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ABSTRACT

The Strengthening asphalt and bitumen to increase their service life has received much attention in recent
years. In this paper, the effect of nanoclay (NC) on the physical, thermal, and rheological properties of
bitumen/waste polyethylene terephthalate (PET) composites is investigated. X-ray diffraction (XRD) and
transmission electron microscopy (TEM) analyses showed the intercalated and partially exfoliated
structure of NC layers. Fourier transform infrared (FTIR) spectra was conducted to evaluate the
interactions between NC and bitumen. Morphological observation was performed with a field emission
scanning electron microscope (FE-SEM). Thermogravimetric analysis (TGA) is used to measure thermal
properties. The frequency sweep tests were done by using a dynamic shear rheometer to obtain storage
modulus, phase angle, and rutting factor. Penetration, softening point and ductility tests performed to
investigate the physical behavior of the samples. The morphological observations and XRD analyses
indicated good dispersion of NC in the PET-modified bitumen matrix. Rheological analyses showed an
increase in complex modulus of composites with adding of NC. TGA results showed that the presence of
NC improved the thermal resistance of nanocomposites. The results showed that the addition of nanoclay
and PET to bitumen binder can improve the performance of road pavements and help preserve the
environment.
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1. Introduction
Asphalt pavements are usually subjected to loads applied while using by various external factors,

including mechanical loads due to vehicle movement and thermal loads because of changes in weather
conditions [1,2]. These loads can damage the bitumen and lead to some defects such as rutting, cracking
and reducing the service life of asphalt pavements [3,4]. Improving the properties of the asphalt binder,
i.e. bitumen is a way to reduce the destructive effects of external agents on pavement’s performance [5].
Fibers and polymers are among the additives which can enhance the mechanical and thermal resistance of
asphalt mixes [6-8]. Polymers are viscoelastic materials that can extend the service temperature of
bitumen in various external conditions. In recent decades, the incorporation of polymers in bitumen has
been considered to alter the performance of bituminous binders [9-11]. Various polymers including
thermoplastic elastomer are utilized in bitumen mixes such as polyethylene (PE) [12-14], styrene
butadiene styrene (SBS) [15-17], ethylene propylene diene monomer (EPDM) [18], polyvinyl chloride
(PVC) [19,20] and Polyethylene terephthalate (PET) [21,22]. Therefore, the influence of adding polymer
to bitumen is investigated in this research.

PET as a thermoplastic polymer has semi-crystalline structure [23]. PET is widely used in various
applications such as packaging of food and liquid materials, automotive parts and electronic tools [24].
The high consumption of PET along with its excellent mechanical strength and good thermal resistance
has led to the use of recycled PET in various fields such as asphalt binder. The main part of waste PET is
made from recycled drinking bottles which leads to environmental hazards. The reusing of waste PET as
an additive in bitumen could be a way for waste PET recycling [25]. Maharaj et al. investigated the effect
of both concentration and particle size of waste PET [26]. They reported that the higher particle size of
waste PET causes higher complex shear moduli. Ahmad and Ayob used 9 wt. % PET in bitumen grade
80/100 and declared that addition of PET caused improving in bitumen properties [27]. Research sources
showed that better mechanical and physical performance (decrease in penetration and ductility) with the
incorporation of PET into the bitumen. The suitable properties of PET led to the use of this material in

this research to improve the properties of the bituminous matrix. The viscoelastic manner of PET could



help the performance of the bituminous matrix and provide the basis for the better performance of road
pavements.

Nanoclay (NC) as a natural mineral can be used to reinforce polymer-modified bitumen
composites [28]. Many types of clay are in the form of aluminosilicates that have layered structures [29].
One of the most important layered nanoclays is montmorillonite (MMT) which has 1 nm of thickness and
a high aspect ratio. The excellent geometry structure and extraordinary thermal and mechanical properties
of NC have led to its use in the reinforcement of various polymer-modified bitumen such as
bitumen/SBS/clay [30,31], bitumen/PE/clay [32-34], bitumen/rubber/clay [35,36], bitumen/PVC/clay [37]
and bitumen/EVA/clay [38]. To the best of our knowledge, the use of NC in bitumen/PET composites has
not been widely discussed in the literature. Oldham et al. have recently investigated the effect of MMT on
the resistance against moisture damage of asphalt pavement [39]. They reported that both PET and MMT
are effective in diverting acids from the interface of bitumen and stones leading to more resistance to
moisture of asphalt pavement. The aim of this paper is to investigate the effect of different amounts of NC
on the physical, morphological, thermal and rheological properties of bitumen/PET composite. Adding
PET to bitumen can help in environmental sustainability and recycling of polymer materials. Also, the
presence of nanoclay in bitumen and asphalt will be a new solution in improving the properties and
performance of the road surface. The use of nanoclay in bitumen/asphalt composite promises the wide
application of this compound in road pavements. In addition, the use of nanoclay in pavement
construction can be industrially economical and useful. So in this research, the addition of NC to the

bitumen/PET matrix is investigated and the various properties of nanocomposites are studied.

2. Materials and Methods

Bitumen 60/70 was supplied from Pasargad Refinery of Tehran. The main characteristics of

bitumen are shown in Table 1.



Recycled PET was prepared from a local company. The modified NC was purchased from SPIC
Co. (Nanoclay-SPIC, Cloisite 15A, density <0.85g/cm3, moisture <2%). For the preparation of the
samples, the bitumen was heated at 170°C for 5 min. After that, 5 wt. % of PET was added to the melt
and mixed in a high rotational mixer (Pakzist Modern, Iran) for another 5 min. Then the NC (at 0.5, 1, 2
and 4 wt. %) was added to the melt sample and the mixing was continued to 40 min. The formulation of
all samples is shown in Table 2.

The X-ray diffraction (XRD) analysis of the samples was conducted in both low (26=0.8-10°) and
high (26=10-80°) angle ranges using XRD diffractometer (Philips PW1730) with a wave-length
A=0.15405 nm, 40 kV, 30 mA and steps size of 0.05°. The Fourier transform infrared (FTIR) spectra were
recorded with an FTIR spectrometer (Thermo Nicolet Avatar 360). The morphology of modified bitumen
was obtained using a field emission scanning electron microscope (FE-SEM) (TESCAN MIRA3) from
gold-coated samples. For more accurate morphological observations, transmission electron microscopy
(TEM) was used using Philips EM 208S at 100 kV. The thermal stability of the samples was studied by
thermo gravimetric analysis (TGA) using METTLER TOLEDO (Switzerland) TGA/DSC1. The samples
(10.0 £ 1.0 mg) were heated under nitrogen at a temperature ranging from 25 to 600°C, at a heating rate
of 10 °C/min. The rheological characterization of the neat and modified bitumen was carried out using
Anton Paar rheometer (MCR 300). The frequency sweep tests were performed by plate-and-plate
geometry (25 mm diameter, 1 mm gap) at 60°C within the linear viscoelasticity region. Physical
properties including penetration (25°C), softening point and ductility (25°C), were conducted in

accordance with ASTM D36, D5 and D113, respectively.

3. Results and Discussion
The low angle XRD patterns of NC, bitumen (B), bitumen/PET (B-P) and bitumen/PET/NC

nanocomposites are shown in Figure 1. The diffraction peak of NC is positioned at 26=3.1° (d001-

reclection) which is corresponded to d-spacing 26.4 °A, based on nA=2dsin6, the Bragg formula, where



n=1 and A=0.154 nm is the wavelength of the X-ray. It is clear that the d-spacing of NC is shifted to the
lower angle for bitumen/PET/NC samples. The initial interlayer spacing of samples B-P-0.5C, B-P-1C, B-
P-2C, and B-P-4C are 43.1, 39.2, 36.0 and 29.9 °A, respectively. The peak intensity of B-P-4C is more
than other nanocomposites. It shows that intercalated structures are formed at higher content of NC.
However, in lower NC, the intensity of dOO1 peaks is reduced and widened which indicates that an
intercalated and partially exfoliated structure is formed [30]. The molten bitumen and PET chains could
penetrate easier into the clay interlayer galleries due to high-speed shearing, resulting in a partially
exfoliated structure [32,40].

In Figure 2, the different morphologies of bitumen/polymer/clay composites are shown. As it is
seen, the increase in nanoclay layer space resulted in a larger surface area. Applying shear stress during
the mixing process increases the interlayer distance. As a result, the polymer and the molten bitumen

penetrate into the interlayer galleries of NC which in turn can enhance the distance between the layers.

The high-angle XRD results of the samples are shown in Figure 3. The broad peak near 26=18°
is attributed to bitumen [40]. The distinct peak around 26=21° is observed for NC which is also detected
for all nanocomposites. The peak around 26=21° is for crystalline phase of PET chains with Miller
indices of 110 [41].

The infrared spectrum of clay, base bitumen (B), bitumen/PET (B-P) and bitumen/PET/NC
nanocomposites are shown in Figure 4. For clay, the distinct peaks at 3430 and 1040 cm™ can be
represented primary amine stretching and C-H stretching peaks, respectively [42]. For the bitumen
sample, the peaks at 2929 and 2850 cm™ represent the C-H vibration. The other peaks of bitumen at 1450,
1375 and 721 cm™ are assigned C-H bending of CH2, C-H bending of CH3 and C-H bending of aromatic,
respectively [40,43,44]. The peak at 3430 cm™ is disappeared for bitumen/PET/NC nanocomposites. It
can be attributed to the chemical interaction between NC and bitumen [45]. Moreover, the peak around
1030 cm™ in all nanocomposites may be due to split ones from stretching vibration of Si-O and can be

attributed to the changing interlayer spacing of NC that results from the shearing in a mixing [46]. As it is



seen in FTIR spectra of bitumen/PET/NC nanocomposites, the intensity of peak at 1030 cm™ is increased
with the rise in NC content, which may represent more intercalation of NC layers.

The low and high-resolution SEM images of NC are shown in Figures 5a and 5b, respectively. It
can be seen that some agglomerates of NC are formed which may be due to high surface energy. While in
the high-resolution image of SEM, delamination of NC lamellas is observed. Moreover, as can be seen in
Figures 5a and 5b, in some regions there are large clumps with thousands of nanoclay platelets sticking
to each other. It may be attributed to the organo-modification of NC [32]. This delaminated and exfoliated
structure can lead to better interaction between bituminous matrix, PET chains, and nano-layers of clay
lamellas [32,36].

The SEM images of bitumen (B), B-P, B-P-1C and B-P-4C are shown in Figure 6. The bitumen
shows homogeneity in its surface (Figure 6a) which is reported in the literature [45]. The PET fiber can
be observed in B-P sample (Figure 6b) which implies good interaction between PET and bitumen matrix
[26]. This tangled form of PET are also shown in B-P-1C sample (Figure 6¢) and indicates the network
structure of polymer, bitumen and clay can play a bridging role throughout the matrix [47]. In the B-P-1C
& B-P-4C nanocomposites images (Figure 6¢ and d, respectively) the white particles may be represented
the NC. It can be said that NC showed good interaction with bitumen. Furthermore, the good dispersion
of NC is observed that may be indicated that NC has two main roles including compatibilizer between

bitumen and PET and the mechanical reinforcement of the nanocomposites [48].

TEM imaging is used for additional microstructure information of nanocomposites. Intercalation
and exfoliation of NC layers can be detected by using TEM technique. The TEM images of NC and B-P-
4C are shown in Figure 7a and b, respectively. The dark lines correspond to NC layers. As it can be seen
from Figure 7a, the dimension of NC appears to range between 1 nm to 150 nm which is reported in the
literature [49]. In the B-P-4C (Figure 7b), the intercalation and delamination of NC layers can be
observed. It shows that bitumen melt could penetrate into the NC galleries and lead to good dispersion of

NC throughout the bitumen matrix [50,51].



To determine thermal characteristics such as thermal stability and degradation temperature, the
TGA studies can be used. Figure 8 shows TGA curves and the corresponding derivative
thermogravimetric (DTG) curves for clay, bitumen, B-P and bitumen/PET/NC nanocomposites. As it is
shown, the thermal stability of clay is very higher than bitumen and B-P samples. The weight loss of clay
is lower than 30% in the 600°C and it can be ascribed to the high thermal resistance of clay as an
inorganic material. Several changes in the rate of weight loss with respect to temperature changes can be
observed for nanoclay (Figure 8a & b). The weight loss (around 5 wt.%) below 200°C of clay can be due
to the presence of water in clay particles and the weight loss after 250°C can be related to the
dehydroxylation of the silicate structure [52]. Also, for temperatures lower than 300 °C, changes in the
slope of weight loss can be seen in several points for NC (Figure 8b).

The onset temperature of thermal degradation (Tonset), 50% weight loss temperature (Tsgo), and
maximum decomposition temperature (Tmax) Of the samples obtained from TGA curves are shown in
Table 3. As it is seen in this table, with the addition of NC to bitumen matrix, the thermal degradation
temperatures were increased. The highest increase in T50% and Tmax are observed for B-P-4C. It can be
because of the barrier function of the exfoliated lamellas of NC, which showed at XRD and TEM
findings. The intercalation and exfoliation of NC through the bitumen matrix make a tortuous pathway
that act as a thermal obstructing and shielding effects that enhances the thermal stability of
nanocomposites [46,53].

As it is seen in Figure 9, the diffusion path of oxygen through the composite depends on the
orientation and distribution of NC in the bitumen matrix. Further separation of the clay layers creates
more tortuous paths against the penetration of oxygen, thereby increasing the thermal resistance of the
nanocomposite. The XRD analysis and morphological observations (especially TEM) indicated that NC
layers are properly intercalated. This delamination of layers could hinder the oxygen paths through the
composite and turn the direct path (Figure 9a) into tortuous one (Figure 9b). Although, additional tests

are needed to accurately diagnose the paths and porosity of the composite.



Frequency sweep tests were conducted on all samples at 60°C to evaluate the rheological
behavior under different loading rates. Figure 10a and b show the complex modulus (G*) and phase
angle (8) of based bitumen and its nanocomposites, respectively. The complex modulus of bitumen is
increased with the addition of NC especially in lower frequencies which is reported in the literature [54].
G* represents the stiffness of the samples [29]. The increase in G* with the addition of NC may be caused
by intercalation and exfoliation of NC layers in bitumen which is shown in XRD and TEM results [55].
This result suggests that NC can enhance the viscoelastic properties of bitumen. In the exfoliation, NC
particles are separated from each other and cause a higher surface area for interaction with the matrix. The
bitumen molecules and PET chains could interact with NC surface through the Vander Waals forces. So,
more intercalation and exfoliation of NC can lead to better interactions and intramolecular connections
between the matrix and nanoclay, resulting in increased mechanical properties, stiffness, and elastic
response [56].

As it is shown in Figure 10b, the 6 of the sample is decreased with addition of NC. A greater 6
represents a more viscous behavior and smaller 6 value indicates a more elastic one [57]. The decline in &
exhibits the higher elasticity of the sample [40]. This reduction in & with adding of NC represents an
improvement in elastic response and confirms the formation of exfoliation structure [28,29,55].

The rutting factor (G*/sind) shows the combined effect of both complex modulus and phase
angle. According to Strategic Highway Research Program (SHRP) specifications, the rutting factor is the
rheological parameter of bitumen which represents the permanent deformation under repeating loads [28].
The rutting factor values should be greater than 1000 pa at 1.6 Hz for the bitumen matrix at the maximum
of design temperature [55]. Figure 11 represents the rutting factor versus frequency for bitumen and its
nanocomposites. It shows that with adding of NC to bitumen, the G*/sind values is escalated especially in
lower frequencies. It shows that NC is more helpful for the enhancement of rutting resistance [55].
Additionally, according to SHRP, bitumen and its nanocomposites satisfies the performance standard

value of the rutting factor.



The effect of clay content on the softening point and penetration is shown in Figures 12a and b,
respectively. As it is seen, the addition of NC to bitumen is caused expansion in softening point. The most
increase in softening point is observed in B-P-4C (61 °C) which is shown 22% enhancement in softening
point compared to bitumen. The rise in softening point of asphalt binder can indicate the pavement
resistance against climate change [49]. So, the addition NC to bitumen can lead to better performance of
binder in a warm climate which is due to higher thermal resistance that is shown in TGA results.
Penetration values of bitumen is decreased with the addition of PET and NC (Figure 12b). The addition
of NC to B-P samples caused a little reduction in penetration values. Improvement in penetration values
can represent better pavement performance especially in traffic loads [49].

The penetration index (PI) is utilized to evaluate the temperature sensitivity of the binder [45].
Penetration depth and softening point are used to estimate Pl value. Equation 1 presents the Pl value as

follows:

1952-500L0gPys—20Tso 5t
50L09P25—Tsoft—120

PI =

1)

Where P,s and T are the penetration value at 25 °C (in 0.1 mm) and softening point temperature
(in °C), respectively. A higher Pl value indicates lower thermal sensitivity. The PI for road pavement
construction are recommended in a range of -2 to +2 values [45]. The calculated Pl of all samples are
observed in Table 4. With the addition of NC to bitumen binder, the Pl values are increased compared to
base bitumen (B) and B-P samples. This indicates higher thermal resistivity of binder resulting in better
pavement performance in higher ambient temperatures. Higher surface area, good interaction and proper
dispersion of NC throughout the bitumen binder could enhance the thermal resistance of bituminous

pavements.

Table 4 shows ductility values of bitumen/PET/NC nanocomposites. As it is seen, with rise in
NC values, the ductility of samples is increased. The most ductility values is observed at B-P-4C which is

shown around 38% enhancement in ductility compared to B-P sample. Ductility can be the indication of
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elongation or extension ability of bitumen binder. The presence of NC promotes the elongation function
of bitumen binder under tension mode. It may be because of proper dispersion and interaction between
clay and bitumen/PET (refer to TEM and XRD findings) which caused better mechanical properties.
Moreover, the better ductility may result in higher crack resistance which is caused by clay lamella

through the bituminous matrix [46].

4. Conclusions

The bitumen/PET/NC nanocomposites were successfully prepared by melt mixing. XRD results
indicated that intercalated and partially exfoliated structures were formed in the nanocomposites. FTIR
spectra revealed an interaction between NC and bitumen. Morphological observations (SEM and TEM)
approved the proper NC dispersion throughout the bituminous binder. TGA results showed an
enhancement in thermal resistance of bitumen/PET composites by adding NC. The frequency sweep tests
indicated that the complex modulus is increased and the phase angle is decreased with the addition of NC
to the bitumen/PET. Furthermore, with adding of NC to bitumen, the G*/sind values were increased
especially in lower frequencies. With the incorporation of NC to bitumen, the increase in softening point
and Pl and decrease in penetration values was observed which shows better mechanical behavior of
nanocomposites compared to bitumen sample. The summary of the results showed that the
bitumen/PET/NC composite acts as an effective option in improving road surface performance and can be

widely used on pavements in the future.
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Figure Captions:

Figure 1. Low angle XRD patterns of clay, bitumen and bitumen/PET/NC nanocomposites.

Figure 2. Schematic illustration of micro-composite, intercalated and exfoliated nanocomposites of
bitumen/polymer/NC.

Figure 3. High angle XRD patterns of clay, bitumen and bitumen/PET/NC nanocomposites.
Figure 4. FTIR spectrum of clay, bitumen and bitumen/PET/NC nanocomposites.
Figure 5. Low (a) and high (b) resolution SEM images of NC.

Figure 6. SEM graphs of (a) B, (b) B-P, ¢) B-P-1C and d) B-P-4C samples.

Figure 7. TEM images of (a) NC and (b) B-P-4C samples.

Figure 8 TGA thermograms (a) weight loss (%) and (b) derivative weight loss (%/°C) of the
samples.

Figure 9. Oxygen diffusion model through a) bitumen/polymer blend and b) bitumen/polymer/clay
nanocomposites.

Figure 10. a) Complex modulus, G* and b) phase angle, é of bitumen, B-P and bitumen/PET/NC
nanocomposites.

Figure 11. Rutting factor (G*/sind) of bitumen, B-P and bitumen/PET/NC nanocomposites.

Figurel2. a) Softening point and b) penetration of bitumen/PET/clay samples.

Table Captions:

TABLE 1 Main characteristics of bitumen 60/70
TABLE 2 Formulation of all samples
TABLE 3 Decomposition temperatures from TGA curves of bitumen/PET/NC nanocomposites

TABLE 4 PI1 and ductility values of bitumen/PET/NC nanocomposites
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Tables:

TABLE 1
Property Unit Limit
Density@25°C Kg/m3 1010-1060
Penetration@25°C mm/10 60-70
Softening Point °C 46 Min
Ductility@25°C cm 100 Min
Loss on heating Wit% 0.2 Max
Flash Point °C 232 Min
Viscosity@60°C P 2000+400
Viscosity@135°C cSt 300 Min
TABLE 2
Sample Bitumen () PET () Clay (g)
B 100 - -
B-P 95 5 -
B-P-0.5C 94.5 5 0.5
B-P-1C 94 5 1
B-P-2C 93 5 2
B-P-4C 91 5 4
TABLE 3
B B-P B-P-0.5C | B-P-1C B-P-2C B-P-4C
Tonset (°C) 202.3 219.5 220.0 223.0 221.1 225.2
Ts0% (°C) 442.7 447.8 449.1 451.4 454.1 457.1
Trax (°C) 446.2 451.2 452.0 455.0 458.7 461.7
TABLE 4
B B-P B-P-0.5C | B-P-1C B-P-2C B-P-4C
PI -0.55 0.40 0.48 0.88 0.95 1.02
Ductility (cm) >150 50.4 52.7 57.4 66.2 69.3
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