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Abstract: To date, few methods allow distinguishing a fluxing effect of an additive for bitumen from
a regenerating effect. This research aims at identifying a method to accurately establish whether an
oxidized bitumen has been regenerated or has simply been fluxed by a softener. Oxidized bitumens,
simulating the aging process that results in road pavement lifetime, were prepared by the Rolling thin
film oven test (RTFOT) procedure for 225 min and the Pressure Aging Vessel (PAV) procedure. Their
asphaltene parts were extracted and analyzed by calorimetry (Differential Scanning Calorimetry
DSC), and the results were compared with the presence and absence of a fluxing agent and real
rejuvenators. The self-consistent results showed that the thermal properties of the asphaltene fractions
is a sound probe to monitor the effect of rejuvenation clearly distinguishable from the mere fluxing
effect. This preliminary study might allow the creation of standard protocols capable of identifying a
priori the rejuvenating effect of an additive in the future. Furthermore, given the widespread use of
calorimetry for the characterization, it tends to become a widely accessible and useful tool for this
purpose in material characterization laboratories.

Keywords: bitumen; rejuvenator; fluxing agent; differential canning calorimetry (DSC); light optical
microscope; asphaltene

1. Introduction

The use of Reclaimed asphalt pavement (RAP) for the production of new road pave-
ments is at the center of research in the bituminous conglomerates sector [1–7]. The use
of chemical additives is intended to increase the percentage of RAP in the production of
bituminous conglomerates. However, through this strategy, both the performance and the
life span of the road is mainly unchanged [8–11]. The most common problem faced by
technicians who carry out quality control on bituminous conglomerates and researchers
looking for new rejuvenating additives for bitumen is the capability to distinguish the
fluxing effect from the rejuvenating effect that the various additives available on the market
might possess [12–14]. Indeed, when a mere softening agent is added to a bituminous
mixture that in part contains RAP, its overall viscosity will be lowered, thus improving
workability. However, in this case, even if the laying of the road pavement can be done
without problems, the pavement will be fragile and its lifespan will be shortened, owing
to the presence of the oxidized parts of the bitumen coming from the RAP constituent.
Identical rheological effect will be obtained using a regenerative agent, but in this specific
case, both resistance and lifespan will be on the increase. Indeed, contrary to a mere
fluxing agent, a rejuvenating additive will chemically interact with the oxidized parts of the
bitumen, bringing their physico–chemical characteristics back to their initial state before
the oxidation phenomena [15–17]. This restores elasticity to the bitumen binder besides
simply lowering its viscosity. For this reason, it is therefore highly important to be able
to distinguish, for a given unknown bituminous mixture, which of these additives, i.e.,
fluxing agent vs. regenerative agent, has indeed been employed. To face this problem,
some considerations are useful: literature studies have shown that during the oxidation
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phenomenon, the clusters of asphaltene molecules that make up the solid part of the bi-
tumen tend to increase their size, stiffening the system [18–21]. This phenomenon was
mainly observed by atomic force microscopy (AFM) and scanning electron microscope
(SEM) analyses [22–25]. Asphaltenes are compounds with high molecular weights present,
in bitumen typically in 5% to 30% by weight, and are insoluble in n-pentane, and therefore
they can be isolated from the rest of the bitumen by simple precipitation [26]. It has been
observed that their percentage in bitumen increases to the detriment of the maltene part
after oxidation.

In this study, to simulate the aging process occurring during the lifespan of road
pavements, 2 methods were used: Rolling Thin Film Oven Test (RTFOT) [27,28] and
Pressure Aging Vessel (PAV) [29–31]. These 2 types of aging processes were chosen as they
are the most commonly used in research in this field. Furthermore, PAV is the methodology
used in the UNI EN 14769 Regulation for simulating the aging of road bitumens. Four
different recycling agents (either softening or rejuvenating agents) were mixed to two
different types of bitumen. In each case, the asphaltene fractions were extracted and
analyzed by Differential Scanning Calorimetry (DSC) [32–34], a routinely used method for
the characterization of the thermal properties of materials. DSC is a technique that enables
the characterization of several physico–chemical characteristics of materials. It is used to
evaluate and determine phenomena such as crystallization, melting, characterization of
glass transition, mesomorphic transition temperatures and the corresponding enthalpy
and entropy changes. It is also used to characterize and quantify other effects that evidence
changes in latent heat or heat capacity. A major advantage of this technique is its simplicity
and ability to be applied over a diverse range of samples (solids, gels and even powder
form). This analytical technique is an effective tool for characterizing the physical properties
of resins, polymers, waxes, etc. It is a somewhat universal method that does not entail very
sophisticated technical know-how due to its relative simplicity in comparison to several
other techniques. In addition to this, the energy characteristics (heat capacity C P and its
integral over temperature T—enthalpy H), which are measured via calorimetry, have a
clear relatable physical meaning [35–40]. The aforementioned materials, i.e., polymers,
waxes and resins, are mostly used in the road-paving sector, and from this it can be implied
that the DSC technique is already known in this sector and therefore applying it also for the
evaluation of the regenerating effect will be advantageous and simple. Through this study,
we demonstrated how to effectively distinguish a real rejuvenating effect from a mere
fluxing one. This discovery will push the use of common and cheap methods allowing, in
the future, the setting up of standard protocols to identify a priori the rejuvenating effect of
an additive from a mere fluxing influence.

2. Experimental
2.1. Materials and Reagents

For this study, we chose two types of bitumen, both with penetration grade 50/70
(Type 1 and Type 2). As for the recycling agent, 4 different recycling agents from both
vegetable and mineral sources (TPI, Soy Oil, Agent 3 and Agent 4) were selected: Soy Oil
and Agent 4 are known to have a softening effect, whereas TPI and Agent 3 are known for
possessing a rejuvenating effect.

The two bitumens and the four additives have already been used in research studies
with the aim of evaluating their rejuvenating and/or fluxing effect. Interested readers are
referred to the relative publications for details about the preparation, dosage samples and
induced change in the rheological properties of the bitumens [41,42]. However, useful
information about Type 1–2 bitumens and the four recycling agents are summarized
in Tables 1 and 2.
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Table 1. Information about the bitumens.

Label Penetration Grade
(0.1 mm) ± 1

Softening Point
(◦C) ± 0.2

Asphaltene
No Age (%)

Asphaltene
after Aging (%)

Bitumen 50/70 Type 1 68 48.8 26.8 34.2
Bitumen 50/70 Type 2 63 55.0 30.9 36.9

Table 2. Information about the additives.

Label Type of Additive Effect Dosage (%)

Recycling agent 1 TPI Poly Phosphate Regenerator 4
Recycling agent 2 Soy oil Vegetable Oil Softener 4
Recycling agent 3 Agent 3 Vegetable Oil + other components Regenerator 6
Recycling agent 4 Agent 4 Mineral Softener 6

We observed (Table 1) that for both types of bitumen the % asphaltene increases after
the aging process. In this study, Type 1 bitumen was artificially aged by means of the
Rolling Thin Film Oven Test (RTFOT by 81-PV1612 Controls, Liscate, Italy) according to
the ASTM D1754 standard, which stipulates a thermal treatment of 75 min at 163 ◦C, and
also by using a variation of this standard (i.e., thermal treatment of 225 min at 163 ◦C).
On the other hand, Type 2 bitumen was aged by Pressure Aging Vessel (PAV by Prentex
PAV-Alloy fabricators Inc., Model 9300–Dallas, TX–USA) according to the UNI EN 14769.
For all tested mixtures, the asphaltene content was isolated from the rest of the bitumen
mixture by simple precipitation following the previously reported procedure [43].

2.2. Differential Scanning Calorimetry (DSC)

The calorimetric behavior of the asphaltene samples was analyzed using a DSC
SETARAM 131 instrument.

Before starting the tests on the instrument, the calibration operations were carried
out using a sample of Indium with a known weight. In fact, knowing exactly the values
relating to the enthalpy (∆H) of the melts and the exact position of the sample of Indium,
it was possible to calibrate the instrument. Then, 20–30 mg of each sample was weighed
in a crucible and subsequently, the container was capped and sealed by mechanical press.
From a screening carried out, it was determined that the amount of sample does not affect
the trend of the calorimetric curve, but acts only on the intensity of the signals. All the tests
were carried out under nitrogen flow.

Following method was used to analyze all samples:

1. Isotherm at 25 ◦C for 20 min;
2. Heating from 25 ◦C to 250 ◦C at 20 ◦C min−1;
3. Cooling from 250 ◦C to 25 ◦C at 20 ◦C min−1;
4. Isotherm at 25 ◦C for 20 min;
5. Heating from 25 ◦C to 250 ◦C at 20 ◦C min−1

Note that the first heating and cooling cycle was effectuated to ensure identical ther-
mal history for all samples. Indeed, during the first thermal ramp, various endothermal
or exothermal peaks could be observed according to the exact starting state of the sample,
which is hardly controlled through a precipitation process. After a first heating, a cooling
ramp of all samples at the same controlled scan rate ensures that all samples are placed
in identical starting conditions. The cooling scan rate of 20 ◦C min−1 was chosen in order
to maximize the probability of freezing the asphaltene samples in their amorphous state.
For this reason, DSC traces obtained from the second heating ramp only displayed glass
temperature (Tg) transitions that can be easily compared between the samples and thus cor-
relate to the nature of the sample. Consequently, in this work, only the calorimetric curves
derived from the second thermal ramp will be shown, described and analyzed. As reported
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in literature by thermogravimetric analysis (TGA) measurements at the temperature of
250 ◦C, the asphaltenes do not show any thermal degradation phenomena [44–46].

2.3. Light Microscopy

Samples were examined with a Leica DMLP polarizing microscope equipped with
a Leica DFC280 camera and a CalCTec (Leica Microsystems Srl, Buccinasco (MI)-Italy)
heating stage.

The samples were inserted in a double microscope glass slide (sandwich model), and a
temperature ramp was carried out with a starting temperature of 120 ◦C and a heating rate
of 5 ◦C per minute. After every 5 ◦C increase, samples were left to stay for 1–2 min to ensure
uniformity and homogenous heating through all the samples, and photos were taken.

3. Results and Discussion
3.1. Differential Scanning Calorimetry (DSC)

The present study was performed to check whether asphaltenes contained in bitumen
could represent a probe to identify whether a recycled bitumen mixture has been rejuve-
nated or only fluxed by a softener agent. This hypothesis was based on the fact that upon
oxidation of bitumen, the clusters of asphaltene molecules that contribute to the solid part
of the bitumen tend to increase in size, thus stiffening the system [20–23]. Asphaltenes are
compounds with high molecular weights present in bitumens generally in 5% to 30% by
weight and are insoluble in n-pentane, so that they can be isolated from the rest of bitumen
by simple precipitation [43]. It has been furthermore observed that upon oxidation, their
percentage in bitumen increases to the detriment of the maltene part. For these reasons, it
seemed reasonable to forecast that the thermal properties of asphaltenes could be correlated
to the historical background of bitumen. Indeed, if rejuvenation occurred, the asphaltenes
may also have their initial thermal behavior restored.

In Figure 1, the calorimetric analysis of all the samples obtained with both the bitumens
utilized in this study are reported.

Figure 1a shows the trend of the calorimetric curves relative to the asphaltene samples
derived from the aged-by-RTFOT and non-aged Type 1 bitumen. RTFOT was carried out
for 75 min in accordance to the standard procedure ASTM D2872-04 and for 225 min to
obtain a bitumen (identified in the present work as “RTFOT-225 min”) rigid enough to
simulate a prolonged ageing process of 10–12 years, which is a period typical of recycled
asphalts [47]. In all the samples, we found the presence of inflection points typical of
glass transition [48–51] (indicated in the graph segment enclosed between the two-colored
vertical bars). The TG temperature of a material characterizes the temperature range over
which this glass transition occurs. Firstly, it was observed that increasing the oxidation time,
the inflection point moves towards higher temperatures. The same effect was observed
for the first signal of the calorimetric curve (indicated in the graph with the X symbol). In
particular, in the case of bitumen aged for 75 min, one remaining peak is also observed
between the first signal of the calorimetric curve and the glass transition (indicated in the
graph with a red arrow). This is because prior knowledge from scientific literature on this
topic makes us understand that the asphaltenes form aggregated clusters [52–56]. Some of
these aggregated forms of clusters involve weaker interactions with a looser, longer range
and self-assembly, and so are more exposed to oxidation, while those clusters in which
the asphaltene molecules form a stuck structure (more tightly packed) are not as easily
oxidized due to their compact structure.

The addition of the regenerating additive TPI (green line) brings back the inflection
point (in the figure represented by the segment enclosed between 2 beads on the curve)
to values similar to those obtained for pristine bitumen while the addition of the fluxing
additive commonly known as Soy Oil (purple line) shows a TG very similar to that observed
for the bitumen aged by using RTFOT for 225 min.
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compared to the RTFOT 225 after addition of TPI and Soy Oil; (b) DSC of asphaltenes bitumen Type 2 Non-Aged and PAV
aged, as compared to the PAV aged after addition of Agent 3 and 4.

The chemical basis of their different effect has been clarified: the Soy Oil, due to
its mostly apolar structure, is expected to be localized in the maltenic fraction, probably
establishing basically apolar interactions. TPI, on the other hand, thanks to its phosphate
group, can bind asphaltene clusters. The possibility of organophosphate to establish strong
interactions was recently pointed out [57].

Parallel to this, the apolar molecular moiety renders TPI truly amphiphilic, the effect
of which can be in synergy with the resins naturally present in the bitumens: If different
amphiphiles are close together, they can give rise to peculiar self-assembly [58] with unex-
pected emerging properties and dynamics [59] up to the formation of ionic liquids [60,61].
Therefore, the peculiar effect of TPI can be traced back not only to its peculiar structure,
but also to the combined action with the other stabilizing amphiphiles naturally present in
the bitumens.

Looking at the trend of the calorimetric curve of the asphaltenes derived from TPI-
regenerated bitumen, it results as an intermediate between the one obtained for pristine
bitumen and that obtained after aging with RTFOT for 75 min. In fact, it is noted that the
RTFOT aging process for 75 min simulates the mixing process of the conglomerate and
so reproduces a binder with the real chemico–physical characteristics of those present in
the road pavement after having been put to use. Therefore, through these calorimetric
measurements, it was possible to distinguish between the regenerating effect from the
fluxing effect.
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In Figure 1b, the calorimetric curves are reported for the asphaltenes obtained from
the second type of bitumen (Type 2) used in this study, which was aged by PAV. In this
case we also observed changes in the DSC line in accordance with those obtained for the
first type of bitumen: the inflection point positions are influenced by the level of oxidation
of the bitumen. In fact, the more oxidized the bitumen is, the more these inflection points
are positioned towards higher temperatures. The same effect holds for the first signal
of the calorimetric curves, where the characteristic marks of the bitumen aged by PAV
occur at higher temperatures compared to those observed for the non-aged bitumen. In
addition, with this type of bitumen it can be confirmed that the use of a regenerating
additive, and specifically Agent 3 (green line), brings back the TG values of the PAV-aged
bitumen to those obtained for non-aged bitumen. On the other hand, an additive without a
regenerating capacity but simply with fluxing characteristics such as Agent 4 (purple line)
leaves the TG values just as they were.

For both types of bitumen, we can observe that the calorimetric curves obtained for the
non-aged bitumen are very linear and they show almost exclusively the inflection points of
the material. On the other hand, the calorimetric curves derived from the aged samples
(RTFOT or PAV) are more undulating and they present, in addition to the inflection point,
other small peaks that are most probably due to the presence of molecules with different
melting points inside the sample.

3.2. Light Microscopy of Asphaltenes

We used light microscopy to determine the melting points [62–65] of all samples
analyzed in this study.

From the microscopy analysis, the results obtained from the DSC measurements are
confirmed: microphotographs are reported in Figure 2, and the initial and final temperature
values of the solid–liquid transition are reported in Table 3. In fact, while the non-aged
bitumen shows a well-defined solid–liquid transition taking place in a short temperature
interval, the oxidized bitumen (PAV) shows a gradual melting of the sample taking place in
a wider temperature range that begins around 160 ◦C and finishes at 175 ◦C. This justifies
the presence of more peaks for the calorimetric curve obtained for the aged sample in
addition to the inflection point (TG), while in the case of the non-aged bitumen sample
just one common inflection point can be observed. In the case of the asphaltenes coming
from the PAV bitumen treated with Agents 3 and 4, self-consistent results are obtained:
Agent 3 brings the inflection points back to values similar to those for the non-aged
bitumen, whereas Agent 4 brings back the inflection points to values similar to those of
PAV-aged bitumen. We intend to highlight the fact that the sample treated with Agent 3,
having a higher transition temperature range compared to the non-aged sample, shows
a calorimetric curve with a more complex pattern and presenting more peaks, keeping
anyway the same temperature range as for the non-aged bitumen. The different behavior of
the melting points of the various asphaltene samples is due both to the different aggregation
between them and to their different chemical composition. In fact, when a bitumen is
exposed to an aging process, it tends to incorporate oxygen, forming epoxy and sulfoxide
bonds and also significantly reducing the aromatic component [41]. This leads to the
formation of larger clusters that consequently will tend to melt at higher temperatures.
When an additive with a fluxing effect (such as Soy Oil or Agent 4) is added to the aged
bitumen, since the latter only has a physical interaction with the bitumen, there is no
variation either in the chemical composition or in the size of the clusters, and therefore the
melting points remain very similar to aged bitumen. On the other hand, when an additive
with a regenerating effect (such as TPI or Agent 3) is added, it chemically interacts with
the asphaltenic part of the bitumen, reducing the size of the clusters and above all giving
the asphaltene sample a chemical composition very similar to that of non-aged bitumen,
restoring the aromatic component and reducing the oxidized parts [41]. Consequently,
the melting point values of asphaltenes are very similar to those recorded for non-aged



Appl. Sci. 2021, 11, 6528 7 of 10

bitumen. The melting points for the RTFOT samples of the bitumen Type 1 are also in line
with the scenarios reported above [41].
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Table 3. Melting point of the aged and non-aged samples.

Figure Sample (Type 2 Bitumen) Initial Melting (◦C) Final Melting Point (◦C)

Figure 2a Bit. No Aged 145 160
Figure 2b PAV 160 175
Figure 2c PAV Agent 3 135 155
Figure 2d PAV Flux Agent 4 170 180

4. Conclusions

Differential Scanning Calorimetry (DSC) via this study proved to be a well-established
technique to differentiate between a simple fluxing agent and a real rejuvenating agent.
From the results obtained in this study, we were able to prove that DSC is a useful method
and an effective method for the aforementioned purpose, most especially because compared
to other methods and techniques with the same objective, it is relatively cost-effective and
easy to carry out.

This is because it is a technique that involves methodology and instrumentation
already present in most laboratories that deal with characterization of materials and
therefore there is no need for the procurement of new reagents and external personnel with
technical know-how to carry out a novel technique. This will facilitate the diffusion and
widespread use of the method in laboratories and agencies such as ANAS, NAPA, NCAT,
etc., which are involved in the quality control of asphalt mixes. It will also enable these
agencies to include additional information as regards bitumen aging and rejuvenation
without the need for investing new resources to achieve this end. This already existing
yet innovative technique will in the future enable the use of this common method for
the design of standard protocols in order to categorically distinguish a priori an ordinary
fluxing influence from a rejuvenating effect of an additive.
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