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Abstract: Asphalt binders in pavements lose their stability through aging and eventually fail in the
field. Using nuclear magnetic resonance (NMR) to monitor the primary longitudinal relaxation time
of asphalt samples and the ratio of material that carries this primary relaxation time has been shown
to indicate the impact of ultraviolet (UV) radiation on the aging of asphalt pavements. Longitudinal
NMR relaxation was used to investigate two types of proposed asphalt rejuvenators, a bio-oil-
based rejuvenator and a crude-oil-based rejuvenator. Two different binders with the performance
grades (PG) 64-22 and 76-22 were considered for their interactions with the rejuvenators. After
72 h of exposure to intense UV radiation, specifically designed NMR relaxometry experiments were
applied to compare the rejuvenation capabilities of the two rejuvenator samples. The crude oil-based
rejuvenator was found to exhibit relaxation times similar to the binder samples while the bio-based
material showed relaxation times that pointed to different nuclear hydrogen environments. Both
rejuvenators reduced the primary relaxation time of the PG 76-22 binder, which indicates that their
stiffness was reduced. Both types of rejuvenators also seemed to prevent the effects of UV aging. Two
mechanisms of rejuvenation were identified by NMR relaxometry. The primary relaxation time can
be used to indicate a change in stiffness while the primary ratio of the material is tied to oxidative
aging. Oxidative aging creates distinct hydrogen environments due to asphaltene aggregation. The
bio-based rejuvenator only reduced the binder’s stiffness, while the crude oil-based rejuvenator also
reduced the aggregation of asphaltenes. Consequently, the bio-based rejuvenator could be classified
as an asphalt softener, while the oil-based material acted like a true rejuvenator.

Keywords: UV radiation; rejuvenation; asphalt binder; NMR relaxometry

1. Introduction

Asphalt is globally used as a large part of transportation infrastructure [1–4]. There
are three main ways that asphalt ages: heating and compaction in the construction phase,
load damage and erosion caused by traffic, and environmental effects such as ultraviolet
(UV) radiation and moisture [3–11]. Aging manifests itself in many ways, and all of them
eventually lead to failures. After enough failures have accrued, asphalt surfaces are either
repaired with more material or discarded and rebuilt. Discarded pavements occupy a large
amount of space [1,2,12–16]. Recycling asphalt pavement is an effective way to minimize
the use of binder and the space consumed by waste, improving the environmental impacts
of asphalt pavements. Additionally, prolonging service life is another solution to increase
the road pavement’s lifespan and decrease the necessity for repair.

Currently, the most promising way to accomplish either solution is using rejuvena-
tors to restore or enhance an aged binder’s properties to a more virgin state [1,5,6,13,14].
However, the mechanics of rejuvenation are still not fully known due to the complexity

Physchem 2024, 4, 344–355. https://doi.org/10.3390/physchem4030024 https://www.mdpi.com/journal/physchem

https://doi.org/10.3390/physchem4030024
https://doi.org/10.3390/physchem4030024
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/physchem
https://www.mdpi.com
https://orcid.org/0000-0003-1832-0769
https://orcid.org/0009-0006-8781-9060
https://orcid.org/0000-0002-1386-5623
https://doi.org/10.3390/physchem4030024
https://www.mdpi.com/journal/physchem
https://www.mdpi.com/article/10.3390/physchem4030024?type=check_update&version=1


Physchem 2024, 4 345

of interaction mechanisms and the variability of asphalt binders and potential rejuvena-
tors [7,12,17–20]. General qualities of effective rejuvenators have been found through
phenomenological and methodic approaches, with the redistribution of asphaltenes within
the maltene phase being the most prevalent reasoning [6,7,14]. The method of rejuve-
nator application is another researched topic. Commercially, rejuvenators are either
applied by sprayers or fog sealing soon after mixing and compaction to elongate the
service life of the asphalt pavement [21,22] or on a schedule to prevent surface deteriora-
tion [22,23]. Alternatively, rejuvenators are applied to recycled binder mixtures to restore
the chemical and physical properties to a more virgin state [24,25]. Research has mainly
focused on this last method, but the type of rejuvenators and softening agents used varies
greatly [2,4–8,10–15,17–20,25–36]. Many materials are oil based and rely on maltene re-
placement, while other materials are found to just reduce the viscosity of the material.
While reducing the viscosity/stiffness of an aged material is important, it should not be the
only factor to consider in the rejuvenation mechanism.

Adding to the complexity of rejuvenation is the classification of asphalt softeners
as rejuvenators and the interchangeable use these terms have had [2,8,31]. The most
important distinction between rejuvenators and softening agents is the effect they have
on restoring the properties of the asphalt binder [8]. Softeners are not meant to restore
the chemical and physical properties of a binder to a virgin state, but to decrease the
PG grading of a stiffer binder [26]. Among other methods, dynamic shear rheometer
(DSR) [4,6,7,17,20,28,30–33,37–40], atomic force microscopy (AFM) [4,5,17,28], nuclear mag-
netic resonance (NMR) [14,32,33,37,40,41], Fourier-transform infrared (FTIR) [4,5,10,15,
20,32–34,36,37,39,40], and saturate aromatic resin asphaltene (SARA) [5,17,34] analyses
have been used with varying success to try to characterize and evaluate the effects of
asphalt rejuvenation.

In this study, T1 NMR relaxometry is used to evaluate the chemical differences between
rejuvenation and softening. A true rejuvenator will return or maintain the favorable
properties of an unaged material. Commercial crude oil and bio oil-based rejuvenators will
be compared. These commercial rejuvenators are specified to be placed before major aging
occurs. Photo-oxidation from UV radiation is a known cause of aging and has been detected
by NMR relaxometry [40]. Asphalt binders have been shown to have unique T1 relaxation
times and through measuring the lattice–spin relaxation, distinct environments can be
shown. Additionally, comparisons of relaxation time to stiffness have been drawn [37,40,41].
Therefore, UV aging will be used to age the sample to determine the preventative qualities
of both rejuvenators. The traditional rejuvenation detected as a change in viscosity will be
determined with a higher-performance-grade binder. Because of this, NMR relaxometry
is a method superior to physical testing and compositional/functional group analysis for
determining the effectiveness of rejuvenators.

2. Materials and Methods

The asphalt binders used in this study PG 64-22 and PG 76-22 binders were sourced
from Philip 66 Granite City, IL, USA. The rejuvenators were received by corporate sponsors
and are listed as Rej. B and Rej. C. Rej. B is a soybean oil-based commercial topical
rejuvenator, while Rej. C is a crude oil-based topical rejuvenator. Samples were prepared
by dipping a 2 mm capillary tube into a heated binder to provide a consistent sample
layer. After the binder cooled, the capillary tube was submerged in the rejuvenator for
5 s. Afterward, the capillary tube was placed in a fume hood for 24 h of interaction time
before being placed in a 5 mm NMR tube for testing. Ultraviolet (UV) radiation aging
was conducted by placing the NMR sample tube into a homemade UV apparatus for 72 h
at the lowest rotation setting. The radiation time of 72 h has previously been used as a
standard [40]. It also ensures enough time for significant interactions to be observed [42].
The UV apparatus comprises a UV lamp with a 390–400 nm. bulb, a Büchi Rotovapor R
110, and reflective foil. To test the pure oil, rejuvenators were prepared by drying them for
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one week in a fume hood to remove excess water before then filling a 5 mm NMR tube
with the remnants.

A Bruker Advance DRX 200-MHz spectrometer was used to acquire the 1H NMR
T1 relaxation spectra. NMR spin–lattice relaxation data were recorded with the SIP-R
method [43]. 256 1H SIP-R spectra of four scans each were collected. A five-second pre-
delay was used to allow for nuclear magnetization to return to thermodynamic equilibrium
before each scan. The d7 range varied depending on the rejuvenator used, but all samples
started at 0.015 milliseconds and proceeded until complete relaxation, which occurred
between 10 and 15 s. The results from the spectra were analyzed through SigmaPlot’s
mono-, bi-, and tri-exponential decay regressions, as well as through an inverse Laplace
transform (ILT) with T1 times spaced equidistantly on a log scale to allow for the sample to
fully relax. A summary of the multi-material testing methodology is shown in Figure 1. In
addition to this, each binder and rejuvenator was tested individually.
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Figure 1. Methodology of testing rejuvenation and softening.

Both rejuvenators were set out to evaporate off the water before testing. The remaining
oil was then tested. The bio oil-based rejuvenator (Rej B) contained at least three major
relaxation times as shown in Table 1. Since this material was not crude oil based, the
relaxation times did not align with the normally expected relaxation times of asphalt
binder, around 0.47 and 0.002 s. Alternatively, the crude oil-based rejuvenator (Rej C)
contained only two hydrogen environments. Rej C more closely matched the expected
primary and secondary relaxation times of the PG 64-22 and 76-22 binders, as shown in
Table 1. The PG 76-22 was a stiffer grade of binder, which was reflected by the increased
primary relaxation time of 0.51s. The primary relaxation time was determined by the largest
corresponding ratio. Since most of the materials had fewer than three relaxation times, only
monoexponential and biexponential fits were considered.

Bi Primary Ratio =
S1,1

S1,2 + S1,1
, S1,1 > S1,2 (1)

Herbaw Parameter (Hb) =
S1,1 + S1,2

S1,1
(T1,1), S1,1 > S1,2 (2)

Equation (1) describes the ratio used, where S1,1 and S1,2 are the intensities related to
the two relaxation times T1,1, and T1,2. The Herbaw Parameter (The Herbaw Parameter
(Hb) was named in honor of the scientists and engineers who developed it: Herndon,
Balasubramanian, and Woelk) is the product of the inverse ratio and the relaxation time of
the highest intensity peak. These equations give information on the hydrogen environments
formed in samples (including if any new ones are formed) and an indication of stiffness.
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Table 1. Relaxation times of rejuvenators and binders.

Rej B Rej C 64-22 76-22

T1 T1 Ratio T1 T1 Ratio T1 T1 Ratio T1 T1 Ratio

0.590 0.73 0.496 0.93 0.487 0.93 0.505 0.92
1.495 0.24 0.002 0.07 0.002 0.07 0.002 0.08
0.158 0.04

3. Results
3.1. Binder

Asphalt binder has characteristic relaxation times, as detected by NMR. Table 2 dis-
plays the primary and secondary relaxation times of a PG 64-22 and 76-22 asphalt binder.
The major difference between these grades was the viscoelastic stiffness, which is rep-
resented by the primary relaxation time. The secondary relation time did not change
significantly in intensity or ratio. The primary relaxation time was shown to increase,
which confirmed the relation between primary relaxation time and binder stiffness [37].

If aging occurs, usually the secondary relaxation time changes, as displayed in Table 2.
UV radiation has been shown to increase binder stiffness through oxidation [40]. This is
further detected by NMR relaxometry as an increase in the secondary ratio, which also
reduces the primary ratio. The primary ratio decreases, since more distinct hydrogen envi-
ronments are forming, increasing the stiffness of the material. These additional hydrogen
environments were considered to be formed from oxidative aging due to the aggregation of
asphaltenes. This detection method by NMR relaxometry suggested that only the UV-aged
sample had a considerable amount of asphaltene aggregation due to the large reduction of
the primary T1 ratio.

Table 2. Binder grade comparison.

64-22 76-22 64-22 UV 72

T1 T1 Ratio T1 T1 Ratio T1 T1 Ratio

Primary 0.487 0.93 0.505 0.92 0.482 0.84
Secondary 0.002 0.07 0.002 0.08 0.001 0.16

3.2. Rejuvenation-Softening

Usually, rejuvenators are used to reduce the stiffness/performance grade of an aged
material. The primary relaxation time can be used for comparison of stiffness as displayed
in Figure 2. Both rejuvenators reduced the primary relaxation time, reflecting the softening
effects of adding a lower-viscosity material to the asphalt binder. Alternatively, the primary
ratio did not relate as well. The primary ratio decreased due to additional hydrogen
environments forming from the rejuvenator as shown in Table 3. The relaxation time that
indicated oxidative aging was around 0.002 s, and other environments may be formed due
to the rejuvenators, not oxidative aging. Since there is no large aggregation of asphaltenes
already present in the PG 76-22 due to the high primary ratio (0.92), the reduction of
aggregation cannot be determined, only the softening effects of the rejuvenators. The
reduction of the T1 ratio was attributed to additional hydrogen environments from the
rejuvenators. While the relaxation times of the bio-based material were consistent with the
PG 76-22, the crude oil-based rejuvenator introduced another, faster relaxation time. This
extra hydrogen environment is most likely an interaction of the oil with the binder. The
higher ratio of the 0.002 s relaxation time due to the addition of Rej B could indicate that
oxygen-containing compounds were already present in the rejuvenator.
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Table 3. PG 76-22 coated with rejuvenators.

76-22 76-22 Rej B 76-22 Rej C

T1 T1 Ratio T1 T1 Ratio T1 T1 Ratio

0.505 0.92 0.442 0.89 0.445 0.84
0.002 0.08 0.0021 0.11 0.0004 0.16

3.3. Rejuvenation-Prevention

Similar to the PG 76-22, when the rejuvenators were added to the PG 64-22 asphalt
binder, the primary relaxation time was reduced as seen in Figure 3a. This reduction in
the primary relaxation time has been related to a change in the stiffness of the material,
as discussed with the PG 76-22 interaction. Also, as seen with the 76-22 interaction, the
primary ratio decreased due to distinct hydrogen environments caused by the rejuvenators
as seen in Figure 3b. Figure 3c compares the Herbaw Parameter of each sample. Since no
oxidative aging has occurred, this parameter was not as effective to use for a meaningful
comparison. Other hydrogen environments were formed that were not found in the
binder or the rejuvenator as shown in Table 4. The bio-based rejuvenator may only have
2 relaxation times while the crude-based rejuvenator formed an additional environment
at a faster relaxation time. This faster relaxation time interaction was also seen with the
PG 76-22 and Rej C interaction sample and had an even faster relaxation time of around
0.00004 s. Samples with three or more relaxation times require further analysis.
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Table 4. PG 64-22 binder coated with rejuvenators.

64-22 64-22 Rej B 64-22 Rej C

T1 T1 Ratio T1 T1 Ratio T1 T1 Ratio

0.487 0.93 0.431 0.87 0.422 0.70
0.002 0.07 0.001 0.08 0.00004 0.24

0.004 0.04 0.002 0.06

After the blends were set out for 24 h, the samples were UV-aged for 72 h. In most
samples, the shorter relaxation ratio, with a relaxation time between 0.001 and 0.009 s,
increased after UV radiation due to oxidative aging causing the aggregation of asphaltenes,
as shown in Table 5. In other words, the primary ratio decreased. However, the primary
ratio did not decrease for the sample that applied Rej C before UV aging. The 64-22 UV72
Rej B sample showed a reduction in the primary relaxation time and primary ratio as shown
in Figure 4a,b. The 64-22 UV 72 Rej C sample had a slight increase in primary relaxation
time but kept the primary ratio at unaged conditions, as seen in Figure 4b. The bio-based
rejuvenator kept the binder below unaged conditions. While the binder may have been
softer, the asphalt matrix did not maintain its relaxation ratio. Alternatively, the crude
oil-based material was shown to slightly increase the stiffness, but reduce the aggregation
of asphaltenes, reducing the impact of oxidative aging. The primary relaxation time and
primary ratio can be summarized as the Herbaw Parameter. Considering both, when Rej C
was added, the unaged conditions were maintained as shown in Figure 4c. Alternatively,
Rej B did not maintain unaged conditions.

Table 5. UV comparison of the bio-based oil.

64-22 UV72 64-22 UV72 Rej B 64-22 UV72 Rej C

T1 Average T1 Ratio T1 T1 Ratio T1 T1 Ratio

0.482 0.84 0.356 0.82 0.496 0.93
0.001 0.16 0.009 0.18 0.002 0.07
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4. Discussion

Asphalt binder fails over time due to many factors. Asphalt binders are classified
by performance grades (PG) which rely on the binder’s stiffness. Rejuvenators can be
added before or after the binder is aged to maintain or return the material properties to an
unaged or favorable PG condition. Rejuvenation is usually seen as a change in the binder’s
PG or stiffness, but there are other effects to consider. Environmental aging conditions
on the pavement’s surface may not always lead to a change in binder PG, but these
factors can still affect the pavement’s lifespan. UV aging was shown to have a chemically
detectable parameter through NMR relaxometry which was used to quantitatively analyze
rejuvenator quality. NMR relaxometry detected two types of aging. One was based
on the primary relaxation time and was related to the binder stiffness, while the other
depended on how many additional hydrogen environments formed due to oxidation or
other chemical processes.
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4.1. Binder

Other studies have related primary relaxation times to binder grades and perfor-
mance [37,40,41]. Stiffer binders have longer primary relaxation times and smaller primary
ratios. The primary relaxation time increases due to the stiff matrix, making energy transfer
slower. The primary ratio is reduced, since more hydrogen environments form, increasing
the ratio of the secondary relaxation time. The different hydrogen environments can also
change the primary relaxation time and ratio depending on the exponential fit. Previous
findings suggest that biexponential fits were the best for comparing different grades, but
this analysis may not be sufficient when additives are added [41].

4.2. Rejuvenation-Softening

Changing the binder performance grade is one application of rejuvenators. The
performance grades 64-22 and 76-22 could be differentiated by their primary relaxation time
using NMR relaxometry. Adding the rejuvenators mainly changed the primary relaxation
time, an indication of binder stiffness. This reduction of relaxation time had been detected
before with other oil materials and should be further investigated to determine the optimum
amount of additive to use without hindering the high-temperature performance [37].

The primary ratio was harder to compare, since additional environments formed that
had not been present in either material. This could be an indication of surface interactions
of the materials. The changes seen when the PG 76-22 was treated with the rejuvenators
were mimicked with the PG 64-22. Since the PG 64-22 binder was already softer than the
76-22, the reduction in the primary relaxation time was even greater and resulted in a
shorter relaxation time. In both binders, the crude oil rejuvenator created another hydrogen
environment around 0.0004 s or 0.00004 s. This could be a form of interaction between the
oil and the binder, since they are more compatible compared to the bio-based material.

4.3. Rejuvenation-Prevention

The prevention of asphaltene aggregation is just as impactful as reversing such effects.
UV radiation has been shown to increase the stiffness of asphalt binders through photo-
oxidation, creating more crystalline and brittle environments known as asphaltenes. The
rejuvenators responded differently to the UV radiation. The crude oil-based rejuvenator
kept the asphaltene concentration consistent before and after UV radiation. However, the
bio-based material did not reduce the aggregation of asphaltenes, and the primary ratio
was reduced. While the crude oil-based rejuvenator stopped the aggregation of asphaltenes,
the bio-based material did not. The Herbaw Parameter was helpful in comparing the aging
impacts. If aging does not occur, the additional environments may come from the added
material or the interaction with asphalt binder. These additional environments require
further analysis to provide a meaningful comparison and analysis.

5. Conclusions

Rejuvenators improve the lifespan of pavements when used soon after construction.
While the current definition of rejuvenators involves returning the asphalt environment to
pre-aged conditions, this does not align with industrial uses. Therefore, parameters should
be developed to define the difference between rejuvenation and softening. A softener will
only affect the stiffness, while a rejuvenator will interact with the binder matrix and reduce
the aggregation of asphaltenes, which decreases the stiffness. This study investigated the
interaction between commercial rejuvenators and asphalt binders. Using NMR relaxometry
to detect the effectiveness of a rejuvenator resulted in the following conclusions:

• The primary relaxation time indicated the binder stiffness.

# A shorter primary relaxation time indicated a softer performance grade when
comparing PG 64-22 and PG 76-22.

# Adding the rejuvenators reduced the primary relaxation time of both PG 64-22
and PG 76-22.
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# UV aging did not drastically change the primary relaxation time of PG 64-22.
Applying Rej B before UV aging greatly reduced the primary relaxation time to
0.356 while Rej C slightly increased the time to 0.496 s.

• The other parameter, the primary T1 ratio, indicated additional hydrogen environ-
ments formed from oxidative aging.

# A larger primary ratio indicated a less aged binder.
# When the binder was UV-aged, the primary ratio decreased from 0.93 to 0.84.

Applying the crude oil rejuvenator before UV aging maintained the primary ratio
at 0.93, while the bio-oil rejuvenator’s primary ratio was reduced to 0.82.

• A secondary hydrogen environment had a relaxation time of around 0.002 s. This
shorter relaxation time correlated with photo-oxidative aging from UV radiation. As
the primary ratio decreased, the ratio corresponding to this environment increased.

• The bio-based rejuvenator softened the material but did not prevent the aggregation
of asphaltenes. Alternatively, the crude oil rejuvenator softened and reduced the
asphaltene aggregation, indicating signs of a true rejuvenator.

• Both the softening and reduction of oxidative aging effects were summarized in
the Herbaw Parameter. The parameter can be used when the change in hydrogen
environments is due to aging, not additive materials.

Further analysis of hydrogen environments, especially in modified asphalt mixtures,
should be conducted. Further studies should consider other aging factors to further uncover
mechanisms of aging, rejuvenation, and softening, as detected by NMR relaxometry.
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