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Aging Resistance

Introduction

Pavement materials are exposed to various
environmental conditions, which can lead to pavement
deterioration such as repeated loading, thermal stress,
chemical deterioration and oxidative aging. This has led
to extensive research efforts to design and maintain
pavement for extended service life. According to the
National Asphalt Pavement Association, 7% of the Gross
Domestic Product is allocated for maintenance of
transportation infrastructure (You et al., 2011).

Chemical and physical characteristics of asphalt are
altered due to exposure to heat, oxygen and ultraviolet
light, causing the asphalt to “age” (El-Shafie et al.,
2012). Oxidation influences the aging effect in asphalt
samples as it causes pavement degradation and
consequent moisture damage to binder, which leads to
embrittlement and distress, such as cracking (Yao et al.,
2013; 2015). Modifiers have been used mainly to extend
asphalt’s high- and low-temperature performance grade
or to enhance the aging resistance of asphalt binder.

In addition, environmental concerns of the asphalt
industry have led to the promotion of green asphalt
technologies (Rubio et al., 2012). Research on
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Abstract: This study evaluates the effectiveness of using a Bio-modified
Nanoclay additive (BNC) to reduce the oxidative aging of asphalt
pavements. The study results through X-Ray Diffraction analysis showed
that the modification of montmorillonite clay with bio-modifier increased
the basal d-spacing of clay. The resulting nanoclay with increased interlayer
spacing was chosen for application in asphalt binder. Rheological
characterization of clay-modified asphalt binder were studied before and
after oxidation aging. The effects of BNC on asphalt complex modulus
were observed to be prevailing in the intermediate to high-temperature
range. The aging resistance of asphalt binder showed improvement with the
addition of nanoclay and the improvement was more notable in presence of
bio modified-nanoclay than pure clay.

Keywords: Asphalt Oxidation, Clay, Bio-Modified Asphalt, Bio-bonder,

sustainable alternatives for asphalt binder has led to the
application of bio-based asphalt binder to be used as a
modifier or alternative for bituminous asphalt (Fini et al.,
2012). Bio-binder is produced from non-petroleum-
based renewable resources like wood, corn and animal
waste (Hosseinnezhad et al., 2015). Recent research
efforts have suggested using a bio-binder along with
petroleum-based asphalt to produce a bio-modified
binder with enhanced performance (Fini er al., 2012;
2010; Williams et al., 2015).

Nano-particles have commonly been used in the
polymer industry to achieve increased mechanical and
physical properties such as stiffness, toughness, strength
and thermal stability (Lee et al., 2005). The use of nano-
particles as modifiers in asphalt binders may help
address various performance-related problems of
asphaltic pavement (You et al., 2011; Goh et al., 2011;
Amirkhanian et al., 2010). Jahromi et al. studied the
effects of the addition of Cloisite 15A nanoclay as a
modifier in asphalt mixtures. Cloisite 15A is a natural
montmorillonite polymer additive that has already been
modified with ammonium salt. A binder modified with
this nanoclay was shown to have enhanced resistance to
aging and rutting effects. Unfortunately, fatigue-
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cracking performance was decreased at low
temperatures. While stability was increased by 6%-
15%, high temperatures were also shown to increase
tensile strength by as much as 40% (Jahromi and
Khodaii, 2009). Furthermore, the addition of nanoclay
decreased the asphalt mixture’s susceptibility to
moisture damage (You ef al., 2011; Goh et al., 2011).

This study focuses on the production of a bio-modified
nanoclay to enhance a binder’s rheological properties. It is
hypothesized that nano-particles will be exfoliated by
introduction of bio-binder into the layer of nanoclay,
producing a well-stabilized bio-modified nanoclay while
improving the high-temperature properties and aging
characteristics of the modified binder.

Montmorillonite (MMT) is a natural mineral that
consists of layers with thickness of one nm. Since there
are strong electrostatic forces between the layers,
unmodified clays cannot disperse well in organic
matrices. However, when the interlayer sodium ions
between the interlayer are replaced with suitable organic
cations, the surface acquires an organic character. This
leads to increased interlayer spacing and exfoliation of the
platelet sheet, which can be facilitated as the binder matrix
intercalates between the layers. Common choices for the
organic surfactants are ammonium ions substituted with
one or more aliphatic chains of 12 or more carbons
(Zulfiqar et al., 2008; Yariv and Cross, 2002).

The dispersion of clay particles in the matrix binder
can form intercalated structure with the introduction of
binder between the layers, but the layers remain parallel.
In the exfoliated structure: The layered structure of the
clay is disordered, the silicate layers are no longer close
enough to interact with each other (Ramos Filho ef al.,
2005; Gupta et al., 2005; Garcia-Lopez et al., 2005).

Bio-binder, which is used in this study, is an amide-
enriched organo-modifier produced from swine manure.
Previous studies showed that amide derivatives are
among the main components of the bio-products
extracted from certain bio-mass, including swine manure
(Du et al., 2011). Hexadecanamide (palmitic amide), N-
(3-Methylbutyl) and N-(2-phenylethyl) acetamide are
examples of the amide-type components that exist in bio-
binder and bio-crude samples (Mousavi et al., 2016a).

In the present study a mechanism was suggested by
using hexadecanamide (palmitic amide) as a
representative of amide molecule to interact with clays
molecules. A suggested mechanism involves hydrogen
bonds between the nitrogen of the amide chain and
oxygen of the silicate layers of clay. Another mechanism
suggested previously involves interactions between
hydrophobic siloxanes (Si—O-Si) and (CH2), segments
along an amide backbone (Touchaleaume et al., 2011).
According to these, the bio-binder was used in the study
was assumed to exfoliate and intercalate the silicate
layers of nanoclay. Then this modified organoclay was

434

used for modification of asphalt binder to increase its
aging resistance.

Materials

The asphalt binder was chosen in this study was
asphalt binder PG 64-22. The nanoclay is Nanofil 116, a
natural montmorillonite (MMT-Na) with a Cationic
Exchange Capacity (CEC) of 116 mEq/100 g clay, supplied
from Southern Clay Products. The bio-binder, derived from
swine manure, was produced at North Carolina A&T State
University. The bio-binder was processed via a thermo-
chemical liquefaction process (at working pressure of 4.5
MPa and temperature of 360°C) followed by filtration and
post-processing (Fini et al., 2010).

Fabrication of Bio-Modifed Nanoclay (BNC)

Nanoclay in three ratios of 1:4, 1:2 and 3:4 of the
weight of bio-binder were chosen and called MMT/BB
(75), MMT/BB (50), MMT/BB (25) respectively.
Nanoclay was pre-swelled in acetone and deionized
water at 50°C for 15 min while it was mixed on the hot
plate. Then, it was left at room temperature for 24 h for
additional swelling time. After that, the bio-binder was
mixed with acetone in a separate container and the two
mixtures were blended with a high-shear mixer for 15
min at 3500 rpm. Ultrasound was conducted for 10 min,
followed by centrifuge for 30 min at 1500 rpm. After
removing solvents, the precipitant, which was called
Bio-Modified Nanoclay (BNC), was dried overnight.

Fabrication of Bio-Modified Nanoclay Asphalt

The modified asphalt materials were prepared using a
high-shear mixer. The bitumen was first heated at about
135°C until it became fluid in the mixer. After that, 2%
of modifiers (by weight of base binder) was added to the
asphalt binder when it reached 135°C and the mixture
was blended at 2500 rpm for 3 h. Two types of binders
were prepared: Unmodified-nanoclay (NC) binder and
Bio-modified Nanoclay (BNC) binder.

Testing Methods

In order to study the effect of nanoclay on the aging
resistance of asphalt binder, the modified and neat
binders were aged initially using the Rolling Thin-Film
Oven (RTFO) followed by 20 h aging in the Pressure
Aging Vessel (PAV).

Rotational Viscometer Test (RV)

Viscosity measurements were conducted using a
Brook eld Viscometer RV-DVIII Ultra, following
ASTM DA4402. Age hardening can be quantified in terms
of viscosity measurement by the use of an aging index,
which can be defined as equation 1; high values of the
ratio indicate a high degree of asphalt hardening
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(Zhang et al., 2012). The Viscosity Aging Index (VAI) is
used to evaluate the aging extent and is calculated using
the viscosity of the samples before and after short-term
(RTFO) aging or before and after exposure to Pressure
Aging Vessel (PAV) aging, which is designed to
simulate in-service oxidative aging of asphalt binder:

VAI = Aged viscosity value —Unaged viscosity value

(1)

Unaged viscosity value

Dynamic Shear Rheometer (DSR)

The complex modulus (G*) is a measure of total
resistance of the binder to deformation when repeatedly
sheared and the phase angle (o) is the lag between the
applied shear stress and the resulting shear strain.
Traditionally, G*/sin 6 is used to evaluate asphalt binder
rutting resistance at high pavement temperatures. The
asphalt binder with the higher G*/sin & suggests a higher
resistance to permanent deformation or rutting of asphalt
pavement.

In order to determine aging susceptibility for
modified asphalts, the DSR was utilized to characterize
both aged and unaged materials in accordance with
ASTM D7175using a Malvern Kinexus DSR.

The data were collected at 64°C and 10 rad/s. The
resulting data were then used to determine the
Rheological Aging Index (RAI) of each specimen using
Equation 2 (Fini et al., 2017):

*
GAged

RAT = S0 ?‘aged )

Unaged
sin ounaged

The MSCR test was also performed on the samples
following ASTM D7405. The MSCR test is used to
determine the rutting susceptibility of the asphalt binder
(Jnr) and % Recovery, which is related to the binder’s
elastic and viscous properties. Both modified and
unmodified specimens were tested at 64°C for stress
levels of 0.1 kPa and 3.2 kPa.

Bending Beam Rheometer (BBR)

According to the Superpave™ specification, the
low-temperature performance of nano clay modified
asphalt binders are evaluated using the Bending Beam
Rheometer (BBR) test. The test evaluates the binder’s
ability for stress relaxation to prevent thermal cracking
caused by a sudden drop of temperature in the cold
season. In this study, the testing temperature was
selected to be -12°C. The test is conducted through a
three point bending test while measuring the
deformation at the mid span of the beam under a
constant load; collected deformation data during the
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loading time are then used to calculate stiffness using
Equation 3 (Yang et al., 2013):

rr
S(t)=———— 3
Q 4’5 (1) @
Where:
P = Applied constant load (100 g or 0.98 N)

L = Distance between beam supports (102 mm)
b = Beam width (12.5 mm)

h = Beam thickness (6.25 mm)

S(¢) = Asphalt binder stiffness at a specific time

At) = Deflection at a specific time

Attenuated Total Reflectance Fourier Transform
Infrared Spectroscopy (ATR-FTIR)

The Thermo Scientific Nicolet iS10 FT-IR
Spectrometer was used in was used in Absorbance mode
to acquire the spectra of each sample. Wave numbers
ranging from 4000 to 600 cm™' were covered. The
background spectrum was taken after cleaning the prism
with methylene chloride. For ATR-FTIR, the spectra are
obtained by placing a thin layer of bitumen on the
surface of internal reflection element. In this method, a
non-absorbing prism is used for total internal reflectance
of infrared light. Contact of absorbing substances with
the prism surface will attenuate the internally reflected
light and provides an infrared absorption spectra
(Karllsson et al., 2006).

XRD Test

X-ray diffraction (XRD) graphs were obtained using
Dual wavelength system Cu Ka radiation (1% 0.154 nm, 40
kV, 120 mA) at room temperature. This method has been
the principal method for determining the arrangement of
atoms in minerals and metals.

In this study, XRD technique quantitatively measures
the interlayer spacing of bio-modified nanoclay.
Decrease or increase in the interlayer spacing (d-spacing)
determines the degree of intercalation of nanoclay layers.
The interlayer spacing of the MMT can be calculated
according to the Bragg equation:
nA=2dsind @)
where, A is wavelength of the rays, 0 is the angle
between the incident rays and the surface of the crystal
and d is the spacing between the layers of atom and # is
any integer. n was considered 1 in the calculation.

Results and Discussion

The effects of two types of modifiers nanoclay (NC
and BNC) on asphalt viscosity were studied. Figure 1
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shows the viscosity aging index after samples being
exposed to PAV aging. The viscosity aging index results
showed that aging was decreased after modifying with
NC and BNC. Better resistance to aging was for BNC
compared to NC. This improvement of aging resistance
after bio-modification is due to the better dispersion of
the silicate platelet nanoclay particles inside the binder
that hinder the movement of bitumen, because of the
presence of intercalated particles or even the exfoliated
structure reduction is 18% for NC and 35% for BNC.

FTIR Analysis

The FTIR spectra of NC is shown in Fig. 2, along
with the spectra of BNC with different ratios of bio-
binder. Two peaks at 3620 and 3428 cm ' are attributed
to the stretching of —OH, which is the result of the
presence of water in nanoclay montmorillonite. The peak
at 1030 cm™' is resulted from the stretching vibrations of
Si-O and the peaks at 520 and 470 cm ' are resulted
from the bending absorptions of Si—O and Al-O bonds
in the MMT structure (Hrachova et al., 2007; Su et al.,
2008). In the spectra of MMT/BB (5) and MMT/BB
(25), new peaks appeared at 2925 and 2851 cm . These
peaks are caused by C-H(—CH2, —CH3) stretching and
bending absorptions in the organic intercalation agent
(Zhang et al., 2011). The intensity and sharpness of these
peaks are higher for MMT/BB (50) which is an
indication of better intercalation of bio-binder’s

molecules in this ratio. The related peaks were not
observed for MMT/BB (75) which could result from a
higher percentage of bio-binder and the consequent
surface saturation of the nanoclay structure with bio-
binder molecules instead of having enough available
silicate sites for interaction with bio-binder’s amide
molecules. The peak at 1636 cm ™' resulted from bending
vibration of an O-H group and broadening and reduction
in the intensity of this peak is another example of the
intercalation of bio-binder molecules (Su et al., 2008).
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This peak was reduced and broadened for MMT/BB
(50), but for MMT/BB (75), it was still sharp; this shows
that MMT/BB (50) has better intercalated structure. In
the spectra of MMT/BB (25), that peak disappeared; also
peaks related to 2925 and 2851 cm™' that are an indicator
of the presence of organic molecules of BB in the layer
of MMT are missing for this ratio of MMT/BB (25).
Therefore, MMT/BB (50) seems to have a better
intercalated or even exfoliated structure than the two
other ratios of MMT/BB. Thus, MMT/BB (50) was
chosen for modification of asphalt binder, based on this
result in combination with the result of XRD analysis.

XRD Analysis

X Ray Diffraction (XRD) analysis was used to study
the interlayer spacing of nanoclay, which shows the
degree of intercalation or exfoliation of the clay
particles. This interlayer has been calculated by the XRD
patterns of Montmorillonite (MMT) and modified MMT
with bio-Binder (BB) with the ratios of MMT/BB (75),
MMT/BB (50) and MMT/BB (25) the results of the
calculations are given in Table 1. The interlayer spacing of
clay (d001) due to the modification of clay with amide-
enriched molecules, increased from 1.23 nm for MMT to
1.43 nm for MMT/BB (50). This increase shows the
intercalation of the clay gallery space; therefore, the
MMT/BB (50) may form an intercalated or exfoliated
structure. The MMT/BB (50), had the largest interlayer
spacing compared to the other two versions. The second
largest spacing is achieved in the MMT/BB (25), then the

MMT/BB (75). Therefore, MMT/BB (50) was chosen as
the modifier for investigating the effect of bio-modified
nanoclay on asphalt oxidative aging resistance.

Like other bio-derivatives, bio-binder consists of
different molecules, since it is derived from bio-oil.
Amide compounds are the predominant compound in
bio-binder. Due to the very active functional group of
amide, the amide compounds can even act as an
independent additive (Mousavi et al., 2016b).
Hexadecanamide is one of the amide components in the
bio-binder structure. The introduction of bio-binder to
the pre-swelled MMT promotes hydrogen bonding
between the silicates layer of the nanoclay and the
nitrogen of the amide (Maiti and Okamoto, 2003). The
result of this interaction is intercalating of the silicate
layers. Figure 3 shows the possible mechanism between
a silica layer and truncated schematic of
hexadecanamide. Hydrogen bonds between the amide
and oxygen of the silicate surface, provide better
adhesion of bio-binder to nanoclay (Liu et al., 2010).
This interaction enhances the compatibility of modified
nanoclay with the organic nature of the asphalt matrix.

Table 1: d-Spacing Based on XRD Results for MMT and Bio-

Modified MMT
Sample name 2 theta d-spacing (nm)
MMT 7.2 1.23
MMT/BB (50) 6.16 1.43
MMT/BB (75) 6.90 1.27
MMT/BB (25) 6.42 1.37

Fig. 3: Possible Mechanism between Hexadecanamide and MMT layer
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The aging resistivity potential of modified asphalt
binders was evaluated by estimating the rheological
aging index (RAI) by using equation 2 and shown in Fig. 4,
based on the result of complex modulus and phase angle at
two frequencies, 10 (rad/sec) and 1 (rad/sec), measured at a
temperature of 64°C, this aging index was called RAI-1.
The frequency 10 rad/sec is a standard angular
frequency recommended by Superpave to evaluate the
rutting potential of asphalt binder. A higher aging index
shows higher susceptibility towards aging and vice
versa. The significant change in aging resistance
confirms the better distribution and exfoliation of
nanoclay plates with BNC-modified binder. These
nano-particles have the role of oxygen barrier during
the aging process and prevent the movement of lighter
components of asphalt binder to slow the aging process
(Lamontagne ef al., 2001).

Figure 5a shows the percent recovery values obtained
from the MSCR test at 0.1 kPa. The addition of 2% BNC
increased the recovery value R from 0.50 to 1.6% for
unaged binders, indicating a better performance of BNC-
modified binder in terms of rutting and fatigue. Before
aging, no increment was seen for 2% NC-modified

50
40

30

Recovery (%)

0.5 1.6

PG64-22 2% NC 2%BNC

6.259 5.781

4.249

Inr (kPa1)

(a)

PG 64-22 2%NC 2%BNC

(b)

binder. A similar trend was observed for PAV-aged
samples: The R value increased from 19.2% for aged
unmodified binder t045.8% for aged 2% BNC-modified
binder. This enhancement shows better distribution of
nano-particles due to the exfoliation effect of bio-binder.
So the use of amide-enriched bio-binder caused better
separation of silicate layers. This separation improved
the elastic recovery of asphalt binder while reducing
aging susceptibility.

3
— 2
=

0 -_
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Fig. 4: Rheological Aging Index (RAI) at frequency of 10
rad/sec and 1 rad/sec at 64°C
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Fig. 5: (a) Elastic recovery result for unaged and PAV-aged asphalt binders at 0.1 kPa; (b) J,, result for unaged and PAV-aged

asphalt binders at 0.1 kPa
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Figure 5b shows the plot of J nr values obtained from
the MSCR test. The addition of BNC decreases the J nr
value of asphalt binder. At 0.1 kPa, the J,. value for
unmodified binder, 2% NC-modified and 2% BNC-
modified showed as 6.259, 5781 and 4.249,
respectively. The addition of BNC resulted in a
significant decrease in J, value, which can be
considered as an improvement in rutting resistance. A
decrease in J nr may be attributed to intercalation and
exfoliation of BNC-modified asphalt, which leads to an
increase in stiffness value of the binder and hence
improved rutting resistance. This reduction is also
notable after long-term aging and the results confirm the
effect of bio-modified nanoclay in increasing the aging
resistance of asphalt binder.

In table 6, PAV BBR stiffness and m-values results
for the control, 2% NC and 2% BNC are given at -12°C.
It was shown that at 2% NC, there is a slight (3.5%)
increase in the stiffness and decrease (2.6%) in m-value
in comparison to the unmodified binder. Modification of
asphalt binder with 2% BNC led to further increase in
the stiffness and a decrease in m-value by 21 and 13%
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respectively. The same trend was observed for the RTFO
and PAV specimens with 2% BNC stiffness being 18%
and 16% higher than the control binder and the m-value
being 4% and 6% lower. These results showed that the
modification of asphalt binder with nanoclay was not
successful in low temperature performance.

The extent of change in stiffness and m-value before
and after aging was used as another indicator of
susceptibility to aging which was shown with
rheological aging index 2 (RAI-2) (Fig. 7). The presence
of nanoclay showed a significant impact on alleviating
the effect of aging both after short and long-term aging.
In presence of BNC, both aging indices calculated based
on the change in the stiffness and m-values found to be
lower compared to the control binder.

Aging Behavior of Modified Binders by FTIR Analysis

The carbonyl bonding, termed as the carbonyl
indices, was postulated to represent the degree of
oxidation or aging within organic compounds.
Understanding the carbonyl behavior within the
asphalt binder and modifiers is critical in linking the
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morphological and mechanical properties of the Equation 5, using the area of the carbonyl band
samples. The peak at 1,700 cm ' was due to the centered around 1700 cm™";

stretch absorption of the carbonyl group. From the

FTIR spectra obtained for the control, 2% NC- .
modified and 2% BNC-modified samples, the I, Area of carbonyl bond around 1700cm - (5)

carbonyl indices were determined according to Area of the spectral bonds between2000and 600cm

100% -
Stiffness Am-value |

80%

60%

RAI-2

40%

20%

0%
Control 2% NC 2% BNC

Fig. 7: m-values for Control, 2% NC and 2% BNC for Unaged, RTFO and PAV at -12°C
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Fig. 8: FTIR Spectra for 2% BNC before (UA) and after (PA) PAV aging
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Fig. 9: Chemical Aging Index (CAI) for unmodified and modified binders
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Figure 8 shows FTIR spectra for BNC modified
binder before and after PAV aging between 600-2000
cm™' wave number.

To evaluate the rate of aging based on the carbonyl
index which was called Chemical Aging Index (CAI),
the aging index was calculated by using Equation 6:

Aged Carbonyl index —Unaged Carbonyl index

cAl = (6)

Unaged Carbonyl index

Figure 9 shows the aging index for PG 64-22, NC-
modified and BNC-modified binders. The aging index for
BNC is significantly lower than that of the two other
binders. This reduction in aging rate can be related to
increasing interlayer spacing and consequently better
dispersion of nanoclay and acting as an oxygen barrier. In
the other hand a previous study showed that bio-binder
has an effect on reducing the aging susceptibility of
asphalt binder (Fini et al., 2017). This effect can be
involved in reducing aging susceptibility due to
presence of bio-binder molecules on the surface of
nanoclay and reacting with asphalt molecules. While
the application of bio-binder as an organic modifier
helps improve the distribution of nanoclay by
increasing the d-spacing of silica nano-platelets to
improve the rheological performance of asphalt binder
in high and intermediate temperature, it appears that bio-
binder also has a delaying effect of oxidation due to the
relatively low affinity of bio-binder molecules for
interaction with oxygen (Lamontagne et al., 2001). The
relatively lower polarizability of bio-binder molecules
which was shown elsewhere (Mousavi et al., 2016b), is
well in-line with observations in this study showing BNC-
modified binder has higher resistance to oxidation than
both neat binder and NC modified binder.

Conclusion

This paper investigates the effectiveness of
treating asphalt binder with nanoclay modified with
an amide-enriched bio-binder to reduce the binder’s
aging susceptibility. Accordingly, a comparative study
was conducted to examine physiochemical properties
of asphalt before and after the addition of pure and
treated clay. Treatment was done using a bio-modifier
made from thermochemical conversion of swine
manure. The paper mainly examines the effect of an
amide-enriched compound on the intercalation of
montmorillonite clay. Bio-modified nanoclay samples
with three ratios were prepared and the extent of their
intercalation was studied using XRD and FTIR
analysis. The results showed a notable increase in clay
interlayer spacing, which was attributed to the
interactions of amide functional groups of bio-binder
with the silicate layer of MMT. A possible mechanism
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for interaction of amide molecules with silicate layer
of nanoclay was assumed to be through hydrogen
bonding between a nitrogen of amide and an oxygen
of —Si-O in the interlayer of nanoclay, which in turn
promotes the introduction of long-tail organic
molecules inside the layers and consequently
increases the interlayer spacing of nanoclay.

The results further showed that the 50-50
concentration of bio-binder and clay led to the highest
increase in gallery spacing. Therefore, aforementioned
modified clay was further introduced in 2% by the
weight of asphalt binder to study its effect on asphalt
oxidation resistance.

The rheological and chemical characterizations were
done to evaluate the aging susceptibility of asphalt
binder after modification with amide enriched bio-
modified nanoclay. The results showed that introduction
of bio-modifier to the interlayer of nanoclay has
enhanced d-spacing of the clay layers and consequently
has led to the better distribution of nanoclay particles
through the asphalt matrix. This distribution is the result
of intercalation and exfoliation of the clay layers which
perform as an oxygen barrier inside the asphalt matrix.
All the samples were exposed to the long and short term
aging and viscosity aging index, rheological aging index
based on the DSR and BBR results and also chemical
aging index according to the FTIR results were
calculated. All the results showed a significant reduction
in the aging rate of modified asphalt binder with bio
modified-nanoclay. Even though, untreated nanoclay had
an effect in the reduction of aging rate but this
improvement in aging susceptibility was more notably in
bio modified-nanoclay.
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