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Bitumen has remarkable chemical and mechanical properties as a construc-
tion and insulating material. In this research, bitumen reinforced with poly-
thiophene, which is doped with Fe3O4 nanoparticles, was produced by the
vacuum shock technique. Samples were prepared at various filler loadings to
investigate their rheological and mechanical properties. Characteristics of the
samples were evaluated using a dynamic shear rheometer and various
empirical rheological tests including the softening point, penetration, and
reversibility. The results indicated that the synthesized nanoparticles have
good compatibility and interaction with the molten phase of bitumen. On the
other hand, modification of bitumen has led to significant improvement in the
compound shear modulus and resistance against deformation, while it has
hindered fatigue damage and improved the softening point, penetration, and

reversibility.

INTRODUCTION

Bitumen is a viscous, adhesive, and heteroge-
neous mixture of hydrocarbons, which consists of
condensed aromatic, aliphatic, and naphthenic com-
pounds.’ Bitumen is used for various purposes
including coating, road construction, and water-
proofing applications.’? It is used as a binder for the
abovementioned applications because of its thermo-
plastic and reversible properties.>* It controls the
final properties of asphalt since bitumen is a
deformable material and produces a continuous
matrix in asphalt.®

The overall mechanical properties and
microstructure of bituminous materials are highly
dependent on their compositions.® The chemical
constituents of bitumen can be classified into two
groups: maltenes and asphaltenes. Maltenes can be
further divided into resins, aromatics, and satu-
rates.>”® Resins are polar and highly adhesive,
while asphatenes are highly polar. Any increase in
the asphaltene ratio can increase the hardness,
softening point, and final viscosity of binders.
Moreover, asphaltenes can also decrease the pene-
tration rate of bituminous materials. On the other
hand, aromatics can exist in bitumen as either polar
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or non-polar compounds, while the polar aromatics
are comparatively more viscous. Aromatics and
saturates are considered the plasticizers of bitumi-
nous suspensions. Saturates are mostly straight,
non-polar, and branched-chain aliphatic hydrocar-
bons, which include most of the bitumen waxy
fraction.”*” The concentration and arrangement of
bitumen compounds in the oily phase along with the
environmental condition affect the rheological prop-
erties of bituminous materials in a wide range.
Bituminous binders suffer from diverse kinds of
failures including rutting, thermal cracking, and
fatigue damage, which decrease the average lifes-
pan of asphalts and reduce the quality of pave-
ments.?%10 Therefore, various kinds of minerals
and polymeric additives are added to bitumen to
improve its overall mechanical and thermal proper-
ties and hence enhance its average lifes-
pan. b*811=21 Similarly, aging can also affect the
overall properties of bituminous binders in partic-
ular because of UV-Vis degradation, which is
prevented by light-resistant materials.?*~2°
Mousavi et al.?! modified the 70 penetration-
grade bitumen with styrene acrylonitrile copolymer.
Their results revealed that the modified bitumen
showed significant improvement in terms of
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stability and flexibility at high and low tempera-
tures, respectively, while the phase angle decreased
from 55° to 35° for the modified samples compared
with the unmodified samples. Furthermore, in
several studies, reinforced bitumen with -clay
nanoparticles’11¢ presented better stiffness, aging
resistance, complex shear modulus, and elasticity
compared with the neat bitumen, while the phase
angle also decreased.

Zhu et al.'® investigated the effect of zinc oxide
nanoparticles along with organic expanded vermi-
culite on the rheological properties of various kinds
of bituminous materials including 70, 90, and 110
penetration grades. Their results suggested that
rutting resistance was enhanced because of the
addition of anti-aging fillers. Additionally, due to
the application of these additives, the complex shear
modulus and phase angle decreased and increased,
respectively.

Polythiophene (PT), which is one of the most
important heterocyclic polymers with heteroatoms
in the polymer main chain, has remarkable
extended 7 conjugation.?*~2° Moreover, PT presents
outstanding flexibility, thermal stability, optical
properties, and electrical conductivity represented
by a high Seebeck coefficient compared with other
conductive polymers.3°-3¢

PT can be decorated with coumarin, naphthalene,
and pyrene. Pyrene is a fluorescent compound with
four fused aromatic rings. Its presence along with
moieties and naphthalene not only improves the
interaction and compatibility between PT and bitu-
men, but also increases the overall absorption rate
in the UV-Vis region. It can also improve the charge
transfer process and stacking interaction, thus
decelerating the aging process of bitumen
compounds.®’3?

PT as a perfect electromagnetic wave shield can
meet the aforementioned requirement, but it suffers
from dielectric loss. In this case, to enhance the
absorption properties of PT, it is essential to modify
PT with magnetic materials such as Fe3O4 to reduce
its magnetic loss.’

Addition of polythiophene-FesO, (PT-F) to bitu-
men at different weight percentages can improve
the interaction between the molten phase and
distributed particles and decelerate the aging pro-
cess of bitumen because of its strong absorption rate
in the UV-Vis region. Similarly, the presence of
naphthalene along with its functional groups can
improve the comapatibility and interaction of PT-F
with bitumen.?">?

In this study, we first describe the process of
doping polythiophene with Fe3O4 but the main
objective is modifying 70 penetration-grade bitu-
men. In this regard, the overall performance of the
samples was evaluated using a dynamic shear
rheometer (DSR) and diverse empirical rheological
tests. Specification and morphology of PT-F were
examined via several techniques, and their effects
on the properties of bitumen including the complex
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shear modulus, phase angle, dissipated energy,
softening point, penetration, and reversibility were
also investigated.

MATERIALS AND METHODS
Synthesis Procedures

Synthesis of PT-F was performed via a multi-
stage manufacturing method; first, 1 g sodium
dodecyl sulfate was ultrasonicated in 100 mL
ethanol solution at 200 W for 10 min at 45°C, while
42 mL hexadecane and 5.6 mL thiophene monomer
were mixed with each other and then ultrasonicated
at 200 W for 10 min at the same temperature. Then,
both suspensions were poured in a beaker contain-
ing 320 mL deionized water and ultrasonicated at
400 W for 20 min at 60°C. Then, 3.89 g FeCl; (4
H,0) and 4.55 g FeSO, (6 H,O) were poured in the
resulting suspension and stirred for 1 h at 500 rpm
and 80°C. In the next step, 50 mL NH3 was added to
the final suspension and stirred for 48 h at 500 rpm
and 80°C. The final suspension was vacuum filtered
and simultaneously washed with deionized water to
set the pH of the synthesized PT-F at 7.

Moreover, to compare the FTIR results of FezO4
with PT-F, Fe304 nanoparticles were synthesized
via a simple method; 3.89 g FeCl; and 4.55 g FeSO4
were poured in 320 mL deionized water and stirred
for 1 h at 80°C. Then, 40 mL NH; was added to the
resulting suspension and stirred for 24 h at 80°C.
Subsequently, the suspension was vacuum filtered
and washed with deionized water to set the final pH
of the synthesized Fe304 at 7. An overview of PT-F
and Fe30,4 synthesis procedures is shown in Figs. S1
and S2 of the Supplementary material, respectively.

For modifying bitumen with PT-F nanoparticles,
first PT-F (at 3 wt.%, 5 wt.%, 7 wt.%, and 10 wt.%)
was poured in 100 mL acetone and ultrasonicated at
200 W (with 45°C temperature limit) for 10 min.
Then, the neat bitumen was heated up to 160°C,
and PT-F/acetone suspension was added to it at
several ratios. In the next step, the prepared
suspension was placed in a sealed chamber with a
mixing shaft inside. It was first dispersed for 30 min
at 500 rpm and then dispersed for 60 min at
4000 rpm with 20-60 cmHg vacuum shock to obtain
a homogeneous and voidless composition. Applica-
tion of the vacuum shock technique reduces the
overall amount of bubbles and voids and wipes out
the stress concentration areas. In the vacuum shock
technique, rapidly rising and falling negative pres-
sures were used to improve the mobility of bubbles
throughout the suspension and decrease voids
within the composite structure. In this case, the
vacuum level was varied between 20 cmHg and
60 cmHg. More details about this method can be
found in our previous works.***3 Afterwards, the
resulting suspension was poured in steel casts with
1-mm and 2-mm spacings and then heated up and
pressed to obtain sheets with uniform thickness.
Finally, bitumen sheets holding PT-F at various



Enhancement of Rheological and Mechanical Properties of Bitumen by Polythiophene Doped 533

with Nano Fe304

filler loadings were solidified at 10°C. The sample
synthesis procedure is illustrated in Fig. 1.

Materials

In this study, the traditional 70 penetration-grade
bitumen was supplied by Iranian Bandar Abbas
Refinery; its physical properties are given in Table
I. All other compounds for synthesis of PT-F and
Fe304 were supplied by Merck.

Analysis and Characterization

The viscoelastic behavior of samples containing
neat and modified bitumen was evaluated using a
dynamic shear rheometer (DSR) based on the ASTM
D7175 standard. The DSR test can be used to
examine both viscous and elastic performance of
bitumen via measurement of the complex shear
modulus (G*) and phase angle (0) at given temper-
ature, stress, strain, and loading frequency ranges.
The applied load can be either sinusoidal (oscilla-
tory) or creep and recovery mode. Sinusoidal load is
commonly applied under strain-controlled loading
mode, while the creep and recovery mode is applied
under stress-controlled loading mode.?****% From
the DSR test, torque (7) and angular rotation (0) are
obtained, which can be used for the calculation of
other parameters (e.g., stress and strain). The stress
and strain can be calculated based on the recorded
torque and angular rotation via the following
formulas:

2T

O':ﬁ, (1)
or

where o, T, r, y, 0, and h are the maximum shear
stress (N/mm?), torque (N/m™1), radius of the par-
allel plates (mm), shear strain (N/mm?), deflection

angle (radians), and gap between parallel plates
(mm). Equations 1 and 2 show that the overall
values of shear stress and strain highly depend on
the geometry of the oscillating plates, which can be
chosen based on the stiffness of materials.*® In this
research, 8-mm parallel plates with a 2-mm gap in
between were used in the temperature range of 0—
40°C in accordance to the stiffness of the neat
bitumen and modified samples, which is between
0.1 MPa and 30 MPa.

On the other hand, various viscoelastic parame-
ters can be calculated via the DSR analysis includ-
ing the complex shear modulus (G*), storage
modulus (G’), loss modulus (G”), phase angle (9),
and dissipated energy. G* is defined as the calcu-
lated ratio via dividing the absolute value of peak-
to-peak shear stress by the absolute value of the
peak-to-peak shear strain. It is an indication of
stiffness or resistance against deformation under
applied load® whose absolute value can be calcu-
lated via the following equation:**

G = Tmax. (3)

Vmax

Moreover, the storage modulus (G’) is the indica-
tor of elastically stored and released energy, which
can be referred to as the elastic component of the
complex shear modulus. The loss modulus (G”) is
known as the out-of-phase component of the imag-
inary part or viscous modulus of the complex shear
modulus.*’ Relations between these two parameters
and c0m4plex shear modulus can be described as
follows:*

G' = |G*|cosd, (4)

G" = |G*|sin s, (5)

67| = (@) +(G"), (6)
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Fig. 1. Production procedure of reinforced bitumen with PT-F at different filler loadings.



534

Mousavi, Hashemi, Babapoor, and Medi

Table I. Physical properties of 70 penetration-grade bitumen

Type of property Standard Unit Value
Specific gravity (at 25°C) ASTM D70 g/em?® 1.023
Penetration (at 25°C) ASTM D5 °C 70
Ductility (at 25°C) ASTM D113 cm 100
Softening point ASTM D36 °C 49
Kinematic viscosity (at 120°C) ASTM D2170 mm?/s 814
Kinematic viscosity (at 135°C) ASTM D2170 mm?%/s 441
Kinematic viscosity (at 160°C) ASTM D2170 mm?/s 218
Performance grade (PG) ASTM D6373 °C 22-58

where ¢ is the phase angle. The phase angle is in
fact the phase lag between sinusoidal strain and
stress, which is an indicator of viscoelastic
characteristics.

The dissipated energy is an ideal test for exam-
ination of fatigue damage. It can be used to evaluate
the bituminous materials regardless of the loading
mode, temperature, frequency, and rest peri-
0ds.**%° When cyclic loading applies to the vis-
coelastic materials, they generate diverse pathways
for loading and unloading cycles, which can lead to
hysteresis loops.?! Dissipated energy per cycle is
measured as the area within the hysteresis loop and
can be defined via the following equation:

W; = o0& sin 5;’7 (7)

where w;, o;, &, and J; are the dissipated energy,
stress amplitude, strain amplitude, and phase angle
at cycle i, respectively. Moreover, the fatigue anal-
ysis was performed based on the four-point bending
test according to the standard EN 12697-24, in
which loading conditions were based on a sinusoidal
waveform at 20°C and 10 Hz with stress (1-
1.5 MPa) and strain (200-500 ym/m) controlled
tests.

The temperature sweep test was performed at
10 rad/s with temperature increments of 2°C from
0°C to 45°C. The frequency sweep test was per-
formed at 0.1 rad/s from 1 Hz to 30 Hz while the
temperature was set at 20°C. In addition sinusoidal
cycles of 10 rad/s were applied to samples in strain
control mode to evaluate their resistance until
failure. Additionally, empirical rheological tests
were performed to measure the softening point
and penetration of developed samples based on
ASTM D36 and ASTM D5 standards, respectively.

Characteristics of the fabricated PT-F nanoparti-
cles were evaluated using Fourier-transform infra-
red spectroscopy (FTIR, Bruker model VECTORZ22)
and a scanning electron microscope (SEM, HITA-
CHI model S-4160). For further evaluation of sam-
ples morphology, a 1000 x digital optical
microscope (Rhos, model U1000X) was used. A
particle size analyzer (PSA) (Horiba model LB550)
based on dynamic light scattering (DLS) was also
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Fig. 2. FTIR results of the synthesized PT-F and FezO,4
nanoparticles.

used to determine the average size of synthesized
PT-F nanoparticles.

RESULTS AND DISCUSSION
Sample Characterization

Figure 2 shows the FTIR results of FesO4 and PT-
F. The strong and broad absorption peak in the
region between 3200 cm ! and 3550 cm ! belongs
to the O-H (hydroxyl) stretching intermolecular
bond.?3:39:52-55 In this regard, this peak for PT-F has
shifted to 3425 cm !, while for Fe;0, this peak is at
3430 cm'. Weak peaks in the region between
3500 cm ! and 3700 cm ! belong to the amine N—
H stretches. Moreover, the peaks in the region
between ~ 2838 cm ! and 2921 cm ! belong to the
C-H stretching vibration (sp® stretching of hexyl
aliphatic side). In the Fes0, spectrum, the peak
with wavenumber 1627 cm~! belongs to the Fe—
07,°? while in the PT-F spectrum the peak at
wavenumber 1621 cm ! belongs to the C=C stretch-
ing.?® On the other hand, two absorption band peaks
at 1113 cm ! and 929 cm ! in the Fe30,4 spectrum
are related to the stretching vibration of the in-
plane C-H and sp? alkene C—H band (disubstituted-
E), respectively. Moreover, peaks in the region
between 530 cm ! and 630 ecm ! correspond to the
stretching vibration mode of Fe—O. In this case, the
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Fig. 3. SEM images of (a and b) PT-F and (c and d) Fe3O, nanoparticles.

broad and strong peak at 575 cm ! corresponds to
Fe30,4 and indicates successful synthesis of Fe3O,
nanoparticles.’®5*

Additionally, peaks in the region between
600 cm ! and 1500 cm ™' are known as the finger-
prints of polythiophene.?*=°> Appearance of a peak
with wavenumber 582 cm ! in the PT-F spectrum,
which is shifted about 7 cm ™! to the right, indicates
that polythiophene has been successfully doped
with Fe304. Furthermore, in the PT-F spectrum,
the peak at 934 cm ™! is related to the stretching
vibration of in-plane C—H."3

Figure 3 shows the SEM images of PT-F (a and b)
and Fe304 (¢ and d) nanoparticles. As this fig-
ure shows (¢ and d), the average size of Fe3Oy4
nanoparticles is between 50 nm and 56 nm, while
the PSA analysis (Fig. 4) points out that the average
size of PT-F is 10 nm, which is five times smaller
than Fe3O4 nanoparticles. These results reveal that
the doping process of polythiophene with FesO4 not
only can lead to a significant decrease in the average
size of the synthesized nanoparticles, but also can
improve the distribution and interaction of fillers
within the matrix.

Figure 5a schematically shows the composition of
bitumen along with PT-F nanoparticles, while parts
(b) and (c) demonstrate the morphology of samples
containing the neat bitumen and reinforced bitu-
men with 10 wt.% PT-F. Furthermore, Fig. 5b and ¢
clearly shows that addition of PT-F to the 70
penetration-grade bitumen via the vacuum shock
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Fig. 4. PSA analysis results for PT-F nanoparticles.

technique has led to considerable improvement in
the morphology of the developed samples in terms of
reducing the overall number of voids and defects,
which is due to good interaction and compatibility
with the molten phase of bitumen.

Rheological Properties of the Developed
Samples

Figure 6a, b, ¢, and d shows the complex shear
modulus of the neat and reinforced bitumen at
diverse filler loadings versus frequency, tempera-
ture, time, and stress. As Fig. 6a shows, at higher
frequencies (20-30 Hz), samples containing PT-F
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Fig. 5. (a) Schematic composition of the reinforced bitumen with PT-F, x 1000 digital optical imaging: (b) the neat bitumen; (c) the modified

bitumen with 10 wt.% PT-F.

present much a higher complex shear modulus
compared with the neat bitumen. In this case, at
frequency loadings of 5 Hz, 20 Hz, and 30 Hz, the
sample containing 10 wt.% PT-F showed 16.66%,
40.00%, and 29.31% improvement in the complex
shear modulus compared with the neat bitumen,
respectively, noting that the complex shear modulus
is an indicator of stiffness or resistance against
deformation.®

Moreover, in Fig. 6b, the effect of the low tem-
perature test on the complex shear modulus is
given. As this figure shows, the higher the applied
temperature is, the higher the complex shear mod-
ulus. Accordingly, the reinforced sample containing
10 wt.% PT-F showed 66.66%, 38.29%, and 38.46%
improvement at 5°C, 20°C, and 30°C compared with
the neat bitumen, respectively.

Furthermore, Fig. 6¢c shows the effect of applied
force time on the complex shear modulus. As this
figure demonstrates, until 30 min, the reinforced
samples presented a higher complex shear modulus,
and after 50 min, the complex shear modulus
leveled off, while the neat bitumen did not exhibit
considerable changes.

As shown in Fig. 6d, under a varying stress load,
the sample containing 10 wt.% PT-F expressed
52.94%, 57.81%, and 61.66% improvement in the
complex shear modulus at 4 MPa, 8 MPa, and
12 MPa, respectively, compared with the neat

bitumen. Furthermore, both the reinforced and neat
bitumen samples presented a constant complex
shear modulus. In other words, modification of
bitumen with PT-F can lead to significant improve-
ment in the stiffness of bitumen and thus its
resistance against deformation under applied
forces.

In Fig. 7a, b, and c, the effect of PT-F at different
filler loadings on the softening point, penetration,
and reversibility can be seen, respectively. As
shown in Fig. 7a, with an increase in the weight
percentage of PT-F within the bitumen, the soften-
ing point rapidly increases. In this case, for speci-
mens containing 10 wt.% PT-F, the softening point
reaches approximately 90°C, which shows an
approximately 40°C increase compared with the
neat bitumen. Besides, in Fig. 7b, the effect of PT-F
loading on the penetration of bitumen is evaluated.
As can be seen, an increase in the filler loading led
to a considerable decline in the penetration of the
final composition. Besides, an increase in the filler
loading can greatly enhance the reversibility rate of
the final composition (Fig. 7c). In this case, with an
increase in the weight percentage of PT-F to
10 wt.%, the reversibility rises to about 99%, which
is a remarkable achievement. On the other hand, a
significant increase in the softening point of the
sample containing 10 wt.% PT-F (Fig. 7a) along
with its appropriate complex shear modulus at low
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Fig. 6. Effect of PT-F at different filler loadings on the variation of complex shear modulus versus (a) applied frequency, (b) applied temperature,

(c) test time, and (d) stress.

temperature range (0-30°C) is an indication of the
remarkable increase in the resistance of reinforced
samples against deformation and applied heat.

In Fig. 8a, and b, the effect of various filler
loadings on the phase angle versus frequency and
temperature can be seen. As shown in Fig. 8a, by an
increase in the loading frequency, the phase angle
for samples containing the modified and neat bitu-
men decreases. In this regard, both groups of
samples presented viscoelastic behavior, while the
modified samples showed a higher phase angle
compared with the neat bitumen. In fact, by an
increase in the weight percentage of PT-F, the
samples showed more viscous behavior at low
frequency loadings, while they were more elastic
at high frequency loadings. On the other hand, as
shown in Fig. 8b, by an increase in the applied
temperature, the overall value of the phase angle
increased, and the characteristics of both modified
and unmodified samples changed from elastic

toward viscous though the modified samples are
advantageously less viscous in the entire range.

In Fig. 8c, the dissipated energy of samples
versus the number of cycles until failure is given.
Moreover, Fig. 8c shows the resistance of samples
against fatigue damage. As shown in this figure, an
increase in the weight percentage of PT-F leads to
significant improvement against cyclic loads,
thereby avoiding fatigue crack growth and improv-
ing the average lifespan until failure, noting that
failure due to the cyclic load is defined as the
transition process between crack initiation and
crack propagation.

The microstructure of each bituminous material
during the tests is expressed by a steady change in
the stress—strain relationships including the com-
plex shear modulus, phase angle, and dissipated
energy. However, a rapid change in the mechanical
properties of bituminous materials can be attribu-
ted to unstable and coalescence crack propagation
by means of molecular scission or rupture due to
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fatigue damage or cyclic load.** In this regard, the
obtained results (Figs. 6d and 8c) indicate that the
reinforced samples represent approximately invari-
ant mechanical behavior over a wide range of
applied forces (0-12 MPa). It is apparent that
application of a cyclic load confirms the better
performance of reinforced samples against fatigue
damage and crack propagation.

CONCLUSION

In this research, polythiophene—as the main
filler—was doped with Fe;O,4 to enhance the bitu-
men characteristics as a construction and building
material. The mixing process was facilitated by the
vacuum shock technique. This work aimed to
improve the resistance of bitumen whether against
physical damage or UV-Vis degradation.

The FTIR examination confirmed the successful
synthesis of PT-F, while the SEM and PSA analyses
revealed that the average size of PT-F nanoparticles

was about 10 nm. This important decrease in the
average size of particles yields a better interaction
of PT-F with the molten phase of bitumen. More-
over, the results from the optical images showed
that modification of bitumen with PT-F can signif-
icantly modify the morphology of the developed
specimens.

In addition, evaluation of sample specifications
via DSR and empirical rheological tests showed that
modification of bitumen with PT-F at different filler
loadings can highly improve their resistance against
deformation, which can be gauged by considering
the complex shear modulus and reversibility. All the
samples presented an approximately constant com-
plex shear modulus over a wide range of applied
forces. The best performance was the maximum
filler loading ratio under test (10 wt.% PT-F)
regarding all measures under investigation. There-
fore, in this working range, only the economy of
production can be a limiting factor on the filler
usage.
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