure 2 Rheology of Asphalt, Asphalt/NR, Asphalt/NR-g-GMA, Asphalt/NR-g-MA, and
Asphalt/NR-g-DVB in conditions: (a) original (before aging), (b) after short-term aging

Testing aimed to understand the behavior of asphalt and NR-functionalized variants under
traffic loads and environmental conditions. The complex shear modulus fluctuates with
temperature changes, particularly in the range of 58°C to 82°C. Initially, all samples tend to decrease
the complex shear modulus with rising temperature, showing increased stiffness at lower
temperatures. AN sample had no significant difference from asphalt, especially beyond 70°C.
Furthermore, NR-functionalized samples showed significant differences. ANM sample showed
better complex shear modulus values than all, though not significantly different from ANG. After
short-term aging, asphalt complex shear modulus significantly increases at all temperatures. ANM
samples also showed a significant post-aging increase, suggesting good compatibility of NR-g-MA
with asphalt. The samples of AND showed an increase after aging but with less significance than
ANM and ANG. This result showed that NR-g-DVB had a better interaction with asphalt. Previous
research confirms that NR-modified asphalt increased the complex shear modulus, showing a post-
modification with improved stability. Functionalized NR also showed a significant improvement
in rheological outcomes compared to non-functionalized NR (Li et al., 2023b; Ling et al., 2023;
Jitsangiam et al., 2021; Poovaneshvaran et al., 2020).

3.3. Thermal Analysis of Asphalt Modified with NR-g-GMA, NR-g-MA, and NR-g-DVB
Thermal analysis was conducted on the Asphalt and the modifications, as shown in Figure 3.
Table 3 shows the analysis results with the percentage of sample degradation at temperatures of
250°C (T2s0), and 500°C (Ts00). Other results, such as the maximum degradation temperature (Tmax),
the melting point temperature (Tm), and the decomposition temperature (T4), were also shown. The
thermal stability of each sample had no significant difference when compared to conventional
asphalt, specifically based on the Tspo value. However, the AN sample was known to experience
more significant degradation compared to others, as evidenced in Tsp and Tmax, which experienced
degradation of 1.80 mg/min. The 3 samples have T, where the Tm of ANG and ANM differ
significantly from AND due to the grafting and cross-linking process. ANM sample produces the
same T4 and Tmax, caused by the high compatibility and interaction between asphalt and NR-g-MA
compared to ANG and AND. This result was consistent with previous research that the presence
of NR in small sample asphalt mixtures had no significant effect on thermal stability, but had an
impact on changes in the properties (Wijaya et al., 2022; Ryms et al., 2017; Amin and Samy, 2013).
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Figure 3 (a) TGA, (b) DTG, (c) DTA, and (d) DSC curves of Asphalt, Asphalt/NR, Asphalt/NR-g-
GMA, Asphalt/NR-g-MA, and Asphalt/NR-g-DVB

Table 3 Thermal analysis of asphalt modified with functionalized NR

Sample Tas0 Ts00 Tmax Tm Ta

%) (%) CC)  M™/mw Q) mW Q) uV
Asphalt 0.2 69 421 0.66 - - 463 3.27
Asphalt/NR (AN) 0.5 72 454 1.80 - - 458 3.31
Asphalt/NR-g-GMA
(ANG) 0.3 70 413 0.67 77 2.84 357 215
Asphalt/NR-g-MA (ANM) 0.7 69 445 0.39 73 3.93 445 3.17
Asphalt/NR-g-DVB (AND) 0.5 69 450 0.85 107 2.98 410 2.26

3.4. FTIR Analysis of Asphalt Modified with NR-g-GMA, NR-g-MA, and NR-g-DVB
Figure 4 shows FTIR spectra of Asphalt, AN, ANG, AND, and ANM samples. The spectrum of
asphalt had sharp absorption bands at 2912.5 cm?! and 2847 cm’, showing the presence of
asymmetric aliphatic hydrocarbon compounds. Asphalt had bands at 1739.5 cm-! (carbonyl group
C=0) and 1645.8 cm™ (C=C), and the spectrum closely resembles the AN sample, suggesting no
interaction with NR. ANG, ANM, and AND samples had spectra similar to asphalt due to an 85:15
ratio of asphalt and NR functionalized. However, these samples lack bands at 1739.5 cm! and 1645.8
cm!, showing interactions between Asphalt and NR-g-GMA, NR-g-MA, and NR-g-DVB. The
spectra of the 3 samples show only variations in intensity and no significant differences. FTIR
spectra of asphalt are consistent with previous research (Adibi et al., 2024; Ritonga et al., 2022b;

Wijaya et al., 2022).
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Figure 5 Reaction mechanism for grafting of GMA, MA, and DVB onto NR

Carbonyl groups in NR-g-GMA and NR-g-MA, as shown in Figure 5 significantly impact
reactivity and interaction with asphalt. The existence of carbonyl groups, specifically ketone, has
been proven by previous research to enhance reactivity. This implies that compounds containing
carbonyl groups can easily interact with specific components in asphalt, resulting in stronger
interactions. Carbonyl can also form hydrogen bonds with other functional groups, such as
hydroxyl, thereby strengthening the interactions ( Zhao et al., 2024; i et al., 2023a; Radabutra et al.,
2022; Pongsathit and Pattamaprom, 2018). These results were found to be consistent with the
rheological test. Meanwhile, hydrogen bond formation with asphalt occurs without ketone groups
in NR-g-DVB. The interaction between NR-g-DVB and asphalt tended to be weaker compared to
NR-g-GMA and NR-g-MA (Xie et al., 2024; Wei et al., 2023).
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3.5. Morphological Analysis of Asphalt Modified with NR-g-GMA, NR-g-MA, and NR-g-DVB
The morphology of asphalt and the modifications (AN, ANG, ANM, AND) were analyzed using
SEM, as shown in Figure 6. This analysis was conducted at 2000- and 10000-times magnifications
to explore the dispersion, modifications, and interactions between components and the entire
microstructure.

magnification, and (f) Asphalt, (g) AN, (h) ANG, (i) ANM, (j) AND at 10000 times magnification

At 2000 times magnification, asphalt showed a smooth and homogeneous microstructure. In the
AN sample, a distinct surface texture was different from asphalt, showing uneven NR dispersion
and numerous voids, thereby suggesting an inhomogeneous mixture. ANG sample shows a
different texture, showcasing uniform NR-g-GMA dispersion with a few small voids, signifying a
strong interaction. Some areas were smooth, such as asphalt for ANM and samples of AND, while
others were not. This result suggests uneven dispersion or agglomerations of NR-g-MA and NR-g-
AD due to a less homogeneous blending process. At 10000 times magnification, the ANG sample
showed the dominance of NR-g-GMA particles in the asphalt matrix. In general, modification with
NR, as shown in previous research, induced changes to the morphology or surface structure
(Tamrin et al., 2023; Zhao et al., 2023; Kandil et al., 2022).

4. Conclusions

In conclusion, this study showed positive results in modifying asphalt with NR functionalized
using MA, GMA, and DVB. The resilience of asphalt was effectively enhanced, showing
improvements in penetration, softening point, and ductility in samples containing functionalized
NR. Asphalt/NR-g-GMA sample achieved the highest values, with a penetration, softening point,
and ductility of 68.7 mm, 55.5°C, and 173 c¢m, respectively, at 25°C. Rheological analysis showed an
increased post-aging complex shear modulus, particularly in asphalt/NR-g-MA. This result
suggested superior performance and compatibility, reaching 12.86 kPa at 58°C before aging and
23.63 kPa afterwards. Thermal stability remained consistent without significant differences, but
asphalt samples with functionalized NR showed an increased melting point temperature from the
grafted monomers. FTIR spectra confirmed interactions between asphalt and functionalized NR, as
evidenced by the disappearance of carbonyl groups. In addition, morphological analysis showed a
more harmonious surface structure in the modification with NR-g-GMA. The result showed that
functionalized NR caused significant chemical interactions, thereby improving physical,
rheological, thermal, and morphological properties.
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