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A B S T R A C T   

Ageing of bitumen leads to significant performance deterioration of asphalt pavements and leads to material 
properties that are not conducive to recycling. Aiming to maximise the reusability of bitumen, this study 
investigated the feasibility of rejuvenating aged bitumen using bio-based rejuvenators synthesised from 
municipal wastes. Two bio-rejuvenators were used in this study, namely Rej-A which was a crude polymer with 
bio-waste pyrolysis dense fractions and Rej-B which was a filtered pyrolysis wax further derived from Rej-A. The 
bio-rejuvenators, virgin, aged, and rejuvenated bitumen were characterised using a comprehensive testing 
programme of gas chromatography and mass spectrometry (GC-MS), Fourier-transform infrared spectroscopy 
(FTIR), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), multiple stress creep and 
recovery (MSCR), linear amplitude sweep (LAS), and frequency sweep tests. It was observed that both bio- 
rejuvenators produced in this study can effectively recover the rheological properties of aged bitumen, 
improving its fatigue performance, e.g. the fatigue lives (at 15 % strain level) of Rej-A and Rej-B rejuvenated 
bitumen were 5.4 times and 3.0 times of that for aged bitumen when the dosage was 14 %. The rejuvenated 
bitumen was more sensitive to strain while less sensitive to temperature compared with virgin bitumen. Overall, 
Rej-A outperformed Rej-B in recovering the properties of aged bitumen. However, Rej-A was thermally unstable, 
undergoing 15.6 % mass loss when heated to 160 ◦C.   

1. Introduction 

Roads are one of the most important infrastructure assets of trans-
portation networks. The design life of roads is limited by the deterio-
ration in the performance of the binding material, termed as bitumen, 
especially related to ageing [1,2]. Serious distresses of asphalt pave-
ments are induced due to the ageing of bitumen, such as cracking, 
potholes, stripping, etc, which negatively affect the usability of pave-
ments [3–5]. Ageing changes the chemical composition of bitumen 
through oxidisation and steric hardening processes [5,6]. Consequently, 
the mechanical properties of bitumen deteriorate, leading to eventual 
damage and failure. The chemical reaction between atmospheric oxygen 
and bitumen, termed as oxidisation, is the primary attribute of ageing. 
This reaction results in major chemical changes such as large differences 
in the ratio between molecule sizes and the ratio of polar and non-polar 

compounds which reduces ductility and consequently diminishes 
bitumen performance [7]. Steric hardening is the hardening of bitumen 
over time at room temperature. It occurs after bitumen is melted, which 
leads to formation of ordered structures within bitumen such as 
asphaltenes [8,9]. 

Ageing leads to better resistance to rutting while the resistance to 
fatigue and thermal cracking of bitumen is reduced [10]. Chemically, 
ageing of bitumen contributes to the reduction in the content of aro-
matics and the increase of asphaltenes, inducing instability of its 
colloidal system [11]. The carbonyl and sulfoxide chemical functional 
groups can be regarded as fingerprints of ageing and show an increasing 
trend with time [12,13]. Molecularly, ageing leads to increased molec-
ular weight within bitumen and leads to the increase of viscosity [14]. 
Thermally, the glass transition temperature increases after ageing, 
caused by the increase of the content of asphaltenes [15]. It can be 
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concluded that ageing of bitumen is an intricate phenomenon which 
ultimately results in the performance deterioration of asphalt 
pavements. 

The reuse of bitumen in the form of recycled asphalt pavement (RAP) 
materials in new pavement construction applications has been widely 
promoted as it increases the circularity of the materials used and reduces 
overall carbon emissions [16–18]. However, reusing of aged bitumen in 
RAP is difficult as it is more susceptible to thermal and fatigue cracking. 
The introduction of rejuvenators provides a practical solution to reuse 
aged bitumen, as rejuvenators have the capacity to recover some of its 
desired properties [19]. Previous studies revealed that the rejuvenation 
mechanisms can be attributed to breaking down of asphaltene micro-
structures into smaller sizes, facilitating the diffusion of aged and virgin 
binders, as well as diluting the mix to increase diffusion rate [20–22]. 
Rejuvenators are defined as chemical additives which can be used to 
recover the physical properties of aged bitumen, such as reducing its 
viscosity and improving its cracking resistance ability by restoring the 
viscoelastic balance. There are several rejuvenators available in the 
market such as petroleum-based and bio-based commercial oils, tall oils, 
waste kitchen oils, waste industrial oils etc. Out of these, bio re-
juvenators produced from biobased materials have recently become 
popular due to its promising rejuvenation efficiency and the overall 
industry focus on sustainability [23,24]. Bio-rejuvenators can be pro-
duced through recycling of wastes, such as waste cooking oils and 
municipal wastes, which makes it an environmentally friendly option 
compared to other types of rejuvenators. 

Previous studies in this area have suggested that the organic fractions 
of municipal wastes, produced after thermochemical treatments could 
potentially be used as bio-rejuvenators to recover the deteriorated per-
formance of aged bitumen [25,26]. Municipal waste comprises a com-
posite blend primarily consisting of biomaterials and plastics. Processing 
these materials in their composite state holds promise as a pragmatic 
solution as use of composite rejuvenators is encouraged to diversify the 
softening and restoration processes in bitumen [27]. There are several 
methods to breakdown municipal wastes to obtain desirable properties, 
such as pyrolysis, gasification, and anaerobic digestion. Pyrolysis is the 
most widely used method and is defined as the thermochemical 
decomposition of organic material that occurs at temperatures of 
300–500 ◦C in the absence of oxygen [28]. These produced biomaterials 
such as bio-rejuvenators, biochar etc. have shown to have potential for 
direct application in bitumen recycling and modification [29–31]. For 
example, biochar can be used to modify bitumen to reduce rate of 
ageing, or improve ageing resistance [29]. Similarly, the use of 
bio-rejuvenators could increase the colloidal stability of aged bitumen 
and deagglomerate asphaltenes [30]. 

Despite these promising studies, a comprehensive understanding of 
the use of organic fractions of municipal wastes to recycle aged bitumen 
is limited. Previous studies have only investigated some fundamental 
properties of such bio-rejuvenators rejuvenated bitumen, such as 
modulus and viscosity [25]. The comprehensive characterisation and 
mechanism analysis of the rejuvenation process is unclear, which limits 
the large-scale application of municipal wastes derived 
bio-rejuvenators. In view of that, this study used two municipal wastes 
derived bio-rejuvenators and evaluated their ability to restore the 
properties of aged bitumen. It is envisaged that comprehensive perfor-
mance evaluation of bitumen rejuvenated by these bio-rejuvenators can 
potentially provide an effective value-added approach to reuse waste 
materials while reducing the need for other disposal methods. 

2. Scope 

This study aims to comprehensively evaluate the feasibility of using 
municipal wastes derived bio-rejuvenators to restore the properties of 
aged bitumen. Firstly, two bio-rejuvenators were produced from 
municipal wastes using pyrolysis treatment. Following this, aged 
bitumen was rejuvenated using the synthesised bio-rejuvenators at 

various percentages. Comprehensive tests such as multiple stress creep 
and recovery (MSCR) tests, linear amplitude sweep (LAS) tests, fre-
quency sweep tests were then carried out to investigate the rheological 
properties of the rejuvenated bitumen. Overall, this work systematically 
evaluated the feasibility of using municipal wastes derived bio- 
rejuvenators as effective recycling-based additives for aged bitumen. 

3. Materials and methods 

3.1. Materials 

The bitumen used in this study was an unmodified 70/100 pene-
tration grade bitumen, the physical and chemical properties of bitumen 
are listed in Table 1. The SARA fractions i.e. the component content of 
saturates, aromatics, resins and asphaltenes in the bitumen is also 
illustrated. 

Two rejuvenators derived from municipal wastes were used in this 
study. Specifically, a mixture of crude polymer and bio-waste pyrolysis 
dense fractions (labelled as Rej-A), and a mixture of filtered polymer and 
bio-waste pyrolysis wax (labelled as Rej-B). The municipal waste feed-
stock consisted of 30 % mixed waste plastic (consisting mainly of high- 
density polyethene (> 90 %) with other waste plastics) and 70 % bio- 
wastes (crude sewage sludge and agricultural wastes). Pyrolysis was 
carried out at a heating rate of 16 ◦C/min with a residence time of 
15 minutes using a stainless-steel tube furnace under a controlled ni-
trogen environment (flow rate of 1.5 L/min) at 600 ◦C and the dense 
fractions were condensed in a catch pot from the nitrogen purge. The 
pyrolysis programme was selected to optimise the production of wax 
and oil products from specified feedstock, following a series of trials 
aimed at maximising content yield. The pyrolysis plant, manufactured 
by Pyrolyze, is shown in Fig. 1. 

The curd pyrolyzed dense fraction produced from the pyrolysis 
process was named Rejuvenator A (Rej-A). It emitted a pungent odour 
and consisted of a wax, bio-oil, and char mixture. Rejuvenator B (Rej-B) 
was further refined to remove light fractions and chars using fractional 
crystallisation. Initially, the raw mixture was heated to melt waxes, after 
which solid impurities were filtered out, leaving behind a mixture of 
waxy and liquid substances. This mixture was then cooled to allow the 
waxy fractions to crystallise, which were subsequently separated from 
any remaining moisture and low molecular weight liquids. As a result, 
this process yielded a uniform waxy material with consistent colour and 
texture. The basic properties of these bio-rejuvenators are listed in  
Table 2. 

3.2. Characterisation methods 

3.2.1. Ageing and rejuvenation of bitumen 
The virgin bitumen was aged using a rolling thin film oven (RTFO) at 

163 ◦C for 75 mins as per BS EN 12607–1 [32]. The residue was then 
subjected to pressure ageing vessel (PAV) ageing at 100 ◦C and 2.1 MPa 
as per BS EN 14769 [33] with extended duration period of 40 hours. 
After ageing, the bitumen was rejuvenated using the synthesised 
bio-rejuvenators. During the rejuvenation process, the aged bitumen 
was heated to 160 ◦C then weighed accurately. Afterwards, the re-
juvenators were introduced to the aged binders at dosages of 6 %, 10 %, 
14 % and 18 %, respectively and blended for around 15 minutes. These 
specific dosages were selected based on preliminary tests and previous 
reported studies [34,35]. 

3.2.2. Thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) 

TGA and DSC were carried out using PerkinElmer Simultaneous 
Thermal Analyser STA 6000. The purge gas used was argon. This tech-
nique allowed to evaluate material mass change as well as its heat flow 
as a function of temperature and time. It also enabled identification of 
endothermic and exothermic processes (e.g., melting and 
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crystallisation) to characterise the thermal response of materials 
[36–40]. The temperature was set to gradually increase from 30 to 250 
◦C at a rate of 10 ◦C/min, then gradually cooled down from 250 to 30 ◦C 
at a rate of 50 ◦C/min, maintaining the temperature at 30 ◦C for 
15 minutes. This cycle was repeated twice to observe changes in the 
thermal behaviour after one heating/cooling cycle and any mass losses 
upon reheating. 

3.2.3. Gas Chromatography-flame ionisation detection (GC-FID) and mass 
spectrometry (MS) 

GC-MS analysis was carried out to determine the fatty acid content 
within their soluble phase (after filtering out any char or biochar from 

the specimens). The procedure followed to determine the fatty acids 
content was based on established literature in the area [41,42]. Addi-
tionally, due to the presence of volatile components in these crude py-
rolysis products, GC-FID analysis was first carried out to analyse and 
separate volatile mixtures. 

3.2.4. Frequency sweep tests on bitumen using a dynamic shear rheometer 
(DSR) 

The frequency sweep tests were conducted at a constant strain level 
of 0.2 % to ensure the linear viscoelastic (LVE) response of the bitumen. 
The tests were carried out over the temperature range of 10–70 ◦C at an 
interval of 10 ◦C and frequencies ranging from 0.1 rad/s to 100 rad/s 
(0.0159 Hz-15.9 Hz) with ten readings per decade. The test geometry 
configuration consisted of 25 mm parallel plates with a gap of 1 mm. 

3.2.5. Linear amplitude sweep test on bitumen using a DSR 
The linear amplitude sweep (LAS) test included frequency sweep and 

linear amplitude sweep procedures. Firstly, a frequency sweep test at 
0.1 % strain over a range of frequencies from 0.2 to 30 Hz was per-
formed. Subsequently a “stepped” linear amplitude sweep test consisting 
of 10-second intervals of constant strain amplitude was employed, with 
each interval followed by another interval of increased strain amplitude 
as follows: 0.1 %, 1–30 % with an increase of 1 % strain per ramp as per 
AASHTO T391–20 [43]. The temperature used for the LAS tests were 
25 ◦C. 

3.2.6. Multiple stress creep and recovery test on bitumen using a DSR 
The Multiple Stress Creep and Recovery (MSCR) test was conducted 

at 70 ◦C with a configuration of 25 mm parallel plates and 1 mm gap as 
per BS EN 16659:2015 [44]. The specimen was loaded at a constant 
creep stress of 0.1 kPa for 1 second duration followed by a zero-stress 
recovery period of 9 seconds duration. The procedure was repeated for 
10 cycles without any rest periods. The creep-recovery sequence was 
then repeated for another 10 cycles at a load of 3.2 kPa without rest 
periods. 

3.2.7. Attenuated total reflectance (ATR) Fourier-transform infrared (FT- 
IR) spectroscopy 

A spectrometer equipped with an attenuated total reflection (ATR) 
unit was employed in this study. The scanning range of the spectra was 
4000–600 cm− 1 with the resolution of 4 cm− 1 and 24 scans. Before the 
formal scanning of the bitumen samples, the background scanning was 
performed. To avoid the change of baseline, once the background was 
recorded, the samples were loaded onto the crystal within one minute 
[45]. Each specimen was scanned with three replicates. After the mea-
surement, a suitable, nontoxic bitumen solvent (white spirit) was used to 
clean the diamond crystal. 

4. Results and discussion 

4.1. Physiochemical properties of the bio-waste derived plastic-waste 
modified rejuvenators 

4.1.1. GC-MS results 
Fatty acids are typically composed of known compounds featuring 

16–18 carbon atoms. When using Gas Chromatography-Mass Spec-
trometry (GC-MS) based on C16 and C18 standards, the compounds are 
expected to exhibit retention times of 18.39 and 20.21 minutes. How-
ever, in the case of Rej-A, lower molecular weight compounds were 
observed, as illustrated in Fig. 2. Conversely, the chromatograms for Rej- 

Table 1 
Basic properties of bitumen used in this study.  

Property Penetration (0.1 mm) Softening point (◦C) PG Viscosity at 135 ◦C (mPa⋅s) SARA 

Value 81 45.5 PG 70–22 306 4.4:58.9:20.6:16.1  

Fig. 1. Pyrolysis unit for production of rejuvenators.  

Table 2 
Basic properties of bio-rejuvenators.  

Label Phase 
at 
25 ◦C 

Viscosity at 
60 ◦C 
(mPa⋅s) 

Components Appearance 

Rej- 
A 

Gel  6 wax, bio-oil 
and char 

Rej-B Solid  623 waxy 
compounds of 
Rej-A 
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B revealed no fatty acids within these specified retention times, as 
depicted in Fig. 3. Previous studies reported that bio-rejuvenators with a 
high content of monounsaturated and stable and fatty acids exhibit 
better rejuvenation efficiency [46,47]. Therefore, quantifying fatty acid 
content can provide insight into performance changes exhibited by the 
rejuvenated binders. The absence of these fatty acids suggested that 
using these two rejuvenators might be less efficient compared to the 
purely bio-oil-based rejuvenators, therefore higher dosage might be 
required to achieve adequate performance [48]. 

4.1.2. Thermal stability of rejuvenators 
To achieve an effective rejuvenation of aged bitumen, the re-

juvenators are intended to have sufficient thermal stability to avoid 
evaporation during mixing and rejuvenation process. Therefore, it 
would be optimum if the degradation temperatures of bio-rejuvenator 
constituents are higher than the blending temperature of the rejuvena-
tion process, which was 160 ◦C in this study. The thermogravimetric 
results of the rejuvenators are shown in Fig. 4. 

The results for Rej-A revealed a 4 % mass loss between 30 ◦C and 100 
◦C during the initial heating cycle. Beyond 100 ◦C, there was a sharp 
decrease in the weight of Rej-A, resulting in an additional 15.6 % loss at 
160 ◦C. By the end of the initial cycle at 250 ◦C, the total mass loss of Rej- 
A reached 43.46 %. This significant reduction in mass loss could be 
attributed to the presence of volatile components in the sample, likely 
including excess moisture found in the crude state of the pyrolysis 
specimen. Upon cooling back down to 30 ◦C, the sample experienced an 
additional 5.51 % mass loss, primarily occurring when the temperature 
dropped from 250 ◦C to 150 ◦C. In the second heating cycle, mass loss 

became negligible, totalling 5.27 %, as the evaporation of light com-
ponents, such as moisture, had already occurred during the first cycle. 
The cumulative mass loss over two cycles amounted to 56.73 %. These 
findings suggested that when blending Rej-A with aged bitumen, tem-
perature should be closely monitored and controlled. Notably, at a 
temperature of 150 ◦C, the mass loss was 13.16 %, while at 135 ◦C, the 

Fig. 2. GC-FIR results of Rej-A.  

Fig. 3. GC-FIR results of Rej-B.  

Fig. 4. TGA thermograph of rejuvenators for two cycles.  
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mass loss was only 9.96 %. Therefore, using dry treatments to remove 
moisture from Rej-A or implementing warm mix technology could 
maximise the rejuvenation efficiency of Rej-A [47]. 

In contrast, for Rej-B, the mass losses at the blending temperature 
(160 ◦C) and at the end of the first and second cycles were 3.3 %, 
18.04 %, and 29.35 %, respectively. This was significantly lower than 
those for Rej-A. These observations were expected, as Rej-B is a filtered 
byproduct of Rej-A, with moisture and light components removed. The 
mass loss curves for the second cycles of both Rej-A and Rej-B were 
similar, indicating that most mass loss occurred during the initial 
heating process. 

4.1.3. Differential scanning calorimetry (DSC) 
DSC curves shed light on the thermal characteristics of materials, 

such as crystallisation/melting of wax and glass transition [49,50].  
Fig. 5 shows the results of the DSC for the two bio-rejuvenators. 

DSC results for Rej-A showed a gradual increase in endothermic heat 
flow during the first cycle, with a minor peak observed at 60 ◦C. This 
peak could be attributed to the melting of waxy components, while 
potential degradation peaks appeared when the temperature exceeded 
200 ◦C. In the second cycle, only a smooth endothermic heat flow curve 
was visible, with no notable peaks. This suggested that the lighter 
components had evaporated, leaving behind only char-like components 
in the rejuvenator, thereby enhancing its thermal stability. 

In contrast, the heat flow curves for Rej-B in both cycles displayed 
similar trends, differing from the results for Rej-A. A prominent peak 
appeared at approximately 90 ◦C, suggesting that at this temperature, 
the solid Rej-B melted into liquid. Therefore, temperatures above 90 ◦C 
should be sufficient for blending with Rej-B. The heat flow curves for 
both cycles were similar and nearly overlapped before the rejuvenator 
changed to liquid, indicating that the evaporation of lighter components 
in Rej-B was less significant compared to Rej-A. 

4.1.4. Functional groups of rejuvenators 
FTIR results for Rej-A and Rej-B are shown in Fig. 6. The spectra for 

both samples showed no significant differences in the number or loca-
tion of peaks. The only notable variation existed in the area under the 
peak at a wavenumber of approximately 1640 cm − 1, which was linked 
to C––C stretching, such as alkenes. This observation suggests that Rej-B 
contains more alkenes than Rej-A. Apart from this observation, the 
spectra implied that the chemical composition of the pyrolysis oil 
remained consistent in FTIR analyses before and after the removal of 
light fractions and biochar. It confirmed that the extracted light volatile 
compounds and biochar content did not contribute to any detectable 

vibrational waves within the captured FTIR range. 
The FTIR spectra revealed several functional groups in both Rej-A 

and Rej-B: C-H stretching in alkanes was observed at wavenumbers 
2980–2800 cm− 1; C––C stretching from alkenes appeared at 
1650–1580 cm− 1; C-H bending in alkanes was found at 
1470–1350 cm− 1; O-H bending in alcohols occur at 1377.5 cm− 1; and 
in-plane C-H bending for aromatic and monosubstituted compounds 
were observed at 915–650 cm− 1. 

4.2. Physiochemical properties of bitumen in terms of ageing and 
rejuvenation 

4.2.1. Thermal stability 
Thermogravimetric analysis was conducted on unaged, laboratory- 

aged, and rejuvenated bitumen samples using a consistent heating 
programme to compare their thermal behaviour. The mass losses 
observed for all binders after two cycles of heating and cooling are 
illustrated in Fig. 7. The code “RA” was used to denote bitumen reju-
venated using Rej-A, while “RB” referred to bitumen rejuvenated using 
Rej-B. The number after RA or RB refers to the mass percentage dosage 
of the rejuvenators. These codes were consistently used throughout in 
the remainder of the manuscript. 

When examining thermogravimetric properties of bitumen, it was 
found that virgin bitumen exhibited the least significant mass loss, while 
bitumen rejuvenated with 18 % dosage of Rej-A displayed the most 
pronounced mass loss, which was 9.72 %. It is important to note that 
although aged binder showed a more obvious mass loss compared to 
virgin binder, this did not necessarily mean that the virgin binder is 
more thermally stable. The ultimate mass change in virgin binder 

Fig. 5. DSC results for the rejuvenators.  

Fig. 6. Spectra for the rejuvenators.  

Fig. 7. Thermogravimetric Analysis of bitumen.  
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resulted from a combination of both mass gain and mass loss. Initially, 
the virgin binder experienced a gradual mass loss due to the evaporation 
of light components as the temperature increased. This was followed by 
a mass gain, attributed to oxidation from atmospheric gases. Finally, 
another mass loss occurred, likely due to the degradation of bitumen. In 
contrast, neither the aged nor the rejuvenated bitumen samples dis-
played any noticeable mass gain; they consistently lost mass during 
heating. 

This mass loss in rejuvenated bitumen was largely dominated by the 
evaporation of the rejuvenators, especially Rej-A. The mass loss of 
rejuvenated bitumen with 6 %, 10 %, 14 % and 18 % dosages of Rej-A 
were 4.27 %, 6.59 %, 8.14 % and 9.72 %, respectively. The correla-
tion between dosage and mass loss of rejuvenated bitumen suggested 
that the mass loss could be contributed to the evaporation of the mois-
ture and other light components within Rej-A, which was proven in 
previous subsections. The mass loss of rejuvenated bitumen with Rej-B 
aligned with this observation. 

In summary, while the bitumen itself demonstrated relative thermal 
stability, the rejuvenators did not, which resulted in lower thermal 
stability in the rejuvenated bitumen. To achieve satisfactory rejuvena-
tion, it is essential to stabilise the thermal properties of the rejuvenators. 
One approach to address this issue is the removal of volatile components 
from the rejuvenators. This method has been shown to be effective, as 
refining Rej-A to produce Rej-B resulted in a rejuvenator that is 

significantly more thermally stable. 

4.2.2. Analysis based on master curves 
The master curves of complex modulus and phase angle of bitumen 

at virgin, aged and rejuvenated conditions are shown in Fig. 8. The 
reference temperature was 25 ◦C for all master curves. 

Fig. 8 illustrated that Rej-A effectively softened aged bitumen. When 
comparing the master curves of virgin and aged binders, a significant 
difference was observed at low frequencies (which correspond to high 
temperatures). However, these master curves converged at high fre-
quencies (equivalent to low temperatures). Given that aging-induced 
hardening at high temperatures enhances resistance to permanent 
deformation but impairs thermal cracking resistance at low tempera-
tures, the goal of rejuvenation should be to reduce the stiffness of 
bitumen at low temperatures without excessively softening it at high 
temperatures. 

The master curves for rejuvenated binders exhibited different 
behaviour. At lower frequencies, the complex moduli of rejuvenated 
binders were higher than those of virgin binders but lower than those of 
aged binders. Interestingly, rejuvenated binders had very similar values 
of complex moduli at these low frequencies, irrespective of the dosage of 
rejuvenator used. However, the situation changed considerably at high 
frequencies: rejuvenated binders with higher dosages of rejuvenators 
tended to have significantly lower complex moduli than those with 

Fig. 8. Master curves of bitumen before ageing, after ageing, and after rejuvenation.  
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lower dosages, and the difference became more pronounced as the fre-
quency increases. This indicated that the bio-rejuvenator can effectively 
restore the low-temperature performance of aged bitumen while 
compromising its high-temperature performance. 

However, when examining the phase angle of the master curves, it 
became evident that rejuvenators faced challenges in restoring the 
viscoelastic balance of aged bitumen. The introduction of rejuvenators 
pushed the phase angle of rejuvenated bitumen in the same direction as 
ageing; that is, the phase angle decreased as the dosage increased. One 
plausible explanation for this is the evaporation of the lighter compo-
nents of the rejuvenators. Certain oily components evaporate post- 
rejuvenation, leaving behind predominantly elastic components in the 
mixture, thus increasing the elasticity of the bitumen. 

In contrast, master curves for binders rejuvenated with Rej-B differ 
significantly from those rejuvenated with Rej-A. At lower frequencies, 
the complex moduli of these rejuvenated binders were even higher than 
those of aged bitumen. However, at higher frequencies, their complex 
moduli were lower than both the aged and virgin binders. This could be 
attributed to the evaporation of lighter components at higher tempera-
tures, and thereby dramatically increasing the complex moduli. Addi-
tionally, DSC results revealed that the melting point of Rej-B was around 
90 ◦C, whereas the softening point of bitumen was around 45 ◦C. This 
indicated that at moderately high temperatures, such as 70 or 80 ◦C, the 
bitumen was in a liquid phase while Rej-B remained solid, leading to an 
increase in the complex modulus of the mixture. The complex modulus 
of bitumen was quite high at low temperatures, whereas Rej-B was less 
sensitive to temperature changes, resulting in a mixture whose complex 
modulus was lower than that of aged bitumen alone. It was thereby 
observed that the temperature sensitivity of binders decreased with the 
introduction of rejuvenators, as indicated by the reduced slope of the 
master curves. Overall, these rejuvenators effectively lowered the 
complex modulus of binders at lower temperatures without compro-
mising their high-temperature performance too much. Consequently, 
these bio-rejuvenators showed promise in recovering the performance of 
binders that have deteriorated due to ageing. 

4.2.3. Black space diagrams of binders 
Black Space diagrams representing rheological data of bituminous 

materials in the form of complex modulus versus phase angle have been 
successfully used for the interpretation of material behaviour and per-
formance, such as the durability which can be characterised using 
Glover-Rowe (G-R) parameter [51,52]. The G-R parameter for bitumen 
can be computed using the complex modulus and phase angle at the 
frequency of 0.005 rad/s and temperature of 15 ◦C, as per Eq. (1) [53]. 

G − R =
|G ∗ |(cos δ)2

sin δ
(1) 

The value of G-R parameter higher than 180 kPa is considered as the 
warning threshold for potential cracking in bitumen. Beyond this point, 
the cracking might initialise within bitumen while a value of 450 kPa is 
deemed as the limit at which significant cracking is likely to occur. 

It can be observed from Fig. 9 that virgin binder was situated in a 
“safe zone”, indicating a low likelihood of durability issues. In contrast, 
ageing shifted the G-R parameter closer to the cracking zone, signalling 
onset of potential damage. The incorporation of Rej-A reversed this 
trend. This was further evidenced by a more stable complex modulus 
and a significant reduction in phase angle as dosages increase. However, 
the use of Rej-B introduced notable durability related risks. With 
increased dosages of Rej-B, the rejuvenated binders moved toward the 
critical cracking zone. Although none of the rejuvenated binders cross 
the cracking warning line, the data clearly indicated an increased risk of 
cracking potential. Therefore, while Rej-A appeared to mitigate dura-
bility risks, Rej-B seemed to exacerbate them to some extent. 

In addition to the G-R parameter, this study also employed more 
conventional metrics like the SHRP fatigue parameter (G*sin δ) and 
rutting parameter (G*/sin δ). The fatigue parameter was calculated 

using the complex modulus and phase angle measured at 10 rad/s at an 
intermediate temperature. In this study, 20◦C was chosen as the refer-
ence temperature. Similarly, the rutting parameter was derived from 
measurements taken at a high temperature, typically the same as the 
high PG grade. For this study, 70 ◦C was selected as the reference tem-
perature for the rutting parameter. The Black Space diagram featuring 
both fatigue and rutting parameters are presented in Fig. 10. 

The fatigue parameter has a prescribed limit of 5000 kPa; exceeding 
this threshold implies the material is likely to encounter durability is-
sues. In this study, both virgin and Rej-A rejuvenated binders met this 
requirement with all binders residing in the “safe zone”. However, the 
binder aged for 40 hours using the PAV method did not meet the cri-
terion, signalling a higher risk of fatigue issues after long term aging. 
Furthermore, binders rejuvenated by Rej-B resided in a high-risk zone as 
these binders were close to the critical limit. In terms of the rutting 
parameter, distinct limits are set for virgin (or rejuvenated) and RTFOT- 
aged binders. The rutting parameter should be no less than 1 kPa for 
virgin or rejuvenated binders, and no less than 2.2 kPa for RTFOT-aged 
binders. This study revealed that only the binder rejuvenated with an 
18 % dosage of Rej-A failed to meet this criterion, indicating potential 
overdosing. 

After rejuvenation, compared to aged binders, binders treated with 
both rejuvenators become softer, resulting in reduced rutting parame-
ters. However, the ways these parameters decreased differ between 
them. For Rej-A rejuvenated binders, complex modulus decreased while 

Fig. 9. Black space diagram with G-R parameter.  

Fig. 10. Black Space with fatigue and rutting parameters.  
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phase angle increased. In terms of Rej-B rejuvenated bitumen, both 
complex modulus and phase angle decreased. Overall, the results sug-
gested that introducing these rejuvenators compromised high- 
temperature performance of bitumen, but it was still within a reason-
able limit when the dosages were lower than 14 %. 

4.2.4. Characterisation of the high-temperature performance of rejuvenated 
bitumen 

There are two main parameters used to illustrate the high- 
temperature performance of bitumen, namely non-recoverable compli-
ance (Jnr) and recovery percent (%R) respectively, which can be 
computed using the raw data of strain. The strain against testing time 
plot is shown in 

Fig. 11 showed a significant impact of ageing on reducing the strain 
of bitumen, while rejuvenation tended to have the opposite effect. 
Specifically, dotted lines represented strain versus time curves for 
binders rejuvenated by Rej-A, and dashed lines represented those reju-
venated by Rej-B. It was found that increased dosages resulted in higher 
strain of the rejuvenated bitumen. At the dosage of 14 %, both Rej-A and 
Rej-B effectively restored the high-temperature performance of aged 
bitumen to the level of virgin bitumen. However, the dosage of 18 % was 
excessive, leading to substantial permanent deformation issues. Results 
for the Jnr and %R parameters are further elucidated in Fig. 12. 

Lower values of Jnr and higher values of %R are always desirable 
since they suggest better high-temperature performance. A lower Jnr 
implies greater resistance to deformation, while a higher %R suggests 
better recovery capabilities of the asphalt pavement after loading. It was 
seen from Fig. 12 that Jnr decreased while %R increased after ageing, 
favourably affecting resistance to permanent deformation or rutting. 
However, upon rejuvenation, the permanent deformation resistance of 
bitumen started to deteriorate with increasing dosages of rejuvenators. 
A dosage threshold around 12 % was identified for both Rej-A and Rej-B, 
as binders rejuvenated with a 10 % dosage exhibited lower Jnr values 
than virgin binders but showed higher values at a 14 % dosage. 

To investigate the stress sensitivity of binders in terms of ageing and 
rejuvenation, the Jnr-diff parameter, as defined in Eq. (2) was employed in 
this study, as shown in Fig. 13. It was observed that both ageing and 
rejuvenation followed a similar trend concerning the strain sensitivity of 
bitumen. Specifically, the sensitivity to strain increased with rising 
dosages of rejuvenators. Notably, binders rejuvenated with Rej-B 
showed higher strain sensitivity compared to those treated with Rej-A 
at equivalent dosages. Importantly, all tested binders met the AASHTO 
M19 requirement for Jnr-diff, which stipulates a limit of 75 %. 

Jnr− diff =
Jnr3.2 − Jnr0.1

Jnr0.1
(2) 

In summary, the incorporation of rejuvenators slightly compromised 
the high-temperature performance of bitumen. This results in binders 
that are less resistant to permanent deformation and more susceptible to 
strain sensitivity. However, maintaining the dosage of both rejuvenators 
below 14 % ensured that high-temperature performance remained 
within acceptable limits. 

4.2.5. Fatigue performance of rejuvenated bitumen 
The fatigue performance of bitumen can reflect the resistance to 

repeated loading at intermediate temperature. The stress-strain curves 
of binders measured by LAS tests before ageing, after ageing and after 
rejuvenated by two rejuvenators are shown in Fig. 14. 

Fig. 14 indicates that the ageing process led to increased stress levels 
in bitumen compared to virgin binders when subjected to identical strain 
levels. The introduction of both Rej-A and Rej-B rejuvenators appeared 
to mitigate the differences between aged and virgin binders, although 
the correlation between dosages and stress levels is more complex. 

For Rej-A, the relationship between dosage and stress reduction was 
not straightforward. At lower strain levels (below 20 %), a 10 % dosage 
of Rej-A yielded the most significant reduction in stress, while a 6 % 
dosage has the least impact. Interestingly, as the dosage increased, its 
effectiveness in reducing stress diminished. Once strain levels surpass 
20 %, the stress curves intersected, although the 10 % dosage continues 
to display the most substantial stress-reducing effect. In the case of Rej- 
B, a higher dosage resulted in more significant stress reduction, but only 
for strain levels below 20 %. Beyond that, the stress curves for different 
dosages began to overlap, similar to that observed with Rej-A. The fa-
tigue life of binders at the strain level of 2.5 % is shown in Fig. 15. 

Fig. 15 highlighted the impact of ageing on the fatigue life of 
bitumen at a strain level of 2.5 %. It was revealed that ageing improved 
the fatigue performance of bitumen when the strain level was relatively 
low [54,55]. The introduction of rejuvenators to the aged bitumen 
extended the fatigue life of the binders. This effect was observed for both 
types of rejuvenators, although Rej-B led to a more dramatic increase in 
fatigue life. In addition to the commonly used 2.5 % strain level, the 
study also considered fatigue life at a 15 % strain level, which is thought 
to be more closely correlated with the fatigue life of asphalt mixtures 
[56]. The results for fatigue life at strain level of 15 % are presented in  
Fig. 16. 

Results indicated that ageing adversely impacted the fatigue life of 
bitumen at the strain level of 15 %. However, rejuvenation successfully 
mitigated this decline. For both Rej-A and Rej-B, fatigue life increased as 
dosages increased up to 14 %. Beyond this point, notably at the dosage 
of 18 % for Rej-A, the fatigue life of the rejuvenated bitumen signifi-
cantly reduced, suggesting an optimal dosage limit of 14 %. 

5. Conclusions 

This study comprehensively evaluated the feasibility of using 
municipal wastes derived bio-rejuvenators to restore the properties of 
aged bitumen. Two bio-rejuvenators were produced from municipal 
wastes using pyrolysis-based methods and used at various percentages 
for rejuvenating aged bitumen. Various chemical and rheological testing 
and analysis were carried out on the modified binders and the following 
conclusions could be drawn based on the results: 

(1) Both bio-rejuvenators were generally effective in recovering the 
properties of aged bitumen. Out of the two, the crude polymer-based 
rejuvenator (Rej-A) outperformed the filtered wax-based rejuvenator 
(Rej-B) in recovering rheological properties. However, its lack of ther-
mal stability might constrain its broad field applicability. 

(2) The complex modulus of aged bitumen was effectively reduced 
by bio-rejuvenators while the viscoelastic balance (phase angle) could 
not be recovered to the initial value. Moreover, the high-temperature 
performance was slightly compromised. 

(3) G-R parameter, SHRP fatigue parameter, and fatigue life sug-
gested that Rej-A could effectively improve the fatigue performance of Fig. 11. Strain-time curves of binders at 3.2 kPa.  
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aged bitumen. However, G-R parameter suggested that Rej-B was 
detrimental to the fatigue performance of bitumen. 

(4) Post-rejuvenation, modified bitumen exhibited increased strain 
sensitivity while showing a reduced sensitivity to temperature 

Fig. 12. High-temperature performance of bitumen (left: Jnr, right: %R).  

Fig. 13. The Jnr-diff parameters for binders.  

Fig. 14. Stress-strain curves of binders in terms of ageing and rejuvenation.  

Fig. 15. Fatigue lives of binders at strain level of 2.5 %.  
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variations. This indicated a shift in the performance characteristics that 
should be accounted for in its application. 

Overall, this study suggested that the bio-rejuvenators derived from 
municipal wastes were promising for recovering the properties of aged 
bitumen. However, there are still some limitations that warrant further 
investigation. Firstly, Rej-A was relatively unstable, it is suggested to 
improve its thermal stability using appropriate processing methods. 
Lastly, it is suggested to conduct more comprehensive rheological 
analysis for the modified binders including evaluating its low temper-
ature performance and optimising dosages in relation to an overall 
balanced binder performance. 
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