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ABSTRACT 

The pyrolysis of waste tires presents a sustainable strategy to convert polymeric waste into 

functional pyro-oil asphalt rejuvenators. However, the chemical complexity and variability of 

pyro-oils have hindered consistent performance and predictive control. In this study, we 

develop optimized pyro-rejuvenators (PRs) aimed at restoring the self-healing properties of 

aged asphalt binders. Employing response surface methodology (RSM), we determined ideal 

pyrolysis conditions for producing PRs from Passenger Car Waste Tires (PCWT) and Haul 

Truck Waste Tires (HTWT). The optimum PRs were obtained from the 160–200 °C distillation 

fractions of pyro-oils produced at pyrolysis temperatures of 450 °C (PCWT) and 470 °C 

(HTWT). These rejuvenators feature a high content (>95%) of monoaromatics and alkenes 

coupled with low viscosity (<10 cP). Notably, PRs derived from PCWT and HTWT enhanced 

the healing index of aged bitumen by 26.6% and 45.3%, respectively, compared to natural 

recovery. This performance improvement strongly correlates with the limonene and cymene 

concentrations in the PRs. These findings advance the development of pyro-rejuvenators that 

not only restore the self-healing capacity of asphalt binders but also demonstrate the promise 

of sustainable tire-derived additives as key enablers of a circular economy. 

Keywords: Waste tires; Pyrolysis; Distillation; Self-healing asphalt  

1. INTRODUCTION 

The rapid growth of the global population and rising living standards have significantly boosted 

the demand for connectivity. Annual passenger traffic is projected to increase by 50% by 2030, 

reaching 80 trillion passenger-kilometers 1. The operation of existing roads and construction of 

new ones are expected to grow to meet rising demands. Around 90% of paved roads worldwide 

are made with asphalt mixtures 2,3. Asphalt mixtures are subjected to environmental conditions 

and traffic loads throughout their service life, leading to both physical and chemical 

deterioration. This degradation compromises functionality and consequently increases the 
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requirements for maintenance, rehabilitation, or replacement 4,5.  

An asphalt mixture typically comprises aggregates, bitumen, and air voids. Bitumen serves as 

the binder, imparting strength, flexibility, and durability to the pavement 6. Bitumen is a 

complex viscoelastic material made of organic compounds (saturates, aromatics, resins, and 

asphaltenes) derived from petroleum refining. Due to its composition and exposure to 

environmental conditions, bitumen suffers aging 7. Aging is an oxidative process that modifies 

the composition and properties of bitumen, resulting in increased stiffness and brittleness. This 

makes the asphalt mixture more susceptible to distress and is a primary factor contributing to 

asphalt pavement deterioration 8,9.  

Numerous studies have investigated the use of rejuvenating agents to restore the rheological, 

mechanical, and chemical properties of aged asphalt binders 5,10–14. Rejuvenators are low-

viscosity oils with aromatic and maltene-like compounds, capable of replenishing the chemical 

species lost during aging. Rejuvenators also improve the solubility between bituminous 

fractions and enhance the colloidal stability of asphalt binders 15. Asphalt rejuvenating agents 

can be classified into two primary categories: petroleum-based and non-petroleum-based 

rejuvenators 16. The latter group has attracted attention in recent years because they can be 

produced from industrial wastes 16,17 or biomass 18,19, which makes them an economical and 

sustainable alternative to the petroleum-based rejuvenators. Among the residues used as 

precursors for asphalt rejuvenators, waste tires offer distinct advantages due to their abundance 

and their potential to be converted into functional additives through pyrolysis 20–24.  

Norambuena-Contreras et al. 25, were the first to demonstrate that the liquid fraction (pyro-oil) 

obtained from the pyrolysis of waste tires can diffuse into aged asphalt binder, promoting its 

self-healing. This effect was due to the low viscosity and chemical composition of the pyro-oil. 

The authors suggested that aromatics and alkenes effectively induce self-healing by 

replenishing the maltene fraction in aged asphalt binders. In the same line, Li et al. 26 attributed 
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the rejuvenating potential of bio-oil from co-pyrolysis of wood and waste tire rubber to its high 

content of aromatic and olefinic compounds. The rejuvenating effectiveness of pyro-oils from 

waste tires is driven by their physical characteristics and the presence of critical chemical 

constituents like aromatics and alkenes. Nonetheless, precisely controlling pyro-oil 

composition is highly challenging and necessitates advanced upgrading techniques, including 

thermal cracking, catalytic hydrotreating, and distillation. 

A recent work by Campuzano et al. 27 confirmed that the pyro-oils from waste tires can be 

fractionated by distillation at atmospheric conditions into four different cuts, namely light (70 

– 176 ºC), low-middle (176 – 240 ºC), high-middle (240 – 285 ºC) and heavy (285 – 550 ºC). 

The physicochemical characterization showed that distillation cuts from 70 to 285 ºC mainly 

contained light aromatic (mono- and di-aromatics) and aliphatic compounds, while the heavier 

fractions were highly viscous due to the presence of polycyclic aromatics and sulfur-containing 

species. These authors focused on the structural characterization of the liquids, aiming to 

explore their potential use in refinery processes to produce fuels of varying qualities. A key 

finding of Campuzano’s work is that the distillation cuts of pyro-oils vary depending on the 

type of waste tire and the specific pyrolysis conditions employed. Therefore, any intended 

application of these pyro-oils should be preceded by a comprehensive analysis of the waste tire 

composition, as well as the pyrolysis and distillation parameters.  

Chavez-Delgado et al. 11 performed pioneering work on the synthesis of a pyro-rejuvenator 

derived from the pyrolysis of waste tire blends, combining 50/50 weight ratio of rubber 

fractions from light vehicles and mining trucks. In this study, they demonstrated that the 

effectiveness of pyro-rejuvenator should be controlled by adjusting the reaction temperature 

during pyrolysis and by further distilling the crude TPO into aromatics and terpene´s rich 

fractions. More recently, the same research group have reported that pyro-rejuvenators could 

enhance the rheological and self-healing properties of aged bitumen. Their results suggest that 
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specific chemical species such as aromatics and terpenes, are active for inducing self-healing, 

while heavier molecules like PAHs are detrimental 28. 

Despite extensive research on waste tire pyrolysis and pyro-oil upgrading, limited 

understanding remains regarding the influence of reaction conditions, waste tire composition, 

and distillation on the effectiveness of pyro-rejuvenators for asphalt applications. While certain 

aromatics and alkenes possess rejuvenating properties, light fractions may volatilize during 

asphalt preparation, reducing their efficacy. Therefore, a thorough analysis of waste tire 

pyrolysis combined with tandem distillation is critical for optimizing the chemical composition 

of pyro-rejuvenators. While most studies on pyro-oils as asphalt rejuvenators focus on their 

chemical effects, comparatively little attention has been given to the mechanical performance 

of the restored asphalt. 

This study introduces a novel approach for developing asphalt rejuvenators using upgraded 

pyrolytic oils derived from passenger car waste tires (PCWT) and haul truck waste tires 

(HTWT). The innovation lies in optimizing the yields of key chemical families (particularly 

aromatics and alkenes) through an integrated pyrolysis–distillation process guided by response 

surface methodology (RSM). A systematic analysis establishes clear correlations between the 

chemical composition of pyro-oils and their ability to restore the self-healing capacity of aged 

bitumen. By precisely controlling the chemical profiles of pyro-oils from both PCWT and 

HTWT, this method offers a pathway to designing more effective asphalt rejuvenators. 

Importantly, it provides a sustainable route to valorize challenging waste streams while 

simultaneously extending the service life of asphalt pavements, addressing both environmental 

and infrastructure performance challenges. 

2. MATERIALS AND METHODS 

2.1. Materials 

The polymeric fraction from Passenger Car Waste Tires (PCWT) and Haul Truck Waste Tires 
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(HTWT) was used as feedstock for the pyrolysis experiments. These materials were supplied 

by local companies as granules (free of steel and textiles) with particle sizes ranging from 1 to 

2 mm. Virgin bitumen with a penetration grade of 50/70 (density 1.04 g·cm-3 at 25 ºC, 

softening point 50 ºC, viscosity 900 mPa.s at 60 ºC) was used for asphalt healing tests. Before 

healing, the bitumen was subjected to short-term and long-term simulated aging by following 

the ASTM D 2872-22 29 and ASTM D 6521-22 30 standards, respectively.  

2.2. Characterization of waste tires 

The PCWT and HTWT were characterized for their elemental composition in a Leco CHNS 

628 elemental analyzer following the ASTM D529 standard 31, while the proximate analyses 

were performed in a muffle furnace (Thermo Scientific F6020C) according to the ASTM 

D3172 standard 32. Additionally, inorganic elements were quantified using inductively 

coupled plasma optical emission spectrometry (ICP-OES) in a PerkinElmer Optima 7000 DV 

ICP-OES. Thermogravimetric analysis (TGA) was conducted using a Netzsch STA 409PC 

device. The analysis was performed from room temperature to 600 ºC at a heating rate of 10 

ºC.min-1 under a N₂ atmosphere (50 mL.min-1).  

2.3. Production of pyro-oils 

The pyrolysis of the PCWT and HTWT was carried out in a custom-designed laboratory setup 

(Fig. 1). The testing rig included a cylindrical fixed-bed reactor (ID:128 mm and H:235 mm) 

equipped with a mechanical stirrer. The reaction temperature (400<T<500 ºC) was monitored 

using six K-type thermocouples placed along the reactor, while the automatic control was 

programmed to keep a uniform thermal profile within the reaction chamber. In a typical 

experiment, 400 g of waste tires were pyrolyzed by 120 min under flowing N2 (1 L·min-1). The 

pyro-oil was obtained after two consecutive stainless water-cooled condensers (ca. 15 ºC) 

installed downstream the reactor. Non-condensable gases were washed and safely released into 

the atmosphere through flaring. The solid product, known as recovered carbon black, was 
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collected from the reactor after cooling to room temperature. All experiments were performed 

in duplicate to ensure reproducibility. 

 

Figure 1. Experimental set-up for production of pyro-oils from PCWT and HTWT materials. 

400 °C < T < 500 °C, 400 g/batch, stirrer (500 rpm), 12 °C·min-1 heating ramp, 120 min of 

pyrolysis time and condensation at 15 °C. 

2.4. Upgrading of pyro-oils as asphalt rejuvenators 

The potential of pyro-oils as asphalt rejuvenators is closely linked to their physical properties 

and chemical composition. To explore this potential, the pyro-oils underwent physicochemical 

upgrading through conventional distillation, following a procedure similar to that reported by 

Campuzano et al. 27 and show in Figure 2. Briefly, distillation curves at atmospheric pressure 

were obtained for pyro-oils produced from PCWT and HTWT following the ASTM D 86 

standard 33. For the distillation, 200 mL of pyro-oil were placed in a round-bottomed flask 

equipped with a mechanical stirrer (200 rpm). The liquid was gradually heated from room 

temperature (15 ºC) to 280 ºC using a heating mantle. Temperature control was achieved with 

two K-type thermocouples, one inside the distillation mixture and the other at the vapor outlet. 

As the temperature increased, condensed vapors were collected, and distillate volume fractions 

were recorded as a function of temperature. The distillation curves were arbitrarily divided into 
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five cuts: i) <160 ºC, ii) 160 ºC–200 ºC, iii) 200 ºC–250 ºC, iv) 250 ºC–280 ºC, and v) >280 ºC. 

Each cut was then characterized to inspect its physical properties and chemical composition.  

 

Figure 2. Experimental set-up for distillation of pyro-oils obtained from PCWT and HTWT 

materials. Room temperature < T < 280 °C, 200 mL/batch, stirrer (200 rpm). 

Furthermore, the distribution of products was qualitatively evaluated using the chromatographic 

area-selectivity criterion (S) for all chemical species identified in the GC/MS analysis of the 

pyro-oils (Eq. 1) 34. Additionally, a semi-quantitative assessment of rejuvenating active species 

(aromatics and alkenes) was conducted to determine their yields in the distillation cuts, as 

defined in Eq. 2: 

SC−i = (
𝐺𝐶𝐴𝑖−𝑐𝑜𝑚𝑝

∑ 𝐺𝐶𝐴𝑖−𝑐𝑜𝑚𝑝
𝑛
𝑖=1

)                                                                                                    (1) 

 

YC−i,j = (YOil) ∗ (Ycut) ∗ (XC−i)                                    (2) 

 

where: YC-i,j is the mass yield of the (i) compound within the (j) family (j = aromatics, alkenes) 

in the distillation cut per kg of pyrolyzed tire (gi·kgWT
-1), YOil is the yield of the oil from 

pyrolysis (kgoil·kgwt
-1), Ycut is the yield of the distillation cut (gcut·goil

-1), and XC-i is the mass 

fraction of compound (i) in the distillation cut (gi·gcut
-1) obtained for each “target” compound 
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(aromatic and alkenes). GCAi-comp is the peak area of the gas chromatogram for the i-th 

component in the pyro-oil and SC-i is the area-selectivity for each component.  

2.5. Physical and chemical characterization of pyro-oil and distillation cuts 

Chemical composition of crude pyro-oils and its distillation cuts were analyzed by Fourier 

transformed infrared spectroscopy (FTIR) and gas chromatography/mass spectrometry 

(GC/MS). The FTIR analysis was carried out using a Nicolet is20 (Thermo Fisher, USA) 

spectrometer equipped with a total attenuated reflection accessory (Specac Golden Gate ATR, 

UK). The sample spectra were averaged from 32 scans with a resolution of 4 cm-1 over the mid-

IR range (4000–600 cm-1). All the spectra were normalized before analysis to avoid any bias in 

the further interpretation of the results. The intense signal at 2917 cm-1 was taken as the basis 

for such normalization 35.  

GC/MS analysis was performed using a GC–2010  Plus gas chromatograph (Shimadzu) coupled 

with an Ultra single quadrupole mass spectrometer (QP 2010, Shimadzu). In a standard 

analysis, 0.02 g of pyro-oil was diluted in 1 mL of analytical-grade acetone, and 1 µL of the 

mixture was injected into the GC through a split/splitless port preheated to 250 °C with a 1:100 

split ratio. Helium (99.999%) was utilized as the carrier gas at a flow rate of 1.04 mL.min-1. 

The compounds were separated using a 60 m ZB-5ms capillary column (0.25 μm x 0.25 mm) 

and further eluted following this temperature program: 40 °C with a dwell time of 1 min, a ramp 

of 5°C.min-1 to 180 °C with a dwell time of 2 min, and a subsequent ramp of 15°C.min-1 to 280 

°C with a dwell time of 20 min.  The MS source was maintained at 250 ºC, with the interface 

set to 280 ºC, and the analysis conducted in SCAN mode over the range of 35 – 550 m/z.  The 

ion mass spectra were analyzed in comparison to the NIST database for the purpose of 

compound identification.  The GC results were correlated through Eq. 1 to estimate the area-

selectivity for each pyro-oil 34. 
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In addition to the qualitative GC/MS analysis, aromatics and alkenes were quantified to 

determine their specific yields (Eq. 2). To that aim, external calibration curves for representative 

compounds (i.e., toluene and cymene for aromatics and limonene for alkenes) were constructed 

to obtain experimental response factors (RFs) under identical chromatographic conditions (R² 

> 0.99; Figs. S1-S3). Concentrations of the remaining species within each family were 

estimated using the Effective Carbon Number (ECN) approach adapted by Kim et al., 36,37 for 

GC/MS. The ECN was determined as the sum of the carbon number equivalent (CNE) for each 

selected molecular descriptor multiplied by its number of occurrences within the molecule (Eq. 

3). Initially, the molecular descriptors were chosen to include three atoms (C, H, O), and a 

functional group: (–OH), which for a Q-MS detector is correlated as follows: 

𝐸𝐶𝑁𝑖 = ∑ (𝐶)𝑛
𝐶=1 + 0.24 ∗ ∑ (𝐻)𝑚

𝐻=1 − 0.70 ∗ ∑ (𝑂) + 0.55 ∗ ∑ (−𝑂𝐻)
𝑝
−𝑂𝐻=1

𝑚
𝐻=1          (3) 

Then the concentration of each compound was calculated as follows: 

𝐶𝑖 = (
𝐴𝑖

𝑅𝐹𝑟𝑒𝑓
) ∗ (

𝐸𝐶𝑁𝑟𝑒𝑓

𝐸𝐶𝑁𝑖
)             (4) 

here Ai is the peak area of analyte i, RFref is the response factor of the reference compound 

within the family (toluene for aromatics; limonene for alkenes), and ECNi and ECNref are the 

corresponding effective carbon numbers. A detailed list of the analytes considered for 

quantification along with their ECN, RF and concentrations is provided in the Supplementary 

Material (Tables S1 and S2). 

Finally, key physical properties for asphalt healing applications were analyzed in pyro-oils and 

distillation cuts. Water content was measured by Karl-Fisher titration (Mettler Toledo, V20), 

viscosity was determined using a rotational viscometer (Fungilab, Smart series) at 20 ºC per 

ASTM D445, and pH (Tecnal TEC-7) and density were also assessed. 

2.6. Fine-tuning of pyro-rejuvenator composition 

The optimization of the pyro-rejuvenator composition was carried out by a 3k central composite 

design (CCD). The CCD considered pyrolysis conditions and distillation cuts as main variables, 
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with the yield of aromatics and alkenes as the effectiveness criteria (response variables). The 

factors included in the design and the operating range of the variables are shown in Table 1. 

These ranges were defined inspired in previous literature reports 11,16,38–41. The experimental 

data were analyzed using ANOVA, and Response Surface Methodology (RSM) identified the 

optimal operational conditions. Design Expert software, version 11 (Stat-Ease Inc., USA), was 

used for the analysis. 

Table 1. Design of experiment (DOE) applied for the optimization to produce optimized 

pyro-rejuvenators from PCWT and HTWT pyrolysis. 

Factor Factor type Low level 

(-) 

Central 

point (0) 

High level 

(+) 

Pyrolysis temperature (ºC) Variable 400 450 500 

Distillation cut (ºC) Variable 160-200 200-250 250-280 

Raw material (g) Variable 400 400 400 

Heating rate (ºC·min-1) Constant 12 12 12 

Pyrolysis time (min) Constant 120 120 120 

Aromatics yield (g·kgwt
-1) Response    

Alkenes yield (g·kgwt
-1) Response    

 

2.7. Self-healing test for validating pyro-rejuvenator activity 

The effect of optimized pyro-rejuvenators on the self-healing properties of long-term aged 

bitumen (using PAV-aged process 30) was assessed to validate the correlation between chemical 

optimization conditions and mechanical performance of treated bitumen. To that aim, aged 

bitumen samples were evaluated under the tensile strength recovery of crack-healing test 

samples before and after a 24-hour healing period, according to the method proposed by 

Chavez-Delgado et al. 23. The assays involved a three-step method, as described below and 

shown in Figure 3: 

Step 1. Conditioning process: PAV-aged ductility samples were prepared and 

conditioned at -5 °C for 2 h in a freezer, see Figure 3a. 
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Step 2. Crack generation and application of pyro-rejuvenator: The PAV-aged ductility 

samples were tensile tested at a rate of 5 mm/min at 5 °C until the sample broke into two pieces 

with flat fracture surfaces.  Then, 3 μL of the optimized PCWT and HTWT pyro-rejuvenators 

were applied to each fracture surface using a micropipette and evenly spread with a laboratory 

spatula. To avoid interference of mass transfer due to different diffusional behavior, this 

treatment was carried out under strict temperature control (20 ºC) (Fig. 3b).  

Step 3. Healing process: Next, the two pieces were carefully reassembled in the ductility 

mold. To avoid inducing healing through pressure, they were fixed in place using two socket 

head cap screws, as shown in Figure 3c. The samples were then kept at ambient temperature 

(20 °C) for 24 hours to ensure sample integrity for subsequent testing. After the healing period, 

the sample was removed from the mold and tested again under tensile testing (step 1), 

completing one fracture-healing-fracture cycle. From this, a Healing Index (𝐻𝐼) was 

determined using the equation 5: 

𝐻𝐼 (%) = (
𝐹ℎ

𝐹𝑖
) × 100 (5) 

where 𝐹𝑖 and 𝐹ℎ are the maximum forces resisted by the sample before and after the healing 

process, respectively. 
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Figure 3. Self-healing process of PAV-aged bitumen sample under tensile test using ductility 

test specimens (ASTM D 113 – 17 42, illustrating the steps of a) conditioning, b) fracture, and 

c) healing processes. Figure adapted with permission from 23,  Copyright [2025] [Elsevier].  

3. RESULTS AND DISCUSSION 

3.1. Characterization of waste tires 

Both waste tires had similar volatile matter and moisture contents; however, PCWT had higher 

fixed carbon and lower ash contents than HTWT (Table 2). Fixed carbon (non-volatile) in the 

tires primarily comes from carbon black, while the ash represents the inorganic materials in the 

tires 43,44. Elemental analysis confirmed the high carbon content in these wastes, which, together 

with their volatile matter, supports their suitability as feedstock for pyrolysis. The quantification 

of inorganic elements revealed low proportions of iron, calcium, zinc, aluminum, silicon, 

potassium, and sodium in both waste tires. The presence of iron is mainly attributed to particles 

from steel wire remaining after tire pre-treatment, while the other inorganics likely originated 

from additives in the tires 45. Although the metallic elements detected in the raw material could 
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have a catalytic effect, their low concentrations (in the ppm range) suggest they play a minimal 

role in the pyrolysis reactions 43,46. 

Table 2. Compositional analysis of PCWT and HTWT waste tires. 

Proximate composition  Elemental composition 

 (wt.%)   (wt.%) d.b   (mg kg-1) d.b 

 PCWT HTWT   PCWT HTWT   PCWT HTWT 

Moisture 1.27 0.99  C 80.4 76.5  Fe 4163 3170 

Volatile 

matter 
65.5 67.2 

 
H 7.1 7.1 

 Ca 
2687 2042 

Fixed carbon 24.98 18.71  N 0.52 0.40  Zn 1121 1061 

Ash 8.25 13.1  S 2.2 1.5  Al 955 838 

    O* 1.6 1.3  Si 822 730 

d.b: results are reported in dry base. 

* Oxygen was determined by the difference from C, H, N, S, and ash. 

The thermal degradation of PCWT and HTWT shows four major stages, labeled S1 to S4 in 

Figures 4a and 4b. In PCWT, the first stage (S1) occurs between 185 and 330 ºC, while in 

HTWT, the decomposition begins at 220 ºC. This initial mass loss is attributed to the 

volatilization of plasticizers and other additives from the tires, as well as the initiation of 

unzipping reactions in natural rubber (polyisoprene) 47,48. The weight loss in this primary stage 

ranged from 3 to 5%, with a higher loss observed for PCWT, suggesting a greater proportion 

of additives in these samples. 

The second and more significant mass loss (S2) occurred in the temperature range of 330–410 

ºC for both samples, accounting for 31–39% of the total mass loss. This thermal event is 

primarily associated with the depolymerization of natural rubber (NR) 49, although partial 

conversion of synthetic rubbers could also take place. It has been proposed that the degradation 

of NR, butadiene rubber (BR) and styrene butadiene rubber (SBR) occurs via two consecutive 

devolatilization reactions (primary and secondary devolatilization) at increasing temperature. 
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Primary devolatilization, occurring at lower temperatures for NR, involves the formation of 

radicals that depolymerize into volatile monomers and/or dimers or recombine to form 

intermediate condensed products. During secondary devolatilization, these condensed products 

are further degraded through fragmentation and other rearrangements, including aromatization 

and crosslinking 50,51.  

In stage S2, the higher and sharper peak observed in the DTG curve of HTWT indicates a more 

accelerated devolatilization in this temperature range, likely due to a higher NR content 

compared to PCWT. In fact, it has been reported that truck tires have a higher proportion of NR 

compared to passenger car tires, which may be attributed to the higher mechanical standards 

required for truck tires in the mining industry 50,52.  

Additionally, stage S3, extending from 410 ºC to about 500 ºC, is characterized by a shoulder-

like peak in the DTG curve and is attributed to secondary devolatilization reactions, mainly of 

synthetic rubbers. This stage is wider and sharper for PCWT, confirming that the BR and SBR 

contents in these tires are higher than in HTWT 51. 

Finally, a fourth stage (S4) above 500 ºC is associated with secondary and tertiary reactions, 

including crosslinking and carbonization, which result in recovered carbon black and ash 53. 

This is supported by the similarity in the solid residue remaining at 500 ºC, which matches the 

fixed carbon and ash contents recorded during the proximate analysis.  

The TGA results show that at 500 ºC, all raw materials have depolymerized, and no additional 

thermal events occur. However, in addition to temperature, the heating rate and vapor residence 

time should be carefully controlled to optimize the pyro-oil composition. 
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Figure 4. TG and DTG curves of waste tires samples. a) PCWT and b) HTWT. Dashed black 

lines separate the mass loss stages. 

3.2. Mass balance of waste tires pyrolysis 

The TGA analysis (Fig. 4) showed that the thermal decomposition of the rubber in both types 

of tires began around 330 ºC and ended at approximately 500 ºC. An exploratory pyrolysis 

experiment at 350 ºC was conducted before carrying out the full experimental design outlined 

in Table 1. This experiment resulted in an incomplete conversion of the tires, with the solid 

product being a sticky, gummy heterogeneous mixture, and a yield greater than 70 wt.%.  
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 Conversely, operating at temperatures above 500 ºC favors the production of the gas fraction 

at the expense of the liquid fraction, thereby reducing the yield of self-healing active 

compounds such as limonene 40,44,54. Accordingly, the temperature range for the pyrolysis 

experiments was studied between 400 ºC and 500 ºC. Figure 5 shows a sharp increase in oil 

yield from 400 ºC to 450 ºC in both types of tires.  

 

Figure 5. The yield (wt.%) of products obtained (char, oil and gas) from the pyrolysis of 

PCWT and HTWT at different temperatures. 

The increase was approximately 15% for both tire types, suggesting that the depolymerization 

of natural and, to some extent, synthetic rubbers occur via similar reaction routes (unzipping, 

homolytic ruptures, and intramolecular cyclization). The pyro-oil yield stabilizes between 450 

ºC and 500 ºC, and it was in the same order for both PCTW and HTWT (51 – 54 %). These 

results indicate that the conversion of the solid fraction through primary reactions occurred up 

to 450 ºC, while at higher temperatures, secondary reactions in the gas phase are favored 55. 

This hypothesis is substantiated by the increase in the gas yield and the reduction in the 

recovered carbon black at 500 ºC 40,56. The previous results suggest that the major differences 
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in the pyro-oils from PCWT and HTWT may lie in their composition, rather than in bulk yields, 

which were similar to those previously reported for other tire residues 57–59.  

3.3. Chemical and physical characterization of pyro-oils 

3.3.1. FTIR analysis 

The pyro-oils obtained from PCWT and HTWT were analyzed by FTIR to identify the main 

functional groups. Figures 6a to 6e show the FTIR spectra of the oils obtained from PCWT and 

HTWT pyrolysis at 450 °C, with a zoom on regions corresponding to the most intense signals. 

In general, a slight effect of temperature and a significant influence of tire type on the functional 

groups detected by FTIR were observed.  

The strong absorption bands observed between 3000 – 2800 cm-1 and 1500 – 1350 cm-1 

correspond to the C-H stretching and deformation vibrations in alkanes, which were present in 

oils from both waste tires (Fig. 6b). Moreover, the peaks between 830-980 cm-1 and 1680-1620 

cm-1 can be ascribed to the C=C stretching vibrations in alkenes and cycloalkenes units. In this 

region, the signal at 886 cm-1 ascribed to alkenes was more intense for HTWT than for PCWT 

(Fig. 6c). This may be due to an increased presence of limonene, which is derived from 

polyisoprene, a rubber predominantly found in HTWT. In contrast, the presence of aromatics 

in both oils was confirmed by the vibration bands at 1120 – 1000 cm-1 and 780 – 675 cm-1. 

Finally, the broad peak observed from 3700 cm-1 to 3100 cm-1 was assigned to stretching 

vibrations of the O-H group, evidencing the existence of hydroxylated compounds such as 

alcohols, phenols or acids in oils, which were classified as others (Fig. 6e). The attribution of 

the absorption bands was inspired by previous reports 49,56,60. 
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Figure 6. FTIR spectra of oils obtained from the pyrolysis of PCWT and HTWT at 450 ºC. a) 

complete Mid-IR spectra; b-c) comparison of the intensities of the absorption bands assigned 

to alkanes, alkenes, aromatics and others, respectively. 

The FTIR analysis results show that pyro-oils mainly contain aliphatic and aromatic 

compounds. These findings are comparable to those reported by other authors 61,62. To identify 

the main chemical compounds and correlate their nature with the rejuvenating potential of the 

oils, a GC/MS analysis was conducted. 

3.3.2. GC/MS analysis 

Figure 7 shows the GC area-related selectivity of pyro-oils obtained from HTWT and PCWT. 

A complete list of the identified compounds along with their selectivity (Eq. 1) is provided in 

Table S3. The oils obtained from PCWT exhibit a higher abundance of monoaromatics 

compared to those from HTWT, which mainly contain aliphatic compounds, with nearly 80% 

of them being alkenes. It has been demonstrated that aromatic compounds, particularly single 

ring aromatics such as toluene, xylene, styrene and other alkyl benzenes are mainly derived 

from the degradation of SBR or by cyclization of alkenes followed by hydrogenation and Diels-
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Alders reactions 40,63. On the other hand, aliphatic compounds such as alkenes are related to the 

primary degradation of NR (scissions and radicalizations) and secondary reactions starting from 

isoprene. Therefore, the concentrations of these functionalities in the pyro-oils heavily depend 

on the proportions of NR, BR, and SBR in the tires, as well as on the reaction temperatures 39,62. 

Interestingly, limonene (C10H16), was the major compound identified in the pyro-oils, 

regardless of the type of waste tire. This cycloalkene is formed from two isoprene units through 

intramolecular cyclization of the allylic radicals produced by random polyisoprene chain 

scission 64,65. Therefore, the presence of limonene is proportional to the NR content in the waste 

tires, which explains its higher concentration in the pyro-oils produced from HTWT (see Table 

S3).  

 

Figure 7. Product distribution represented as area-related selectivity (Eq. 1) for pyro-oils 

derived from PCWT and HTWT at different temperatures. 

In addition to the valuable monoaromatics and aliphatic detected in the pyro-oils, other 

polycyclic aromatic hydrocarbons (PAHs), such as alkyl derivatives of naphthalene, were also 

identified. The presence of these PAHs is explained by the occurrence of Diels–Alder reactions 

involving the cyclization and dehydrogenation of alkenes 40,66. The selectivity of compounds 

classified as "others" was significantly higher in the PCWT compared to the HTWT. This group 

included nitrogenous, sulfurous, and oxygenated compounds, which mainly originate from the 
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degradation of vulcanizing agents and additives added to the tires 67,68. In conclusion, 

compositional analysis revealed that, regardless of the waste tire source, pyro-oils possess 

potential for use as additives in asphalt rejuvenators. However, upgrading is necessary to 

enhance the concentration of healing-active species, such as alkenes and monoaromatics. 

3.3.3. Physical characterization 

All the pyro-oils exhibit slightly basic pH (8.1-8.4), water contents < 5% wt., densities < 1000 

kg/m3 and viscosities < 10 cP.  Similar results have been reported by other authors 11,60,69,70. 

Table 3 shows that the viscosity and density values increased with pyrolysis temperature in the 

oils from both types of tires. Remarkably, the low viscosity (<10 cP) suggests that the pyro-oils 

could easily flow into the micro-cracks of aged asphalt binder, promoting its healing 71. Overall, 

the physical properties of the pyro-oils confirm their potential as asphalt rejuvenators. 

Specifically, the low viscosity, density, and intrinsic ability to dissolve bitumen fractions 

through specific chemical species would give asphalts treated with pyro-oils exceptional self-

healing capacities. Therefore, the following sections will discuss the fine-tuning of these crude 

pyro-oils into optimized pyro-rejuvenators. 

Table 3. Physical properties of pyro-oils from PCWT and HTWT. 

Physical properties 

Pyrolysis temperature 

PCWT  HTWT 

400 450 500  400 450 500 

pH 8.3 8.2 8.1  8.4 8.4 8.3 

Water content (wt.%) 4.9 3.3 3.6  4.2 2.9 2.5 

Viscosity@20 (cP) 9.1 9.5 9.9  4.2 5.2 9.2 

Density@20 (kg·m-3) 852 862 864  832 852 860 
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3.4. Upgrading of pyro-oils into asphalt rejuvenators via distillation  

Figure 8 presents the distillation curves (from room temperature to 280 ºC) and the 

corresponding yields of distillation cuts for pyro-oils derived from PCWT and HTWT at various 

pyrolysis temperatures. The distillation curves (Fig. 8a and 8b) exhibit similar initial boiling 

points, beginning between 50–60 ºC. Beyond this point, the change in slope indicates that 

volumetric yields are influenced by both the type of waste tire and the pyrolysis temperature. 

Pyro-oils from HTWT showed higher volumetric yields compared to those from PCWT. 

However, at elevated pyrolysis temperatures, a reduction in yield was observed across all pyro-

oil samples. 

 

Figure 8. Separation of pyro-oils derived from waste tires. (a) Distillation curve of pyro-oil 

from PCWT; (b) distillation curve of pyro-oil from HTWT; (c) yields of distillation cuts from 

PCWT pyro-oil; and (d) yields of distillation cuts from HTWT pyro-oil. 

In line with the distillation curves, Figures 8c and 8d show that in the cuts from <160 ºC to 250 

– 280 ºC, the pyro-oils from HTWT exhibited higher yields. Conversely, the yield of liquids 
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remaining in the flask after the end of distillation (cuts >280 ºC), showed an inverse trend. 

These results indicate that an increase in pyrolysis temperature favors the formation of chemical 

compounds with higher boiling points, and these species are found in higher concentrations in 

the pyro-oils obtained from PCWT. In fact, GC/MS analysis (see Fig. 7) showed that the pyro- 

oils from PCWT had a higher relative abundance of polar heteroatom compounds (others), 

which have higher boiling points than hydrocarbons. 

3.5. Chemical characterization of the distilled fractions 

The distribution of chemical compounds identified in the distillation cuts is summarized in 

Figure 9. As shown, the cuts from PCWT (Fig. 9a) exhibited high selectivity to monoaromatics 

and heteroatomic compounds (categorized as “others”), whereas the cuts from HTWT (Fig. 9b) 

showed greater abundance of alkenes and polycyclic aromatic hydrocarbons (PAHs). 

Furthermore, as the distillation temperature increased, there was a noticeable rise in the 

presence of alkanes, PAHs, and other compounds, accompanied by a corresponding decrease 

in monoaromatics. 

The cuts < 160 ºC consist almost entirely of light monoaromatics and alkenes (> 98 %). In these 

cuts alkyl monoaromatics such as toluene, ethylbenzene, xylene and alkenes isomers (C10H18) 

were mostly found. The cuts 160 – 200 ºC from PCWT were mainly composed of 

monoaromatics, while those from HTWT higher presence of alkenes was identified. The main 

compounds found in these cuts were limonene and cymene. These compounds are valuable raw 

materials for the chemical industry, recognized for their potent solvent and antioxidant effect 

72–74. Moreover, the capacity of oils rich in these compounds to diffuse and restore aged bitumen 

has been demonstrated in a previous paper from our group 41.  

 

In the 200 – 250 ºC distillation range of both waste tires, a higher presence of alkenes was 

found, particularly in the oils from HTWT. The main compounds present in this range were 

alkyl indenes, alkyl benzenes, and alkyl cyclohexenes. Finally, in the 250 – 280 ºC cuts, long-
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chain alkanes were primarily identified, including hexadecane, heptadecane, and octadecane. 

These cuts also concentrated on other high molecular weight and polar compounds, such as 

heteroatomic compounds (others) and PAHs.  

 

Figure 9. Chemical composition of pyro-oils distillation cuts from a) PCWT and b) HTWT. 

 

The results of FTIR-ATR analysis for crude pyro-oils and their distillation fractions were 

consistent with GC/MS observations (Figures S4 and S5). After distillation, the proportion of 

compounds with rejuvenating activity (i.e., monoaromatics and terpenes) was concentrated in 

fractions between 20 and 200 ºC. Meanwhile, other compounds like PAHs, remained in the 

heaviest fraction (>250 ºC). The observed product distribution was strongly influenced by the 
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type of tire from which they originate (Figs. S4 and S5). The results presented in this section 

demonstrate that distillation is an effective method to achieve a fine tuning of the pyro-

rejuvenator composition. Notably, the high concentration of aromatics and alkenes presents in 

some cuts make them potential rejuvenators for asphalt self-healing. In addition, these cuts can 

also be used as substitutes for petroleum-based fuels and as potential sources of valuable 

compounds for the chemical industry, such as limonene, cymene and BTEX 53,75,76. 

3.6. Optimization of pyro-oils as asphalt rejuvenators 

The yield and composition of crude pyro-oils and distillation cuts indicate the need to control 

pyrolysis and distillation conditions to produce asphalt pyro-rejuvenators with enhanced self-

healing properties. Self-healing capacity depends on the aromatics and alkenes content in the 

asphalt rejuvenators 16,25. Thus, these species are fine-tuned using an RSM applied to a 

composite central design of experiment which includes the operational parameters of pyrolysis 

and distillation along with a semi-quantitative interpretation of chromatographic data (Table 1).  

The analysis focused on distillation cuts rich in aromatics and alkenes: 160–200 ºC, 200–250 

ºC, and 250–280 ºC. Cuts below 160 ºC were excluded due to their evaporation at asphalt 

preparation and service temperatures 15. Cuts above 280 ºC were excluded due to high viscosity 

(>50 cP) and elevated levels of PAHs and heteroatomic compounds, which could impair self-

healing capacity 41. The results of the experiments are reported as absolute mass yields for the 

target species as g per kg of waste tire (g·kgwt
-1) in Table 4. 

 

Surface response plots in Figure 10 show the influence of pyrolysis and distillation temperatures 

on aromatic and alkene yields in distillation cuts. Figures 10a and 10b highlight that distillation 

temperature has a greater effect than pyrolysis temperature on the yields of target species from 

PCWT. The optimization model predicts maximum yields of both aromatics and alkenes (red 

zones) at distillation cut of 160–200 ºC and pyrolysis temperatures of 450 ºC. For HTWT pyro-

oils (Figs. 10c and 10d), surface plots show that pyrolysis temperature strongly affects aromatic 
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yields, while distillation temperature primarily influences alkene yields. In agreement with the 

model, maximum yields of aromatics and alkenes in the HTWT pyro-oils were obtained at 

distillation cut of 160–200 ºC and pyrolysis temperatures of 470 ºC. 

Table 4. Yield of aromatics and alkenes obtained from the pyrolysis and further distillation of 

pyro-oils from PCWT and HTWT. 

Experiments  PCWT  HTWT 

Pyrolysis 

temperature  

(ºC) 

Distillation  

cuts  

(ºC) 

 Aromatics 

yield  

(g·kgwt
-1) 

Alkenes  

yield  

(g·kgwt
-1) 

 Aromatics 

yield 

(g·kgwt
-1) 

Alkenes 

yield 

(g·kgwt
-1) 

(-1) 400 (-1) 160-200  26.80 26.14  23.11 55.94 

(0) 400 (0) 200-250  26.70 24.52  19.32 46.00 

(+1) 400 (+1) 250-280  7.77 5.63  10.73 8.38 

(-1) 450 (-1) 160-200  28.71 29.48  28.58 69.85 

(0) 450 (0) 200-250  29.00 32.23  29.12 61.47 

(+1) 450 (+1) 250-280  15.62 8.06  23.29 12.87 

(-1) 500 (-1) 160-200  25.28 26.33  30.18 67.91 

(0) 500 (0) 200-250  21.32 25.00  26.75 54.99 

(+1) 500 (+1) 250-280  10.71 6.36  20.46 14.48 
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Figure 10. Graphs on the influence of pyrolysis and distillation temperature on the yield of 

aromatics and alkenes in the distillation cuts from a-b) PCWT and c-d) HTWT. 

 

Pyro-rejuvenators were produced from HTWT and PCWT pyrolysis and further distillation 

under optimized conditions, and the yields obtained for aromatics and alkenes as well as 

physical properties are presented in Table 5. A comprehensive physicochemical 

characterization of both pyro-rejuvenators is available in the supplementary material (Table 

S4). 
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Table 5. Optimal conditions used to obtain the pyro-rejuvenators. 

Optimal operation  

conditions 

Pyro-rejuvenator  

yields 

Pyro-rejuvenator 

properties 

Waste 

tire 

 

Pyrolysis 

Temp. 

(°C) 

Distillation 

Cut 

(°C) 

Rejuvenator  

(g. kgwt
-1) 

Aromatics 

(g. kgwt
-1) 

Alkenes 

(g. kgwt
-1) 

Viscosity 

(mPa.s) 

Density 

(g.cm-3) 

PCWT 450  2 160 – 200 51.94 25.69 34.14 1.72 0.84 

HTWT 470  2 160 – 200 94.19 48.27 58.76 1.70 0.80 

 

Additionally, Table 6 presents the ANOVA results for the optimization model, highlighting the 

influence of process parameters (factors) and their interactions on aromatics and alkenes yields 

in the pyro-rejuvenators. The p-values for the models studied were statistically significant (p < 

0.05) 77.  

The distillation cuts significantly affected all response variables (p-value < 0.05). However, for 

PCWT, the p-values for temperature and its interaction with distillation cuts were above 0.05, 

suggesting the model is limited in describing and extrapolating data for this tire type. This 

behavior can be attributed to the higher content of additives, associated with compounds 

classified as “others” (Fig. 7), which are present in greater proportion in PCWT. These additives 

increase the compositional complexity of the feedstock and can influence the thermal 

decomposition pathways of the polymeric fraction, thereby diminishing the effect of 

temperature on the composition of the pyrolysis products 78.  Another factor contributing to the 

lack of statistical significance of temperature is the low variability observed in oil yields (1%) 

obtained between 450 and 500 °C (Fig. 5). This result suggests that near-complete 

devolatilization of the solid material was achieved at 450 °C. Further temperature increases 

cause only minor changes in oil yield, reflecting the predominance of secondary reactions. In 

contrast, the yields of aromatics (p = 0.0160) and alkenes (p = 0.0424) from HTWT are highly 

sensitive to pyrolysis temperature, due to the feedstock’s elevated natural rubber (NR) content. 
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NR promotes the formation of limonene, which under specific thermal conditions generates 

intermediates such as terpinenes. These intermediates subsequently undergo dehydrogenation 

to form aromatics, providing a mechanistic explanation for the stronger temperature 

dependence observed in HTWT compared to PCWT. 

Table 6. p-values from ANOVA for aromatics and alkenes yields in response to process 

parameters. 

Source PCWT  HTWT 

Aromatics Alkenes  Aromatics Alkenes 

Model 0.0197 0.0044  0.0262 0.0017 

A-Pyrolysis Temperature 0.5463 0.7826  0.0160 0.0424 

B-Distillation cut 0.0041 0.0009  0.0114 0.0003 

AB 0.4185 0.8957  0.5550 0.4326 

A² 0.0692 0.0501  0.0345 0.0599 

B² 0.0305 0.0046  0.1981 0.0062 

 

3.7.  Validation of pyro-rejuvenator effectiveness in enhancing asphalt self-healing 

The effectiveness of the optimized pyro-rejuvenators for inducing self-healing in aged bitumen 

was tested through a custom-designed experiment, adapted from Chavez-Delgado et al. 23. 

Figure 11a shows the average compressive force results for PAV-aged bitumen samples before 

(reference line) and after being treated with pyro-rejuvenator. The assays were performed for 

optimal pyro-rejuvenators obtained from PCWT at 450 ºC (PCWT-450) and from HTWT at 

470 ºC (HTWT-470). Overall, a reduction in tensile force was observed for the healed bitumen 

samples, with and without the addition of pyro-rejuvenators, compared to the reference PAV-

aged bitumen (121.78 N). The tensile force values at rupture for the healed samples were 33.68 

N for H-PAV (without pyro-rejuvenator), 66.13 N for H-PCWT-450, and 88.87 N for H-
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HTWT-470. Thus, an improvement in recovering the initial tensile force was observed in 

samples with the pyro-rejuvenators, indicating that their addition helped soften the PAV-aged 

bitumen, promoting its diffusion through the cracked area during the healing process.  

 

Figure 11. (a) Average results of tensile load at rupture for the PAV-aged bitumen before the 

healing process (reference line) and the healed PAV-aged samples without (H-PAV) and with 

the addition of optimized pyro-rejuvenators (H-PCWT-450 and H-HTWT-470); (b) Healing 

indices for the H-reference, H-PCWT-450, and H-HWTWT-470 samples. 

Based on these results, it can be preliminarily concluded that the addition of pyro-rejuvenators 

positively impacted the recovery of the initial tensile force in PAV-aged bitumen. It is important 

to note that the tensile force recovery in the healed samples with pyro-rejuvenators can be 

attributed to a combined effect of the bitumen's natural intrinsic healing ability and the softening 

effect of the pyro-rejuvenators 11. The contribution of each factor will be analyzed and discussed 

next. 

To quantify the recovery in tensile force for each of the healed samples, Figure 11b shows the 

average healing indices (𝐻𝐼) for the H-PAV, H-PCWT-450, and H-HTWT-470 samples with 

values of 27.65%, 54.30%, and 72.98%, respectively. Overall, samples containing pyro-

rejuvenators exhibited superior healing performance compared to the naturally healed samples, 
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consistent with the previously discussed tensile strength measurements. It should be noted that 

the 𝐻𝐼 values for the PAV-aged samples incorporating the pyro-rejuvenators provide an overall 

measure of the healing effect, which results from both the intrinsic self-healing of bitumen and 

the healing contributed by the softening effect of each pyro-rejuvenator. To separate and 

quantify each of these healing contributions, a Healing Index improvement (𝐻𝐼𝑖) was 

determined as shown by Equation 6: 

𝐻𝐼𝑖(%) = 𝐻𝐼𝑅 − 𝐻𝐼𝑃𝐴𝑉      (6) 

where the 𝐻𝐼𝑃𝐴𝑉 and 𝐻𝐼𝑅 are the healing indices for the PAV and PAV with pyro-rejuvenator 

addition, respectively.  

The 𝐻𝐼𝑖 (%) values are displayed above each 𝐻𝐼 bar in Figure 11b, and these reaching +26.64% 

and +45.32% for H-PCWT-450 and H-HTWT-470, respectively. These values represent the 

healing provided by the pyro-rejuvenators, while the intrinsic self-healing is represented by a 

constant value of 27.65% (H-PAV). The healing effect of the pyro-rejuvenator is attributed to 

the high content of aromatics and alkenes, which aid in restoring the maltene fraction of the 

PAV-aged bitumen. These compounds promote the segregation of asphaltene structures, 

reducing their molecular interactions and enhancing their solubility within the bituminous 

matrix 23. The resulting softening and improved stability of the asphalt matrix enhance adhesion 

between binder molecules, thereby promoting crack healing. Figure 11b shows that the PAV-

aged sample with HTWT-470 exhibits the highest healing effect. This can be attributed to 

differences in the chemical composition of the pyro-rejuvenators, particularly the higher 

abundance of limonene and cymene in HTWT-470 (see Table S4 in supplementary materials). 

These compounds have strong solvent properties, which facilitate better softening of the aged 

asphalt during its intrinsic self-healing. In fact, Quezada et al. 71 demonstrated through 

molecular dynamics simulations that limonene and cymene from pyro-oils interact chemically 

with specific functional groups in asphalt binder molecules, promoting both diffusion and 
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softening of the bituminous matrix. Based on our results, it can be concluded that the addition 

of the HTWT-470 pyro-rejuvenator is the best option to promote self-healing in PAV-aged 

bituminous materials. 

4. CONCLUSIONS  

This study presents the design and synthesis of novel pyro-rejuvenators for enhancing asphalt 

self-healing, achieved through precise tuning of aromatic and alkene compositions in oils 

derived from the pyrolysis and subsequent distillation of waste tires (PCWT and HTWT). The 

efficacy of these pyro-rejuvenators was demonstrated by the restoration of tensile strength in 

PAV-aged bitumen samples exhibiting cracks. From these findings, we conclude the following: 

▪ Thermogravimetric analysis (TGA/DTG) revealed that thermal degradation of both 

PCWT and HTWT proceeds through four distinct stages with comparable profiles. 

Notably, PCWT had a higher fraction of synthetic rubbers (butadiene rubber and styrene-

butadiene rubber), whereas HTWT is enriched in natural rubber. These compositional 

differences correspond to the divergent mechanical performance demands inherent to 

each tire type. 

▪ The chemical composition of pyro-oils was strongly influenced by the type of waste tire. 

Pyro-oils derived from PCWT exhibited a higher concentration of monoaromatics, 

whereas those from HTWT were predominantly composed of alkenes. The distinct 

composition and physical properties of these pyro-oils underscore their promising 

potential as effective rejuvenators for aged asphalt. 

▪ Application of response surface methodology (RSM) allowed for the optimization of 

production conditions to maximize the content of monoaromatics and alkenes in the pyro-

rejuvenators. These compounds play a critical role in restoring the maltene-to-asphaltene 

balance disrupted by aging, thereby enhancing the self-healing capacity of aged asphalt. 

▪ The combined pyrolysis–distillation process effectively enhanced the composition and 
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physical properties of oils derived from waste tires. The resulting pyro-rejuvenators 

exhibited low viscosity, enabling efficient penetration into microcracks within aged 

asphalt, while their rich aromatic and alkene content promoted improved self-healing 

performance. 

▪ Incorporation of both pyro-rejuvenators enhanced the tensile strength of cracked PAV-

aged bitumen, confirming their self-healing efficacy. Notably, the HTWT-470 pyro-

rejuvenator exhibited a significantly greater healing effect than PCWT-450, likely 

attributable to its higher concentrations of limonene and cymene. These compounds, with 

strong solvent properties, may more effectively facilitate softening of the aged asphalt, 

thereby enhancing intrinsic self-healing. 

In conclusion, precisely engineered pyro-rejuvenators from waste tires, optimized through 

pyrolysis and distillation, offer a sustainable route to both valorize waste and extend pavement 

service life. Our results highlight their potential to restore asphalt performance, yet the 

mechanistic interactions between active rejuvenating species and asphalt remain incompletely 

understood. Advancing this field will require integrated spectroscopic analyses, molecular 

modeling, and field validation to ensure long-term performance and environmental safety. 

Bridging these gaps is essential to transform laboratory insights into reliable, sustainable 

solutions for real-world asphalt infrastructure. 

5. SUPPORTING INFORMATION 

The supporting information accompanying this paper includes:  

1. Calibration curves for toluene, limonene and cymene. 

2. Spectral windows of 600 – 1200 cm-1 for FTIR-ATR of distillation cuts. 

3. Effective carbon number calculations. 

4. GC-MS characterization for pyro-oils and pyro-rejuvenator. 
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