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ARTICLE INFO ABSTRACT

Keywords: The design and use of antioxidant additives to reduce or slow down the aging of asphalt binders can bring about
An'ﬁOXidaHtS tremendous benefits to the asphalt industry. Despite many isolated and scattered research efforts showing mixed
Agmg ) results, the application of this science to engineering-based solutions has been limited due to variability in results
Eens‘iil‘iinitemlmy and conflicting data available. This work presents the results from a global interlaboratory study to test the
Oxidation effectiveness of promising antioxidant additives, namely kraft lignin, calcium hydroxide, zinc dieth-

yldithiocarbamate and phenothiazine to increase the resilience of asphalt binders and provide insights towards
understanding the complex intricacies between chemistry and rheology. Specifically, seven different binders
from various geographical regions in the world i.e., Texas (USA), Vienna (Austria), Illinois (USA), Antwerp
(Belgium), and Delft (Netherlands) were blended with the antioxidants at two proportions. Subsequently, the
chemical and rheological properties of the blends were evaluated using Fourier transform infrared (FTIR)
spectroscopy and dynamic shear rheometer (DSR). The results indicate that although some antioxidants may
reduce oxidation based chemical indices, their effect on rheology is more complicated and possibly related to
unique physicochemical interactions in each binder. From a macro-perspective, zinc diethyldithiocarbamate
showed promising results with a good correlation between rheology and chemistry for the majority of the
binders. These additives or other additives with the same working principles should be investigated further.
Additionally, significant research efforts must also be directed towards approaches aimed at understanding
mechanisms of interaction and relating results with specific binder compositions.

1. Introduction

The study of aging or the oxidation of asphalt binders has been a
focal point of research for asphalt researchers over the past several de-
cades. Its significance can be mainly attributed to the fact that oxidation
is a major factor that reduces the lifetime of pavements due to the
negative impact it has on binder rheology. Oxidation leads to the in-
crease in stiffness and embrittlement, increase in tensile strength,
decrease in the ability to relax, and decrease in ductility of binders [1].
From chemical perspective, oxidation introduces oxygen containing
functionalities in the binders which results in increased molecular
agglomeration and immobilization of molecules. These increased
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associations make it more vulnerable to mechanical stress and increase
its cracking propensity [2]. As oxidation results in simultaneous changes
in the properties of binders over the service life of pavements, any
approach to predict the performance properties of mixtures would need
to consider this continually changing nature. Hence, understanding the
chemistry and chemical changes that occur during asphalt binder
oxidation has been the focus of extensive research. Despite widespread
efforts, there are still fundamental gaps in knowledge that have pre-
vented the application of this science into practical use in pavements.
Studies on understanding the chemistry of aging in asphalt binders
have mainly focused on two areas: the kinetics of aging and the chemical
pathways of aging. These areas are fundamentally dissimilar with
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distinct final objectives. Investigating the kinetics of aging can poten-
tially be used to forecast the rate of oxidation of binders and its effect on
performance, both at the binder and mixture level. However, it can be
argued that from an engineering perspective, the most significant
changes, and improvements to the lifetime of asphalt pavements can be
brought about by understanding the chemical pathways of aging, and
ultimately controlling the oxidation phenomenon. In that regard,
extensive research has been conducted to investigate the various aspects
of the oxidation process and on corresponding methods to prevent it
using oxidation retarding additives i.e., antioxidants [3]. Antioxidants
are chemical additives that can be added to organic materials to defer or
lower the rate of degradation caused by the reaction with atmospheric
oxygen. In theory, antioxidant additives can be used to prevent or slow
down the aging of asphalt binders for pavement applications and
improve the long-term durability of asphalt pavements. Therefore, their
widespread application could naturally bring about massive benefit to
the asphalt industry. When considering the use of antioxidants, the
chemistry and chemical composition of asphalt binders would play a
major role as it determines its propensity to oxidation, products formed,
and other important parameters. Since asphalt binders consist of mil-
lions of different hydrocarbon molecules, they are typically separated
into four polarity-based fractions, i.e., saturates, naphthalene aromatics,
polar aromatics, and asphaltenes (in increasing order of polarity). The
relative amounts of these fractions can vary depending on the crude
source and refining process, and are susceptible to change as oxidation
and aging take place over the course of its life cycle [4]. It is understood
that the composition of binders and relative extents of polar fractions
will strongly dictate the rate of oxidation and oxidation related chem-
istry of binders [5,6].

A considerable amount of research has been conducted on the use of
antioxidants to reduce the extentl and rate of aging in binders. For
example, organic phenylamines and zinc dithiocarbonates have been
extensively studied to gage their effectiveness as antioxidants [7,8].
Apart from this, research also exists on the use of other additives such as
lime, lignin and different synthetic polymers, and their antioxidant ca-
pabilities [9,10]. Overall, despite of several hundred peer-reviewed
research papers on this topic, very little is known about the effective-
ness of antioxidants and widespread applicability when considering
geographically (and chemically) different binders. The reported findings
are also dispersed and sometimes conflicting which has limited their use
in practice. Other than the complex chemical mechanisms involved, this
can be attributed to the various approaches and materials used to assess
the impact of antioxidant additives when contemplating the general
nature of variability of bituminous materials. Moreover, there is limited
understanding regarding the relationship between the chemistry and
rheology of antioxidant modified binders. For example, when consid-
ering a varied suite of binders, it is still unclear if the antioxidant effect
seen from a chemical perspective after aging can be correlated to
changes in rheological properties such as binder stiffening [11,12].
Understanding these complexities will help unlock some of the mecha-
nisms in action and provide a pathway for engineering applications.

With the onset of climate change, the increased focus on pavement
resilience by transportation agencies has put focus on antioxidants in
asphalt pavement applications once again. As mentioned, several de-
cades of myopic research in this area have not yielded significant results
for the community. In consideration of the potentially remarkable in-
novations possible with validation of such a technology, a global
collaborative effort is required to advance the understanding of the
science and make progress in this area. Hence, the objective of this work
is to conduct a global interlaboratory study with a wide range of diverse
materials to improve the understanding of the science; and to ultimately
employ this understanding to validate the possibility for practice level
applications. It is expected that this unprecedented team effort will also
accelerate progress in addressing some of the fundamental gaps in
knowledge in the area of asphalt oxidation and effective use of antiox-
idant additives.
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2. Scope

This study presents the initial results from a global collaborative
effort to test the effectiveness of four promising antioxidant additives to
increase the resilience of asphalt binders and further provide insights
towards understanding the complex intricacies between chemistry and
rheology of such modified binders. Specifically, seven binders origi-
nating from different crude oil sources and used in different geograph-
ical regions in the world were blended with the antioxidants at two
different proportions. Following this, the chemical and rheological
properties of the various blends were evaluated using Fourier transform
infrared (FTIR) spectroscopy and dynamic shear rheometer (DSR) based
methods to identify and correlate relevant trends in oxidative behavior
and rheological properties. Overall, the work conducted is expected to
shed significant insights into the effectiveness of antioxidants when
considering a diverse suite of chemically different binders. The results
presented are also expected to help guide material selection in the future
and provide outlook for further research in this topic. In view of the aims
of the study, it must be noted that the results and analysis are presented
from a macro-perspective in order to evaluate the potential use of an-
tioxidants on a large scale in routine field applications.

3. Materials and procedures

Based on an extensive literature review conducted by the authors,
four different antioxidants were selected in this study namely kraft
lignin, calcium hydroxide, zinc diethyldithiocarbamate and phenothia-
zine. These additives were selected specifically as several prior extensive
studies in this domain have indicated their potential to be used as
effective antioxidants for asphalt binders [12,13,14]. It should be noted
that these positive effects were reported based on the respective test
materials and analyses conducted in the various studies. The chemical
structure and images of the different additives used are presented in
Fig. 1 and Fig. 2 respectively. Additionally, Table 1 lists the additional
details regarding the additives.

When comparing the working principle of the additives, in theory
zinc diethyldithiocarbamate and phenothiazine are expected to act as
peroxide decomposers, whereas, kraft lignin has chemical properties
that can make it effective as a free radical scavenger. Lastly, calcium
hydroxide is a chemical additive that can be used to inhibit agglomer-
ation of oxidation products. All additives were used in two different
dosages (3 and 5 binder wt.%) as per the recommendations in the

Lignin Calcium Hydroxide
CHg
H3C OH
lignin CHgz
HsC SH /Ca\
HO OH
H3CO H (or lignin)
OH
Zinc Diethyldithiocarbamate Phenothiazine
S S H
Hac/\NJ\S’Zn\SJ\NACHS
Hsc) CHs
S

Fig. 1. Chemical structure of antioxidants used in the study.
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Phenothiazine

Zinc Diethyldith}ocarbamate

Fig. 2. Pictures of antioxidants used in the study.

Table 1
Details of antioxidants used in the study.

Name Manufacturer CAS No. Dosages (binder wt.%) Code (used in study)
Kraft Lignin Sigma Aldrich 8068-05-1 3%&5% Lig

Calcium Hydroxide Sigma Aldrich 1305-62-0 3%&5% CaH

Zinc Diethyldithiocarbamate Sigma Aldrich 14324-55-1 3%&5% ZDC

Phenothiazine Fisher Scientific 92-84-2 3%&5% Pheno

various studies reviewed. Seven different unmodified binders were
chosen from the various participating laboratories in Texas (USA), Illi-
nois (USA), Vienna (Austria), Antwerp (Belgium), and Delft
(Netherlands). These participating laboratories are a subset of a larger
collaborative team working on the subsequent phases of this study.
These binders were specifically sourced from different producers and
geographical locations, and hence expected to have varying chemical
compositions. The geographical location of the binders is important in
the context of this work as the source of crude can significantly affect
binder’s chemical properties. The details of the binders along with the
nomenclature used in this study are listed in Table 2. The binders are
designated as per the Superpave performance grading in accordance
with ASTM D6373 and AASHTO M320.

3.1. Blending procedures

Two dosages of each additive, 3 % and 5 % by weight of the binder
were blended with different base binders. Based on the melting point of
the selected antioxidants, different blending protocols were adopted for
the four additives. For Lig and CaH, mixing of the additives with base
binders was done at 165 °C for a period of 60 min at 600 rpm. For the
remaining two additives ZDC and Pheno, the blending was carried out at
190 °C for a period of 20 min followed by reduced temperature of 165 °C
for a period of 40 min at 600 rpm. Following blending, the binders were
short-term aged using the rolling thin-film oven (RTFO) aging procedure
at 163 °C for 85 min as per ASTM D2872. Subsequently, the binders
were long-term aged using the pressure aging vessel (PAV) aging

Table 2
Details of binders used in the study.
Binder Binder Source University/Lab Nomenclature
No. Grade
Binder 1 PG 64-22 Texas University of Texas at T1
Austin
Binder 2 PG 64-22 Texas University of Texas at T2
Austin
Binder 3 PG 64-22 Texas University of Texas at T3
Austin
Binder 4 PG 64-22 Antwerp  University of Antwerp Al
Binder 5 PG 58-22 Vienna Vienna University of V1
Technology
Binder 6 PG 64-22 Delft Delft University of D1
Technology
Binder 7 PG 64-22 Illinois University of Illinois n

Urbana-Champaign

procedure at 100 °C for 20 h as per ASTM D652.
4. Experimental methods

The flowchart in Fig. 3 shows the experimental program of this
study. Both chemical and rheological analyses were conducted to
identify the various facets associated with the use of antioxidants in
binders. It is important to note that the different tests mentioned here
were conducted separately in the respective laboratories of the partici-
pating institutions as listed in Table 2. However, the impact of aging is
assessed by normalizing results from the same binder and laboratory,
and therefore the collective results are less susceptible to interlaboratory
biases.

4.1. Dynamic shear rheometer

The high temperature stiffness of various binders was assessed using
a DSR at temperatures of 58 °C, 64 °C, and 70 °C. The instrument was
used to measure the complex shear modulus and phase angle at a static
frequency of 10 rad/s, strain amplitude of 12 % for unaged and 10 %
RTFO aged binders. A 25 mm plate was used in a parallel plate geometry
at three different temperatures, and the gap between the two circular
plates was set at 1 mm. Likewise, to calculate the intermediate tem-
perature rheology and associated parameters of the PAV aged binders,
an 8 mm plate was used with the gap between the two plates set at 2 mm.
The testing was conducted at a strain amplitude of 1 % and at three
temperatures depending on the grade of the binder. The DSR testing was
conducted as per ASTM D7175 and AASHTO T315. All tests were con-
ducted in two replicates and the results show the average value.

4.2. FTIR spectroscopy

FTIR spectroscopy has been widely used as a method to understand
aging in asphalt binders through assessing changes in oxidation related
functional groups in the absorbance spectra. In particular, the imple-
mentation of the attenuated total reflection geometry (ATR) has
increased the practicability of the method since the binder can directly
be applied onto the crystal. For sample preparation, a small binder
quantity was heated and homogenized following recommendations from
an earlier study [15]. Prior to each measurement a background spectrum
of the empty and clean ATR crystal was recorded. The FTIR spectra for
each binder were recorded from wavenumbers 600 cm ! to 4000 cm™?
using different instruments in the respective laboratories. All tests were
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Base Binders

Tl T2 T3
(Texas) (Texas) (Texas)

(Antwerp)

\%! D1 11
(Vienna) (Delft) (Illinois)

Antioxidants Dosage — 3% and 5%

Calcium Hydroxide

Kraft Lignin (L) ©)

Zinc Diethyldithiocarbamate

@) Phenothiazine (P)

Blending of Antioxidants with Base Binders

An example of binder designation protocol used in the study-
T1_3%L (Texas-1 binder blended with 3% kraft lignin)

Aging Conditions

Unaged

RTFO Aging

PAV Aging

Binder Evaluations

Chemical Evaluation (FTIR)

Rheological Evaluation (DSR)

Fig. 3. Experimental program of the study.

conducted on at least two replicates and the results show the average
value. A method reported in a previous study was used to quantify the
oxidation related functional group bands [16]. In this study, area under
C=0 band (defined from 1666 cm~! to 1746 cm™ ) and S=O band
(defined from 944 em ! to 1066 cm 1) were calculated using full
baseline integration. However, the C=0 band was primarily used to
study the aging levels of different binders as it is known to correlate
better with long-term aging as compared to the S=O band [17]. Also,
some additives may interfere with the S=O band. A higher area under
the carbonyl band indicates higher levels of oxidative aging. The area
under each FTIR spectrum was calculated after normalization as per the
following equation:

S = / VSorm (N)dw (@]
N,

Los

where S is total area, Ny o is the threshold for higher wavenumber of the
structural group, Nj o is the threshold for the lower wavenumber of the
structural group, and VS;m(N) is the absorbance at wavenumber N that
is normalized. Based on the carbonyl indices of the binders, an aging
index (Algp) was defined as

COppv

Alco = —— 2
= COmra @

where COppy is the area under carbonyl band for PAV aged binder and
COgtro0 is the area under carbonyl band for RTFO aged binder.

5. Results and discussion
5.1. Diversity in data

The tests conducted by the different laboratories generated a large
amount of data with considerable variation in results. This is expected
due to the general variability when contemplating the use of different
base binders. Although the asphalt binder used could be of the same
grade, its chemical constitution would be unique, and hence its inter-
action with different additives is expected to be distinct. Additionally,
the tests were conducted on different equipment and by different

operators from individual laboratories, so the variances in results would
also be exacerbated in that regard.

The G*/sind parameter as covered in AASHTO T316 was used to
evaluate the data in terms of high temperature performance grade (PG)
and the results are shown as per the unaged binder criteria and RTFO
aged binder criteria in Fig. 4. The high PG grade of unaged binders is
defined as the temperature where the value of G*/sind is 1 kPa. Simi-
larly, for RTFO aged binders, the high PG grade is the temperature
where the same value is 2.2 kPa. It could be observed that most of the
high PG values were between 64 °C and 70 °C respectively even after
antioxidant modification, which indicates minimal effect on initial
stiffness of the base binders. However, for the binders from Vienna, the
PG results were between 58 °C and 64 °C respectively. This is expected
as its original binder grade was PG 58-22. Interestingly, some of the
high PG results were higher for the RTFO aged binder as opposed to the
unaged binder which shows that different antioxidants have varying
effects on stiffness during short-term aging. This is discussed in detail in
the next section. Similarly, the C=0 and S=O indices were calculated
for the different binders as described in previous sections and the results
are shown in Fig. 5. Different values for the indices were observed which
were then used to calculate the aging indices. It should be noted that
although FTIR based indices are not necessarily quantitative measure-
ments, they can be used to semi-quantitatively estimate the relative
change in oxidation related properties when comparing individual
binders in different aging states [18,19].

5.2. Effect of antioxidants on binder stiffness after blending and short-
term aging

Antioxidants are expected to chemically interact with asphalt
binders and hence may change their physical properties. The initial ef-
fect of the antioxidants on base binder stiffness can be observed by
looking at the respective stiffness indicators of the binders, such as the
high PG grade. The high PG grades for the different binders in the
unaged and RTFO aged state are shown in Fig. 6. Generally speaking, the
addition of the antioxidants had minimal effect (less than 5 %) on the
unaged and RTFO high PG grade of the base binders used in this study.
Specifically, ZDC and CaH modified binders showed similar values as
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compared to the respective base binders whereas Lig modified binders
showed a very marginal increase. Overall, the results indicate that their
addition has insignificant effects on initial binder stiffness and may not
provide additional significant rheological benefits at high temperature,
such as in terms of rutting resistance etc. However, for the case of Pheno,
an opposite trend could generally be observed wherein the initial base
binder stiffness was seen to be decreasing with its addition indicating a
softening of the binder with modification.

When considering the stiffness properties of the binders after RTFO
(short-term) aging, some interesting results could be noticed. Short-term
aging is generally characterized by loss of volatiles and rapid aging
during the mixing process which results in an increase in stiffness [20].
Therefore, comparison of high PG grades in these two aging states is a
direct measurement of the rate of increase in the stiffness of the binders.
Comparable results were observed for the Lig and CaH modified binders,
i.e., their rate of increase in stiffness was seen to be generally similar to
the base binder. However, for the ZDC and Pheno modified binders, the
results were more varied. Pheno modified binders, which were initially
seen to have lower stiffness after blending (unaged state), significantly
increased stiffness after short-term aging for most of the evaluated
binders. Contrary to that, the rate of increase in stiffness was seen to be
considerably lower for the ZDC modified binders. This was observed for
the T-series as well as the V1 binder. For the Al binder, the opposite

trend was observed especially at 5 % additive modification. Moreover,
the rate of change of stiffness was also observed to be varied for each
binder which shows the effect of bitumen variability on antioxidant
effectives, even at the short-term aging level. It is understood that more
robust rheological analysis should be conducted to effectively quantify
the differences in stiffness. However, this is beyond the scope of this
work and further studies will be directed in that regard.

5.3. Effect of antioxidants on long-term aging

The main purpose of using antioxidants in binders is to delay or
reduce the extent of oxidation over the course of its lifetime. Hence, its
effectiveness (or lack of) can only be judged after long-term aging of
binders. In this study, long-term aging of the binders was conducted
using the PAV aging method as described in previous sections. The ef-
fects of the different antioxidants on the aging behavior of binders were
assessed through both chemical and rheological methods. For the sake of
brevity and conciseness, some relevant results from the analysis con-
ducted are presented in the next sections.

5.3.1. Evaluation of oxidation metrics using FTIR
The long-term aging of the various binders considerably increased
their oxidation-based indices when evaluated using the FTIR. The
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increase in these indices over time is a well reported phenomenon. The
chemical pathways responsible have been studied in detail by re-
searchers, detailing the conversion of aliphatic sulphides to sulphoxides
and benzylic carbon to carbonyl groups [1]. In this process, the molec-
ular structuring in the binders is transformed through the dissociation,
isomerisation, and fragmentation of the asphaltene molecules, the
dissociation of aromatics molecules, and the association, cyclisation,
and dissociation of saturate molecules [21]. The aging indices, which
are measure of relative aging extent were calculated for the different
binders as described in previous sections and some of the important
results are shown in Fig. 7.

Varying results were obtained when considering the aging indices of
the modified binders with respect to the base binder. Pheno in general
showed poor results and the aging indices observed were comparable or
higher in some cases. However, the other modified binders with ZDC, Lig
and CaH showed considerable reduction in the aging indices as
compared to the base binders. When looking at dosages, a higher dosage
of 5 % seemed to a have a greater effect in reducing the aging index for
ZDC and Lig modified binders. It should be noted that these results are
based on general trends observed for all the binders tested in the study
and not individual cases as some variation was seen for specific binders.
Nevertheless, it is interesting to note that although the mechanisms of
action would be different for each antioxidant, its use seemed to largely
reduce the formation of oxidation related functional groups through
binder modification. For example, it is anticipated that preventive oxi-
dants such as ZDC would act as peroxide decomposers and reduce the
formation of free radicals in the oxidation initiation step, thereby
slowing down the oxidation process [22]. Contrary to that, CaH would
reduce the formation of oxidative groups in different ways such as
through the chemisorption of pro-oxidant species and absorption of
some oxidative species [23]. The oxidation propensity of each binder is
unique to its chemical composition and the variations seen in the
reduction of oxidation indices for different binders (when considering
the same antioxidant) indicates that the specific chemical properties of
each binder could be affecting its effectiveness. This needs further
deliberation, and its implications are reflected upon in the later sections
of this study.

5.3.2. Effect of long-term aging on rheology using DSR

Ultimately the purpose of using antioxidants in asphalt applications
is to prolong the lifespan of pavements through increased resilience and
fatigue cracking resistance. Therefore, it could be argued that the
rheological properties after aging are the most important criteria to
evaluate the effectiveness of antioxidants. In this study, the G*.sind

SN

1.0 _

Lig Modified Binders

CaH Modified Binders

(2) (b)

ZDC Modified Binders

(© (d)

Pheno Modified Binders

Fig. 7. Aging indices based on C—O band for selected binders with (a) Lig, (b)
CaH, (c) ZDC, and (d) Pheno.
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parameter was used to evaluate the stiffness of the antioxidant binders.
This parameter is commonly referred to as the “fatigue factor” in the
Superpave specification and lower values of this parameter are desired
from the standpoint of resistance to fatigue cracking, characterized in
rheological terms by lower binder stiffness. Some important results of
the various binders are presented in Fig. 8 and show the value of G*.sind
for the different binders at 25 °C. Firstly, it is important to interpret these
results in relation with the previous results of the study. It was seen from
the high PG results that the change in stiffness with the addition of the
antioxidants was generally marginal for CaH, Lig and ZDC modification
and the increase in stiffness with the addition of Pheno was evident
(after RTFO aging). Therefore, it can be assumed the value of G*.sind for
ZDC, Lig and CaH modified binders is an indirect measurement for the
antioxidant effectiveness to reduce age related hardening in terms of
binder rheology.

As detailed in the previous section related to FTIR, ZDC, Lig and CaH
showed considerable potential to reduce the aging indices of the base
binders. It is generally understood that the lower the amounts of
oxidative groups formed during aging, the lesser will be the rate of
binder stiffening [1]. Noteworthy results were observed when corre-
lating this to the G*.sind parameter from the DSR tests. Pheno showed
higher stiffness which is understandable considering its higher stiffness
after short-term aging and inconsistent ability to reduce the formation of
oxidative functional groups. Lig and CaH modified binders showed
interesting results as they exhibited higher or similar values of G*.sind as
compared to the base binder. This was despite the fact that such modi-
fication resulted in lower aging indices for many of the binders tested.
Such results suggest that the issues of binder stiffening of such modified
binders may be more complicated, and beyond merely the reduction of
oxidative groups. In the case of ZDC modified binders, G*.sind values
observed were lower indicating that these binders have reduced pro-
pensity to age. Hence, ZDC modified binders showed a reasonable cor-
relation between chemistry and rheology and is in general the best
performing antioxidant on a global scale. Nevertheless, it must be noted
again that these results have been summarized based on general trends
and there is variability in the case of specific binders which illustrates
the complexity when considering the use of such additives on an indi-
vidual basis. The implications of these are discussed in the next section.
It should also be mentioned that the G*.sind parameter cannot fully
capture the rate of stiffening in terms of changes in binder rheology
during aging. Therefore, further studies are planned in that regard.

5.4. Discussion

As mentioned in the scope of the study, this work investigated the
effectives of antioxidants when considering a global suite of binders
from various geographical locations. Firstly, it is important to note that
the effectiveness of an antioxidant will likely be contingent on the sig-
nificance of the process it inhibits in the overall binder oxidation
chemistry, and hence depends on the different chemical interactions
between the constituents in the modified binder [12]. The different re-
sults shown in this study indicate the physicochemical processes driving
antioxidant behaviors in binders are highly complicated, and beyond
merely the reduction of oxidative groups. In that regard, some previous
studies have also suggested that some antioxidants may affect oxidative
hardening of binders in other ways such as through influencing
asphaltene dispersion and subsequently its fractional component
compatibility [1]. Currently, there is limited understanding in this area
and further research is required to understand its rheological implica-
tions, specific to each antioxidant.

When considering the various antioxidants evaluated in this study,
ZDC seemed to be the most promising additive wherein it generally
showed improved aging resistance for many of the different base binders
used in this study. The other additives tested were generally a “hit or
miss” and no clear trend could be observed between rheology and
chemistry of the binders. Even for the most promising additives such as
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ZDC, the rate of change of rheological and chemical properties seemed
to be unique to each individual binder. Understanding the mechanisms
driving such behavior is critical when considering the use of such ad-
ditives in practice. Without a fundamental comprehension of material
interaction, engineering mixes to perform as required would be an un-
systematic and futile approach. Lastly, there are other aspects to be
considered such as costs. Some antioxidants may only provide some
marginal benefits in terms of performance on an indiscriminate basis as
per the current state of knowledge in this area. Therefore, their large-
scale use may not make economic sense when considering other issues
such as additional handling, processing, and safety requirements.
Overall, the results from this work using a wide variety of globally
procured base binders indicate that a “one size fits all” approach
commonly used in asphalt research may not be suitable to study the
effectiveness of antioxidants on a macro scale. Although some additives
such as ZDC hold considerable promise, significant knowledge gaps in
understanding its mechanisms of action and influence of bitumen
composition needs to be addressed before considering its use in field-
based applications. Additionally, this study focused on preliminary re-
sults from a larger collaborative effort planned over multiple phases. A
known limitation in the aforementioned results is that when comparing
the modified binder to the base binder, the effect of the additive on the
rheology of the binder itself is not fully captured by the testing methods.
This will be considered in future studies by conducting more compre-
hensive frequency-temperature sweep tests and further advanced rheo-
logical characterization.
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Fig. 8. Superpave parameter G*.sind at 25 °C for selected binders with (a) Lig, (b) CaH, (c) ZDC, and (d) Pheno.

6. Direction for future studies

Theoretically, the use of certain antioxidants can reduce the age
hardening effect of binders and enhance its service life. However,
bringing this theory into fruition for engineering applications requires
extensive research in several fundamental areas with knowledge gaps.
The findings from this study indicate that certain additives such as ZDC
may hold more potential than other additives such as Pheno when
considering their use as a high-performance antioxidant for different
globally produced binders. Nevertheless, building on such promise to
reach a level where such additives can be routinely used with confidence
requires a considerable number of important questions to be answered.

Most research efforts in this area have generally investigated the
effectiveness of a certain type of antioxidant using a small suite of locally
available binders. As shown from the results presented here, there is a
significant amount of variability in effectiveness depending on the
source and composition of the binder. This variability must be embraced
by researchers, and underlying factors or unique binder fingerprints that
lead to this must be investigated. Specifically, it is important to
comprehensively study the effect of binder chemical composition on
antioxidant effectiveness. Only such strategies will allow the community
to move away from the “hit or miss” approach and utilize the body of
information to develop methodologies that can be deployed on a more
routine basis. Lastly, the development of accurate characterization
methods when considering the rheology and chemistry of such modified
binders is also warranted. For example, more advanced chemical
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characterization approaches can be used to identify the difference of
molecular structuring of binders (if any) when modified with specific
antioxidants.

7. Findings and conclusions

This study presents the initial results from a global effort to test the
effectiveness of four promising antioxidant additives to increase the
resilience of asphalt binders and further provide insights towards un-
derstanding the complex intricacies between the chemistry and rheology
of such modified binders. Specifically, seven different binders from
various geographical regions in the world including Texas (USA),
Vienna (Austria), Illinois (USA), Antwerp (Belgium), and Delft
(Netherlands) were blended with four different antioxidants at various
proportions. Following this, the chemical and rheological properties of
the various blends were evaluated using Fourier transform infrared
spectroscopy (FTIR) and dynamic shear rheometer (DSR) based methods
to identify and correlate relevant tendencies in oxidative behavior and
rheological properties. Varying results and trends were observed from
the large amount of data gathered, and the results were analyzed using a
macro-level lens considering practicability of this technology. It was
seen that most of the antioxidants used showed some tendencies to lower
the aging indices of the binders when evaluated using FTIR. However,
this trend could not be matched when looking at binder stiffening in-
dicators and rheology. This is likely due to multiple mechanisms that are
unique to the additive-binder pair and their compatibility that may exist
to impact the overall rheological behavior. Out of the different antiox-
idants tested, ZDC showed promising results with a good correlation
between rheology and chemistry for the majority of the binders. These
additives or other additives with the same working principle should be
investigated further using an even wider suite of materials.

Overall, the work conducted in this study presents a first of its kind
interlaboratory effort to study the effectiveness of different antioxidants.
The results obtained in the study suggest that the current approaches
commonly used in the community will be insufficient to raise this
technology into a mature level for routine engineering applications.
Research efforts must be directed towards approaches aimed at under-
standing fundamental mechanisms of interaction of the constituent
materials and relating experimental data with specific binder composi-
tions and fingerprints. As part of this global effort, ongoing work is being
conducted in different aspects such as evaluating the effect of antioxi-
dants on binder rheology using advanced rheological methods including
characterization of low temperature properties. The results obtained
here in regard to the most promising additives have also been used to
start the second phase of testing of the most promising additives with
eleven additional laboratories around the world. Lastly, the technical
feasibility of using such additives in field needs to be explored after
laboratory scale analysis.

8. Disclaimer
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