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The bitumen physicochemical properties of are constantly changing during both the production of asphalt
mixtures and the service of road pavements. These changes involve bitumen hardening which consequently cause
formation of defects and cracks in road pavements. Therefore, in recent years, prolonging road pavement life by

511;1111 inhibiting the bitumen aging process is a key trend in road engineering, bringing many economic, environmental
SPI and social benefits. In line with these trends, the main objective of this research was inhibition of short-term
PRR bitumen aging by two-component chitosan-based polymer composites containing ligands with different chemi-
NMR cal structures, i.e. polyaniline, methacrylamide and 2-acrylamido-2-methylpropanesulfonic acid. This paper
AFM presents their effect on the TFOT aging process, as well as physicochemical and structural changes. Studies show

that the strongest anti-aging properties are demonstrated by the chitosan:polyaniline composite. Its use at 2 % w/
w allows it to maintain 90 % of the primary penetration value, increase the softening point by only 2°C and
increase dynamic viscosity by 17% in comparison to non-aged modified bitumen. In addition, the use of the
composite makes it possible to reduce the degree of bitumen components oxidation, which is seen from the

reduction of carbonyl and sulfoxide indices by more than 33 % and 47 %, respectively.

1. Introduction
1.1. Chitosan and its derivatives

Chitosan is one of the main chitin derivatives [1] belonging to
mucopolysaccharide found in the exoskeletons of crustaceans, insects
and fungal cell walls. The currently available data indicate that 100
trillion tons of chitin is produced annually [2,3]. Structurally, it is a
derivative of cellulose with amino groups instead of hydroxyl groups
and consists of p-glucosamine molecules linked by f-1,4-glycosidic
bonds [4]. The extraction process of chitin from biological source in-
cludes three main steps: (I) deproteinization of the material with an
alkaline solution, (II) demineralization with an acid solution and (III)
decolorization with an alkaline solution [3,5,6]. The chitin obtained in
this way is a substrate for the production of chitosan, which is a natural,
non-toxic polymer insoluble in water and many organic solvents and
used in many fields of science and industry [7]. Chitosan can be obtained
from chitin by chemical and enzymatic processes [8]. Due to lower cost,
chemical processes involving treatment of chitin with a hydroxide so-
lution, e.g. NaOH, with a concentration of 50% to 60% at a high
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temperature in the range of 130°C to 150°C, are the preferred route for
obtaining chitosan [1]. Chemically, chitosan is a copolymer composed of
d-glucosamine and N-acetyl-d-glucosamine units, linked by fp-1,4
glycosidic linkages. The ratio between the chitosan-forming units de-
termines the degree of deacetylation, which directly affects its solubility
[9,10]. Due to eco-friendliness and biocompatibility of chitosan,
currently it is very attractive material used in many fields of science and
industry [11]. In recent years, many worldwide researchers have
focused on synthesis of chitosan-based polymer composites by three
main approaches: (I) chemical modification [12], (II) physical modifi-
cation [11] and (III) enzymatic modification [13]. The effect of chemical
modification is the formation of new bonds between the chitosan matrix
and the attached ligand without changing the chitosan polymerization
degree [14]. There are three active centers of possible chemical mod-
yfication in the chitosan structure, i.e. the amine group as well as pri-
mary and secondary hydroxyl groups located at the C-3 and C-6
positions [15]. Thus, the chemical reaction of modification process can
occur [11]. Chitosan-based polymer composites can be synthesized by
carboxylation [16], alkylation [17], acylation [18] or quaternization
reaction [19] of base polysaccharide. In the synthesis of chitosan-based
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polymer composites, graft copolymerization pathway [20] employing
free radicals [21] is the most common. In the first step of polymer
composite synthesis, free radicals are created in the structure of chitosan
and attached ligands with support of initiators, i.e. ceric ammonium
nitrate (CAN) [22], ammonium persulfate (APS) [23] or potassium
persulfate (PPS) [24]. Then, the formed radicals interconnect to form the
expected product.

1.2. Bitumen aging

The bitumen properties change both through the asphalt mix pro-
duction and service life of the asphalt pavement. These phenomena are
referred to as bitumen aging processes, defined as physical and/or
chemical changes that lead to the weakening of its useful properties
[25,26]. Chemical reactions responsible for bitumen aging mainly
include oxidation reactions of its components [27], volatilization of low-
molecular-weight fractions [28], aromatization and polymerization
[29] as well as steric hardening [30]. The chemical and physical changes
that occur during the bitumen aging processes lead to an increase in the
stiffness and brittleness of the asphalt binder, which is one of the factors
causing pavement deterioration [31]. Currently, in an age of increased
attention to the environment and protection of natural resources, pro-
longation of service life of road pavements is a very important aspect.
Thus, in the road pavements development there is a trend aimed at
inhibiting/delaying the bitumen aging process, which can be achieved
by design and preparation of modern additives/modifier for bitumen i.e.
fumed silica nanoparticles [32], organic layered double hydroxides
[33], biochar[34], antioxidants[35,36]. In parallel, recent years have
also seen a growing interest in biomaterials i.e, sodium alginate [37],
cellulose [38], lignin [39] or chitosan [40] in road materials engineer-
ing. To combine these two aspects, the main purpose of the work was to
investigate the possibility of using chitosan-based polymer composites
as a potential inhibitors of the bitumen aging process. To date, chitosan-
based composites have been used mainly in environmental engineering
or biomedical engineering. In addition, these types of composite
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materials have not yet been used in bitumen modification. Therefore,
the paper presents pioneering research on their application to modify
and enhance the anti-aging resistance of road bitumen. This is a very
important aspect, because limiting the bitumen aging process can extend
the service life of road surfaces as well as bring numerous positive
environmental, economic and social effects. Prolonging the service life
of road pavements limits the necessity for their repairs and/or recon-
struction, which consequently contributes to financial benefits. More-
over, no need for road pavement reconstruction reduces the use of
natural resources and decreases the emission of harmful gases into the
atmosphere, which has a positive impact on the environment. Mean-
while, avoiding road closure enables to maintain its capacity, which has
a positive impact on society, logistics and transportation.

The research conducted included the synthesis of three composites
containing different ligands i.e. polyaniline, methacrylamide and 2-
acrylamido-2-methylpropanesulfonic acid as well as the study of their
chemical and anti-aging properties according to Scheme 1. The findings
provided an insight into how:

1. the chemical structure of a polymer composite affects the bitumen
short-term aging

2. ligand chemical composition of the polymer composite affects the
oxidation of bitumen components during short-term aging

3. ligand type of the polymer composite affects the aggregation of
bitumen components occurring during its short-term aging

4. chemical and group composition of the polymer composite affects
the microstructural changes of bitumen occurring during its short-
term aging

In summary, the currently available scientific literature clearly
demonstrates the negative impact of environmental factors on the
quality of road pavements. Polymer composites based on chitosan have
not been previously used to modify or inhibit the aging process of
asphalt binders, which is a clear novelty element of the performed
research.
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Scheme 1. Flow-chart of the work plan.
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2. Materials and Methods
2.1. Materials

Road asphalt 50/70 produced by Orlen Asfalt S.A. company was
selected as a base material for modification. The polymer composites
were synthesized using chitosan (CS) with high molecular weight and
deacetylation degree > 90.0 % obtained from Pol-Aura. Ammonium
persulfate (APS) and potassium persulfate (KPS) obtained from Chem-
pur were used as initiators of free radicals graft polymerization synthesis
pathway. In the form of ligands for synthesis of chitosan-based polymer
composites, aniline obtained from Chempur, methacrylamide, and 2-
acrylamido-2-methylpropanesulfonic acid (AMPS) purchased from
ThermoScientific were used. To obtain doped polyaniline ligand,hy-
drochloride acid (HCI) purchased from Chempur was used. All reagents
were analytical grade and used as received without further purification.

2.2. Polymer composites synthesis

The first polymer composite composed of chitosan matrix and pol-
yaniline ligand (K1) was synthesized according to the procedure pre-
sented in the paper [41]. To synthesize K1 composite, 20 g of CS was
weighed into a beaker containing a 0.1 mol/dm® HCI solution and then
10 g of aniline monomer was added. After that, 10 g of APS dissolved in
30 mL of HCI of 0.5 mol/dm® was added and stirred for 4 h at room
temperature. The solution was then neutralized with NaOH and filtered.
The resulting K1 composite was dried to a constant weight at 60 °C. The
K2 (Chitosan:metakrylamide) composite was synthesized using the
procedure shown in the work[42]. For this purpose, 1 g of CS and 1 g of
APS were placed in 100 g of distilled water and stirred for 30 min. Af-
terwards, 3 g Mam was added and the polymer composite synthesis
reaction was carried out for 3 h at T = 60 °C. Synthesis of the K3
composite was carried out according to the procedure presented in the
work [43]. To synthesize this composite, 0.6135 g of CS and 0.5 g of KPS
were placed in 75 mL of deionized water and stirred for 10 min with a
simultaneous increase in temperature to 50 °C. Then, 1 g of AMPS dis-
solved in 20 mL of deionized water was added to the mixture and the
synthesis reaction was carried out for 3 h at T = 50 °C.

2.3. Bitumen modification

The modified bitumen containing 0.5 %, 2.0 %, 3.5 %, 5.0 % and 6.5
% by weight of the K1, K2 and K3 polymer composite was prepared
based on commercial road bitumen 50/70. The modification procedure
involved bitumen liquefaction at T = 160 °C, addition of an appropriate
amount of the K1, K2 or K3 composite to the bitumen and homogeni-
zation at T = 180 °C for 45 min using an IKA T-50 high shear mixer at
4000 rpm. The homogeneity of the obtained modified bitumen was
confirmed in every case by the absence of polymer composite solid
particles in the liquefied asphalt binder. After the modification process,
the obtained modified bitumen was conditioned at the homogenization
temperature for 30 min.

2.4. Short-term bitumen aging

The polymer composite-modified bitumen was aged according to the
EN 12607-2 standard [44]. To simulate the short-term (TFOT) aging
process, 50 g of the modified and unmodified bitumens was weighed
into metal trays with an inner diameter of about 140 mm and a depth of
about 9.5 mm, forming a film of about 3.2 mm, and placed in an oven at
T=163 +£1°Cfor5h.

2.5. Test methods

The synthesized two-component polymer composites were charac-
terized in terms of their elemental and group compositions. CHNS
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analysis was carried out using a CHN/CHNS EuroEA300 analyzer from
EuroVector, the operating principle of which involves the Dumas dy-
namic combustion method. XPS analysis of the K1, K2 and K3 compos-
ites was carried out in high vacuum using a multi-chamber UHV system
from Prevac with an excitation radiation source in the form of an
aluminum anode emitting monochromatic radiation with an AlK«x
characteristic line and an energy of 1486.6 eV. Directly before the
measurement, samples of the K1, K2 and K3 polymer composites were
placed on a molybdenum carrier and degassed at room temperature to a
constant vacuum in the UHV system. FTIR spectra were recorded using a
Nicolet 380 spectrometer. These measurements were carried out using
the ATR technique in the wavelength range from 4000 cm™! to 650
em™! with a resolution of 32 and a scan number of 256. The same
measurement procedure was applied to record FTIR spectra of aged and
unaged bitumen. FTIR analysis of all bitumen samples was repeated a
minimum of 3 times. The measurement background was recorded
immediately before the sample. Then, the areas of all peaks were
determined using the two-point method and the following indices were
determined: I¢_o, Is—o, Ic—c according to Egs. (1)-(3).

A

Ic—o = 21:7?: (@)
A

Iso = Z“)j; @
A

Ic—c = 21:762) 3)

where XA is the sum of the areas of the peaks observed on the FTIR
spectrum at wavelengths 2914 em™!, 2847 em™!, 1700 cm™!, 1600
em™, 1460 em ™!, 1376 em ™!, and 900 em™-700 cm ™.

Penetration, softening and dynamic viscosity were determined in
triplicate for all modified and unmodified bitumen before and after
TFOT aging simulation. Bitumen penetration was determined in accor-
dance with the EN 1426:2009 standard at 25 °C using a semi-automatic
penetrometer [45]. The softening point of the investigated bitumen was
determined using the “Ring and Ball” method in accordance with the EN
1427:2009 standard [46], while bitumen dynamic viscosity was deter-
mined using a Brookfield viscosity meter at T=160°Cand T =135 °Cin
accordance with the ASTM D 4402 standard [47]. On the basis of the
results found for aged and unaged bitumen, quantitative aging indices, i.
e. PRR, SPI and VAI, were calculated according to equations (4)—(6).
High temperature stability tests of all investigated modified bitumens
were carried out according to the EN 13399 standard.

Penetrati
PRR = (W)*IOO% “
Penetration
SPI = Softening pointrror-Softening point 5)

VAL = Dynamic viscositygor — Dynamic viscosity , 100%

Dynamic viscosity ©®
Then, the aged and unaged bitumens were analyzed for their
chemical structure by nuclear magnetic resonance (NMR) spectroscopy
and microstructure by Atomic Force Microscopy (AFM). NMR analysis
was performed for the bitumen dissolved in deuterated chloroform, and
the resulting solutions were examined on a Bruker Ascend 500 MHz
dual-channel Ft-NMR spectrometer with an 11.75 T superconducting
magnet with a BBO-type (5mmm) z-axis gradient broadband probe. AFM
microstructural analysis was carried out using a NanoScope V AFM
microscope. The analysis was performed for 15 pm x 15 pm scans at
384x384 pixel resolution.
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3. Results and discussion

3.1. Elemental and group composition analysis of two-component polymer
composites

3.1.1. CHNS elementary analysis

Firstly, the chemical composition of the two-component polymer
composites were investigated using CHNS analysis. Table 1 shows that
all the investigated chitosan-based polymer composites used were
characterized by similar N contents of 6.25 %, 6.73 % and 6.22 % for the
K1, K2 and K3 composites, respectively. The analyzed polymer compo-
sied also had similar C contents ranging from 30.37 % to 33.74 %. As it is
shown in Table 1, the invisetigated chitosan-based polymer composites
K1, K2 and K3 were characterized by the H content ranging from 6.25 %
to 6.87 % and the S content ranging from 3.98 % to 5.16 %.

3.1.2. Fourier transform infrared spectroscopy (FTIR)

The group composition of the K1, K2 and K3 polymer composite was
characterized using FTIR spectroscopy. Fig. 1(a-c) shows that on the
spectra of investigated composites there was a broad band at a wave-
number of about 3400 cm ™! corresponding to the stretching vibrations
of the O-H or N-H bonds of chitosan matrix. Moreover, the analyzed
spectra contained two characteristic bands at a wave number of about
2920 cm ™! and 2870 cm ! corresponding to the vibrations of the CHs
and CH; groups. As is seen in Fig. 1(a—c), the spectra of K1, K2 and K3
composites also contained bands in the wavelength range from 1521
em ! to 1579 cm ™! assigned to N—H bond vibrations, which suggest the
presence of free, unreacted -NHp groups in the chitosan matrix.
Furthermore, the FTIR spectra of investigated two-component, polymer
composited also included a band at about 900 cm ™! corresponding to a
saccharide unit and a band at about 1420 cm ™ indicating the presence
of C—N bonds in their structure. Its considerably higher intensity on the
spectrum of the K1 composite clearly confirms the succesful formation of
a chitosan:polyaniline (K1) composite. Moreover, it can be also
confirmed by a band assigned to benzene ring observed at wavelength
1446 cm L. In turn, formation of the chitosan:methacrylamide (K2)
composite can be confirmed by a peak at 1644 cm™}, seen in Fig. 1b. Its
presence indicates that the K2 composite had C=0 bonds of the amide
group. A broad band with a maximum at a wavelength of 1037 cm™!
assigned to S—O bond vibrations confirms the successful synthesis of the
chitosan:AMPS (K3) composite. Moreover, the two bands seen in Fig. 1
(a—c) at wavelength ~1060 cm ! and ~700 cm ! indicate thiosulfate
ions incorporation into the polymer composites.

3.1.3. X-ray photoelectron spectroscopy (XPS)

The quantitative group analysis of the K1, K2 and K3 composites was
carried out by XPS spectroscopy. Fig. 2(a—c) clearly shows that polymer
composites contained the same carbon functional groups, i.e. C-H
(284.40 eV), C=C (284.14 eV), C-C (285.18 V), C-OH (286.01 eV) i C-
N (285.55 eV) as well as —-COO- (288.30 eV) and -COOR (289.31)
groups. As is seen in Fig. 2(a—c) percentage of C—H bonds in the
investigated composites increases as follows: K1 > K3 > K2. Moreover,
all investigated polymer composites also contained different amount of
C atoms with sp? and sp® hybridization in their structure. The findings
showed that K1, K2 and K3 composites had ~6.8 %, ~5% and ~5% C
atoms with sp? hybridization in their chemical structure, respectively.
Their presence in the K1 composite is obvious due to the attached ligand

Table 1
CHNS of two-component polymer composites K1, K2 and K3.

K1 K2 K3 K1 K2 K3

N [%] 6.254 6.732 6.222 C [%] 32.76 30.37 33.74
H [%] 6.555 6.250 6.867 S [%] 3.983 5.155 4.259
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in the form of polyaniline. Fig. 2b and 2c also indicate the presence of C
atoms with Sp2 hybridization in the K2 and K3 composites. This may be
due to occurrence of parallel radical reactions leading to the formation
of C=C bonds. Fig. 2(a-c) indicates also that the K1, K2 and K3 com-
posites contain C atoms with sp> hybridization, in an amount of 17.1 %,
11.6 % and 9 %, respectively. Simultaneously, Fig. 2a and 3b showed
that the K1 and K2 composites contain a similar content of -OH groups
attached to the C atom, indicating that the attachment of polyaniline
and methacrylamide does not require the opening of the saccharide unit
of chitosan. In turn, during the synthesis of the K3 composite, some of
the C—C bonds are broken, which may result in increased ~OH groups
content seen in Fig. 2c. The C—O—C ether bond occurs in the chitosan
unit and connects them to each other. As it is shown in Fig. 2b and 2c,
the K2 and K3 composites contain more than 30 % of these bonds. In
contrast, Fig. 2a indicates lower C—O—C bonds content of ~21 % in the
K1 composite. Moreover, C—N bonds were identified and analyzed in
the structures of all investigated polymer composites. As it is shown in
Fig. 2 (a-c), their content increases as follows K1 > K2 > K3. The
observed dependence was reflected in existing literature [41,48], indi-
cating that the K1 composite formation occurs through chemical reac-
tion between the -NHjy groups of chitosan and the benzene ring of
polyaniline. In turn, the presence of C—N bonds in the structure of K2
and K3 composites is due to the chemical structure of the attached li-
gands. Fig. 2(a-c) indicates that the investigated polymer composites
contained three different oxygen-containing functional groups: C = O
(531.5 eV), —-OH (532.7 eV) and C-O-C (533.4 eV). An XPS analysis
showed that the K1 polymer composite contained 23.5 % C = O groups,
29.6 % —OH groups and 46.9 % C-O-C groups. Exactly the same rela-
tionship was observed for the K3 composite. Meanwhile, a different
content of O-containing groups was observed for the K2 composite,
where the highest percentage of ~-OH groups (42.5 %) and the lowest
percentage of -C = O groups (27.2 %) was observed. Fig. 2(a-c) indicates
also that the amino groups occurring in K1, K2 and K3 polymer com-
posites can exist in neutral (399 eV) and protonated (402 eV) form. An
analysis shows, the content of amino groups in the neutral form is
definitely the highest for the K1 composite. The XPS analysis indicates
that S exists in K1, K2 and K3 polymer composites in the form of sulfates
(169.7 eV) and thiosulfates (167.9 eV). The presence of thiosulfates is
due to the incorporation of ions from initiator into the composite
structure, while SO3~ ions are formed by their reaction with water
molecules.

3.2. Penetration, softening point and dynamic viscosity of polymer
composite-modified bitumen before and after aging

Fig. 3a points that 50/70 bitumen modification with K1 polymer
composite results in reduction of its penetration value. The results show
that the bitumen containing 0.5 % w/w, 2.0 % w/w, 3.5 % w/w, 5.0 %
w/w and 6.5 % w/w K1 composite were characterized by penetration
values of 51.8 (0.1 mm), 49.5 (0.1 mm), 48.3 (0.1 mm), 47.5 (0.1 mm)
and 47.5 (0.1 mm), respectively. In comparison to an unmodified 50/70
bitumen with penetration of 58.7 (0.1 mm), these values are lower by
10 %-18 %. Very interesting results were observed for the 50/70
bitumen modified with K2 composite. As it is shown in Fig. 3b, the
highest penetration reduction of about 17.5 % was observed for its
content of 0.5 % w/w and 2.0 % w/w. For the bitumen containing more
than 2 % w/w K2 composite, increases of penetration to values to 49.0
(0.1 mm) (3.5 % w/w), 49.3 (0.1 mm) (5.0 % w/w) and 51.0 (0.1 mm)
(6.5 % w/w) were observed. However, these values were still lower than
the penetration of the reference unmodified 50/70 bitumen. A similar
trend was observed for the bitumen modified with K3 polymer com-
posite, but in this case the lowest penetration value of 42.8 (0.1 mm) was
observed for the composite content of 3.5 % w/w (Fig. 3c). The changes
in bitumen penetration caused by modification with K1, K2 and K3
composites are significantly greater than those caused by bitumen
modification with pure chitosan [40] and sodium alginate [37].
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Fig. 1. FTIR spectrum of K1 (A), K2 (B) and K3 (C) polymer composite.
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Fig. 2. High resolution XPS spectra of K1 (A), K2 (B) and K3 (C) chitosan-based polymer composites.

Bitumen aging leads to an increase in its hardness, which is seen in
the decrease in penetration value. The results shown in Fig. 3(a-c)
clearly indicate that TFOT aging causes a decrease in the penetration of
reference and polymer composite-modified bitumen. This is typical and

observed in many previous works [49-52]. Quantitatively, this process
is described by the PRR calculated according to Eq. (1). A lower PRR
value demonstrates greater degree bitumen aging. For the reference 50/
70 bitumen, a PRR value of 80.7 % was found. As shown in Fig. 3a, the
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K1 polymer composite application at 0.5 % w/w, 2.0 % w/w, 3.5 % w/
w, 5.0 % w/w and 6.5 % w/w enables to keep primary bitumen pene-
tration at 88.3 %, 91.6 %, 90.6 %, 90.6 %, 89.0 % and 87.9 %, respec-
tively. This means that bitumen modification with K1 composite makes
it possible to preserve its original penetration value to a higher degree.
In contrast, an increase in PRR values was not observed for the K2
composite-modified bitumen. As is seen in Fig. 3b, the PRR vales of K2-
modified bitumen were found to be 78.4 %, 71.4 %, 68.7 %, 62.3 % and
75.3 %. Fig. 3c shows that similar dependencies were observed for the
K3 composite, where the following PRR values of 73.8 %, 78.8 %, 77.3
%, 78.4 % and 79.8 % were determined. In comparison to the literature,
the K1, K2 and K3 polymer composites seem to be very promising
bitumen aging inhibitors. For example, the application of a
montmorillonite-based organic-mineral composite resulted in an in-
crease in PRR from ~40 % to ~60 % [49]. In turn, vermiculite appli-
cation allowed increasing the PRR value by 10 % [53]. Comparison of
the anti-aging properties of the investigated polymer composites to
other polymers, i.e. SBS, application of K1, K2 and K3 composites ap-
pears to be reasonable. As it is presented in work [54], PRR values of
81.44 % and 78.36 % were determined for two different SBS-modified
bitumens and they are lower than the results shown in Fig. 3(a-c). It
may indicate that the bitumen aging process is more effectively inhibi-
ted by the investigated chitosan-based composites than the SBS polymer.
Moreover, the results presented in work [55] show that polyethylene
application in bitumen modification enabled to obtain PRR values
varying from 40 % to 60 %, depending on polymer percentage. Lower
PRR values ranging from 70 % to 80 % were also determined for sulfur-
containing bitumen [55].

Further, the softening point of K1, K2 and K3 polymer composites
modified bitumen were investigated and their change due to TFOT short
term aging was analyzed. For the reference bitumen, a softening point of
51.3 °C was found and did not change significantly after modification
with the K1 composite. The greatest rise in the softening point of 2 °C
was observed for the bitumen containing 6.5 % K1 composite (Fig. 4a).
For the bitumen containing a lower amount of the K1 composite, the
softening point increases ranged from 0.40 % to 2.70 % in comparison to
unmodified bitumen. More notable changes in the softening point were
observed for the K2 composite-modified bitumen. As it is shown in

Fig. 4b, the observed changes were parabolic with a maximum of 59.9 °C
for a composite content of 2.0 % w/w. For higher and lower percentages
of the K2 composite (Fig. 4b), a lower softening point was observed.
However, the observed changes were still higher in comparison to the
reference bitumen. As it is seen in Fig. 4b, the K2 composite at 0.5 % w/
w, 3.5 % w/w, 5.0 % w/w and 6.5 % w/w caused an increase in the
softening point of 2 °C (=~ 4 % increase), 3.4 °C (= 6 % increase), 2.9 °C
(~5% increase) and 0.8 °C (~1% increase), respectively. Fig. 4c shows
that a similar trend was also observed for the K3 polymer composite. For
this modifier, the greatest increase in softening point was 2 %. in com-
parison to pure chitosan [40], the use of K1, K2 and K3 composites al-
lows a similar increase in bitumen softening point. However, compared
to sodium alginate, the changes caused by using the composites to
modify the asphalt are significantly greater [37].

Typically, bitumen aging leads to an increase of its softening point
[50,56]. A higher increase in the softening point of aged bitumen in-
dicates greater negative changes in its structure described by the SPI
index determined by Eq. (5). As it is shown in Fig. 4(a—c), the SPI value
for reference bitumen was found to be 2.8 °C. Fig. 4a shows that the K1
composite application in the bitumen modification results in a reduction
of its SPI value. The lowest SPI value of 1.95 °C was determined for the
bitumen containing the 0.5 % w/w of K1 polymer composite. An in-
crease its percentage to 2.0 %, 3.5 %, 5.0 % and 6.5 % resulted in an
increase in the SPI value to 2.0 °C, 2.3 °C, 2.6 °C and 2.7 °C (Fig. 4b),
respectively. These values clearly confirm the anti-aging effect of K1
composite. As it is shown in Fig. 4c, definitely higher SPIs were deter-
mined for the K2 and K3 composite-modified bitumen. Comparison with
the available published literature demonstrates that the K1 polymer
composites can inhibit the softening point increment more effectively
than organic-mineral composite based on montmorillonite [49] or SBS
copolymer [54]. In order to test the stability of the modified asphalts, a
tube test was carried out. According to EN 13399, a modified binder is
considered as stable if, after the tube test, it has a difference in the
softening temperature of the lower and top of tube of a maximum of
5 °C. The results given in Table 2, clearly indicate that all of investigated
modified bitumen are stable after high temperature storage test. For
composites K1, K2 and K3, differences in softening temperatures were
observed in the range 2.5-4.0 °C, 1.8-3.8 °C and 2.2-3.6 °Crespectively.
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Table 2

Construction and Building Materials 409 (2023) 133838

Softening points of the samples obtained from high temperature storage stability test.

K1 composite

0.5 % w/w 2.0 % w/w 3.5 % w/w 5.0 % w/w 6.5 % w/w
Softening point of top part of tube [°C] 51.8 51.2 50.8 52.1 52.9
Softening point of bottom part of tube [°C] 53.3 54.2 53.8 55.6 56.9
Difference in Softening point [°C] 2.5 3.0 3.0 3.5 4.0
K2 composite

0.5 % w/w 2.0 % w/w 3.5 % w/w 5.0 % w/w 6.5 % w/w
Softening point of top part of tube [°C] 52.5 54.8 52.9 53.8 51.2
Softening point of bottom part of tube [°C] 54.3 57.0 55.4 57.4 55.0
Difference in Softening point [°C] 1.8 2.2 2.5 3.6 3.8
K3 composite

0.5 % w/w 2.0 % w/w 3.5 % w/w 5.0 % w/w 6.5 % w/w
Softening point of top part of tube [°C] 52.1 53.9 54.0 52.1 53.8
Softening point of bottom part of tube [°C] 54.3 56.7 57.1 55.6 57.4
.Difference in Softening point [°C] 2.2 2.8 3.1 3.5 3.6

At the same time, it is worth noting that for each investigated polymer
composite, an increase in the difference of softening temperature was
observed with increasing content in bitumen.

Empirical bitumen binder properties have historically been used to
determine the performance of asphalt mixtures with unmodified asphalt
[57]. Regarding modified asphalts, penetration and softening tempera-
ture can be used to quantify the effects of their modification with poly-
mers [58]. Lower penetration results with higher softening point values
are characteristic for modified asphalts. This relationship, compared to
conventional bitumen, results in increased stiffness at high temperatures
with the implication of increased resistance to permanent deformation at
high temperatures. In addition, there is a reduction in low-temperature
stiffness and consequently an improvement in the elasticity, resulting in
greater resistance to thermal and fatigue cracking [58].

Then, the dynamic viscosity values of reference and chitosan-based
polymer composites-modified bitumen and their changes caused by
TFOT aging were investigatred. Fig. 5(a—c) shows that modification of a
reference bitumen with an initial viscosity of 159 mPa-s using the K1
composite leads to a gradual increase in its viscosity. Fig. 5a shows that
bitumen modified with the K1 composite in content of 0.5 % w/w, 2.0 %
w/w, 3.5 % w/w, 5.0 % w/w and 6.5 % w/w resulted in an increase in
dynamic viscosity was observed to values of 160 mPa-s, 170 mPa-s, 180
mPa-s, 187.5 mPa-s and 190 mPa-s, respectively. Considerably higher
increases of bitumen dynamic viscosity were observed due to its modi-
fication with the K2 polymer composite. As it is shown in Fig. 5b, the
dynamic viscosity increment as a function of its content had a parabolic
pathway with a maximum of 222 mPa-s observed for the bitumen con-
taining 2.0 % K2 composite. A similar increase was observed for the
bitumen modified with the K3 composite. As shown by the results in
Fig. 5¢, regarding the reference bitumen, its modification with the K3
polymer composite caused dynamic viscosity increasements ranging
from 9 % (0.5 % w/w) to more than 18 % (2.0 % w/w and 3.5 % w/w).

Comparison of these results with literature data indicates that the use of
K1, K2 and K3 polymer composites results in a smaller increase in the
bitumen dynamic viscosity than pure chitosan [40] and sodium alginate
[37].

Bitumen aging processes can be also quantitatively described by the
VAI parameter calculated using Eq. (8). A lower value of the VAI
parameter indicates a lower degree of bitumen aging. Fig. 5a and Fig. 5¢
clearly show that the application of the K1 and K3 chitosan-based
polymer composite has a positive effect on the aging process of the
modified bitumen. The VAI determined for the reference bitumen was
calculated to be 37.1 %. Fig. 5a clearly shows that the K1 composite
application reduces the VAI parameter values to 23.8 %, 18.2 %, 13.3 %,
11.5 % and 17.9 % for increasing composite content. A similar trend was
also observed for the K3 composite. However, as it is seen in Fig. 5c, its
application reduces the calculated values of the VAI parameter to 23.0
%, 23.0 %, 12.4 %, 14.5 % and 5.9 %. These results indicate better anti-
aging properties of the K1 composite. Unfortunately, a similar effect was
not observed for the bitumen modified with the K2 composite. Fig. 5b
shows that for the bitumen modified with the K2 composite, higher
values of the VAI parameter were obtained, ranging from 42.1 % to 98.4
% were determined. The VAI values shown in Fig. 5(a—c) show that
modification of asphalt binders with the K1 and K3 polymer composites
makes it possible to reduce viscosity growth and thus inhibit the aging
processes. Compared to the results presented in the paper [49], the
investigated polymer composites are more favorable.

The compaction and mixing temperatures of the bitumen modified
with two-component polymer composites were then determined using
the Equiviscous method (ASTM D 2493). Fig. 6 and Table 3 show that
the compaction temperatures of the investigated bitumens do not differ
significantly. Depending on the amount of composite used, they range
from 152 °C to 155 °C for the bitumen modified with the K1 composite,
from 155 °C to 158 °C for the K2 composite and from 155 °C to 157 °C
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Fig. 5. Dynamic viscosity test results of the reference and K1 (A), K2 (B), K3 (C) polymer composite modified bitumen before (blue bars) and after (grey bars) TFOT
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for the K3 composite. The obtained mixing temperatures, on the other
hand, are slightly higher and range for the K1 composite from 159 °C to
161 °C, for the K2 composite from 160 °C to 162 °C and for the K3
composite from 160 °C to 161 °C. These values are similar to the asphalts
modified with other polymers and copolymers. Almusawi et al. [59]
determined compaction and mixing temperatures of 174-180 °C and
152-158 °C, respectively, for the asphalt modified with SBS compol-
ymer (5 %). In turn, in comparison to EVA polymer, the use of two-
component polymer composites allows achieving lower technological
temperatures. As presented in [60], depending on the amount of poly-
mer added, the compaction and mixing temperatures determined by the
Equiviscous method are in a range of 173-193 °C and 183-205 °C,
respectively.
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3.3. Fourier transform infrared spectroscopy (FTIR)

A typical FTIR spectrum of bitumen is seen in Fig. S1. The spectra
contains peaks from symmetric and asymmetric stretching vibrations of
methyl and methylene groups (2914 cm™' and 2847 cm™Y), stretching
vibrations of C=C bonds in benzene rings (1600 cm’l), symmetric and
asymmetric deformation vibrations of methyl and methylene groups
(1460 cm ™! and 1376 cm™Y), stretching vibrations of S = O groups as
well as fanning vibrations of C—H bonds in aromatic structures (900
em1-700 cm™Y). In addition, the FTIR spectra of TFOT-aged bitumen
show a peak from stretching vibrations of carbonyl groups (1700 cm™1).
The bitumen aging process results in oxidation of its components to form
polar functional groups, i.e. carbonyl and sulfoxide groups, and an in-
crease in the number of aromatic rings. The performed FTIR analysis
included the determination of the increase in the carbonyl index
(Alc—0), sulfoxide index (Als_p) and aromaticity index (Alc_¢) using the
Egs. (1)-(3).

Fig. 6a shows Alc_p occurring as a result of the reference and
modified bitumen TFOT aging process. As it is seen in Fig. 7a, the largest
Alc—o of 0.026 was observed for unmodified neat bitumen. Alc—p seen
in the Fig. 7a shows that the K1 composite application results in a
reduction of Alg_o values.This effect is much more evident for low
composite contents of 0.5 % w/w to 3.5 % w/w. These results indicate
that low content of the K1 composite is the most effective in inhibiting
the oxidation reactions of hydrocarbons building the bitumen. As it is
shown in Fig. 7a, the K2 composite application also reduces oxidation
reaction of bitumen components. However, in comparison to the K1
composite, the observed relationships were completely opposite. As it is
seen in Fig. 7a, an increase of the K2 polymer composite content caused
a significant reduction in the Alg_o values. The Alc_o values ranged
from 0.005 for the bitumen containing 6.5 % w/w of the K2 composite,
to 0.020 for a bitumen containing 6.5 % w/w of the K2 composite. In
addition, the research shows that the K3 composite inhibits the forma-
tion of polar C = O groups to the lowest degree. As it is shown in Fig. 6a,
for the K3 composite-modified bitumen, there was no observed direct
relationship between its content and oxidation reactions inhibition. In
the case of this type of modified bitumen, the increase in Alc_o was in
the range from 0.018 to 0.024. These values were lower than the Alc_o
value of the unmodified reference bitumen, but were the highest among
the investigated chitosan-based polymer composites.

The second index quantitatively describing the bitumen aging pro-
cess is Is_o. Fig. 7b shows that its value increased after bitumen modi-
fication of asphalt binders, due to the presence of initiators residues in
the K1, K2 and K3 composites. Therefore, in order to precisely analyze
the S atom oxidation and S = O groups formation in the investigated
bitumen components structure, it is necessary to take into account the
Is_o increase (Als_p) occurring as a results of their TFOT aging. Fig. 7b
shows that Als_g value of reference bitumen was 0.071. As it is shown in
Fig. 6b, the K1 polymer composite application considerably reduces the
Alg_q values which ranged from 0.027 to 0.050. Reduction in the degree
of S atoms oxidation was also observed for the K2 composite. As it is seen
in Fig. 7b, among the bitumens modifed with the K2 polymer composite,
the lowest efficiency of inhibition of S = O group formation was
observed for a sample containing 3.5 % of this modifier, which was
comparable to the value found for the reference binder. Nevertheless,
the application of higher and lower content of K2 composite allows
inhibiting the oxidation of S atoms to a higher degree, as evidenced by a
reduction of Als_g value. Fig. 7b indicates that formation of S = O
groups can be inhibited by the K3 polymer composite. However,
compared to the K1 and K2 composites, the inhibition efficiency of the
oxidation of S atoms by the K3 composite was significantly lower.

FTIR spectroscopy can be also successfully used to observe the
aromatization of bitumen components occurring during the aging pro-
cess. For this purpose, the value of Al¢_c calculated using the Eq. (3) can
be used, which describes the increase in the content of aromatic rings.
For the reference bitumen, the value of Alc_c was calculated to be
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Table 3
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Compaction and mixing temperatures of the bitumens modified with polymer composites.

K1 composite

0.5 % w/w 2.0 % w/w 3.5 % w/w 5.0 % w/w 6.5 % w/w
Compaction Temperature [°C] 152 153 154 155 155
Mixing Temperature [°C] 159 160 161 161 161
K2 composite

0.5 % w/w 2.0 % w/w 3.5 % w/w 5.0 % w/w 6.5 % w/w
Compaction Temperature [°C] 155 158 157 157 156
Mixing Temperature [°C] 160 162 162 162 161
K3 composite

0.5 % w/w 2.0 % w/w 3.5 % w/w 5.0 % w/w 6.5 % w/w
Compaction Temperature [°C] 155 156 157 157 157
Mixing Temperature [°C] 160 161 161 160 161

0.033. Fig. 7c clearly indicates, that the K1 polymer composite appli-
cation in amounts of 0.5 % and 2.0 % does not affect the aromatization
process of bitumen components. However, for its higher amount, a
significant decrease in Alc_c was observed. The Alc_c for the bitumens
containing 3.5 % w/w, 5 % w/w and 6.5 % w/w were 0.006, 0.019 and
0.009, respectively. The obtained values clearly indicate that the
application of the K1 composite has a positive effect on the aromatiza-
tion process of bitumen components. As it is seen in Fig. 7c, a similar
trend was observed for the binders containing the K2 composite. A
reduction of Al¢_c value due to short-term aging by 96 %, 89 % and 91
% was observed for the bitumen containing the K2 composite in the
amount of 3.5 % w/w, 5 % w/w and 6.5 % w/w, a, respectively.
Moreover, the results presented in Fig. 6¢ indicate the reducing
aromatization reaction of the components forming the K3 polymer
composite-modified bitumen. In this case, a decrease in Alg_¢ values
ranging from 75 % to 93 % was observed. To conclude, the FTIR spectra
analysis showed that the investigated chitosan-based composites

application can effectively inhibit the bitumen aromatization process. It
may consequently affect the reduction of n-m interactions between
bitumen components during short-term aging, which can be also
confirmed by higher PRR values shown in Fig. 3.

3.4. UV-VIS analysis

UV-VIS spectroscopy has also been applied in the analysis of the
bitumen aging process. This method allows the determination of < e>yy,
<e>yy and Ryis,yy parameters,which can be helpful in understanding
and describing the molecular aggregation of bitumen components. The
work [61] indicates that a decrease in < £>yy, <¢>yis and a simultaneous
increase in Ryjs,yy may suggest a higher degree of aggregation of bitumen
components.The molecular aggregation of bitumen hydrocarbons may
occur during the aging process. Fig. 8a shows that the TFOT aging of the
reference bitumen resulted in an ~36 % decrease of < £>yy value, ~24 %
decrease of < e>yg value and ~19 % increase of Ryis,yy value. This
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change of the investigated parameters may suggest on-going intermo-
lecular agglomeration phenomenon between bitumen components.
Fig. 8a shows that, for the polymer composites-modified bitumen, a
decrease of the < e>yy values ranged from 14 % to 34 %, from 9 % to 28
% and from 7 % to 29 % was observed for K1, K2 and K3, respectively.
Similar trends were observed for the < e>vyis values. As it is shown in
Fig. 8b, application of the K1, K2 and K3 polymer composites resulted in a
decrease of the < e>v;g values ranging from 11 % to 24 %, from 12 % to
24 % and from 25 % to 40 %, respectively. However, after TFOT aging,
the increase of the Ry;s,yy values of up to 4 % (Fig. 8c) was observed only
for the K1 modified bitumen. Fig. 8c shows that for other polymer com-
posites, a decrease in Ryjs/yy values of up to 26 % was observed. The
values of < e>yy, <e¢>yy, Ryis,uv calculated based on UV-VIS spectra
indicate that the K1 and K3 polymer composite application enables the
inhibition of the intermolecular aggregation of bitumen components
during the TFOT aging process.

3.5. NMR analysis

Bitumen aging also causes structural changes in the its components
which can be observed by 'H NMR spectroscopy. 'H NMR analysis en-
ables to distinguish five types of H atoms existing in bitumen, i.e. Hyy,
Hol, Hy, Hp and H, corresponding to the aromatic hydrogen (6.0-9.0
ppm), olefinic hydrogen (4.0-6.0 ppm), aliphatic hydrogen on C, to
aromatic rings (2.0-4.0 ppm), aliphatic hydrogen on C and CH; beyond
the Cy to aromatic ring (1.0-2.0 ppm) and aliphatic hydrogen on Cy and
the CH3 beyond the C, to aromatic rings (0.5-1.0 ppm). Percentage
distribution changes of these protons may be helpful in understanding
the chemical reactions occurring during bitumen aging, i.e. aromatiza-
tion, dealkylation, fragmentation, condensation/isomerisation and
naphthenic ring opening.

10

Fig. 9(a—c) shows the percentage distribution of protons existing in
the hydrocarbons forming bitumen recorded on the 'H NMR spectra.
Quantitative analysis of the 'H NMR spectra of the neat bitumen shows
that TFOT aging leads to =~ 2 % increase in H,; content, ~0.5 % decrease
in He content, ~0.4 % increase in H, content, ~5% decrease in Hp
content and ~2.5 % increase in H, content. The observed changes sug-
gest that the reference bitumen TFOT aging causes aromatization and
dealkylation of cyclohexane rings as well as fragmentation of hydro-
carbon chains. Furthermore, these changes in the protons percentage
distribution may also indicate the shortening of linear aliphatic hydro-
carbon structures and the bonding of formed low molecular weight
hydrocarbons into the benzene ring structure and/or the formation of
cross-linked aliphatic structures. As it is seen in Fig. 9a, slightly different
changes of protons percentage distribution were observed for the K1
polymer composite-modified bitumen after TFOT aging. The obtained
percentage distribution of H atoms indicates that the application of the
K1 composite reduces the aromatization process of the bitumen com-
ponents. It is consistent with the results presented in section 3.3, because
a reduction in aromatization efficiency was also observed using FTIR
analysis. In addition, changes were also seen in the amounts of H,, Hp
and H, atoms present in the K1 composite-modified bitumen. As it is
seen in Fig. 9a, application of this composite in the amount of 0.5 % w/w
caused an increase in the percentage content of Hy and a decrease in the
percentage content of Hs and H, due to TFOT aging. It may suggests that
the K1 composite-modified bitumen aging occurs in minor degree by
fragmentation of the aliphatic hydrocarbon chains simultaneously
enhancing contribution of dealkylation reaction. A different trend was
observed for the bitumen containing > 2.0 % w/w of the K1 composite.
In these cases, TFOT aging resulted in a decrease in the percentage of H,
and H, protons and an increase in the percentage of Hy protons, which
may indicate a transformation of the hydrocarbon chains into
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Fig. 9. Fractional proton distribution of the reference, K1 (A), K2 (B) and K3 (C) modified bitumen obtained from 1H NMR.

cyclohexane rings (condesation/isomerization). Fig. 9b shows that the
TFOT aging of the K2 composite modified bitumen leads to the similar
changes in the proton percentage distribution independently of com-
posite content. Short-term aging of these modified asphalts has resulted
in a decrease of H,;, Hp and H, protons and an increase of Hy protons. It
suggests that the application of the K2 composite reduces the degree of
bitumen aromatization without changing the remaining aging mecha-
nisms. Analysis of the change in the percentage distribution of H atoms
due to aging of the asphalt modified with K3 composite leads to similar
conclusions. As it is seen in Fig. 9c indicates, application of this com-
posite enables the inhibition of aromatization process of bitumen com-
ponents. as well as the fragmentation and dealkylation of bitumen-
building hydrocarbons. In conclusion, the observed changes in the
contents of the different types of H atoms on the NMR spectra obtained
are not significant, which is due to the study of only a short-term aging
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process. For sure, the use of more rigorous conditions of the aging
process would have resulted in more evident changes. However, the
results shown in Fig. 9(a-c), clearly indicate the significant influence of
the chemical structure of the polymer composite and its amount on the
structural changes existing as a result of the bitumen aging process.

3.6. AFM analysis

The aging processes of bitumen also cause nanostructural changes
which can be observed using AFM microscopy. They mainly include a
change in the morphology, number and size of “bee structures” that can
be attributed to the asphaltenes present in the bitumen [62]. Many
research works [63-65]indicate that the degree of the aging process can
be investigated by the size and number of “bee structures”. The previous
studies shows that bitumen aging process results in increase of their
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Fig. 10. AFM micrographs of the reference bitumen before (A) and after (B) TFOT aging.

surface area. Regarding the number of “bee structures”, the analysis
shown in the paper [65]indicates an increase in the number of “bee
structures” due to the bitumen aging process. On the other hand, the
paper [64] also proves the possibility of reducing their number [60]. The
nanostructural changes occurring due to the aging process of the refer-
ence bitumen are seen in Fig. 10(a,b). The comparison of AFM micro-
graphs seen in Fig. 10a and 10b shows that the TFOT aging of reference
bitumen resulted in a significant increase in the amount of apparent “bee
structures”. The nanostructure of non-aged reference bitumen (Fig. 10a)
involves ~6 “bee structures” ranging in size from 1.00 nm to 4.58 nm. In
turn, as it is shown in Fig. 9b, the TFOT aging of unmodified bitumen
resulted in a growth in size of*‘bee structures” to range from 2.00 nm to
7.80 nm. These values indicate an almost two-fold increase in the size of
“bee structures” due to the aging process. As Fig. S3a indicates, the K1
polymer composite application in the bitumen modification increases
number of “bee structures” with simultaneous reduction of their size. In
addition, a very similar effect was observed for the asphalts modified
with the K2 (Fig. S4a) and K3 (Fig. S5a) composites. The increase in the
amount and decrease in the size of the “bee structures” probably hap-
pens during the asphalt modification process. As it is seen in Fig. S3b,
Fig. S4b, the TFOT aging of the K1, K2 and K3 composite-modified
bitumen caused an increase in the size of “bee structures” However,
AFM micrographs shown in Figs. S3-S5 evidently indicate that an in-
crease in the number of “bee structures” is not as strong as for unmod-
ified binders. The results show that the use of the K1, K2 and K3 polymer
composites has a positive effect on the microstructural changes occur-
ring during bitumen aging. Furthermore, a similar effect was observed
when asphalt binders were modified with the commonly used SBS
copolymer [65].

4. Conclusions

The growing environmental awareness of road users and investors, as
well as increased protection of natural resources resulted in greater
attention to extending the service life of road surfaces. One of the main
reasons for the changing their primary mechano-chemical properties is
the bitumen aging process. Therefore, modern bitumen modifiers
limiting and/or inhibiting this process are currently developed. This
work investigated the ability of three polymer composites with different
chemical structures to inhibit the short-term bitumen aging. The studies
showed that amine-rich chitosan:polyaniline polymer composite is the
most promising. Its application enables to reduce hardening and in-
crease the softening temperature as well as dynamic viscosity during

short-term aging. Moreover, the chitosan:polyaniline composite reduces
oxidation and aromatization reactions of bitumen components. These
studies indicate that the use of this composite enables to reduce the
interaction of bitumen components with atmospheric oxygen. This
consequently opens the way for the development of new technology for
the production of asphalt mixtures resistant to their effects. The results
obtained in the study are the basis for future new research and indicate
that it should mainly include the bitumen modified with a chitosan:
polyaniline composite. This research will include the analysis of the
long-term aging process and the effect of UV radiation on the perfor-
mance properties of modified bitumen.
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