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Abstract In this study, a novel and chemically engi-
neered asphalt binder additive (AFBN) was devel-
oped through a multistep synthesis route incorporat-
ing waste tallow, 1,6-diaminohexane, and hexagonal
boron nitride (h-BN). The originality of the additive
lies in its dual-function molecular structure, com-
prising amide linkages and nitrogen sites capable of
electrostatic interaction with boron species, designed
to mimic and enhance the viscoelastic network of
bituminous systems. The structural integrity and
successful functionalization of the synthesized addi-
tive were confirmed through comprehensive spectro-
scopic techniques, including FTIR, 'H-NMR (with
D,O exchange and TFA protonation), and >C-NMR,
while thermogravimetric analysis (TGA) verified its
thermal stability under asphalt modification condi-
tions. The additive was incorporated into asphalt
binders at varying ratios (1%, 2%, 4%, 6%) and
evaluated via conventional binder tests, Brookfield
rotational viscosity, and Dynamic Shear Rheometer
(DSR) tests, both before and after Rolling Thin Film
Oven Test (RTFOT) aging. The 2% AFBN-modified
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binder demonstrated superior rutting resistance and
enhanced elastic behavior, as evidenced by increased
G'/siné and reduced phase angle values. A multi-
objective optimization study based on Response
Surface Methodology (RSM) revealed that while 2%
AFBN appeared optimal experimentally, a numeri-
cally optimized dose of 1.49% at 70 °C achieved a
G/siné of 1374.19 Pa with a desirability score of
1.0, indicating maximum rheological efficiency with
reduced material input. This data-driven approach
highlights the capability of statistical modeling to
refine binder formulation beyond conventional trial-
and-error methods.
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1 Introduction

Waste oils are generated as a result of various indus-
trial processes, causing ecological and biological
harm. Controlling these oils is of great environmen-
tal and economic importance. To this end, numer-
ous government strategies and academic studies have
been carried out worldwide and in our country. In
Turkey, 1.5 million tons of vegetable oil are used for
food purposes annually, with 350,000 tons emerging
as waste. Waste disposal processes are generally used
for vegetable oils due to the large and varied amount
of waste and the ease of the transesterification
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process. Some government agencies, municipali-
ties, and chambers of commerce and industry have
undertaken various initiatives and applications for the
storage or processing of waste oils. The Ministry of
Environment and Urbanization also published a waste
oil regulation in 2019, thereby ensuring the standardi-
zation and control of waste oil generated in facilities
and businesses [1].

Animal fats are generally composed of a mixture
of triglycerides, proteins, water, and various minerals.
These fats are added to pet food and animal feed and
are used for industrial purposes such as soap mak-
ing. In addition, animal fats are preferred raw materi-
als for biodiesel because their costs are significantly
lower than those of vegetable oils. This is because the
animal fat market is much more limited than the veg-
etable oil market. In the process of obtaining animal
fats, waste oils are first extracted from animal car-
casses and then converted into oil using a processing
process. Most oil waste is obtained from the agricul-
tural food industry. In addition, there is also tallow,
pork fat waste, and restaurant oil waste [2-5]. For
example, in the United States (US), a large portion of
the animal fat waste produced is considered inedible
by humans. Animal fat waste obtained from meat pro-
cessing industries, tanneries, and slaughterhouses is
an important source of energy and chemicals in vari-
ous fields due to its renewable nature, good calorific
value, chemical inertness, and zero corrosiveness. In
the US, more than 1.4 billion gallons of animal fat
and waste cooking oil are generated annually, and
more than 74% of inedible fat and tallow is used in
the production of feed, soap, and lubricants [6, 7].

Waste animal oils constitute a well-established by-
product stream of the meat processing, rendering, and
food industries and are routinely collected in central-
ized facilities. Recent assessments indicate that ren-
dered animal fats are generated at a global scale of
approximately 15 million tonnes per year, highlight-
ing their substantial availability as a secondary raw
material [8]. In the United States alone, annual pro-
duction of waste animal fats and used cooking oils
exceeds 1.4 billion gallons (x5.3 million tonnes),
demonstrating the robustness of existing collection
and handling infrastructures [9]. At a national scale,
studies focusing on Tiirkiye report that waste animal
fats originating from cattle and sheep slaughter may
reach on the order of 60-100 thousand tonnes per
year, even when considering only primary rendering

sources [10]. Beyond slaughterhouse-derived fats,
additional contributions from food service waste,
grease traps, and processing by-products further
increase the overall available feedstock [11]. Impor-
tantly, the proposed bio-based amido-boron additive
is applied at relatively low dosages with respect to
the asphalt binder content, meaning that only a small
fraction of the available waste oil streams would be
sufficient to support large-scale asphalt applications.
Therefore, from both a quantitative and logistical per-
spective, waste animal oils represent a realistic and
sustainable resource for the development of bio-based
asphalt additives.

In recent years, numerous studies have been con-
ducted on the use of waste oils in asphalt mixtures
[12, 13]. In particular, studies aimed at improving
recycled asphalt have determined that waste oils reju-
venate the asphalt binder and reduce aging effects.
Some of the waste oils used include edible oil [14,
15], motor oil [16], palm oil [17], pyrolytic oil [18],
soybean oil [19], tung oil [20], and cottonseed oil
[21]. There are limited studies in the literature on
the use of waste animal fats [22, 23]. Waste oils have
been widely preferred in the improvement of asphalt
binders and mixtures; however, it has been observed
that various negative effects arise when the optimal
addition ratio cannot be achieved and the asphalt
becomes overly young.

In recent studies, efforts have been made to obtain
stronger molecular bonds by subjecting fatty acids to
chemical reactions with various diamine structures.
Anyaogu and his team aimed to obtain a thixotropic
coating by adding various diamines to soybean oil. In
this context, soybean oil was first dimerized with N,
(nitrogen) and I, (iodine), and then aromatic diamines
were added to this structure. After the process, it was
observed that this coating structure exhibited more
advanced flow properties, high storage stability, and
film hardness [24]. In another study, Alam and his
team reacted waste flaxseed oil with diethanolamine
to obtain poly(amine-amide) resin. Emphasizing that
it was obtained from a sustainable source, the study
achieved high alkali resistance compared to tradi-
tional polyesteramide coatings [25]. In numerous
studies like this, it has been observed that the regener-
ation of oils with amine and amide structures is possi-
ble, thereby forming stronger bond structures. Souza
and his team conducted a study on the functionaliza-
tion of castor oil with aromatic amines, emphasizing
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that new molecular structures could be obtained in a
simple manner. As a result of physicochemical analy-
ses, they determined that the addition of aromatic
amines to hydroxyl groups increased the thermal and
oxidative stability of the compound [26].

Various studies have been conducted in the litera-
ture on the addition of boron to asphalt materials. The
first studies date back to the 1940s and 1950s, but
recent studies are more noteworthy. Boykin modi-
fied asphalt mixtures heated up to 210 °C with boron
oxide/boron element to enable their use as neutron
absorbers in radiation-absorbing barriers, neutron
moderators, reactor control, and neutron reduction
elements. Boric acid was used for this purpose. As a
result, they noted that the boric acid added into the
asphalt formed a chemical bond with the asphalt and
that the asphalt mixture contained a boron oxide or
boron element concentration of 1-25% [27]. Mar-
zocchi and his team proposed reinforcing asphalt
with glass fiber particles (added as fillers), but the
high hydrophilic properties of glass fiber prevented it
from forming chemical and physical bonds with the
asphalt. To form this bond (to improve the adhesion
properties of asphalt), they used a borate reaction
product formed by subjecting an ortho ester, which
is an organic metal compound, to a chemical reac-
tion with a borate ester to modify the asphalt [28].
Orug et al. stated that boron cannot be added directly
to asphalt and must be bound to asphalt via a bridge.
Other studies conducted by the same research team
also emphasize this point. They succeeded in enhanc-
ing the rheological properties of asphalt using their
original additive [29, 30].

Boron nitride, a boron-based compound, plays an
important role due to its thermal and chemical sta-
bility at high temperatures, its ability to exist in dif-
ferent forms, its cubic form being one of the hardest
substances found in nature, and its optical proper-
ties. Due to these properties, it has a wide range of
applications. It is preferred in various fields such as
abrasive materials, thermal insulators, lubricants, and
the production of defense industry equipment, and
offers high potential for use in nanotechnology. Boron
nitride can exist in numerous forms due to differences
in the arrangement of boron and nitrogen atoms.
Among these, the most stable crystalline form is the
hexagonal form, known as hexagonal boron nitride
(h-BN). h-BN possesses thermal conductivity and
stability, ultra-high mechanical strength and hardness,

impermeability, good biocompatibility, and biodegra-
dability in nature [31-33]. There is limited literature
on the use of this high-potential material in asphalt
modification. Li and Wu preferred boron nitride to
enhance the thermal properties of asphalt. They stated
that as the BN content increases, thermal conductiv-
ity and heat diffusion coefficient also increase, which
could be effective in combating snow and ice [34].

No studies have been found in the literature on the
chemical treatment of animal waste oils with the addi-
tion of amines and diamines, followed by the use of
the resulting additive in asphalt modification. How-
ever, it is known that animal waste oils, compared to
vegetable oils, consist of fatty acids with longer car-
bon chains and that the saturated carbon chains in ani-
mal waste oils are more concentrated than the unsatu-
rated carbon chains in vegetable oils, making them
more compatible with the structure of asphalt. In
this context, it is believed that the synthesis of a new
additive containing boron nitride using waste tallow
within the scope of this study will make an impor-
tant contribution to the literature. Furthermore, it is
believed that the additive obtained will be a low-cost
and practical additive compared to the expensive and
difficult-to-obtain polymer additives that are com-
monly used. For BN to be considered a direct asphalt
additive, it must interact with asphalt. In this study,
BN was used as an asphalt additive by attaching it to
diamine-regenerated amide animal waste oil. It is also
expected to be an additive that enhances both high
and low-temperature performance, as expected from
an additive. This is achieved by the hybrid presence
of waste oil and BN in the modification system.

2 Materials and method
2.1 Synthesis of boron nitride reinforced additive

Figure 1 shows the general synthesis scheme of the
compounds. Animal fat (waste tallow) (Compound
(1)) (0.025 mol of oleic acid) was dissolved in abso-
lute methanol and refluxed for 3 days under a reflux
condenser and a drying agent in the presence of 1-6
diaminohexane (0.0705 mol) and a catalytic amount
of NaOH (0.2 g). The precipitate was collected from
the cooled solution, filtered, and dried. Compound
(2) was obtained. The structural characterization of
the compound was confirmed using FTIR, "H-NMR
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Fig. 1 General scheme of synthesised compounds and Schematisation of the additive synthesis process

(D,0) exchange and TFA protonation), '*C-NMR, absolute methanol and dripped through a dropping fun-
2

and TGA. nel for 1 h. The system was slowly heated. The reaction
First, 0.075 mol of animal fat was dissolved in was continued for 24 h, and the non-reactive portions
NaOH. 24.5 g of 1-6 diaminohexane was dissolved in were separated using petroleum ether. Pure water was
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used to dissolve the remaining diamines. This allowed
both purification and removal of excess diamines to be
carried out in an inexpensive and accessible manner.
The substances were then separated by filtration using
filter paper. The final additive obtained had a partially
oily structure. Hexagonal boron nitride (BN) was
added at different percentages by weight (5%, 10%,
15%) to the 1-6 diamine + animal fat additive. The BN
addition was carried out by mixing at elevated tem-
peratures. It was observed that the final additive melted
under heat and completely turned into a liquid state.
However, it was noted that the material did not degrade
at its melting temperature, leading to the conclusion
that this was an important advantage.

The additive was dried with acetone and then
ground. In the acetone drying process, the material in
the first stage represents fractions composed of the rel-
atively solid parts of animal fat. The unsaturated parts,
or in other words, the parts where the double bonds
first break, were used in the production of the additive.
These parts are relatively solid forms such as stearic
acid and oleic acid. The dried part was passed through
a standard sieve. This form of the additive was named
AF-6 because it contains animal fat and 1-6 diami-
nohexane. This structure corresponds to compound (2)
in Fig. 2. In line with the main objective of the study,
boron nitride was added to AF-6, and it is expected
that the boron element will interact by electrostatically
binding to the free orbitals of nitrogen in the diamine
structure, which can be described as a “guest room.”
Fig. 1 shows the possible interaction scenario with BN
and the synthesis process of the additive.

2.2 Preparation of modified asphalt binders

Bitumen of penetration grade B 70/100 has been lig-
uefied at a temperature of 150 °C. A specific amount
of binder has been added to the mixing container,
which has been conditioned and stored at the same
temperature. Based on the approximate decomposi-
tion temperatures determined by thermogravimetric
analysis of the produced additives, the modification
temperature was set at 160 °C. In summary, the addi-
tive and binder were mixed at 160 °C, 1000 rpm, for
1 h to obtain modified bitumen. The modification pro-
cess was carried out in a mechanically stirred appara-
tus with four blades, where the temperature could be
adjusted and maintained at a constant level.

2.3 Chemical and physical characterization methods

FTIR spectroscopy was used to characterize the chemi-
cal structure of the pure additive and the modified
asphalt binders. Measurements were performed using
a PerkinElmer FTIR spectrometer equipped with an
ATR accessory. Spectra were recorded in the range of
4000-500 cm™! at a resolution of 4 cm™, with 32 scans
averaged for each measurement. Background spectra
were collected prior to analysis, and all spectra were
baseline-corrected and normalized before interpretation.

The chemical structure of the synthesized bio-
based amido-boron additive was further analyzed by
'H-NMR and '*C-NMR spectroscopy using a Bruker
NMR spectrometer. Samples were dissolved in a deu-
terated solvent and analyzed at room temperature.
Chemical shifts were reported in ppm relative to the
residual solvent signal.

Thermal stability of the bio-based amido-boron
additive was evaluated by thermogravimetric analysis
using an Exstar SII TG/DTA 6300 analyzer. Approxi-
mately 5-10 mg of sample was heated from 20 °C to
500 °C at a heating rate of 10 °C/min, and the mass
loss was continuously recorded.

Morphological characterization of the additive was
carried out using a ZEISS EVO LS-10 scanning elec-
tron microscope (SEM) operated at an accelerating
voltage of 15 kV.

To ensure sufficient repeatability of the chemical
analyses, all FTIR, NMR, and TGA measurements
were conducted under strictly controlled and identical
experimental conditions. FTIR spectra were recorded
with multiple scans, showing consistent spectral fea-
tures across measurements, while repeated NMR and
TGA analyses exhibited negligible variation, con-
firming the reliability of the obtained results.

2.4 Laboratory ageing methods

The RTFO test is applied at 163 °C for 85 min accord-
ing to the AASHTO T240 standard to simulate short-
term aging in pure and modified asphalt. This process
accelerates oxidation, increasing the viscosity and
hardness of the binder and affecting initial perfor-
mance. In modified asphalt, the test is used to evaluate
the aging resistance of admixtures. In this study, the
effect of the admixture on aging was investigated by
performing penetration, softening point, rotational vis-
cometer, and DSR tests after RTFO application.
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Fig. 2 FT-IR spectra of compounds used in additive synthesis

2.5 Conventional asphalt binder tests

In this study, penetration and softening point tests
were used to evaluate the hardness and thermal
behavior of the asphalt binder. The penetration test
(TS EN 1426) determines binder hardness based on
needle penetration at 25 °C under a 100 g load, while
the softening point test (TS EN 1427) identifies the
temperature at which asphalt softens under heating.
Together, these tests provide essential information
on the thermal response and performance of asphalt
binders in flexible pavements.

2000 1500 1000 500

2.6 Brookfield rotational viscometer (RV) test

Viscosity describes the resistance of asphalt binder
to deformation under shear and tensile stresses and
is strongly influenced by temperature due to its ther-
moplastic nature [35]. Since asphalt mixtures are
subjected to varying temperatures during mixing and
compaction, viscosity plays a critical role in ensur-
ing proper workability and performance [36]. The
Brookfield Rotational Viscosity (RV) test is widely
used to assess the flow behavior of both pure and
modified asphalt binders and to evaluate the effects
of modifiers such as polymers or fibers. In this study,
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RV measurements were conducted using a Brookfield
DV-III viscometer in accordance with ASTM D4402
at a constant speed of 20 rpm and temperatures of
135 °C and 165 °C.

2.7 Dynamic shear rheometer (DSR) test

The Dynamic Shear Rheometer (DSR) test is used to
evaluate the viscoelastic behavior of asphalt binders
at medium and high temperatures in accordance with
AASHTO T315. The main parameters obtained are
the complex shear modulus (G*), which represents
the overall stiffness and resistance to deformation,
and the phase angle (8), which indicates the relative
elastic and viscous behavior of the binder. Lower 9
values reflect more elastic behavior, while higher
values indicate viscous characteristics. The rutting
resistance of the binder is assessed using the G*/sind
parameter, where higher values correspond to greater
resistance to permanent deformation. In this study,
DSR tests were performed on unaged and RTFOT-
aged binders using 25 mm parallel plates with a I mm
gap at an angular frequency of 10 rad/s and tempera-
tures ranging from 52 to 76 °C. The obtained G* and
O values were used to determine the performance
grade (PG) of each binder.

2.8 Response surface methodology (RSM)

Response Surface Methodology (RSM) is a statistical
optimisation technique used to model and optimise
the effects of multiple variables on a response [37,
38]. By employing second-order polynomial models,

to determine the optimum contribution level. Table 1
provides information on factors and responses.,

3 Results and discussion

3.1 Chemical and physical characterisation of AF-6
additive

FT-IR, 'H-NMR, *C-NMR and TG/DTA analyses of
the additive obtained using waste animal fat, diamine
structures and boron nitride are given in this section.
Before evaluating the FTIR curves and NMR data,
it is necessary to have information about the content
of the waste animal fat used for the synthesis of the
additive. When the literature is examined, there are
many different content determinations at different
rates. Table 2 presents the fatty acids found in animal
fat with the highest rates [40].

FT-IR spectra of waste animal fat (waste tallow)
(WAF), 1-6 diaminohexane and HY-6 are presented
in Fig. 2. FT-IR spectrum data are also given in
Table 3.

As shown in Table 3, the aliphatic C—H stretching
vibrations belonging to the carbon skeleton in waste
tallow appear at 2995, 2917 and 2850 cm™', respec-
tively. On the other hand, the ester carbonyl (C=0)
stretching band in the triglyceride ester structure is
the most important esteric bands defining the oil at

Table 2 Content of animal fat [40]

RSM enables efficient analysis of variable interac- Fatty acid Chemical formula % content
tions while reQu01ng the number of .experlmental tri- Oleic acid C,sH0, 445
als. [39]. II.l this study, RSM analysis was conducted Palmitic acid C1eH3,0, 29
using Df:s1gn-E>.<pert software based on the Ceptral Stearic acid C,1sH0, 15
Composite Design (CCD) approacl'l tq investigate Linoleic acid C,1sHy0, 65
the effects of temperature and contribution rate and

Table 1 Factors and responses of RSM model

Factor Name Units Min Max Coded Low Coded High Mean Std. Dev
A Temperature °C 52 70 —1<52.00 +1<70.00 61.00 6.88

B AFBN ratio % 0 6.92 —-1<0.00 +1<6.00 3.00 2.55
Response Name Min Max Mean Std. Dev

R1 G*/sind 953 14,017 4643.25 3956.32

niem
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Table 3 FT-IR data of the Component name

Band strengths(cm‘l)

compounds
N-H CH=CH C-H Cc=0 C-C CH,-CH; def
WAF - 2995 2917;2850 1741;1728 - 1471; 1399
1-6 diaminohexane  3255;3166 — 2920; 2855 1741;1728 1606 1471; 1367
(NH,)
AF-6 3307 3001 2916;2849 1633 1537  1471;1399

1741 cm™" and 1728 cm™!. In fact, this band com-
pletely disappears in the additive obtained as a result
of synthesis. As seen in the FTIR data shown for AF-6
in Fig. 3, it is observed that it shifts to 1633 cm™'. As
seen in the FTIR spectrum taken for 1-6 diaminohex-
ane, the main component used in obtaining the addi-
tive, it is observed that the N-H stretching vibrations
of the NH, group, which emerges as the most promi-
nent band, disappears in AF-6 (Fig. 3) and is replaced
by the N-H stretching vibration of the amide group.

171.41

]
w

Examination of the FTIR spectrum of AF-6 clearly
confirms the proposed molecular structure of the
synthesized additive. The prominent N-H stretch-
ing band at 3307 cm™! represents a key indicator of
successful amide formation. The vinylic CH=CH
stretching band originating from oleic and linoleic
acid residues was observed at 3030 cm™', while the
aliphatic C-H stretching vibrations of long hydro-
carbon chains (CH2 and CH3) appeared at 2916 and
2849 cm™. The characteristic amide C= O stretching
band formed as a result of the synthesis was detected

d), I}

Fig. 3 1H-NMR and 13C-NMR characterization of the syn-
thesized additive and confirmation of the proposed chemical
structure a 1H-NMR spectrum in THF-dg, b 1H-NMR spec-

l

< 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

trum in THF-dg/D,0, ¢ 'H-NMR spectrum in THF-dg/TFA,
and d 13C-NMR APT spectrum in THF-dg
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at 1633 cm™!, accompanied by C—C stretching vibra-
tions of the carbon backbone at 1537 cm™!. Addition-
ally, deformation bands of CH, and CHs groups were
observed at 1471 and 1399 cm™!. These FTIR find-
ings strongly support the proposed additive structure
and confirm the successful attachment of diamine
groups to the animal fat. The residual band observed
around 1740 cm™' is attributed to unreacted ester
groups remaining from the starting animal fat.
According to Fig. 3, there are two main bands
clearly in the FTIR spectrum taken for hexagonal
boron nitride. One of these is the in-plane B-N stretch-
ing vibration at 1300 cm™!, and the other is the out-of-
plane bending vibration corresponding to the B-N-B
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Fig. 4 Thermogravimetric analysis results of additives
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bond that occurs at 756 cm™!. The BN ratio in the
additive is 10%. The preliminary study carried out to
determine this ratio is given in the following sections
of the article. In Fig. 4, it is observed that the in-plane
B-N stretching vibration of pure BN at1300 cm™!
shifts significantly and appears at 1376 cm™', while
the out-of-plane bending vibration corresponding to
the B-N—B bond that occurs at 756 cm™! also shifts
to 788 cm™!. This result shows us that the NH-CO
groups in the additive interact with boron nitride in the
form of B-N—N. Parallel to these data, information is
reported in the literature that there is a B-N-N inter-
action between boron nitride and nitrogen-containing
compounds [41]. One of the main motivations of the
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Table 4 'H-NMR data of

CH, (1-1’
the additive s (-1

0.94, s, 6H

CH, (2-2"), CH, (3-3"), CH, (4-4"), CH, (5-5"), CH, (7-7"), CH, (12-12’), 1.34-1.62, m, 32H

CH, (14-14%), CH, (15-15")
CH, (6-6"), CH, (13-13"), -N-CH,—CH,
-N-CH,-CH,-CH,, CH, (16-16")

CH, (8-8") CH, (11-11°), CH, (17-17")

~N-CH,

CH=CH (9-9"), CH=CH (10-10")

-N-H

1.78-2.08, m, 12H
2.31-2.65, m, 8H
3.17,s, 12H
3.34,s, 4H
5.37,s,2H

6.78, s, 2H

study is to synthesize an additive that is one-to-one
similar to the asphalt binder. As mentioned before,
the reason why animal fat was preferred in the study
is that it has longer carbon chains compared to vegeta-
ble oil and that the saturated parts are found in higher
ratios than the unsaturated parts. It is thought that
the relationship between the additive and the asphalt
binder is based on electrostatic attraction forces. In
addition, as mentioned above, it is thought that boron
nitride is connected to the additive with a possible
B-N-N interaction. Indeed, important spectral data
confirming this idea were obtained in the boron-
doped material. It is possible that the boron element is
included in the system via the free orbitals in the nitro-
gen atom. Figure 3 presents the NMR characterization
of the synthesized additive and its proposed chemical
structure. Figure 3(a) shows the 'H-NMR spectrum of
the additive recorded in THF-dg, with characteristic
solvent peaks at 1.77 and 3.63 ppm. Figure 3(b) dis-
plays the 'H-NMR spectrum obtained in a THF-dg/
D,O mixture, demonstrating the exchangeable protons
in the structure. Figure 3(c) illustrates the "H-NMR
spectrum recorded in a THF-dg/TFA mixture, high-
lighting protonation effects and further confirming
the presence of amide functionalities. Figure (d) pre-
sents the '>)C-NMR APT spectrum of the additive in
THF-dg, providing detailed information on the carbon
framework of the target compound. Together, these
spectra confirm the proposed molecular structure of
the synthesized additive.

Each atom was named and used in the evaluation
of the NMR analysis. In addition, the '"H-NMR data
of the additive are given in Table 4.When Fig. 3 was
examined, it was evaluated that the most important
data regarding the contribution was the emergence
of NH proton signals at 6.78 ppm in a very low area,
indicating that amidation was achieved. In addition,

the proton signal at 5.37 ppm reveals the CH=CH
unsaturation of oleic acid and linoleic fragments
in the oil body. The 'H-NMR spectrum obtained
as a result of the isotope exchange of the additive
with D,O (deuterated water) revealed remarkable
behaviors. Indeed, in the '"H-NMR spectrum given
in Fig. 4, it is observed that the N-H proton signal
that emerged at approximately 6.67 and 6.78 ppm
has completely disappeared from the spectrum. This
behavior is expected in protons attached to strongly
electronegative atoms. This behavior definitely con-
firms the presence of an amidic NH. Due to the shift
of the standard O (zero) point in the spectrum to a
slightly higher area, the proton signals belonging to
the CH=CH group are recorded at 3.45 ppm, while
the real value is seen to be 5.43 ppm. This spectrum
was made to determine the NH protons.

Since the most important data indicating that the
targeted contribution is formed is the NH protons,
in order to make additional confirmation of the NH
protons, the formation of the amidinium cation by
additional protonation of the NH protons in TFA (trif-
luoroacetic acid) and the shifting of the proton signals
belonging to this cation to the downfield were aimed.
As a matter of fact, as seen in the spectrum given in
Fig. 3, the peaks observed at 6.67 and 6.78 ppm in the
spectrum above shifted to the downfield as 7.72 and
7.87 ppm, which is presented as data that absolutely
confirms the structure.

The most important spectral data indicating
that the targeted contribution has been achieved is
the observation of the carbon peak belonging to
the amidic C=0 group at 171.41 ppm in the low-
est area. In addition, the carbon peaks belonging to
the CH=CH group in the carbon chain of some tri-
glyceride esters (oleic acid and linoleic acid) in the
oil structure appear at 129.54 ppm in the lower area
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Table 5 '*C-NMR spectral data

C(CHS,) (1-17) (13.43); C(CH,) (2-2")(22.56); C(CH,) (3-3) (23.92); C(CH,) (4-4")(23.96); C(CH,) (5-5’) (24.12); C(CH,)
(6-6") (24.16); C(CH,) (7-7") (24.32); C(CH,) (12-12") (24.35); CH, (13-13") (29.65); C(CH,) (14-14") (24.51); C(CH,)

(15-157) (24.55); C(CH,) (16-16’) (25.65)

~N-CH,~CH,~CH,, CH, -CH,~CH,~N
~N-CH,-CH,~CH,, CH, -CH,~CH, -N
~N-CH,~CH,~CH,,CH, -CH,~CH, -N

C(NCH,(42.10)
C(C—CH,(30.91)
C(C—CH,(26.56)

C(CH,-CH=CH) (8-8")(31.88), (CH, (11-117) (33.97), C(CH,) (17-17") (38.75)

C(CH=CH) (9-9; 10-10") (129.54)
C(C=0) (171.41)

as expected. The CH, and CH; group carbon peaks
belonging to the oil chain and amide chain presented
in the table are presented in detail in Table 5. The rel-
evant data confirm the targeted compound.

Thermogravimetric analysis results of waste tal-
low, AF-6 and AF-6+BN additives are given in
Fig. 4.

Figure 4 presents the TGA curves of waste tal-
low, the synthesized additive (AF-6), and the boron
nitride-modified additive (AF-6+BN). Waste tallow
exhibited nearly 90% mass loss, while AF-6 showed
earlier thermal degradation, which could be unfa-
vorable for asphalt modification temperatures. How-
ever, the addition of hexagonal boron nitride signifi-
cantly improved thermal stability, shifting the onset
of decomposition to higher temperatures and leaving
nearly 20% residue. Overall, the TGA results confirm
that AF-64+BN is thermally stable at asphalt modifi-
cation temperatures and that boron nitride effectively
enhances the thermal resistance of the additive. The
thermal resistance of hexagonal boron nitride is men-
tioned in detail in the literature [42, 43].

3.2 Determination of the ideal BN ratio to be used
for additive synthesis

In the additive to be obtained, first 10% boron nitride
was used, after the structural characterization was
completed, various performance experiments were
carried out on the asphalt binder to determine the
ideal ratio. In this context, each additive was added to
the asphalt binder at a weight rate of 2%. 3 different

additives containing BN at 5%, 10% and 15% were
synthesized. In addition to these binders, the same
amount of this additive was added to see the effect of
the additive that does not contain boron nitride. Pene-
tration, softening point and dynamic shear rheometry
(DSR) experiments were carried out on the modified
asphalt binders, the results are given in Fig. 5.

When Fig. 5 is examined, it is seen that the use
of additives reduces the penetration value of pure
asphalt. It is thought that the diamine structures in
HY-6 cause hardening in asphalt. When the BN ratios
are examined, it is seen that the penetration values
decrease in all three BN ratios compared to pure
asphalt, and the additive increases the consistency of
the asphalt. The lowest penetration value was seen in
the 10% BN ratio, and this trend was reversed after
the addition of 15% BN. According to the penetra-
tion test results, the ideal BN ratio was determined as
10%. According to Fig. 5, the highest softening point
value was obtained in the additive with 10% BN addi-
tion. It is pleasing that higher values were observed
in all other additives compared to the pure binder.
According to the softening point test results, the ideal
BN ratio was determined as 10%. Except for the HY-6
binder, all other binders presented higher G* val-
ues compared to pure asphalt. With the increase in
the BN ratio, G* values increased, but this increase
was reversed at the 15% BN ratio. Compared to pure
asphalt at 52 °C, 5% BN binder provided 10.09%,
10% BN binder 48.09%, and 15% BN binder 18.44%
higher G* values. All these results showed that the
ideal BN ratio was 10%. As a result of laboratory
tests, it was decided to add the additive to the asphalt
binder at 1%, 2%, 4%, and 6%.

niem
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Fig. 5 Results of the preliminary study carried out to determine the ideal BN ratio

3.3 Chemical characterization of modified asphalt
binders

It is important to perform the chemical characterisa-
tion of asphalt binders in order to reveal the role of
the additive. For this purpose, spectrometer curves
obtained from pure and 6% modified asphalt binders
are given in Fig. 6.

In order to address the interaction between the
bio-based amido-boron additive and the asphalt
binder matrix, ATR-FTIR analyses were addition-
ally performed on the modified binders. As shown
in Figure X and Table X, the characteristic aliphatic
hydrocarbon bands at 2920 and 2852 cm™), as well
as the CH,/CHs deformation bands in the range of
1455-1376 c¢cm™', remained unchanged after modi-
fication, indicating that the fundamental hydrocar-
bon structure of the binder was preserved. However,

niem

the appearance of a distinct N-H stretching band at
approximately 3307 cm™ in the binder containing
6% additive confirms the successful incorporation
of amide functional groups into the binder matrix.
Moreover, the shift of the C=0 stretching band from
1598 cm™! in the neat binder to 1636 cm™! in the mod-
ified binder suggests the presence of physical inter-
actions, such as hydrogen bonding or dipole—dipole
interactions, between the additive and asphalt compo-
nents. FTIR measurements were conducted following
rigorous sample preparation and measurement prac-
tices to ensure spectral reliability and reproducibil-
ity, in line with recent RILEM recommendations for
ATR-FTIR analysis of bituminous binders (@ @ @).
These findings provide a clear chemical link between
the additive structure and the observed mechanical
and rheological performance enhancements.
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Fig. 6 SEM images of pure and modified binders

3.4 Scanning electron microscopy (SEM) results of
modified asphalt binders

Scanning electron microscope (SEM) analysis was
performed to determine whether the additive was

distributed homogeneously in the asphalt binder and
whether any structural or surface problems occurred.
The results are given in Fig. 6.

The SEM images presented in Fig. 6 compara-
tively reveal the microstructural morphologies of pure
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binder and binders containing different proportions of
additives. While the pure asphalt surface has a homo-
geneous, fluid and continuous structure, this structure
was largely preserved with 1% AFBN addition, and
only micrometric level disorder was observed on the
surface. At 2% additive rate, it was observed that the
additive was effectively incorporated into the binder
matrix and radial deformation patterns were formed
from the center to the periphery. This shows that the
additive increases microstructural interaction and
suggests that it may contribute positively to mechani-
cal performance. However, at 4% additive rate, sig-
nificant agglomerations and lumps were formed, and
surface homogeneity began to deteriorate. At 6%
AFBN rate, widespread crack formations and irregu-
lar deformations were observed in the microstructure,

indicating that the structural integrity of the binder
was damaged and the additive was not effectively
distributed in the binder matrix. These microscopic
findings show that the optimum additive ratio is
around 2%, and higher ratios cause negative effects
by causing deterioration in the internal structure of
the binder. In general, it was determined that the use
of 1% and 2% additives and the modification condi-
tions (1000 rpm, 160 °C and 1 h) were appropriate
and the additive was homogeneously distributed in
the asphalt binder.

3.5 Conventional asphalt binder tests results

In this section, the results of conventional asphalt
binder tests are given to reveal the effect of the
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synthesized additive on asphalt binder performance.
In the rest of the study, the AF-6+BN additive is
called AFBN. The penetration and Softening point
test results are presented in Fig. 7.

According to the results obtained, a significant
decrease was initially observed in the penetration val-
ues with the addition of AFBN to the binder, and this
decrease reached a minimum level (55.6 dmm) at 2%
additive rate. This indicates an increase in the hard-
ness of the binder and therefore the structural modifi-
cation effect of AFBN. However, as the additive rate
increased above 2%, an increase in the penetration
values was observed again, reaching 63.1 dmm at 6%
additive rate. According to Fig. 7, it was seen that the
penetration values decreased for 1% and 2% additive
rates, and this increase was reversed for 4% and 6%.
The equation obtained with the second-order regres-
sion model (R*=0.8938) strongly represents this
non-linear relationship. While the penetration value
decreased by 17.84% in the use of 1% additive com-
pared to the pure binder, this situation was 21.91%
at 2%. Lower penetration values were obtained com-
pared to the pure binder at all additive rates. In gen-
eral, the lowest penetration values were obtained with
the addition of 2% additive, and the consistency of
the asphalt binder increased significantly.

The softening point value is defined as the tem-
perature at which asphalt becomes viscous and
loses its properties. When Fig. 7, where the sof-
tening point values of the binders are given, is

examined, it is seen that the highest softening point
value is obtained in the binder containing 2% addi-
tive. The softening point value increased in all sam-
ples compared to pure asphalt, and this increase
was determined as 14.94%, 20.12%, 12.35% and
9.56%, respectively, according to the additive con-
tent. The obtained second-order regression model
(R*=0.8739) strongly represents the non-linear
relationship between the softening point and the
additive ratio. These findings emphasize the impor-
tance of determining the AFBN additive ratio at the
optimum level in order to improve the high temper-
ature performance of the binder. When the penetra-
tion and softening point test results were evaluated
in general, it was seen that there was a decrease
in penetration values and an increase in softening
point values with the addition of the additive. This
situation shows that the additive will increase the
consistency and hardness of the asphalt and provide
resistance against permanent deformations.

3.6 Brookfield rotational viscometer (RV) test results

The viscosity values of pure and modified asphalt
binders at different temperatures (135 °C, 165 °C)
were found and are presented in Fig. 8.

When Fig. 8 is examined, asphalt binders con-
taining additives at both temperatures presented
higher viscosity values compared to the pure binder.

Fig. 8 RV test results of B135°C B165°C
pure and AFBN modified 1200
binders y = -45.536x2 + 281.96x + 355 y =-24.107x% + 150.89x + 35
1000 + R?=10.7223 R?=0.6925
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The highest viscosity value was seen in asphalt con-
taining 2% additive. The viscosity values of pure
asphalt at 135 °C were determined as 40%, 44.4%,
20% and 17.78% at 1%, 2%, 4% and 6% additive
content, respectively. At 165 °C, they were 38.46%,
92.31%, 30.77% and 23.08%. No binder exceeded
the specification value of 3000 cP. Significant vis-
cosity increases occurred at 1% and 2% additive
contents. This shows that the high temperature

resistance of asphalt increases with the addition of
additives and that it gains resistance against perma-
nent deformation. Studies in the literature show that
adding various oils to asphalt will soften asphalt.
Considering the content of the additive in this
thesis, it can be said that the oily part turns into a
reaction product and shows a completely different
feature.
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3.7 Dynamic shear rheometer (DSR) test results

The DSR test was carried out at 52 °C, 58 °C, 64 °C
and 70 °C at a frequency of 1.59 Hz (10 rad/s) using
25 mm plates and a 1 mm gap between the plates.
As a result of the test, the G*/sind value, which is a
measure of the resistance of asphalt binders to rutting,
was obtained. The elastic modulus (G’), viscous mod-
ulus (G”), complex modulus (G*) and phase angle (5)
values required for the calculation of this parameter
are also provided by the DSR software. The G*/sind
and phase angle results are given in Fig. 9.

When Fig. 9 is examined, it is seen that the com-
plex modulus values in all binder samples decrease
with increasing temperature. This decrease is lim-
ited with the use of 1% and 2% additives, and higher
complex shear modulus values are obtained at each
temperature compared to the pure binder. This situ-
ation is reversed at 4% and 6% additive contents, and
lower G* values are observed than the pure binder.
The highest G* values are obtained in the binder con-
taining 2% additive. When the phase angle values are
examined, it is seen that the phase angle values also
increase with increasing temperature, and the highest
phase angle values are obtained in the pure binder at
each temperature. The increase in the complex modu-
lus and the decrease in the phase angle values at the
same time are interpreted as the development of the
elastic properties of asphalt binders. The phase angle
represents the time between the application of load
and the formation of deformation, and the decrease
in this value indicates that the material becomes
elastic. While the G* values increase significantly
at 1% and 2% additive rates, the phase angle values
also decrease. At other additive rates, the phase angle
values show a relatively elastic behavior, but the low
values seen in the complex modulus values limit this
performance.

According to the Superpave specification, the G*/
sind value must be above 1000 Pa and the last tem-
perature that provides this value indicates the PG of
the binder. When Fig. 9 is examined, it is seen that
the binder containing 6% additive does not meet the
1000 Pa condition at 70 °C, while all other binders
meet this condition. If the evaluation is made specifi-
cally for 1% and 2% additive rates, it is determined
that no negativity is experienced in terms of PG. In
general, it was concluded that the elastic properties of
the asphalt improved significantly with the use of 1%
and 2% additives and the rutting resistance increased.
The fact that the phase angle values were significantly
lower than the pure binder at all additive rates was
evaluated as an indicator that the material became
elastic. No negativity was observed in the PGs of the
binders. Since the additive contains oil, this situation
was considered positive. It is known in the studies in
the literature that the addition of oil to asphalt causes
a softening effect and causes quite serious problems
in terms of high temperature resistance. Since the
main motivation of this study is to obtain an idealized
additive that will increase both high and low tempera-
ture performance, the DSR results are pleasing. Also,
the phase angle values confirm this.

3.8 Rolling film thin oven test (RTFOT) results

RTFOT test was applied to evaluate the effect of the
additive on the short-term aging of the asphalt binder,
and penetration, softening point and DSR tests were
applied to the asphalt binders subjected to RTFOT.
The results of the conventional binder tests after
RTFOT are given in Table 6.

When Table 6 is examined, it is seen that the pen-
etration values for 1% and 2% rates decrease depend-
ing on the increasing additive rate, and this decrease
is reversed for 4% and 6% rates and similar to the pre-
RTFOT test results are obtained. While the permanent

Table 6 Test results before

%1 %2 %4 %6

Before After Before After Before After Before After

Pure

and after RTFOT
RTFOT Before After
Penetration 71.2 41.5
Retained 58.29
Penetration (%)
Softening P 50.2 56.4
AS (°C) 6.2

58.5 364  55.6 341 604 38.8 63.1 40.3
62.22 61.33 64.24 63.87

571 63.5 60.3 67.5 564 619 55 60.7
5.8 72 55 5.7

niem
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penetration value of the pure binder is 58.29%, it is
obtained as 62.22% at 1% additive rate, 61.33% at 2%
additive rate, 64.24% at 4% additive rate and 63.87%
at 6% additive rate. The lowest penetration value is
obtained in the binder containing 2% additive, while
the highest value is seen in the pure binder. Again,
according to Table 6, the softening point values have
increased visibly at 1% and 2% additive rates, and
higher softening point values are obtained in other

Fig. 10 G*/sind and phase
angle values after RTFOT
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binder samples compared to pure asphalt. Compared
to the pure binder, there is an increase of 12.59% at
1% additive rate, 19.68% at 2% additive rate, 9.75% at
4% additive rate and 7.62% at 6% additive rate. When
the AS values in Table 6 are examined, it is seen that
the softening point temperature differences decrease
at all rates except for the 2% additive rate compared to
pure asphalt. This situation shows that the molecules
in the functional groups of asphalt undergo structural
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changes during oxidative aging. The softening point
and penetration experiments after RTFOT show that
the use of additives increases the resistance to aging.
It is thought that this situation is due to the oily part
in the additive. The G*/sind and phase angle values
after RTFOT are given in Fig. 10.

As shown in Fig. 10, G* and G*/sind values
increased markedly at 1% and 2% additive contents
compared to the pure binder, but decreased at 4% and
6%. All binders satisfied the specification limit of
2200 Pa at 70 °C, with the 2% AFBN-modified binder
exhibiting the highest G*/sind value. At this tempera-
ture, changes of —0.97%,+35%, —17%, and —22%

Fig. 11 G*.sind and phase 5500 -
angle values of pure and L X
modified binders after the
PAV test
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were observed for 1%, 2%, 4%, and 6% additive
ratios, respectively, relative to the pure binder. These
results confirm that a 2% additive content provides
the optimum improvement in high-temperature elas-
tic properties and rutting resistance after aging, which
is also supported by the lowest phase angle values
observed for this binder. Higher additive contents (4%
and 6%) produced results similar to the pure binder,
likely due to the higher oily fraction, which softens
the binder and limits hardening during aging. While
the specification limit was not exceeded, the presence
of the oily structure suggests potential improvements
in low-temperature performance and aging resistance.
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3.9 Pressure ageing vessel (PAV) results

The PAV experiment simulates the long-term aging
process, and DSR test was performed on PAV sam-
ples. DSR experiment data of pure and modified bind-
ers after the PAV experiment are given in Figs. 11.
The parameter G*.sind, examined in the DSR
test results, provides definitive information about
the long-term performance, or fatigue behavior, of
asphalt pavements in a laboratory setting. This value
is related to the fatigue performance of the pavement
because it is applied to long-term aged samples. To
explain its relationship to fatigue: To carry the loads
applied to the asphalt pavement without cracking, a
binder with softer elastic properties is needed. For
this, the G* and phase angle from the DSR results
need to be reduced. Therefore, the product of these
two values indicates fatigue. According to the Super-
pave asphalt binder specification, the G*.sind value
must be less than 5000 kPa. It has been observed that
binders aged with admixtures exhibit softer elastic
properties at relatively low temperatures compared
to the pure asphalt binder. This is also evident from
the phase angle (8) values given in Fig. 11. Figure 11
shows that as the temperature increases, the phase
angle values of all binders increase, and that lower or
closer phase angle values are obtained with 2% addi-
tive content compared to pure asphalt binder. Phase
angle values are considerably higher with other addi-
tive ratios compared to pure asphalt binder. While the
G* value is lower with other additive ratios compared
to pure asphalt binder, the same cannot be said for
the phase angle values. Figure 11 shows the G*.sind
values, which are the Superpave fatigue criteria. At
16 °C, the pure binder could not meet the specifica-
tion limit of 5000 kPa. However, all other additive
ratios remained below this value, meeting the speci-
fication limits. At every temperature, the pure binder
provided the highest G*.sind value, while the lowest
results were obtained with the asphalt binder con-
taining 6% additive. The fact that all modified bind-
ers exhibited lower G*.sind values indicates that the
addition of the additive softens the resistance (elas-
ticity) to fatigue cracks that occur in the pure asphalt
binder and develop during the service life of the pave-
ment, thereby increasing aging resistance. However,
this softening elasticity effect should be limited. At a
2% additive rate, this softening elasticity effect was

limited, G*.sind valueswere obtained that were higher
than all other binders, and most importantly, phase
angle values were obtained that were quite close
to or relatively lower than those of the pure binder.
This shows that at a 2% additive rate, the material can
withstand the applied loads without causing brittle
fractures, its fatigue performance is improved, and its
resistance to aging is enhanced.

3.9.1 Response surface methodology (RSM) results

RSM analysis was performed using G*/sind values of
pure and modified binders to determine the optimum
AFBN ratio. As a result of detailed analysis, the high-
est prediction accuracy values were obtained in the
qubic model with the lowest error. ANOVA results
are given in Table 7.

The ANOVA results of the model are presented
in Table 7 and indicate that the model is statistically
significant and reliably represents the experimental
data (F=176.58, p<0.0001). Both main effects, tem-
perature (A) and AFBN ratio (B), were found to be
significant with F values of 497.09 (p <0.0001) and
16.69 (p=0.0015), respectively, while their interac-
tion (AB) was not significant (p=0.5384). Among
the higher-order terms, A2, B2 and B> were signifi-
cant, revealing a strong nonlinear relationship with
the response, whereas AB? showed borderline signifi-
cance. The high R* (0.9904), adjusted R* (0.9848),
and predicted R? (0.965) values confirm the excel-
lent fit and predictive capability of the model. Addi-
tionally, the Adeq Precision value of 37.95 demon-
strates an adequate signal-to-noise ratio. Overall, the
results confirm that temperature and AFBN ratio sig-
nificantly influence the rheological properties of the
asphalt binder, and the developed model is suitable
for reliable prediction. Equation 1 is a mathematical
relationship that expresses the effect of temperature
and AFBN inputs on G*/sind. The coded equation is
useful for identifying the relative impact of the fac-
tors by comparing the factor coefficients. RSM plots
are given in Fig. 12.

Sqrt(G/ sin §) = +59.67 — 37.26*A — 11.08*B
+0.8823*AB + 11.69*A% — 8.28"B?

+3.71"AB* + 9.14* B>
)]
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Fig. 12 RSM plots for G*/sind values

In Fig. 12, the response surface analysis for the
rheological parameter G*/sind, the contour distribu-
tion, the comparison of the predicted and observed
values and the perturbation diagram showing the
effect of the factors are presented. In Fig. 12a, the
effect of the interaction between temperature (A) and
AFBN ratio (B) on G*/sind (Pa) is shown via the
two-dimensional contour diagram. The G*/sind value

represents the elastic character of the asphalt binder
and its resistance to deformation, and high values
indicate high-performance binders. When the graph
is examined, it is observed that the G*/sind value
decreases significantly with the increase in tempera-
ture. This reveals the dominant effect of temperature
on the viscoelastic behavior of the binder. While the
increase in the AFBN ratio initially has a positive
effect on G*/sind, it is seen that this positive effect
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decreases and sometimes reverses as the additive ratio
increases above 2%. This shows that when the AFBN
additive is used at the optimum rate (2%), it increases
the elastic modulus of the binder; but it shows that it
can weaken the rheological structure at higher rates.
Figure 12b illustrates the combined effect of tem-
perature and AFBN ratio on G*/sind through a three-
dimensional response surface. The results show that
increasing temperature significantly reduces binder
stiffness, while increasing the AFBN content up to
2% enhances G*/sind. However, beyond 2% AFBN, a
decline in G*/sind is observed, indicating that exces-
sive additive content adversely affects binder perfor-
mance. Figure 12c¢ compares the model-predicted
and experimental G*/sind values, showing a close
alignment along the regression line, which confirms
the high predictive accuracy of the model and is con-
sistent with the high R? value (0.9904) obtained from
ANOVA. The perturbation plot in Fig. 12d reveals
that temperature has a much stronger and more domi-
nant negative effect on G*/sind than the AFBN ratio.
While the additive provides a positive contribution,
this effect is limited to a narrow range (0-2%) and
diminishes beyond the optimum level. Overall, the
model is both statistically sound and rheologically

meaningful, demonstrating that an AFBN content of
approximately 2% provides the optimum improve-
ment in high-temperature elastic performance,
whereas higher ratios may impair structural integrity.

Within the scope of the RSM analysis, numerical
optimization was performed to evaluate the combined
effects of temperature and AFBN ratio on rutting
resistance. Numerical optimization aims to identify
the factor combinations that best satisfy predefined
objectives; in this study, temperature and AFBN ratio
limits were defined to maximize the G*/sind value.
Design-Expert software applied desirability functions
to determine the optimal factor levels. The optimiza-
tion focused on the most critical condition of 70 °C,
where rutting risk is highest, and the AFBN ratio was
examined within the range of 1-3%, based on experi-
mental observations indicating optimal performance
around 2% AFBN.

Table 8 shows different optimization scenarios for
AFBN ratio at 70 °C. When Table 8 is examined, the
three highest G*/sind values among the scenarios
were determined in scenarios 2, 4 and 15. Among
these, the scenario with the lowest additive content
was determined as scenario 15, with no obvious dif-
ference in rutting performance. According to Table 8§,

Table 8 Optimization

) . Number Temperature AFBN ratio G*/sind Desirability

solutions for ideal AFBN

ratio 1 70 2.308 1314.805 1
2 70 1.691 1374.926 1
3 70 1.863 1366.887 1
4 70 1.599 1376.019 1
5 70 1.335 1365.347 1
6 70 1.77 1372.16 1
7 70 1.154 1345.237 1
8 70 2.574 1266.947 1
9 70 2.192 1332.187 1
10 70 1.416 1370.904 1
11 70 2.793 1221.386 1
12 70 2.094 1344.827 1
13 70 2.508 1279.688 1
14 70 24 1299.482 1
15 70 1.49 1374.185 1 Selected
16 70 1.946 1360.333 1
17 70 2.924 1191.924 1
18 70 2.992 1176.46 1
19 70 2.689 1243.661 1
20 70 2.021 1353.105 1

niem
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Fig. 13 RSM optimization plots

it can be said that the ideal AFBN ratio is approxi-
mately 1.5%. Optimization plots are given in Fig. 13.
Figure 13 illustrates the RSM optimization results
obtained at a constant temperature of 70 °C, allowing the
isolated evaluation of the AFBN additive ratio on binder
rheological performance. The optimization identified an
optimum AFBN ratio of 1.49%, at which the G*/sind
value reached 1374.19 Pa, indicating maximized resist-
ance to permanent deformation under high-temperature
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conditions. This result demonstrates that the additive is
most effective at an optimum level and that higher ratios
do not further improve performance. The findings chal-
lenge the assumption that maximum performance occurs
at a 2% additive content and show that a lower ratio can
provide superior performance when supported by sta-
tistical modeling. Moreover, the desirability analysis
yielded a combined desirability value of 1.0, confirming
that the selected optimization point satisfies all objective
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functions simultaneously and highlighting the reliability
of the model. Overall, the results confirm that RSM-
based optimization enables both performance enhance-
ment and material efficiency in asphalt binder design.
Figure 16 presents contour graphs for the optimization
study.

In Fig. 13, two-dimensional contour diagrams show-
ing the effects of AFBN additive ratio on the rheologi-
cal performance (G*/sind) and optimization suitability
score (desirability) of the binder under conditions where
the temperature parameter is kept constant at 70 °C are
presented.

Figure 13 bottom-left shows the contour distribution
of the desirability function (suitability value). This graph
reflects the degree to which the system provides satisfac-
tory results as a result of multi-objective optimization
carried out in line with certain targets. As can be seen,
while the suitability score is at the minimum level at 1%
additive ratio, a desirability value of approximately 0.8 is
reached when the additive ratio reaches 1.49%. This find-
ing shows that when AFBN additive is used at 1.49%,
the highest level of compliance is achieved with both the
rheological performance criteria of the binder and the
economic efficiency targets. The fact that the desirability
value converges to 1 reveals that the optimization result is
ideal in both technical and practical terms.

Figure 13 ( bottom-right) illustrates the combined
effect of temperature and AFBN additive ratio on the G*/
sind parameter, which reflects the elastic stiffness and
rutting resistance of the asphalt binder at high tempera-
tures. The results show a pronounced decrease in G*/
sind with increasing temperature, indicating progressive
weakening of the binder’s viscoelastic structure. At a
constant temperature of 70 °C, the G*/sind value reaches
a maximum of 1374.19 Pa at an AFBN content of 1.49%,
in agreement with the optimization results. However,
further increasing the additive ratio to 2.5-3% leads to
a reduction in G*/sind, suggesting that excessive addi-
tive content adversely affects rheological performance.
Overall, the contour plots demonstrate that precise opti-
mization of the additive ratio is critical, with 1.49%
AFBN providing the optimum balance between additive
efficiency, high desirability, and enhanced deformation
resistance.

4 Conclusions

In this study, a novel asphalt binder additive
(AFBN) was synthesized from waste tallow,

1,6-diaminohexane, and hexagonal boron nitride
(h-BN) to enhance high-temperature performance and
aging resistance. The additive was produced using
low-cost and sustainable raw materials, and its chemi-
cally reactive structure was confirmed by FT-IR, 'H-
NMR, and *C-NMR analyses. FT-IR spectra showed
the disappearance of ester C=0 bands and the for-
mation of amide C=0 and N-H stretching bands,
while "H-NMR D,0 exchange and TFA protonation
experiments verified the presence of free amide pro-
tons. These results clearly confirm successful amida-
tion and indicate the potential for electrostatic B-N-N
interactions with h-BN.

Thermogravimetric analysis (TGA) demonstrated
that the AFBN additive possessed adequate thermal
stability, showing no decomposition at the asphalt
modification temperature of 160 °C. The inclusion of
h-BN was found to delay the onset of thermal deg-
radation and improve the residual mass at high tem-
peratures, further reinforcing the additive’s suitability
for high-temperature mixing and storage.

The produced additive was incorporated into asphalt
binders at varying ratios (1%, 2%, 4%, and 6%) and
evaluated through both conventional binder tests and
advanced rheological characterization. Results from pen-
etration and softening point tests revealed that the use of
AFBN improved binder stiffness and thermal resistance,
with 2% AFBN offering the most favorable balance.
Rotational viscosity measurements further confirmed
that this additive increased viscosity at both 135 °C and
165 °C while remaining within Superpave limits, indicat-
ing better workability control and thermal deformation
resistance.

Dynamic Shear Rheometer (DSR) tests conducted
before and after RTFOT aging showed that AFBN-
modified binders, especially those with 2% additive, had
significantly improved G/sind* values and reduced phase
angles (9), pointing to enhanced rutting resistance and
elastic behavior. Post-RTFOT analysis confirmed that
the additive improved aging resistance by limiting hard-
ening (as shown by softer penetration drops and higher
softening points compared to unmodified binders). The
*2% AFBN binder retained the highest post-aging G/
sind value (4300 Pa at 70 °C)**, outperforming all other
samples.

A significant outcome of this work is the integra-
tion of Response Surface Methodology (RSM) and
desirability-based numerical optimization, which
identified 1.49% AFBN as the optimal dosage at
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70 °C, maximizing G*/sind to 1374.19 Pa with
a desirability index of 1.0. Although 2% AFBN
appeared optimal in experimental trials, optimiza-
tion models revealed that a lower additive dosage can
yield equivalent or better rheological performance,
contributing to both cost-efficiency and sustainability.

In summary, this study shows that a waste-derived,
chemically engineered amido-boron additive can be
successfully synthesized and used to improve the high-
temperature performance and aging resistance of asphalt
binders. The combined use of chemical characterization
(FT-IR, 'H-NMR, '*C-NMR), thermal analysis (TGA),
rheological evaluation (DSR, RV), and numerical opti-
mization (RSM) provides a robust framework for the
development of next-generation asphalt modifiers. The
results demonstrate both performance enhancement and
resource efficiency, and offer a strong basis for future
studies focusing on field performance, moisture damage,
and low-temperature cracking behavior of AFBN-modi-
fied asphalt systems. Future work will include extended
frequency-temperature sweep testing to construct mas-
ter curves and to evaluate cracking-related rheological
indices such as ATc and the Glover-Rowe parameter,
enabling a more comprehensive low- and intermediate-
temperature performance assessment.
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