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Abstract

All asphalt binders, regardless of modifications, undergo UV-induced physical and chemical changes that affect performance. The impact of
UV radiation is a growing area of interest that cannot be ignored as an aging factor. Tire pyrolysis oil (TPO) is a newer binder additive growing in
popularity due to its rejuvenating properties. TPO-modified asphalt has been physically characterized, but the material’s impact on UV aging has
not been investigated. Most testing for modified asphalt performance focuses on physical testing, but UV aging also induces chemical aging. While
physical aging is well standardized, chemical aging can be harder to detect with traditional methods. Additionally, sample preparation and UV
sources have varied in the literature, making the characterization of UV aging on modified binders difficult. This study will compare the physical
performance parameter (G*/sind) DSR testing with chemical FTIR and NMR methodologies. The objective of this study is to detect and compare the
physical and chemical changes of TPO-modified binders due to UV aging to better prevent asphalt degradation in the future.
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Introduction

] ] ) enhancement of aged binder performance properties [9].
Asphalt binders, a crucial component of asphalt mixtures, are

subject to both physical and chemical aging processes over time,
inevitably leading to performance degradation [1-3]. Among var-
ious aging factors, the influence of ultraviolet (UV) radiation has
emerged as a significant concern due to its oxidative impacts that
cause both physical and chemical changes [3, 4]. Asphalt modifica-
tions aim to mitigate aging-related issues and enhance binder prop-
erties and longevity [4-8]. Tire pyrolysis oil (TPO) has been gaining
attention as a potentially effective asphalt binder modifier due to its

@ @ This work is licensed under Creative Commons Attribution 4.0 License [MCMS.MS.ID.000628.

The conventional approach to assessing asphalt binder per-
formance relies on physical testing methodologies. Physical aging
of asphalt binder is observed with a dynamic shear rheometer as
an increase in stiffness and a decrease in elasticity. Stiffness is de-
scribed as a complex shear modulus (G*) and is the resistance to
deformation when repeatedly sheard; a larger G* describes a stiffer
binder. Elasticity is described as a phase angle (§) which is the lag
between applied and resulting shear strain; a 6 closer to the max
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of 90° indicates a more viscous behavior, while 02 indicates a more
elastic behavior. The standard physical performance parameter
combines these two values as G*/sind. The higher this parameter
the stiffer and more elastic the binder’s internal network. When
testing unaged or short-term aged binders, the required perfor-
mance is a minimum value to ensure the binder does not deform
under loads. However, it has become increasingly evident that UV
aging causes chemical alterations in binders, necessitating a bet-
ter understanding of both physical and chemical aging [10-15]. Oils
are chemically dense and have a lower viscosity and stiffness than
asphalt binders. By adding tire pyrolysis oil, the G*/sind should de-
crease, but chemical interactions also impact physical properties.
While physical aging assessment has advanced over the years with
the introduction of the DSR, the detection and characterization of
chemical aging remains a challenge. This challenge is further com-
plicated by the variation of characterization methods [2,16-18].

This research seeks to relate the UV-induced physical and
chemical changes on TPO-modified binders by comparing tradi-
tional DSR analysis with non-destructive FTIR and NMR chemical
testing. This study seeks to contribute to a broader understanding
of asphalt binder aging detection, thereby facilitating the develop-
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ment of more effective strategies to mitigate UV-induced degrada-
tion and enhance the durability of asphalt pavements.

Materials and Methods

A PG 64-22 Holmes sourced asphalt binder mixed with 2,4, and
8% CarbonCycle tire pyrolysis oil was used for UV aging. A UV aging
device was made using a lightbulb with 390-400nm wavelength.

Figure 1

Samples were prepared for UV aging in sample molds measur-
ing 25mm in diameter and 1mm thick. The samples were under UV
radiation for 72 hours. FTIR and NMR samples were taken immedi-
ately after DSR testing. DSR testing consisted of frequency sweeps
from 100 to 0.1 rad/s at temperatures between 70°C and 40°C. FTIR
testing determined the IR transmitted through the sample between
4000 and 400cm™. A Thermo Scientific Nicolet iS50 FT-IR was used
to collect the FTIR data. Spectra were created with 32 scans in ab-
sorbance mode using an ATR crystal. The spectra were normalized
to the peak at 2920cm’}, as it was the most prominent in every sam-
ple. Carbonyl Indices were calculated according to the following:

A
21_7(1(;’ WhereZA = A1700 + AIGOO + A1460 + A1376 + A1030 + A864 + A814 + A743 + A2920 + A2860

- N
T2HUV Aging
Impacts
Unmodified
DSA DSR OSR DSR
CRADING CRADING CHADING CHADING
NMR NMR NMR NMR
RELAXATION RELAXATION RELAXATION RELAXATION
TIME TIME TIME TIME
Figure 1: Experimental Design
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and A is the area under the curve of valley-to-valley bands [19].

1H NMR T1 relaxation spectra were acquired using a Bruker
Avance DRX 200-MHz spectrometer. Samples were prepared by
dipping a 2-mm O.D. capillary tube into the heated binder. The cap-
illary tube was then placed inside a standard 5-mm NMR tube. The
samples were not diluted, and measurements were taken at ambi-
ent temperatures. NMR spin-lattice relaxation data were recorded
with the SIP-R method [19], a recently introduced modification of
the traditional inversion-recovery technique [20]. The recovery de-
lay, tau, was varied on an exponential time scale (i.e., sampled equi-
distantly on a logarithmic t-axis) between 15 ps and 3 s. A five-sec-
ond pre-delay was used to allow nuclear magnetization to return to
thermodynamic equilibrium before each scan.

Results and Discussion

Each sample was UV-aged for 72 hours. An optical compari-
son was performed on all UV-aged binders as seen in Figure 2. The
TPO-modified samples have less microcracking compared to the un-
modified binder. However, more TPO results in more micro-crack-
ing, indicating a reaction with the TPO. The unmodified binder has
a higher density of grid-like cracking while the modified binders
have lower density curved cracking. This cracking is the macro-
structure of the material and should be defined by physical DSR
testing. However, there are chemical changes in the microstructure
that can also explain the resulting macrostructure, necessitating a
comparison of both physical and chemical properties. This impact
of UV aging cannot be ignored due to the obvious optical evidence
of surface changes.

( 1
0% UV-Aged 2% TPO UV-Aged 4% TPO UV-Aged 8% TPO UV-Aged
Figure 2: Optical Comparison of UV-Aged Samples.
. J
DSR according to standard physical aging testing.

The most common method to determine asphalt performance
is dynamic shear rheometer testing. Figure 3 shows the compar-
ison of viscoelastic properties of TPO-modified UV-aged samples.
The 2% and 4% TPO samples had a higher stiffness compared to
the unmodified (0%) sample. This is unexpected as the TPO is an
oil with a lower viscosity than asphalt. The 8% TPO sample had
a lower stiffness compared to the unmodified sample, suggesting
that at least 8% TPO is needed to reduce the physical impacts of
UV aging as detected by the DSR. According to Superpave grading
for a high-performance grade, the stiffness parameter, G*/sin§, at
10 rad/s is greater than or equal to 1 for original binder and 2.2
for short-term aged binder. The grade for all samples stays at a
high-performance grade of 64°C if considered original binder. If
considered short-term aged, the 2% sample would maintain a 64°C
grade while all other samples would be demoted to a 58°C high-per-
formance grade temperature. These findings would indicate that 72
hours of UV aging is not enough to be considered short-term aging
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FTIR

Fourier transform infrared analysis (FTIR) was performed on
each UV-aged sample both before and after DSR testing. Figure 4
contains the FTIR data before DSR testing, and Figure 5 contains
the FTIR data after DSR testing. There is a noticeable difference in
peak intensity and functional groups present. The most noticeable
difference is the altered intensities of the 1700cm™ peak, as well as
the region between 400cm™ and 1400cm™. Additionally, there is a
slight broad peak between 3600cm™ and 3000cm™ in the pre-DSR
samples, which is indicative of an O-H bond. Considering the pres-
ence of the O-H bond, as well as the elevated peaks at 1700cm-1
and more intense fingerprint region (1200-700cm™), there is most
likely water present within the pre-DSR sample. Because these
same effects are not present in the after-DSR samples, DSR testing
has an effect in removing water as an impurity.
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Figure 3: Frequency Sweep DSR Testing at 58, 64, and 70 "C of UV-Aged TPO-Modified Samples
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Figure 4 contains the FTIR data taken before the DSR testing.
The difference between the intensities of the unmodified and 2%
TPO modified binders with the 4% TPO and 8% TPO modified
binders indicates that there is an effect of increasing the concentra-
tion of TPO within the asphalt binder. Since this effect isn’t noticed
in the 2% TPO sample, there must be a minimum amount before
the effect is noticeable. The functional group peaks are consistent
through each sample, with the broad weak peak at 3600-3000cm™*
(O-H), the alkane peaks at 2920, 2860, and 1460cm’?, the C=0 peak
at 1700cm™, a weaker C=C peak at 1600cm’?, S=0 peaks at 1300 and
1160cm™[20, 21]. This S=0 bond is most likely a sulfone group, as
it relates to these peaks the most. The rest of the fingerprint region
is consistent with the post-DSR tested samples and could relate to
aromatic compounds, though due to the lack of evidence for C=C
bonds at other locations, this is dubious.

Within the after-DSR tested samples, the main functional groups
presentare C-H bonds (2920,2860,1460), with slight peaks at 1700
(C=0), 1600 (C=C), and various fingerprint peaks [20, 21]. These re-
sults are consistent for each percentage of TPO added to the binder,
apart from the increase at the 1000cm-1 peak for the blends. This
peak most likely relates to S=0 bonds and could be the result of a
conversion from sulfone compounds to sulfoxide compounds after
the DSR testing. Considering that DSR uses both heat and mechani-
cal forces that affect the physical properties of the binder, in Figures
4 and 5 it can be seen that the chemical properties are also affected,
and could be a contributor to the change in physical properties. The
mechanisms for these changes are unknown, and due to the com-
plexity of the binder chemistry, might be impossible to determine.
However, FTIR can detect changes in the chemical functionality,
providing more insight into the microstructure.
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Figure 4: FTIR Data for 72 hour UV aged Blended Samples taken before DSR Testing
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Comparing the carbonyl indices found in Table 1, as seen in Fig-
ures 4 and 5, the pre-DSR tested samples have a much larger ratio of
C=0 groups (cm™) present than their post-DSR tested counterparts.
Additionally, adding more TPO does increase the carbonyl index,
which is expected as the TPO does contain carbonyl groups. How-

Table 1: Carbonyl Comparison of UV-Aged Samples After DSR Testing.

ever, this trend is not experienced between the 4% and 8% TPO
blends after DSR testing since they have the same carbonyl index.
Nonetheless, the carbonyl index shows a difference between testing
methods and indicates a non-decreasing relation in the percentage
of TPO.

0%TPO+Binder

0.0964 0.0172

2%TPO+Binder

0.0994 0.0226

49%TPO+Binder

0.1104 0.0234

8%TPO+Binder

0.1296 0.0234
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Figure 6: NMR Relaxation Curve for Blended Binders after 72 Hours of UV Aging.

1.00E-02
Tau (s)

1.00E-01 1.00E+00

— 4% TPO+Binder —— B34 TPO+Binder

Citation: Rebecca Herndon*, Jay Balasubramanian, Klaus Woelk and Magdy Abdelrahman. Investigating the Physical and Chemical

Page 6 of 8

Effects of UV Aging on TPO-Modified Asphalt Binder. Mod Concept Material Sci. 6(1): 2024. MCMS. MS.ID.000628.

DOI: 10.33552/MCMS.2024.05.000628


http://dx.doi.org/10.33552/MCMS.2024.05.000628

Modern Concepts in Material Science Volume 6-Issue 1

Nuclear magnetic resonance (NMR) relaxometry was used to
determine different chemical environments in each sample. The
relaxation curves are shown in Figure 6. Each inflection point in-
dicates a distinct chemical environment. All samples have two dis-
tinct environments after aging for 72 hours. One inflection point is
around 0.002s and the other is around 0.5s; these points are the
approximate relaxation times. The 0.5s relaxation time is common
to many asphalt binders. Alternatively, the 0.002s relaxation time
is an indication of chemical aging since this environment is more
crystalline and stiffer, resulting in a faster relaxation time. Other
testing has indicated more drastic chemical environment changes
after 72 hours of UV aging when just NMR methodologies were im-
plemented. Due to the sampling method in this study, NMR testing
was only tested after DSR testing. Like the DSR results, there are
slight differences when adding more TPO.

Using TPO, asphalt binders were shown to display physical and
chemical changes. Optically, more TPO resulted in more mico-crack-
ing, but less cracking density compared to the unmodified sample.
This micro-cracking did not necessarily result in a physically stiffer
binder. The 8% TPO sample had the lowest G*/sind while the 2%
TPO sample had the highest. The FTIR spectra before DSR testing
show more of an indication of aging via the carbonyl index, but the
before-DSR and after-DSR spectra have similar peaks regardless of
TPO percentage. There is a noticeable change in intensity in the 4%
and 8% TPO samples before the DSR testing, signifying some syn-
ergistic chemical functionality compared to the unmodified and 2%
TPO sample. Finally, the NMR relaxation times do not seem to dras-
tically change with TPO percent. The physical and chemical proper-
ties were shown to have subtle differences.

The drastic change in the C=0 and S=0 peaks from the FTIR
spectra is an interesting finding. It is expected that UV radiation en-
courages photo-oxidation [3, 22], so oxygen-containing compounds
have become an indication of chemical aging. However, many stud-
ies have very small C=0 peaks and carbonyl indices as compared to
this study’s before-DSR testing [19, 23]. This could be an indication
that current sample aging and preparation methods should be bet-
ter suited to detect heat-sensitive chemical aging. Further testing
should compare other modified binders to better understand the
relation between physical and chemical changes due to UV aging.

Conclusion

UV aging cannot be ignored when considering modified asphalt
degradation factors. The effects of UV aging could be detected with
both physical and chemical testing. TPO did exhibit some rejuvenat-
ing properties, but the material is also impacted by UV radiation.
The major findings are as follows:

- The stiffness parameter (G*/sind), was not impacted
enough to change the standard performance grading during 72
hours of UV aging if the binder is considered unaged.

- The 2% and 4% TPO samples had a higher G*/sind value
and carbonyl index showing a more aged sample.

- 8% TPO was shown to reduce the impact of UV aging via
DSR testing.

- Chemical changes via FTIR and NMR were potentially im-
pacted by DSR testing.
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- Major functional group impacts (before-DSR) were no-
ticed in 4% and 8% TPO samples.

- The carbonyl index trend does not decrease with addi-
tional TPO.

- S=0 bonds are present, and the conversion of Sulfones to
Sulfoxides could be taking place due to the DSR testing.

Since UV aging is a type of chemical aging [24], chemical meth-
odologies should be further developed and favored due to the im-
pact of physical testing on chemical changes induced by UV aging.
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