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Abstract: The utilization of Reclaimed Asphalt (RA) in the road construction sector induces considerable
economic and ecological benefits. The blending of the recycled material with new components is believed
to be of great importance for the mixture’s properties. An extensive knowledge of the blending of the
materials is crucial in optimizing the use of RA, especially at higher recycling rates. In this paper,
the applicability of Fourier transform infrared (FTIR) microscopy in attenuated total reflectance
(ATR) mode to study the bituminous coating of RA granulates is investigated. This method is a
promising alternative to trace heterogeneous areas within the coating compared to methods that
require extraction and recovery of bitumen. A method for sample preparation and FTIR spectra
analysis is proposed. Four different samples were analyzed: a reference RA granulate, two types of
RA granulates mixed with neat bitumen, and a RA granulate with rejuvenator. The results show that
the use of ATR-FTIR microscope allows the tracing of different components, indications of blending,
as well as proof of rejuvenation of the aged bituminous area.

Keywords: reclaimed asphalt; asphalt recycling; ATR-FTIR microscopy; chemical imaging; ageing;
bituminous blending; rejuvenator

1. Introduction

When asphalt pavements reach their end-of-life point, their layers must be renewed. The material
removed from these layers is known as Reclaimed Asphalt (RA) (EN 13108-8:2016, [1]). RA is in
fact an asphalt mixture consisting of aggregates and bitumen. The removed material is typically
crushed in agglomerations of different sizes. Asphalt recycling is not only economically viable, since
a considerable amount of bitumen can be replaced by the RA bitumen in the new asphalt mixture,
but also environmentally friendly [2]. Previous research has shown the potential benefits of using
RA on the mechanical performance of bituminous mixtures [3] and also provided recommendations
concerning the proper exploitation of the material [4].

When a new bituminous mixture with the incorporation of RA is designed, in most design
procedures, the assumption of full blending between the aged RA bitumen and the new bitumen is
still being used. The mobilization or activation of RA bitumen is, till today, a “black box” for the
asphalt sector; the actual degree of blending between new and aged bitumen is under research. Many
studies question this practice and have demonstrated cases of partial blending [5,6] or zones where
the phenomenon of “black rock” is present, meaning that part of the bitumen in the RA is inactive [7].
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This gap in the scientific knowledge is of great importance, since overestimating the degree of blending
can lead to mixtures with less active bitumen, which could significantly influence the mechanical
performance of bituminous mixtures [8].

Previous studies have approached this problem in different ways. The first approach is by
investigating the diffusion between two bituminous layers and studying the response of the blend by
means of Dynamic Shear Rheometer (DSR) [9,10]. Other studies have modelled the activated bitumen
modulus response by using the stiffness modulus of the corresponding mixture [11]. Researchers have
also performed staged extractions to RA granulates in order to assess the properties of the recovered
bitumen layer by layer in terms of shear modulus and infrared spectra analysis [12–14]. The latter
approach contains some risks for interpretation of the results, as it is still unclear whether the solvents
influence the bitumen structure and what their impact is on the properties of the recovered binder [15].

The past years, increasing attempts have demonstrated the ability of non-destructive tests to
evaluate this problem. Attenuated total reflectance (ATR) spectra obtained by Fourier transform
infrared (FTIR) spectroscopy is a widely utilized non-destructive test to study bitumen and especially
to trace ageing evolution [16–18], to evaluate rejuvenation [19,20] or to evaluate the modification of
bitumen [21,22]. ATR-FTIR spectroscopy is suitable to evaluate homogeneous individual components
but not a heterogeneous composite material (such as an asphalt mixture), since it can only be applied
in a single spot averaging the measuring spectra. For that purpose, more and more researchers draw
attention to FTIR microscopy techniques.

ATR-FTIR imaging has been used on asphalt concrete samples with RA in order to demonstrate a
method to evaluate the different components highlighting that sample imperfections strongly effect
the quality of the measurements [23]. Besides ATR-FTIR imaging, X-ray fluorescence and infrared
microscopy have been used in an additional study. The analysis was applied on the bitumen level using
markers to track the mobilization of artificially aged bitumen. The conclusion was that ATR imaging
was the most successful technique [24]. Other studies have evaluated the blending of asphalt concrete
enriched with titanium dioxide (TiO2) as a tracer using Computer Tomography (CT), in macro- and
micro-scale [25], and using environmental scanning electron microscopy (ESEM) [7,25]. A scanning
electron microscope/energy dispersive spectrometer (SEM/EDS) evaluated the degree of blending
of mixtures, with various RA quantities, again using TiO2 as a tracer [26]. Research has also been
conducted using atomic force microscopy (AFM) on bitumen levels [26,27]. Another attempt at
investigating the blending between two different bituminous binders was by nano-CT scanning images
and nano-indentation tests, which did not provide clear and direct conclusions [28].

In order to study the blending process between aged and new bituminous layers, previous
research simulated the ageing state of the RA bitumen with artificially aged bitumen in the laboratory;
it has been demonstrated that long-term laboratory ageing techniques do not always correspond to
field ageing [29,30]. On the other hand, several studies have used actual RA but with the addition
of tracers to mark the mobilization, such as the TiO2. The question that might arise here is to
what extent markers can influence the mobilization. Furthermore, earlier studies considered the
mobilization of only bitumen or focused only on the diffusion process between two bituminous
binders. The aforementioned procedures highlight the need of evaluating field-aged asphalt materials
and focus on the actual blending conditions as it will happen in the bituminous coating of an RA
granulate. In reality, the stones in the asphalt mixture are bonded not by pure bitumen but by the
bituminous mortar (Figure 1). For clarification purposes, the following definitions are given: asphalt
mortar is a combination of bitumen and fine particles (filler and sand smaller than 0.5 mm) and asphalt
mastic is a combination of bitumen and filler.

In this study, actual RA granulates are used without the addition of foreign tracers and provide
the opportunity to study the spatial distribution of neat bitumen within the mortar scale by means
of ATR-FTIR microscopic measurements. This research aims firstly to assess the application of FTIR
microscopy directly on actual RA granulates, secondly to fingerprint the different zones of components,
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and thirdly to trace rejuvenating agents and mobilization of neat bitumen within the coating of
the granulates.
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Figure 1. Asphalt mixture bonded by asphalt mortar.

2. Materials and Methods

For the purpose of achieving the aims of this research, an FTIR microscope (LUMOS by
Bruker, Billerica, MA, USA) in ATR-mode was used to evaluate the coating of various RA samples.
Characteristic absorbance bands were selected, which were typical for the components that form
the final sample, i.e., bitumen, fines, rejuvenator, and resin (see Section 2.3). After the definition
of the spectra, which is a graphical visualization of the infrared light absorbance as a function of
the wavelength in the mid-infrared region of 4000—600 cm−1, data concerning the integration of
the characteristic areas were analyzed and formed into a chemical imaging of the area studied (see
Section 2.3). The integrated areas were further analyzed to inspect the numerical distribution of
carbonyl levels within the bituminous zone (Section 3.2).

2.1. Sample Preparation

Four types of RA granulate samples were studied in this study. Among the samples, one is an
untreated RA granulate (sample name: GRA) and three are treated RA granulates (sample names:
GRAB, MRAB, and GRAR). A summary of the samples and their treatment is presented in Table 1.
The RA used in this study consists of granite and limestone aggregates (inspected visually), and the
bitumen after extraction and recovery has a penetration of 24 1/10 mm. The treated RA granulates
were fabricated following three different procedures. First, sample GRAB was prepared by mixing
the RA granulates with neat bitumen. Second, sample MRAB is an RA granulate that was derived
from an actual asphalt concrete mixture (type AC14, see Table 2). Third, the GRAR sample was
sprayed with rejuvenator. The preparation of the treated samples is more elaborately described in the
following paragraphs.

Table 1. Samples and treatment description.

Sample Name RA Granulate Neat Bitumen Rejuvenator Treatment Description

GRA 4 – – Untreated RA granulates (fraction
10/12 mm)

GRAB 4 4 – RA granulates covered with neat
bitumen (fraction 10/12 mm)

MRAB 4 4 –
RA granulates, covered with neat

bitumen, obtained from mixed
AC-14 with GRA

GRAR 4 – 4 Rejuvenated RA granulates
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Table 2. Composition of the AC14 mixture.

Component Percentage

RA aggregates 0/14 55.7%
Limestone 4/8 18.4%

Limestone 2/6.3 6.4%
Limestone 0/2 18.5%
Limestone filler 1.0%

RA bitumen 3.0%
Neat bitumen (168 1/10 mm) 1.3%

The GRAB samples were fabricated following the procedure described in § 5.2 of EN 12697-11:2012 [31].
In this standard, a method is described to create a uniform bituminous coating on mineral aggregates.
An adequate amount of RA granulates (600 g) was preheated at 110 ◦C. In order to avoid excessive
ageing of the RA binder, the preheating time was limited to two hours. The preheated granulates were
then manually mixed together with 3% of 35/50 penetration grade neat bitumen (by RA granulates
mass). The mixing conditions were a maximum of 2 min at 150 ◦C. Afterwards, the covered stones
were spread and separated on silicone paper (Figure 2b). Visually traced agglomerations were rejected.
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bitumen (b); RA granulates sprayed with rejuvenator (c).

The MRAB samples were obtained from an actually mixed AC14 mix with 55.7% of RA in the
mixture. The composition of the mixture was designed in such way that the only source of coarser
aggregates (larger than 8 mm) was the RA granulates. The mix composition is presented in Table 2.
The production of the mixture was done according to EN 12697-35:2016 [32]. In contrast to the GRAB
samples, the mixing took place for 5 min at a temperature of 180 ◦C instead of maximum 2 min at
150 ◦C. After mixing, only the larger stones (>8 mm) were selected for MRAB in order to assure only
covered GRA was sampled.

Finally, the GRAR samples were prepared by spraying a crude tall oil-based rejuvenator on the
samples. Six (6) RA granulates were sprayed with 2% rejuvenator on the RA mass (Figure 2c). Both
RA and rejuvenator were at room temperature. In order to accelerate the diffusion of rejuvenator [33],
the sprayed stones were placed for 45 min in an oven at 110 ◦C. This temperature is according to the
heating limits of RA proposed in § 6.3 of EN 12697-35:2016 [32]. The amount of rejuvenator added can
be considered as rather high when compared to other studies [34]. The purpose here is to make sure
there is a traceable amount of rejuvenator.

A necessary step for the utilization of the FTIR microscope is the existence of a flat and even
sample surface. In order to fulfil this requirement, the RA granulates were embedded in epoxy resin.
For the preparation of the stone-resin samples, the following steps were followed: First, the samples
were embedded in a plastic mold with resin (Figure 3a). The height of the stone-resin sample is
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25 mm and the diameter 30 mm. The samples were then cured at room temperature for one day.
Afterwards, the cured samples were demolded and polished with a mechanical grinding/polishing
machine (Struers TegraForce 5) (Figure 3b). The polishing was done in two steps. During the first step,
a 220 grit size sandpaper removed the larger part. During this step, the plateau is rinsed by cool water,
which keeps the temperature low during the polishing. The second step uses a high friction paper
together with a diamond paste (9 µm), providing an even final surface.
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2.2. FTIR Instrumentation

In this study, an FTIR Microscope (Lumos by Bruker, Billerica, MA, USA) was used. The infrared
analyses were performed using a germanium ATR crystal with a high refractive index (nGe = 4), which
permits the analysis of dark samples. The instrument is able to generate a chemical map by integrating
the infrared spectra over a specified area. The integration methods used for this study are presented in
Section 2.3. The stone-resin samples were placed on a mounting holder called the Micro-Vice Holder
(Figure 4). Each spectrum was compiled from 32 scans with a resolution of 4.0 cm−1 in a range of
4000–600 cm−1. To avoid damaging the crystal, the applied contact pressure was limited to “low
pressure”.
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2.3. Methodology

For the investigation of the RA granulates’ coating, a procedure was set (Figure 5). First, the area to
be measured is selected. Second, the grid of the points to be measured is defined. Third, the measured
spectra are preprocessed. Fourth, the integrated typical bands are visualized. The intensity
visualization of the bands on the microscopic image is defined as chemical imaging. The processing of
the spectra and evaluation of the derived data was done using the Bruker OPUS™ software (v. 7.5).
Each sample was analyzed following the proposed steps.
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Figure 6 shows the polished surface of the samples and the areas selected to be analyzed (Areas 1
to 5). This figure shows only the exposed surface of the granulate without the resin. For illustrative
purposes, the resin was removed graphically in Figure 6 to provide a clear view of the samples and
their bituminous coating. The areas were selected with the purpose of observing potential traces of
partially or non-blended aged bitumen and to track the presence of other components such as resin or
fine particles. The focus was mainly on the interface of mortar and resin (Areas 2 and 4), and also on
areas starting from the resin towards the stone, creating a profile (Areas 3 and 5). Area 1 is a single
case where the analysis was performed in a significantly larger area. On average, the spatial resolution
applied for each point of the analysis was 30 × 30 µm2.
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Figure 6. Samples and selected areas for analysis: Area 1 in GRA sample, Areas 2 and 3 in GRAB
sample, Area 4 in MRAB sample, and Area 5 in GRAR sample.

The solidity of the studied samples does not allow probe penetration into the sample, which
has a direct effect on the intensity of the absorbance signal. The software provides the solution of
atmospheric compensation, which allows the correction of the signal. This step uses “physical models
to estimate the amount of atmospheric gases in the single-channel spectra and therefore compensates
disturbing H2O and/or CO2” [35]. The compensated areas are from 3600 to 4000 cm−1 for H2O
compensation and from 2300 to 2400 cm−1 for CO2 compensation [35]. This step only affects the
aforementioned bands, and it is suitable for the current research since those areas are free of absorption
bands related to the RA samples (see Table 3).

The spectra were normalized using the min-max normalization method [35]. This method was
applied by selecting the C–H stretching band (2990–2820 cm−1) as the band to be maximized. The result
is that the absorbance of the most intense peak (at 2920 cm−1) is scaled to 2. A normalization step is
required in order to avoid intensity problems caused by varying contact between the sample and the
crystal. The C–H stretching band is the most appropriate since it is not affected by bitumen ageing [16]
and it is present for both bituminous and resin zones.
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For the visualization of the chemical images, specific bands were selected to be integrated.
The integration method was used to quantitatively measure the area under the spectrum graph,
which represents the intensity of a certain functional group, using wavelength limits as a baseline.
The characteristic bands used in this study for each component are presented in Table 3. The tracing of
the carbonyl group was the main focus since the presence of carbonyls indicates ageing of bitumen [17].
The carbonate group was used as a marker of the mastic/mortar area and the carboxylic acids group
was used for the rejuvenator. Finally, the resin can be distinguished by the ring vibration of the epoxides
bond. Figure 7 demonstrates the integration method of the characteristic infrared bands, integrated in
spectra derived from different materials by means of FTIR-ATR spectroscopy. The chemical images can
then be formed on the sample microscopic image, providing the opportunity to trace spatial intensity
of the integrated functional groups.

Table 3. Distinctive bands of the individual components.

Bond & Functional Group Peak Point (cm−1) Baseline Limits (cm−1) Presence in Material

C–H stretch (alkyl bonds) 2920, 2848 2990–2820 Bitumen & Resin
C=O stretch area (carboxylic acids) 1741 1760–1720 Rejuvenator

C=O stretch area (carbonyl) 1700 1720–1665 Aged bitumen
C–O vibration (carbonate) 875 890–850 Limestone

C–O–C (ring vibration of epoxides) 829 858–785 Resin
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Figure 7. Carbonyl of RA bitumen (red) and neat bitumen (light grey) (a); carboxylic acids of
rejuvenated bitumen (blue) and non-rejuvenated bitumen (red) (b); epoxides of resin (dark grey)
and of bitumen (blue) (c); carbonate of bitumen with limestone filler (magenta) and bitumen without
filler (light grey) (d).

3. Results and Discussion

Five surface areas of RA granulates were analyzed using FTIR microscopy in ATR mode. Using
the infrared spectra derived, chemical images were formed by integrating the typical bands for each
area separately. In Section 3.1 the spatial distribution of typical bands is presented, and in Section 3.2,
the numerical distribution of carbonyl levels is exhibited only for the bituminous area.

3.1. Chemical Imaging

The selected areas (Areas 1 to 5) cover three basic situations: (i) original ageing state of RA
bitumen, (ii) interaction between neat bitumen and RA, and (iii) rejuvenation of RA. In order to have
comparable chemical imaging, the color plot scaling is the same between chemical maps of the same
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band, except for the carbonate group, since larger variations in absorbance are noticed here compared
to other areas.

Figure 8 shows the results of the chemical imaging analysis of the GRA sample. The spatial
resolution of the area studied is 9800 × 5400 µm2. In Figure 8a, the integration of carbonyls is
demonstrated, while Figure 8b,c show the carbonate and the epoxides, respectively. Here, it is
noticeable that the resin area is distinguishable by the chemical imaging of the epoxide (level above
60). The level of carbonyl varies here between 0 and 5.5. In Figure 8b, larger aggregate particles (white
areas) and also mortar areas can be seen from the integration of the carbonate.
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The chemical imaging analysis of Area 2 of the GRAB sample is presented in Figure 9. The spatial
resolution of Area 2 is 390 × 2450 µm2. Figure 9a shows that the carbonyl level is lower compared
to sample GRA (Figure 8a) and that the main part of Area 2 is resin free, except from a minor area
at the upper side (Figure 9c). According to Figure 7a, the absence of carbonyls is an indication of
unaged bituminous areas. Based on that observation and by detecting the carbonyl level of Area 2,
the presence of a blend between aged and neat bitumen can be assumed in this area.
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The third area is illustrated in Figure 10. A profile area of the bituminous coating of sample GRAB
is presented here with the aim to track the mobilization in full depth towards the stone. The spatial
resolution of Area 3 is 2800 × 610 µm2. Similar levels of carbonyls can be observed between Areas 1
and 3 (Figures 8a and 10a). On the other hand, the levels in this area (Figure 10a) differ from the levels
in Area 2 (Figure 9a). A possible hypothesis is that a lower mixing temperature and less mixing time
can lead to ineffective mixing between the neat bitumen and the RA mortar. Findings in literature
support this hypothesis [36]. Another observation that strengthens this hypothesis is the presence
of lower levels of carbonyls and the absence of high carbonate groups in Area 2 compared to area 3
(Figure 9a, Figure 10a, Figure 9b, and Figure 10b, correspondingly) which is an indication of a low
degree of blending. The chemical imaging of alkyl levels of Area 3 is demonstrated in Figure 10c,
which shows that Area 3 is a bituminous zone.
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The findings of the last two samples, MRAB and GRAR, are presented in Figures 11 and 12,
respectively. The spatial resolution of the studied areas are 1000 × 340 µm2 and 1580 × 1360 µm2,
accordingly. Concerning the carbonyl level of Area 4, a stable concentration in an order of magnitude of
2 (Figure 11a) can be observed. Since the fabrication conditions of that sample are different compared
to GRAB sample, i.e., mixed at a higher temperature for a longer period of time, one can assume a
higher degree of blending, as well as a more homogenized dispersion of the carbonyls within the
analyzed area. Figure 12 provides information regarding the chemical imaging of the GRAR sample
where a rejuvenation agent was sprayed on the RA sample. The carbonyl levels of Area 5 range from 0
to 3 (Figure 12a), which are lower compared to the concentration of carbonyl of the GRA reference
sample (Figure 8a). The presence of rejuvenator can be verified by the chemical imaging in Figure 12c,
where the carboxylic acids show values between 6 and 16, and also the absence of the same band in
non-rejuvenated samples such as the MRAB sample (Figure 11c), where the absorption is below 0.
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3.2. Carbonyl Distribution as Indicator of Mobilization

The carbonyl level can be used as an indicator for ageing of the bituminous zones and therefore
also as an indication of blending. The quantified carbonyl is not always a band that belongs in a
bituminous zone. For that reason, by focusing on the carbonyl levels deduced only from bituminous
areas, it is possible to better understand the extent of the ageing or the rejuvenation effect on those
areas. Based on the integration of typical bands, a bituminous coating can be defined as the area where
the following conditions are simultaneously met:

• Epoxides lower than 0; values higher than 0 indicate a resin area.
• Alkyl group higher than 0; indication of bituminous area.
• Carbonyl higher than 0.

Based on those requirements, the distribution of the carbonyl for all the areas is plotted in
Figure 13a and the percentiles are presented in Table 4. Because of the large difference between the
maximum level of carbonyl (27.94) and the level at the 97.5 percentile (7.16), values above the 97.5%
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limit can be considered as extreme measurements. Based on that observation, the carbonyl level, which
can be considered as valid within a bituminous zone, for this research is between 0 and 7.16.

Table 4. Carbonyl levels at different percentiles of the distribution.

Percentage Percentiles Carbonyl Level

100.0% maximum 27.94
97.5% 97.5 percentile 7.16
75.0% third quartile 2.00
50.0% second quartile (median) 1.34
25.0% first quartile 0.67
2.5% 2.5 percentile 0.09
0.0% minimum 0.01

In Figure 13b–f, the carbonyl distributions of the individual studied zones are shown. Considering
the GRA sample as the reference sample (Figure 13b), a shift can be observed towards lower carbonyl
levels for the other 4 areas, which is an indication of blending. When comparing Areas 2 and 3 of the
same GRAB sample (see Figure 13c,d), the probability of a carbonyl level between 0 and 1 is higher
for Area 2 (66% vs. 50%), but on the other hand, some dispersed higher carbonyl levels (between 3
and 8) are present in Area 3 but not in Area 2. Those results are in line with the chemical imaging
and indicate the presence of an outer zone with low carbonyl, which can possibly be interpreted as
an area of a lower degree of blending consisting mostly of neat bitumen. On the other hand, Area 3
shows similar probability, for carbonyl levels higher than 1, compared to Area 1 of the GRA sample but
higher probability for the lowest carbonyl levels between 0 and 1 (Figure 13b,d, respectively). Here,
we can assume that an area of partial blending is present, as well as an inactive RA bituminous zone.
Therefore, the assumption of full blending is not valid for these samples.

The MRAB sample exhibits a high probability of carbonyl levels between 1 and 2. This is an
indication of a higher degree of blending, since lower and higher carbonyl levels are limited. The GRAR
sample shows similar probabilities as Area 3 of the GRAB sample.
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3.3. Bituminous Mortar Coating of the RA Granulates

Previous studies have discussed the mobilization of pure bitumen or mastic (bitumen and filler).
Figure 14 shows part of the coating of sample MRAB. This particular sample was obtained from an
actual mixture, and, as demonstrated before, for this sample, a higher degree of blending has been
achieved. Therefore, it can be considered as the most appropriate representation of the result of an
actual mixing procedure and thus a realistic bituminous coating of RA granulates. As can be seen
in Figure 14, the surrounding coating also consists of visible fine particles larger than 63 µm (filler
threshold) and smaller than 500 µm. This bituminous zone should be considered as the bituminous
mortar area. Moreover, this statement is in line with the definition given for asphalt mortar in [16].
For that reason, the mobilization of mortar should be considered as a more realistic phenomenon when
adding RA in bituminous mixtures rather than the mobilization of bitumen or mastic.
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4. Conclusions

In this study, the application of FTIR microscopy in ATR mode on RA granulates was evaluated.
A specific methodology for the preparation and the analysis of coated granulates was proposed.
The samples engineered for this research were suitable for microscopic analysis, and by utilizing
characteristic infrared bands, it was possible to trace zones of different composition and intensity.

The conclusions of this research are as follows:

• It is possible to trace carbonyls as an ageing indicator on actual RA granulates.
• The blending between RA mortar and neat bitumen can be characterized as only partial.
• Shorter mixing times and lower temperatures (2 min and 150 ◦C) can lead to large inactive RA

mortar areas and a lower degree of blending.
• Higher temperature and longer mixing (5 min and 180 ◦C) may provide a higher degree

of blending.
• Rejuvenation of bituminous coating can be traced based on the proposed method.



Coatings 2019, 9, 240 13 of 15

• The ageing index (carbonyls) for the rejuvenated area is lower than the sample areas covered with
neat bitumen.

It should be noted that the described method requires an adequate amount of time for the
collection of the spectra. Since this study is at a demonstrative stage, the number of samples was rather
limited. Based on these results, the application of this technique is promising for future research to
quantitatively evaluate the impact of different fabrication methods (mixing time and temperature) in
the degree of blending, as well as its application on different and actual asphalt mixture samples.
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