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ABSTRACT

Asphalt binders are essential in pavement construction due to their strong adhesion, moisture resistance, and dura-
bility under heavy traffic and diverse climatic conditions. The high demand for infrastructure has intensified global
dependence on petroleum-based asphalt, highlighting the need for renewable alternatives. Bio-asphalt, derived
partly or entirely from biomass such as agricultural residues, waste oils, and lignocellulosic materials, represents
a promising sustainable alternative. Subsequently, Nypa fruticans (nipah palm), a mangrove species abundantly
available in the coastal areas of Riau Province, Indonesia, was utilized in this study as a bioresource. Nipah fruit
peel biomass (2 kg) was pyrolyzed at 350°C for 6 hours to produce bio-oil, which was subsequently distilled to ob-
tain a purer bio-binder with properties comparable to PEN 60/70 asphalt. The distilled product was characterized
using softening point (ASTM D36), ductility (ASTM D113), penetration (ASTM DS5), flash and fire point (ASTM
D92), and density (ASTM D70) tests. The results showed that a 20% bio-oil tar concentration provided the most
optimal performance across all evaluated parameters, demonstrating the potential of nipah-based bio-asphalt as an
eco-friendly binder for sustainable pavement applications. The results showed that at 20% bio-oil tar concentration
with biochar and gum rosin, the binder exhibited optimum properties with penetration 76 mm/10 seconds, density
1.099 g/cc, ductility 20.9 cm, softening point 59°C, and flash/fire points 223/238°C, demonstrating its potential as
a sustainable substitute for PEN 60/70 asphalt.
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INTRODUCTION

Asphalt binders are critical for road and high-
way construction due to their strong adhesion, wa-
terproofing capability, and durability under heavy
traffic and varying weather conditions. According
to results, the global asphalt consumption is pro-
jected to rise from 128 million metric tons in 2024
to 150 million metric tons by 2029, with an aver-
age annual growth rate of 3.2% (Freedonia, 2025),
driven by road expansion, urban development, and
the maintenance of aging transportation networks.
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However, as a petroleum-based material, conven-
tional asphalt contributes to resource depletion
and carbon emissions, prompting growing interest
in renewable alternatives such as bio-asphalt de-
rived from biomass (Cao et al., 2025). These sus-
tainable innovations aim to reduce environmental
impacts while maintaining pavement performance
and supporting a circular economy through the re-
use of renewable materials and improved end-of-
life management (Yousif et al., 2026).
Bio-asphalt, a binder produced from renew-
able biomass sources such as crop straw, husks,
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branches, bamboo residues, and waste oils, has
emerged as a promising sustainable alternative
to reduce reliance on petroleum-based asphalt (Y.
Zhang et al., 2025). Typically produced through
thermochemical processes such as fast pyrolysis
or hydrothermal liquefaction, biomass is con-
verted into bio-oil for blending with conventional
asphalt, as demonstrated in studies using waste
biomass-derived bio-oils (Qian et al., 2022). In
addition to reducing the environmental impact
of road construction, bio-asphalt improves low-
temperature flexibility and fatigue resistance,
while contributing to carbon reduction goals and
promoting resource circularity (Gao et al., 2025).
Challenges related to thermal stability and aging
resistance remain, prompting ongoing research
into physical and chemical modification strate-
gies incorporating polymers, nanomaterials, and
mineral additives.

Nipah palm (Nypa fruticans) is a valuable and
sustainable resource in Association of Southeast
Asian Nations (ASEAN) countries, particularly
in coastal regions rich in mangroves. As a mem-
ber of the Palmae family, it flourishes in tidal
zones and brackish water environments. In Indo-
nesia, nipah covers an estimated 700,000 hectares
(Anita et al., 2023) and is also widely distributed
across Malaysia, the Philippines, and Thailand.
One of the largest concentrations, approximately
41 km?, is found in the Pak Panang River Basin of
southern Thailand (Phetrit et al., 2020). The fruit
offers diverse applications, including bioethanol,
natural sweeteners, and bio-asphalt production,
making nipah a key resource for advancing sus-
tainable development and supporting local econ-
omies in Southeast Asia.

Lignocellulosic biomass from agricultural
and coastal plants offers strong potential for bio-
asphalt production due to its high carbon content
and renewability. Nipah palm, abundant in the
tidal regions of Southeast Asia such as Riau Prov-
ince, Indonesia, produces fruit shells rich in cellu-
lose, hemicellulose, and lignin that remain largely
unutilized. These components make nipah fruit
shells ideal feedstock for biochar or bio-binder
production through pyrolysis or carbonization.
Activated carbon as a biochar derived from nipah
shells has shown high surface area and adsorp-
tion capacity, enabling effective modification
of bitumen’s rheological properties (Alfe et al.,
2024), demonstrating their potential as value-
added materials for sustainable pavement appli-
cations. Biochar interacts with bio-oil and asphalt

primarily through physical adsorption, pore dif-
fusion, and weak hydrogen bonding between
oxygen-containing surface groups and polar mol-
ecules in the binder, consistent with (T. Zhou et
al., 2020) who stated that bio-oil can interact with
carbon-based materials mainly through physical
adsorption and diffusion. In contrast, gum rosin
exhibits more pronounced chemical interactions
with the binder, including light esterification and
strong polar associations driven by its carboxylic
resin acids, which is supported by evidence that
rosin acids contain reactive carboxylic groups en-
abling esterification and strong polar interactions
within organic matrices (Rubini et al., 2025).

Although bio-asphalt offers a promising al-
ternative to petroleum-based binders, challenges
remain concerning its mechanical performance,
aging resistance, and compatibility. According to
(Liu et al., 2025), bio-asphalt derived from agri-
cultural residues such as corn possesses abundant
polar functional groups, but its low molecular
weight fractions compromise its high-tempera-
ture stability and storage performance. This study
explores the use of nipah palm fruit husk as a
renewable feedstock for bio-asphalt by analyz-
ing the physicochemical and thermal properties,
converting it into bio-binder through pyrolysis,
and evaluating the performance when blended
with conventional asphalt. By addressing viscos-
ity consistency, thermal stability, and aging re-
sistance, this study aims to develop high-perfor-
mance binders from underutilized biomass while
supporting circular economy principles and pro-
viding an environmentally responsible alternative
to petroleum-based asphalt, similar to other bio-
mass valorization strategies such as liquid smoke
production (Afrah et al., 2023).

MATERIALS AND METHODS

Materials

Conventional asphalt binder penetration grade
60/70, obtained from PT Pertamina/Indonesia,
was used as the base material. Biochar and bio-oil
were produced from Nipah fruit husks through a
pyrolysis process. Biomass material was collect-
ed from Sungsang, Musi Banyuasin, cleaned, and
dried in an oven prior to the pyrolysis process.
Gum rosin was bought from PT Adimitra Prima
Lestari, used as a natural resin modifier that was
expected to improve the properties of asphalt.
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Figure 1. Bio-asphalt research flow chart

Bio-oil and biochar production

Nipah fruit peel biomass weighing 2 kg un-
dergoes pyrolysis at a temperature of 350 °C for 6
hours in a pyrolysis reactor. The products obtained
from the pyrolysis process are biochar, liquid bio-
oil, and syngas (Afrah et al., 2024). Biochar pro-
duced is measured, and bio-oil is assessed to de-
termine the amount of bio-oil produced. Biochar
generated will be ground to a size of 100 mesh.
Additionally, the bio-oil product undergoes a pu-
rification process using a distillation system.
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Bio-oil that has been produced from the py-
rolysis process of the nipah fruit peel will be put
through a distillation process. Distillation is a pu-
rification method used for separating compounds
by their boiling points by using heat, where the
substances with lower boiling points will evapo-
rate quickly (Afrah et al., 2024). Distillation of
bio-oil is necessary to obtain a bio-binder that is
purer, with physical properties that are similar to
PEN 60/70 asphalt. Bio-oil components will be
distilled using a simple distillation apparatus. The
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distillation process was conducted at 120 °C for
1 hour, resulting in two compounds: bio-oil tar
in the distillate flask and impurity compounds in
the bio-oil distillate. Proximate analysis (ASTM
D3172) was conducted to determine moisture,
volatile matter, fixed carbon, and ash content.
Surface morphology was analyzed using scan-
ning electron microscopy (SEM, model Quanta
250, manufactured by Thermo Fisher Scientific
Inc.) at magnifications of 80-500%.

Preparation of bio-asphalt

The product is mixed by combining PEN
60/70 asphalt with bio-oil tar and adding biochar
and Gum rosin as additives. Bio-oil tar (bio-bind-
er) produced is taken and varies between 0-30% of
the total weight of bio-asphalt, which is 100 grams.
The PEN 60/70 asphalt was heated first and varied
from 70-90% of the total bioasphalt, which was
100 grams. The additives, biochar and Gum rosin,
were weighed at 2.5 grams and 5 grams, respec-
tively. In this study, we selected a composition of
5% biochar as the asphalt additive because this lev-
el provides an optimal balance between enhanced
stability and preserved asphalt performance, mak-
ing it the most efficient composition among the
tested variations (Dong et al., 2020). Based on a
100-gram sample basis, an additive dosage of 5
grams was therefore chosen. For comparison with
a mixed additive system, we also included an op-
tion containing a total of 5 grams of additive con-
sisting of 2.5 grams of biochar and 2.5 grams of
rosin, yielding a 50:50 ratio. This approach enables
evaluation of the effects of biochar relative to the
alternative rosin additive without compromising
other performance parameters. Once all prepara-
tions were complete, a temperature of 135 °C for
mixing was selected based on previous study and
testing experience in order to avoid excessive so-
lidification of bio-oil-modified asphalt binder dur-
ing the mixing period (Quan et al., 2024). All ma-
terials were mixed to form a bio-asphalt product.

Characterization of bio-asphalt

The final stage of this study was to test sev-
eral parameters of bio-asphalt samples. The scope
of bio-asphalt testing followed PEN 60/70 asphalt
specifications according to SNI 06-2456-1991,
which are specifications for hard asphalt based
on penetration. Several empirical tests were con-
ducted, such as softening point test (ASTM D36),

ductility test (ASTM DI113), penetration test
(ASTM DS5), flash point & fire point of asphalt
(ASTM D92), and density of asphalt (ASTM
D70). The repeatability for each test is also regu-
lated, allowing up to five repetitions for penetra-
tion, two times for softening point, density, flash
and fire point measurement, then three time for
ductility with final values determined from the av-
erage results. This study focuses on the empirical
characterization of bio-asphalt based on national
specifications (SNI 06-2456-1991), and thus ad-
vanced rheological evaluation is beyond the in-
tended scope. There are additional types of tests
that can be performed on modern asphalt, namely
the dynamic shear rheometer (DSR) test and the
bending beam rheometer (BBR) test. DSR is pri-
marily used for long-term fatigue assessment and
monitoring the evolution of shear modulus and
damage mechanisms, making it more relevant for
fatigue-oriented studies rather than basic binder
characterization (Z. Zhang et al., 2025). Simi-
larly, BBR testing is mainly applied to evaluate
low-temperature viscoelastic performance and
the effects of dynamic water-pressure environ-
ments, which are not the objectives of this re-
search (Wang et al., 2022). Therefore, the empiri-
cal tests employed in this work are sufficient to
address the research goals without incorporating
DSR or BBR measurements.

Calculation method and analytical data

A calculation of the yield product

Each product yield is determined by (equa-
tion 1), which is defined as the percentage of mass
of solids or liquids produced from the pyrolysis
process relative to the total mass before pyrolysis.

Mass sample

Yield = X 100% (1)

Raw material weight

where: Mass sample — the mass of biochar or the
mass of bio-oil, Raw material weight —
weight of subject before pyrolysis.

Product bio-oil = bio-0il(L) X density (%) ()

Analytical methods for biochar and bio-oil
characterization

Biochar and bio-oil samples obtained from
the pyrolysis stage were analyzed using the sub-
sequent analytical methods to explore their physi-
cal and chemical characteristics:
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e scanning electron microscope (SEM),

e gas chromatography-mass spectrometry
(GC-MS),

e proximate analysis.

RESULTS AND DISCUSSION

Yield product of pyrolysis

Pyrolysis of the nipah fruit peel was conducted
for 6 hours at a temperature of 360 °C using 2 kg of
dried biomass as feedstock. The process produced
two primary products, biochar and bio-oil, which
were collected and measured. The mass yields of
biochar and bio-oil were determined using Equa-
tion (1), resulting in a biochar yield of 25%. The
collected bio-oil amounted to approximately 1.2 L
and exhibited a density of 0.9925 g/mL. Using this
density, bio-oil mass was calculated by converting
its volume to weight through Equation (2), yield-
ing approximately 1.191 kg of bio-oil.

After quantifying bio-oil produced in grams,
the final yield from the pyrolysis of the nipah
fruit peel was calculated, resulting in a value of
59.55%. Another product, syngas, was generated
during the process, but the yield was not quanti-
fied. This unmeasured syngas fraction indicates
that a portion of the biomass was converted into
non-condensable gases. Further analysis of the
syngas composition and energy content is rec-
ommended to evaluate its potential for energy
recovery.

Table 1. Composition biochar based on raw material

Characterization of biochar

The results of the proximate analysis of bio-
char from the nipah fruit peel are discussed in
Table 1, which is compared with biochar from
other biomasses to determine whether biochar
has specifications that are in line with other bio-
char. Proximate analysis was conducted to de-
termine the moisture content, ash content, vola-
tile matter, fixed carbon content, and calorific
value of biochar. The results of SEM analysis
of nipah fruit skin before and after pyrolysis can
be seen in Figure 2 and 3, which shows a 300x
and 500x magnification, respectively, indicat-
ing an increase in pore formation. The surface
structure of the nipah fruit peel before pyroly-
sis appears dense, as indicated by the presence
of cellulose and lignin fibres, suggesting a more
compact structure with fewer pores. In contrast,
the nipah fruit peel that has undergone pyroly-
sis exhibits a greater number of pores (Haryanti
et al., 2024). This is influenced by the pyroly-
sis process, which causes non-carbon atoms in
the polymer material to break down and be-
come volatile. When the raw material is heated
at high temperatures in the absence of oxygen,
cellulose, hemicellulose, and lignin will break
down (Trojanova et al., 2025). During this pro-
cess, elements such as hydrogen, oxygen, and
nitrogen in the nipah husk will evaporate in the
form of gas, leaving behind solid residues con-
sisting mostly of carbon. The remaining carbon
will form a porous structure because the space

No. Content Unit Requirements
1 Moisture % 4.25

2 Ash content % 28.90

3. Volatile matter % 19.08

4 Fixed carbon % 47.77

5 Calorific value MJ/kg 20.95

£ mag ave pot { &
X mm 100 x 00us o0 U s B 0.
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Figure 2. Zoom at 80% nipah fruit peel (a), zoom at 150% nipah fruit peel (b), zoom at 500x nipah fruit peel (c)
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Figure 3. Zoom at 80% biochar (a), zoom 150% biochar (b), zoom 500x biochar (c)

previously occupied by these gases becomes
empty. The pore pattern formed depends on the
original structure of the nipah fruit skin and the
pyrolysis temperature used; the higher the tem-
perature, the more developed the pores in the re-
sulting carbon charcoal. The pyrolysis process
is carried out at a temperature of 360 °C for 6
hours to form a regular pore pattern.

SEM analysis of biochar used in asphalt
modification is conducted to examine the mor-
phological structure and the surface interactions
with the asphalt matrix. A study conducted by
Ma et al. (2022) stated that the porous structure
of biochar tends to have a direct relationship with
specific surface area, which enhances the inter-
action between biochar and asphalt constituents
as well as the compatibility of biochar with as-
phalt binders. This study is also consistent with
Hu et al. (2021), who found a decrease in phase
angle and penetration, as well as an increase in
viscosity, softening point, and complex modulus
in asphalt modified with biochar.

Properties of bio-oil tar and bio-asphalt

This study evaluates the characteristics of
bio-asphalt modified with bio-oil tar, Gum rosin,
and biochar to enhance the quality and sustain-
ability of road materials. Biochar, a porous car-
bon-rich product of biomass pyrolysis, improves
moisture resistance and durability, while Gum
rosin enhances binder performance. Character-
ization of bio-oil tar using GC-MS is essential
for identifying its chemical constituents, molecu-
lar structure, and functional groups, thereby pro-
viding critical insights into the interactions with
asphalt and its potential as a sustainable modifier
(Andalia et al., 2025). Table 2 explains the re-
sults of GC-MS analysis conducted on the bio-
binder (bio-oil tar) sample.

A previous study conducted by X. Zhou et
al. (2021) reported that adding bio-oil to as-
phalt reduced penetration performance, high-
lighting the need for additives such as biochar
and Gum rosin to improve this property. Gum
rosin, known for its solubility, high viscosity,
and strong adhesion, can enhance asphalt qual-
ity. Asphalt consists of saturated hydrocarbons,
naphthenic-aromatics, polar aromatics (resins),
and asphaltenes, which undergo oxidative aging,
forming oxygen-containing groups that increase
polarity and molecular aggregation (Primerano
et al., 2024). This study evaluates bio-asphalt
properties against PEN 60/70 standards to assess
whether the additives effectively meet the re-
quired performance parameters. PEN 60/70 as-
phalt standard has several parameters that must
be met to be qualified as PEN 60/70 asphalt, and
the requirements that must be fulfilled as PEN
60/70 asphalt are explained in Table 3.

Overall performance evaluation and practical
implications

This study examines the characteristics of
modified asphalt, or bio-asphalt, produced by
the addition of bio-oil tar, biochar, and Gum
rosin to improve the quality and sustainability of
road materials. Biochar, obtained from biomass
pyrolysis, is a carbon-rich material with a high
pore structure, large surface area, and hydro-
phobic properties that reduce water absorption,
enhancing asphalt’s resistance to moisture dam-
age. Gum rosin, a hydrophobic pine resin with
high viscosity and strong adhesive properties
(Ningsih et al., 2023), is expected to improve
penetration performance, addressing the decline
observed when bio-oil alone was added to as-
phalt mixtures (X. Zhou et al., 2021).

Asphalt consists of saturated hydrocarbons,
naphthene-aromatics, polar aromatics (resins),
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Table 2. GC-MS result from tar bio-oil

No List of compound Formula %
1 trans-13-Octadecenoic acid, methyl ester C,oH;0, 23.43
2 6-Octadecenoic acid, methyl ester, (Z2)- C,oH;0, 19.61
3 10-Octadecenoic acid, methyl ester C,oH;0, 19.42
4 Heptanediamide, N,N’-di-benzoyloxy- C,,H,,N,O, 7.59
5 Cyclopropanebutanoic acid, 2-[[2-[[2-[(2-pentylcyclopropyl) C HO 5.38
methy l]cyclopropyl]methyl]cyclopropyl]meth yl]-, methyl ester 17342
6 a-Pinene C.oHie 4.05
7 Pentadecanoic acid, 14-methyl-, methyl ester C,H,0, 3.50
8 7,10-Octadecadienoic acid, methyl ester C,H,,0, 2.08
9 9-Desoxo-9-x-acetoxy-3,8,12-tri-O-ac etylingol C,H,,0,0 1.93
10 Cyclopropanebutanoic acid, 2-[[2-[[2-[(2-pentylcyclopropyl) C HO 162
methy l]cyclopropyl]methyl] cyclopropyl]meth yl]-, methyl ester 1773472
1 E;c%/_c(uo[;;ioz]gnsd*?]cﬁ-4-ene, 4,11,11-trimethyl-8-methylene- C,H,, 143
12 1-Monolinoleoylglycerol trimethylsilyl ether C,,H,0,Si, 1.29
13 Cyclopropanebutanoic acid, 2-[[2-[[2-[(2-pentylcyclopropyl) C.H.O 1.26
methy l]cyclopropyllmethyl]cyclopropyllmeth yl]-, methyl ester 1777342
14 16-Octadecenoic acid, methyl ester C,H,,0 1.23
15 16-Octadecenoic acid, methyl ester C,H,,0 1.21
16 1-Monolinoleoylglycerol trimethylsilyl ether C,,H0,Si, 1.09
17 Eucalyptol C,,H,s0 1.04
18 a-Pinene C,oHis 1.01
19 Cyclopropanebutanoic acid, 2-[[2-[[2-[(2-pentylcyclopropyl) C HO 0.97
methy l]cyclopropyl]methyl]cyclopropyl]meth ylJ-, methyl ester 17773472
20 Limonene C,oHys 0.86
Total 100,00

Table 3. Specifications for PEN 60/70 asphalt

No. Types of testing Metodhs Requirements
1. Penetration, 25 °C, 100 gr, 5 second, SNI 06-2456-1991 60-79

2. Softening point °C SNI 06-2456-1991 50-58

3. Ductility at 25°C SNI 06-2456-1991 >100

4. Flash point & fire point (°C) SNI 06-2456-1991 >200

5. Density SNI 06-2456-1991 Min. 1,0

and asphaltenes, arranged by increasing polarity
(Sun et al., 2026). During oxidative aging, res-
ins and aromatics form oxygen-containing func-
tional groups, permanently increasing polarity
and causing molecular aggregation into larger
structures. The addition of biochar and Gum
rosin aims to counter these effects and enhance
key properties of bio-asphalt that currently fall
below PEN 60/70 standards. The effectiveness
of these additives is evaluated by comparing the
modified asphalt’s parameters with the perfor-
mance requirements outlined in the PEN 60/70
asphalt standard, as presented in Table 3.
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The effect of additives on the penetration
and density of bio-asphalt

Figure 4a plots the effect of bio-oil contents
on the penetration of bio-asphalt modified with
biochar (BC), gum rosin (GD), and a combined
mixture of both. The penetration of the binder
formulated with 5 g of biochar displayed a slight
decrease as bio-oil content increased, stabilizing
around 72 mm/10s once bio-oil content reached
over 20 wt.%. These behaviors suggested that bio-
char acted as the primary hardening agent for the
binder, while the addition of bio-oil only slightly
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Figure 4. Effect of additives on penetration of bio-asphalt (a), effect of additives on density of bio-asphalt (b)

reduced this effect. Conversely, the binder modi-
fied with 5 g of gum rosin showed an increase
in penetration with increasing bio-oil content,
peaking at around 74.5 mm/10 s at 20% bio-oil
weight, followed by a small drop at the highest
weight. Gum rosin, combined with bio-oil, in-
creased the plasticity of the binder to an optimum
level, beyond which excess bio-oil might cause
phase separation or reduce structural stability.
The mixture containing 2.5 g of biochar and
2.5 g of gum rosin showed the most significant
improvement, with penetration values increas-
ing sharply to around 76 mm/10 s at 20% bio-oil
weight. This synergistic effect is likely due to the
balanced contribution of biochar structural rein-
forcement and the flexibility of pine resin, further
enhanced by the role of bio-oil plasticity. Similar
trends were reported by Y. Zhang et al. (2023) and
Y. Li et al. (2023), who reported that combining
solid fillers with bio-resin and liquid modifiers
can enhance binder performance while maintain-
ing adequate stiffness. Overall, these results con-
firm that there is an optimal bio-oil content (~20
wt.%) to achieve maximum penetration, indicat-
ing a beneficial balance between stiffness and
flexibility in bio-asphalt modified with several
bio-based additives. The density test is conduct-
ed to determine the ratio of a material’s mass to
the mass of water at the same volume and ambi-
ent temperature, thereby indicating its density. A
higher specific gravity value reflects a denser ma-
terial, which is commonly associated with chemi-
cal composition changes during aging, such as the
increase in asphaltene fraction due to the oxida-
tion of lighter components (Bhatt & Wu, 2025).

The results indicate that the addition of bio-
oil tar significantly affects the density depend-
ing on the type of additive used, namely biochar
(BC), gom rosin (GD), or their combination. In
the case of 5 g biochar, the initial density was rel-
atively high (1.108 g/cc) but gradually decreased
as bio-oil percentage increased, reaching 1.036
g/cc at 25%. This suggests that biochar initially
enhanced density due to its porous structure and
ability to absorb heavy components; however, as
bio-oil content increased, the pores became satu-
rated, resulting in a decrease in density.

In contrast, when 5 g gum rosin was used, the
initial density (1.087 g/cc) was lower than that of
biochar and showed a more consistent decline,
reaching 1.019 g/cc at 30% bio-oil. As a resin-
ous material, gum rosin tends to dissolve and
distribute homogeneously in the mixture, thereby
offering a limited contribution to sustaining den-
sity under increasing bio-oil content. The sharper
reduction highlights that gum rosin is less effec-
tive in counteracting the dilution effect induced
by bio-oil addition.

A different trend was observed in the combi-
nation of 2.5 g biochar + 2.5 g gum rosin. The
initial density was relatively high (1.091 g/cc),
followed by an increase to 1.099 g/cc at 20% bio-
oil before declining and then rising again to 1.049
g/cc at 30%. This fluctuation reflects a synergis-
tic interaction between biochar and gum rosin,
where biochar enhances density through physi-
cal adsorption and pore-filled packing, while
gum rosin contributes to viscosity stabilization
through polar and light esterification interactions.
Together, these mechanisms influence the overall
binder structure, resulting in the density variation
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observed across the formulations. Consequently,
the combined use of both additives is more effec-
tive in maintaining density stability compared to
their individual application. This result is consis-
tent with Sathvik et al. (2024), who demonstrated
that biomaterials improved the storage stability,
stiffness, and resistance to permanent deforma-
tion of modified binders, although excessive dos-
ages compromised ductility and workability.

The effect of additives on ductility and
softening point of bio-asphalt

Ductility testing was conducted to indirectly
evaluate the adhesion and cohesion of asphalt.
Adhesion is defined as the bonding capacity of
asphalt to the aggregate surface, while cohesion
refers to its ability to hold aggregates together af-
ter bonding. The performance of modified asphalt
mixtures indicated compliance with the minimum
film thickness requirement, ensuring stability and
resistance to repeated traffic loads (Sihombing et
al., 2024). Ductility value was determined by mea-
suring the maximum elongation of asphalt speci-
mens before rupture at a pulling rate of 5 cm/min.

Ductility performance of bio-asphalt modi-
fied with biochar (BC), gum rosin (GD), and their
combination demonstrates a clear dependence on
the concentration of bio-oil tar. At lower concen-
trations (10%), ductility values across all addi-
tives were relatively similar, ranging from 19.4
to 19.8 cm. As the concentration increased to
15-20%, a marked improvement in ductility was
observed, with all formulations reaching their
peak values. The combination of 2.5 g BC and
2.5 g GD exhibited the highest ductility of 20.9
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—e—5 gr GD
21,04 0.9 —A—25grBC +
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20,5
E 20,0
s
=
= 19,5
5
=]
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19,04
18,8
18,6
185+ 18,4
18,0 T T T T T

Concentration of tar Bio-oil (%)

cm at 20% bio-oil concentration, surpassing the
performance of the individual additives (20.4 cm
for BC and 20.6 cm for GD). This result suggests
that the combination of BC and GD provides a
synergistic effect, leading to improved flexibility
of the asphalt binder (Fig. 5).

At concentrations above 20%, ductility values
for all formulations began to decrease. The lowest
ductility was observed at 25% bio-oil concentra-
tion, with values ranging from 18.2 to 18.8 cm.
This decline indicates that excessive addition of
bio-oil may disrupt the internal structure of the as-
phalt matrix, causing over-softening and reducing
the cohesion. Similar observations were reported
by J. Li et al. (2020), where the incorporation
of bio-asphalt in microcapsule-modified binders
also showed an initial improvement in ductility
up to an optimum level, followed by a decline
when the modifier content was too high, attrib-
uted to agglomeration and structural imbalance.

The results indicate that the optimum ductility
performance of bio-asphalt is achieved at approxi-
mately 20% bio-oil concentration. Moreover, the
combined use of BC and GD proves more effective
than their individual applications, underscoring the
significance of additive synergy in enhancing the
viscoelastic behavior of bio-asphalt. This is in line
with the results of J. Li et al. (2020) emphasized that
proper blending and dosage of bio-asphalt-based
modifiers significantly enhance viscoelasticity and
mechanical performance of asphalt binders, while
excessive dosages may lead to adverse effects. Soft-
ening point is the temperature at which asphalt in
the ring placed in water begins to soften due to the
loading of a 3.5 g steel ball. Softening point tem-
perature is read when the steel ball touches the base
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Figure 5. Effect of additives on ductility of bio-asphalt (a), the effect of additives
on softening point of bio-asphalt (b)
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plate located under the ring at a height of 25.4 mm.
Softening point indicates the temperature at which
the asphalt begins to soften. A softening point that is
too high makes asphalt stiff and prone to cracking at
low temperatures, while it is too low causes asphalt
to deform easily at high temperatures.

Figure 5b shows the effect of the addition of
bio-oil tar on the softening point of bio-asphalt.
Bio-asphalt added with bio-oil tar and biochar has
the highest value of 64°C. A study conducted by
Muhammed Ertugrul et al. (2016) stated that the
addition of biochar can increase the value of the
softening point of asphalt. This is because bio-
char is a solid carbon material that has a high pore
structure and good mass stability. In Figure 5b,
the results of the softening point test show that
biochar added to the sample decreased along with
the increase in the amount of bio-oil tar in bio-
asphalt. Among the bio-asphalt samples modified
with gum rosin, two samples, D2 and E2, met the
required specifications, with softening point val-
ues of 51.4 °C and 52.8 °C, respectively.

The addition of bio-oil can affect the rheologi-
cal properties of asphalt, including increased flex-
ibility and decreased stiffness, which contributes
to a decrease in softening point and potential de-
formation at high temperatures (El-Sherbeni et al.,
2025). The study conducted by Vidal et al. (2025)
stated that the addition of Gum rosin can increase
the softening point value of PEN 60/70 asphalt
because of its chemical and physical properties,
which tend to be hard, rigid, and have a high melt-
ing point. As rosin esters are known to improve
softening point and thermophysical properties of
asphalt binders, thereby, the asphalt is more resis-
tant to deformation due to high temperatures. The
addition of Gum rosin is useful for increasing the
value of the softening point of asphalt to which
bio-oil tar has been added. The addition of both
substances in the form of Gum rosin and biochar
has a fluctuating graph but is stable in the range of
5659 °C. This indicates that the right variation of
biochar and Gum rosin additives can stabilize the
value of the softening point of bio-asphalt.

The effect of additives on flash point and fire
point of bio-asphalt

The tendency of asphalt to ignite at a certain
temperature and flame is a benchmark for de-
termining the flash point of asphalt. Flash point
and fire point are important parameters for fuel
safety, as they indicate flammability hazards, fuel

volatility, and the need for proper handling and
storage. The flash point test aims to determine
the minimum temperature at which a substance
can produce vapor that ignite when exposed to
an external heat source, such as sparks, burning
wires, or electrical arcs. Meanwhile, the fire point
is determined during the flash point test, marked
by the continuous flame for at least 5 seconds on
the asphalt surface at a certain temperature. In the
case of bio-asphalt, thermal behavior and the pres-
ence of volatile compounds derived from biomass
significantly affect the performance and stability
of the binder; therefore, safety parameters such as
flash point and fire point must be considered in its
formulation and application (Fig. 6).

The graph illustrates the relationship between
the concentration of bio-oil tar (%) and ignition
characteristics, namely flash point and fire point.
Flash point, shown by the black line, represents
the minimum temperature at which vapor can ig-
nite momentarily upon exposure to a flame. As
the concentration of bio-oil tar increases from
10% to 30%, flash point decreases from 228 °C
to 223 °C. This downward trend indicates that
higher concentrations of bio-oil tar enhance the
fuel volatility, making it easier for vapor to ignite
at lower temperatures. Flash point test was car-
ried out using samples A3, B3, C3, D3, and E3,
each consisting of 2.5 g of gum rosin and 2.5 g of
biochar. According to a previous study, resin bio-
oil (asphalt) was also reported to have a relatively
high flash point, showing better safety against
early ignition (Zhu et al., 2021). Fire point, rep-
resented by the red line, corresponds to the tem-
perature at which the fuel sustains combustion
after ignition. The graph shows that the fire point
initially rises from 235 °C at 10% concentration
to a peak of 238 °C at 15%, suggesting improved
combustion stability at moderate concentrations.
However, the fire point decreases gradually to
233 °C at 30%, indicating reduced combustion
sustainability when more bio-oil tar is present.

Overall, the results demonstrate that increas-
ing bio-oil tar concentration reduces flash point
consistently, while fire point displays a peak at
moderate concentration before declining. This
behavior can be attributed to the complex compo-
sition of bio-oil tar, which contains both volatile
and heavier fractions. The volatile components
promote easier ignition, whereas the heavier
fractions may hinder stable flame propagation at
higher concentrations, thereby influencing com-
bustion performance.
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Figure 6. Effect of additives on flash point and fire point of bio-asphalt

CONCLUSIONS

In conclusion, this study showed the poten-
tial of nipah fruit peel as a promising biomass re-
source for the production of biochar and bio-oil
tar through pyrolysis at 360 °C for 6 hours. The
process yielded approximately 25% biochar and
59.55% bio-oil, with the remaining fraction as-
sumed to be syngas. Proximate analysis and SEM
observations confirmed that the resulting biochar
possesses a high fixed carbon content (47.77%),
good calorific value (20.95 MJ/kg), and a porous
surface morphology, indicating its suitability as a
reinforcing additive in asphalt modification.

GC-MS analysis of bio-oil tar showed the
presence of oxygenated hydrocarbons, esters, and
resinous compounds that can interact with asphalt
binders, thereby contributing to enhanced visco-
elastic performance. The high oxygen content of
the bio-oil, indicated by the presence of oxygen-
ated compounds in the GCMS results, can theo-
retically increase polarity and moisture suscepti-
bility in asphalt mixtures, consistent with (Liao et
al., 2023), who reported similar risks in bio-based
rejuvenator—modified asphalt. However, the ad-
dition of hydrophobic biochar and adhesion-im-
proving gum rosin successfully suppresses these
effects, enabling the bio-asphalt to achieve opti-
mum performance at a 20% bio-oil formulation.

Experimental results showed that the com-
bined use of biochar and gum rosin improved
asphalt properties compared with individual ad-
ditives. Specifically, the penetration, density, duc-
tility, and softening point values of bio-asphalt
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were optimized at around 20 wt.% bio-oil con-
tent, reflecting a balance between stiffness and
flexibility. Moreover, flash point and fire point
tests highlighted that bio-oil addition influenced
thermal stability, with safe ignition thresholds re-
maining in acceptable ranges for practical appli-
cations. Overall, the synergistic incorporation of
biochar and gum rosin as additives in bio-asphalt
formulations provides significant improvements
in performance parameters compared to conven-
tional asphalt binders. These results underline the
feasibility of utilizing nipah fruit peel-derived
products in sustainable pavement materials, while
also supporting waste valorization strategies. Fu-
ture studies are recommended to further optimize
additive proportions, investigate long-term aging
resistance, and assess field-scale performance un-
der varying climatic and traffic conditions.
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