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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Re-using solid residues from the pyrol
ysis of wastes can improve bitumens 
characteristics. 

• The char coming from the pyrolysis of 
waste tyres can act as anti-aging addi
tive in bitumen. 

• Anti-aging effect in bitumen is due to its 
carbonaceous nature and its better char 
dispersion in bitumen.  
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A B S T R A C T   

Modifying bitumens to improve their characteristics is one of the ways to increase road pavement durability 
reducing maintenance costs and environmental issues. In this study the structural and mechanical characteristics 
of a 50/70 bitumen modified by two different char samples are presented. The choice of char as bitumen modifier 
fulfils the recent needs for environmental protection. The two char samples come from the pyrolysis of Refuse 
Derived Fuel (RDF) and waste tyres (WT), respectively. They differ in composition and morphology and their 
production took place with different yields. Char-modified bitumens revealed increased shear modulus and 
resistance to mechanical stress as found by rheometry. Artificial aging of these char-modified bitumens unveiled 
that the bitumen modified by char from WT (WT-char) possessed a certain resilience against aging, with a 
reduced increase in rigidity upon aging. The anti-aging effect showed by WT-char was attributed to its higher 

* Corresponding authors. 
E-mail addresses: michela.alfe@stems.cnr.it (M. Alfe), pietro.calandra@cnr.it (P. Calandra).  

Contents lists available at ScienceDirect 

Colloids and Surfaces A: Physicochemical and  
Engineering Aspects 

journal homepage: www.elsevier.com/locate/colsurfa 

https://doi.org/10.1016/j.colsurfa.2023.132199 
Received 16 June 2023; Received in revised form 31 July 2023; Accepted 4 August 2023   

mailto:michela.alfe@stems.cnr.it
mailto:pietro.calandra@cnr.it
www.sciencedirect.com/science/journal/09277757
https://www.elsevier.com/locate/colsurfa
https://doi.org/10.1016/j.colsurfa.2023.132199
https://doi.org/10.1016/j.colsurfa.2023.132199
https://doi.org/10.1016/j.colsurfa.2023.132199
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfa.2023.132199&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Colloids and Surfaces A: Physicochemical and Engineering Aspects 676 (2023) 132199

2

carbon content, which confers higher compatibility with the bitumen chemical nature and presumably a more 
uniform dispersion within the bituminous structure thanks to the establishment of more effective interactions.   

1. Introduction 

In recent years, greater attention towards conscious use of natural 
resources is being paid, with efforts to minimize input of resources and 
output of wastes [1]. Legislation itself fosters a transition to a regener
ative circular economy [2]. Research cannot be, of course, insensitive to 
this change, with a definite guide towards a reuse of raw materials and a 
reduction of waste products [3]. In this ambit, designing highly per
forming asphalts would allow for an extension of the road pavements 
lifetime with consequent environmental and economic benefits [4,5]. 
Not only a more durable road pavement reduces maintenance costs but 
also its substitution, once exhaust, with a new one is pushed to the 
future, with an ultimate reduction of wastes and use of new materials. If 
the production of a more performing asphalt is obtained, in turn, by 
re-utilization of wastes coming from other human activities, than an 
ideal matching would be achieved, with a virtuous coupling of the two 
processes [6]. Various methods to improve asphalts have been setup. 
They generally consist in adding specific materials to bitumen, which is 
the organic-based binder of the asphalts, and which has a pivotal role in 
the overall performances. For example, small particles have been found 
to exert significant effects on the rheological properties of bitumen 
thanks to their peculiar characteristics (high surface-to-volume ratio, 
tunable chemical constitution, etc.) even when added in few percent [7]. 
In fact, they can increase the capacity of the road pavement load and 
decrease cracks due to fatigue during the operation life. Of course, 
different particle sizes give different effects: particles in the range 
10− 5-10− 2 m (micro-scale) are used for conventional pavements [8,9] 
whereas smaller particles are used for high-strength and 
high-performance asphalts [10,11]. 

A simple chemical consideration can be now made: carbonaceous 
particles are expected to give better results thanks to their chemical 
compatibility with the bitumen chemical nature (they both are organic- 
based materials) [12]. This allows a link with another activity to reduce 
civil wastes, namely the pyrolysis of urban wastes. Pyrolysis, in fact, is 
an oxygen-free thermal degradation process converting materials into: 

- combustible gases [13];. 
- a liquid rich in hydrocarbons and oxygenated species (i.e. the oil, 

mainly consisting in a combination of organic molecules used for several 
applications and that can be obtained also by pyrolysis of vegetable 
biomass – bio-oil – like food waste or cellulose [14–17]);. 

- and, most importantly for our purposes, a solid residue (char) [18, 
19] with a high carbon content which can be well accommodated in the 
organic-based bitumen structure. 

Optimal ranges of temperature, heating rate, and gas residence time 
have been defined for the maximization of each type of product. 

Pyrolysis process has undisputed advantages in the urban waste 
treatment [20], and its solid products would become here added value 
additives in the production of improved bitumens, coupling the two 
processes in a circular economy vision. 

Char falls within the definition of activated carbon, i.e. a carbona
ceous material heated at high temperatures for long times (hours). The 
use of activated carbon for several applications like filtration, cleaning, 
adsorption of gases, liquids and contaminants [21,22] is consequence of 
the peculiar and interesting physico-chemical properties of such kind of 
a material, so interesting behavior can be foreseen also in bitumen ap
plications. In addition, in this specific application, char could be an ideal 
additive also for its porous/fibrous structure allowing in principle strong 
interactions with the bituminous matrix [23]. 

The physico-chemical idea inspiring the present work is that the 
presence of solid particles, homogeneously dispersed within the 
bitumen, could slow down the kinetical processes (translational, 

rotational, collective…) of the molecules making part of the bituminous 
structure by imposing them an effective solid interfacial barrier hin
dering some of their degrees of freedom. Further chemical effect coming 
from the activated carbon surface reactivity can also be envisaged, in 
our opinion. 

The goodness of this idea is witnessed by some anti-oxidation effects 
discovered by Rajib et al. in 2021 [24], and by the increased thermal 
storage stability found in the same year by Kumar et al. [25] who was 
studying binders modified with pyrolyzed plastic wastes. 

For this reason, in this work two different char samples, produced 
from different civil wastes, have been analysed as modifiers and as anti- 
aging additives for bituminous materials. To achieve safe data inter
pretation, chemico-physical and morphological characterizations of the 
two char samples as well as the parent wastes were performed, whereas 
the mechanical characteristics of the bituminous materials were char
acterised by rheometry as a function of temperature. Data comparison 
will give a framework of utmost importance for future efficient pro
duction of char and its application [26]. 

2. Experimental 

2.1. Materials 

The refuse derived fuel (RDF) was supplied by Calabra Maceri srl 
(Rende, CS, Italy). The RDF feedstock was characterized by a non- 
homogeneous aspect with pieces large about 3 cm. Its average compo
sition, and the proximate, ultimate and calorimetric analysis results are 
reported in a previous work [27], and partially in Table 1 for sake of 
completeness. The high volatiles content (above 80 wt%) and the high 
carbon content (48 wt%) are ascribable to the high content of plastics 
and paper-based materials. The ashes (9 wt%) consist primarily of alkali 
and alkali earth metal-containing minerals (calcium-based compounds 
are the most abundant species). 

The feedstock made of scraped waste tires (WT) presents an overall 
homogenous aspect and was grinded at about 0.8 mm before use. Its 
composition is estimated by ultimate and proximate analyses and re
ported in Table 1. The high volatiles (above 60 wt%) produced during 
pyrolysis and the high carbon and sulphur contents (~80 wt% and ~2 
wt%, respectively) in the feedstock are ascribable to the rubber com
ponents. Also in the case of WT, the ash content is not negligible (6.7 wt 
%). The most abundant metallic species in the ashes was zinc, in 
accordance with other literature findings [28]. 

The bitumen used in this study was produced in Saudi Arabia and it 
was supplied by Lo Prete (Italy). Its penetration grade was found to be 
50/70 as measured by the usual standardized procedure [29] in which a 
standard needle is loaded with a weight of 100 g and the length traveled 

Table 1 
Feedstock and char composition.  

Feedstock RDF WT 

Sample RDF[27] RDF-char WT WT-char 

Ultimate analysis 
C (wt%)  48.4  30.9  82.3  88.8 
H (wt%)  6.85  0.28  6.10  0.03 
N (wt%)  0.39  0.29  0.10  0.10 
S (wt%)  0.30  0.56  2.30  3.20 
Proximate analysis 
Humidity (wt%)  1.61  4.46  0.49  1.60 
Volatiles (wt%)  80.7  24.1  64.6  6.2 
Ashes (wt%)  9.05  49.2  6.70  12.5 
Fixed carbon (wt%)  8.70  22.2  28.3  79.7  
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into the bitumen specimen is measured in tenths of a millimeter for a 
known time, at fixed temperature. Its characteristics were determined in 
previous works [30,31]. 

2.2. Method 

2.2.1. Pyrolysis tests and characterization 
The pyrolysis experiments were conducted in a reactor equipped 

with a prototype macro-thermobalance (macro-TGA), using the experi
mental setup shown in the scheme reported as Fig. S1 of the supporting 
information section. The samples (around 100 g for each run) were 
placed in a stainless steel cylindrical vessel (d = 0.90 dm, h = 3 dm, V =
2.13 dm3) equipped with two load cells (model Mettler Toledo single 
point and capacity ranges up to 3 Kg) and heated up to 550 ◦C applying a 
heating rate around 30 ◦C/min. The pyrolysis test lasted approximately 
2 h. A constant flow rate of pure nitrogen (3.9 Ndm3/h) was used to 
establish an inert atmosphere inside the chamber. For all tests, the 
pressure was set to 1 bar. Load cells, heating module, vessel and sample 
temperature were recorded by means of a National Instrument USB- 
6251 data acquisition system. Bio-oil was collected by condensing the 
outlet vapor stream. Char was recovered from the reactor at the end of 
the experimental test, and the yield was determined gravimetrically 
with respect to the fed feedstock. The pyrolysis test was performed twice 
on each feedstock. 

Proximate analysis to determine feedstock humidity, volatile, ashes 
and fixed carbon contents was performed on a LECO 701 thermobalance 
according to the standard ASTM D7582–15. Each measure was repeated 
3 times. 

C, H, N, S contents were determined by ultimate analysis in accor
dance with ASTM D3176–15 and ASTM D4239 standards. C, H, N con
tents were determined by using a LECO 628 analyser after EDTA 
calibration (measurements were performed in triplicates). Sulphur 
content was determined by a LECO CS 144 analyser calibrated with a 
high content (vanadyl sulphate pentahydrate) and a low content (low 
sulphur coal Leco 502–681) sulphur reagents (measurements were 
performed in duplicate). 

The content of inorganic species was estimated by inductively 
coupled plasma-mass spectrometry (ICP-MS) using a Agilent 7500 in
strument, after a microwave-assisted acidic treatment of the materials in 
accordance with US-EPA 3051 and 3052 methods. 

The thermal behavior of the feedstocks and of solid pyrolysis prod
ucts (char) was investigated through thermogravimetric analyses on a 
Perkin-Elmer STA6000 in inert (N2, 40 mL/min) or oxidizing (air, 40 
mL/min) atmospheres. Each material was heated from 30 ◦C up to 
800 ◦C applying a heating rate of 10 ◦C/min. 5–20 mg of material was 
loaded in an alumina crucible for each measurement. The alumina 
crucible was previously treated in furnace at 920 ◦C to guarantee an 
accurate solid residue determination. 

The morphology of both feedstocks and the resulting char samples 
was evaluated by scanning electron microscopy (SEM) imaging using a 
FEI Inspect microscope equipped with an EDS Oxford AZtecLiveLite 
probe and Xplore 30 detector for elemental analysis. The powdered 
samples were previously dried and sputter-coated with a thin layer of 
gold to avoid charging. 

To analyze the morphology of char, an amount of each char was 
dispersed in silicone oil (about 0.15% wt/wt) and sonicated in a com
mercial low-power sonicator for few (4− 5) hours and then analyzed by 
SEM imaging. 

The surface chemistry of the char samples was investigated by 
infrared spectroscopy measuring FT-IR spectra in the 450–4000 cm− 1 

range on a Perkin–Elmer Frontier MIR spectrophotometer operated in 
transmittance mode. The spectra were acquired on KBr pellets (2 wt%), 
collecting 8 scans for each measurement and correcting the background 
noise. 

The crystallinity of char samples was investigated by X-ray powder 
diffraction (XRD) analysis in the 2θ range 3–90◦ using a Rigaku Miniflex 

600 automated diffractometer equipped with CuKα radiation source. 

2.2.2. Bitumen preparation and characterization 
Addition of char to bitumen was carried out in the following way: 

char was added to fully flowing hot bitumen (150 ± 10 ◦C) to achieve 
the desired final char content of 6% w/w. The mixture was stirred at 
500–700 rpm by a mechanical stirrer (IKA RW20, Königswinter, Ger
many) for 30 min at the same temperature to allow for homogenization 
of the blend. In our experience such conditions are the best to assure the 
preparation of homogeneous samples: at lower rpm samples homoge
nization is not effective, while above 700 rpm the bitumen can be 
oxidized due to the abrupt increase in bitumen-air interface in the vortex 
formed during stirring, as well as to obvious increased interfacial ki
netics, with possible consequent change in the final bitumen rheological 
properties. This method is regarded as a standard operative procedure 
and it has also been reported by other authors [32]. After mixing, the 
resulting bitumen was poured into a small sealed can and then stored in 
a dark chamber at 25 ◦C to retain the desired morphology. Due to the 
sensitivity of such materials to the annealing time [33], and due to the 
comparative spirit of our work, we took care that all our samples had the 
same temperature cooling rate (5 ◦C/min) and annealing time (15 min). 

A standard filler-free bitumen sample was used as reference, here
after labeled as “ref”. 

Aging of the samples was carried out by the RTFOT procedure, 
(Rolling Thin-Film Oven Test) according to ASTM D2872–04 with the 
only exception that the aging time was set at 225 min instead of the 
normally adopted 75 min. The reason for this is to obtain bitumens rigid 
enough to simulate a prolonged aging process of about 10–12 years, 
which is a typical asphalt life-cycle. 

In Dynamic Shear Rheological (DSR) tests the complex shear 
modulus [34] G* = G’ + i G’’ was measured in the regime of small 
amplitude oscillatory shear at 1 Hz as a function of temperature (tem
perature controlled by a Peltier element, uncertainty ± 0.1 ◦C) by dy
namic stress-controlled rheometer (SR5000, Rheometric Scientific, 
Piscataway, NJ, USA) equipped with a parallel plate geometry (gap 2 
mm, in agreement with literature work [35]; diameter 25 mm) in the 
regime of small-amplitude oscillatory shear [36]. The real and imagi
nary parts define the in-phase (storage, measure of the reversible elastic 
energy) and the out-of-phase (loss, irreversible viscous dissipation of the 
mechanical energy) moduli, respectively [37]. The experimental con
ditions were chosen after preliminary stress-sweep tests to guarantee 
linear viscoelastic conditions in all measurements. Temperature ramp 
tests (time cure) were carried out aiming at investigating the material 
phase transition, so temperature was progressively increased from 25 ◦C 
to 95 ◦C at 1 ◦C/min and applying the proper stress values to guarantee 
linear viscoelastic conditions at all tested temperatures. 

3. Results and discussion 

3.1. Char chemical characterization 

The pyrolysis of WT led to a char yield (64.9 wt%) higher than that of 
RDF (42.3 wt%); such a difference is ascribable to the different chemical 
composition of the two feedstocks (see Table 1). More in detail, WT is an 
overall homogeneous feedstock mostly composed of carbon (82.3 wt%, 
Table 1) and during the thermal decomposition it generates an amount 
of volatiles up to 64.6 wt% leaving a solid residue made by ashes (~7 wt 
%) and fixed carbon (~28 wt%), as reported in the last rows of Table 1. 
In contrast, RDF is a highly heterogeneous feedstock, as already shown 
in ref [27], composed of only 48 wt% of carbon. During the thermal 
decomposition it generates a high amount of volatiles (up to ~80 wt%) 
leaving a solid residue made by ashes (~9 wt%) and fixed carbon ~ 9 wt 
%. For the sake of completeness, the results of thermogravimetric ana
lyses of both feedstocks, under both inert and oxidative atmospheres are 
reported as Figs. S2 and S3 in the supporting materials section. 

The two char samples differ in terms of physical structure, chemical 
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composition, thermal behavior and surface chemistry (see Table 1 and  
Fig. 1) as described in the following. 

The char obtained by WT pyrolysis (hereinafter WT-char) shows a 
quite high carbon content (88.8 wt%), a very low hydrogen content 
(0.03 wt%) and a not negligible ulphur content (3.2 wt%). These 
compositional values are in line with other literature findings [38]. 
WT-char is also characterized by a high thermal stability both in an inert 
(N2) and an oxidizing (air) atmosphere, as testified by the results of the 
thermogravimetric analyses reported in Fig. 1 (panels a and b). The 
profile of WT-char TG analysis under nitrogen atmosphere, indeed, 
highlights a very slow weight decrease leading to a solid residue around 
92.5 wt%, that corresponds roughly to the sum of fixed carbon and ashes 
evaluated by proximate analysis (see Table 1). The profile of WT-char 
TG analysis under oxidative atmosphere, at converse, is characterized 
by a main thermal event peaked around 600 ◦C ascribable to the 
burn-off of the material. A temperature of burn-off above 550 ◦C is 
typical of materials with a good degree of graphitization like activated 
carbons, bio-char, combustion derived products as seen in refs [39,40]. 
The presence of a good degree of graphitization in the WT-char structure 
is also demonstrated by the shape exhibited by the FTIR spectrum re
ported in Fig. 1 panel c, resembling that of a graphitic amorphous carbon 
[39,40]. In particular, the FTIR spectrum of WT-char is characterized by 
a broad band in the 3000–3700 cm− 1 range related to O-H stretching 
vibrations (also due to possible adsorbed H2O), overlapping bands at 
1100–1600 cm− 1 due to the skeletal vibration of C-C, C––C and C––O 
bonds of the carbonaceous network and low intense bands between 700 
and 1000 cm− 1 ascribable to the bending of aromatic out of plane C-H 
bonds [39]. The WT-char can be considered a mixture of amorphous and 
crystalline material on the basis of its XRD pattern (Fig. 1, panel d), in 
which a broad band peaked around 25 2θ◦ ascribable to amorphous 

carbon and broad peaks between 25 and 60 2θ◦, ascribable mainly to 
ZnS and ZnO, can be detected [41]. ZnO is a typical additive used to 
facilitate rubber vulcanization. Its presence is evident already in the WT 
prior to pyrolysis (see Fig. S4 in Supporting Information). During the 
waste tire pyrolysis process, ZnO retains sulfur forming ZnS as a 
consequence of the reaction with H2S evolving from the decomposition 
of the rubber sulfur compounds resulting from the vulcanization pro
cess. The presence of ZnS in pyrolytic char derived from waste tires has 
been reported by different authors [41–44]. In this framework, of 
reference is the work of Darmstadt et al. [43], which first demonstrated 
that, with increasing pyrolysis temperature, zinc oxide converts into zinc 
sulfide (ZnS). 

Debye-Sherrer analysis of the XRD peak allows an estimation, 
through determination of the Full Width at Half Maximum, of the order 
parameter. Its meaning is the distance at which the order is lost, basi
cally as a consequence of the finite size of scattering domain. Wider 
widths imply loosening of the order at shorter distances giving smaller 
order parameter values. The typical size of the carbonaceous particles 
scattering domains is rather low, of about 3–4 nm, confirming the 
mostly amorphous nature of such particles. As for the ZnS particles, their 
scattering domain size is assessed to be of about 10 nm. 

The presence of zinc-based compounds on the WT-char surface was 
probed by EDX analysis (Fig. 2, (a-b) and supporting info, Fig. S5). This 
element (together with S, Si, Co) resulted to be homogeneously 
dispersed in the sample, as evidenced by EDX elemental mapping re
ported in Fig. 2 on two different specimen sectors and furthermore by 
the individual element maps reported in the supporting info (Fig. S5). 

The char obtained by RDF pyrolysis (hereinafter RDF-char) is char
acterized by a lower carbon content (30.89 wt%) with respect WT-char 
and also by a lower thermal stability. The profile of RDF-char TG 

Fig. 1. Upper panels: Thermogravimetric plots of RDF-char (black) and WT-char (red) at 30 ◦C/min, in N2 (a) and air atmosphere (b) and the corresponding de
rivative (DTG) curves; Lower panels (c): height-normalized FTIR spectra of RDF-char (black) and WT-char (red); (d): height-normalized XRD patterns of RDF-char 
(black) and WT-char (red). 
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analysis under nitrogen atmosphere (Fig. 1, panel a) is characterized by 
two thermal events, one peaked around 580 ◦C and another around 
700 ◦C probably due to the decomposition of inorganic components 
present in the ashes [27]. The amount of the solid residue is ~73.5 wt% 
and it corresponds roughly to the sum of the expected ashes and fixed 
carbon, as established by proximate analysis (see Table 1). Differently, 
the profile of RDF-char TG analysis under oxidative atmosphere (Fig. 1, 

panel b) exhibits three main different weight losses: one peaked at 
410 ◦C, one peaked around 500 ◦C and one peaked around 680 ◦C. The 
presence of thermal events at a temperature below 500 ◦C are indicative 
of a propensity of the material to decompose, namely of a less stable 
structure; anyway, the occurrence of thermal events at a temperature 
below 500 ◦C can be the result of catalytic phenomena induced by the 
high ash content (above 45 wt%). This thermal behavior is in line with 

Fig. 2. EDX elemental mapping (element overlay maps) of WT-char (a-b) and RDF-char (c-d).  
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that reported by Haykiri-Acma et al.[45], who studied the influences of 
Devolatilization Severity on char from a RDF. The different structure of 
RDF-char with respect that of WT-char has been highlighted also by 
infrared spectroscopy measurements. The FTIR spectrum of RDF-char 
reported in Fig. 1, panel c, indeed, is characterized by a broad band in 
the region between 3000 and 3700 cm− 1 due to O-H stretching vibra
tions (also due to possible adsorbed H2O), a band peaked around 
1580 cm− 1 ascribable to the skeletal vibration of C––C and/or C––O 
bonds (of lower intensity than in the case of WT-char due to the lower 
carbonaceous nature), an intense band peaked around 1480 cm− 1 and 
less intense bands below 1250 cm− 1 ascribable to vibrational modes of 
inorganic components [46]. 

The crystallinity of RDF-char was probed by XRD and the resulting 
pattern is reported in Fig. 1d. Looking at the XRD pattern of RDF-char 
(see Fig. 1d), it is worth of note that the diffraction peaks ascribable 
to the inorganic components (mainly CaCO3 -calcite- [45,46]) as infer
red by elemental analysis (Fig. 2 and Fig. S6 in the supporting info) 
prevail on the broad peak expected for the amorphous carbon fraction. 
Debye-Sherrer analysis of the XRD pattern shows that the order 
parameter is higher than that found in WT-char, being of the order of 
several tens nanometers. Although it is not representative of the overall 
particle size, the higher value in RDF-char than in WT-char indicates a 
certain tendency of the former to produce bigger domains, an aspect 
which will be reflected to the overall final particle (see particle size 
analysis below). The presence of CaCO3 as inorganic component of 
RDF-char can be explained considering that Calcite is used as binder in 
the wastepaper or as filler in low grade plastics [46], namely two of the 
most abundant components of the RDF used as feedstock for the pyrol
ysis process in this work (5.4% and 84%, respectively [27]). By EDX 
elemental mapping reported in Fig. 2(c-d) on two different sample 
sectors, an inhomogeneous feature can be found. This aspect is further 
evidenced by the individual element maps reported in the supporting 
info (Fig. S6). 

3.2. Char morphological characterization 

The morphology of the two char samples has been investigated by 
SEM imaging (Fig. 3): for WT-Char, a compact aspect with quite a reg
ular surface has been highlighted whereas, for RDF-char, a fiber-like 
structure is present, probably deriving from the cellulose-containing 
components of the starting feedstock, in agreement with previous find
ings [27,45]. In addition, the morphology of RDF-char is that typical of 
an inhomogeneous material, confirming the clues from EDX elemental 

analysis. Further images, recorded at higher magnifications, are avail
able in Supporting Information (Fig. S7). 

As it can be seen from SEM images, both char samples show milli
meter and sub-millimeter particles, with RDF-particles seeming slightly 
bigger than WT ones. However, these particles are bare aggregates of 
smaller particles loosely stuck together, which easily disassemble during 
their manipulation and, in particular, during their mixing with hot 
bitumen and successive stirring to form the char-bitumen composite. 
The final char-containing bitumen, in fact, does not possess such big 
mm-scaled (or sub-mm) particles, being quite homogeneous even at the 
micrometer scale. To find out the size distribution of the individual 
particles, the char samples were dispersed in silicone oil and sonicated in 
a commercial low-power sonicator. This treatment should somehow 
stimulate char dispersion as it really takes place during the preparation 
of char-containing bitumens. From the chemical point of view, in fact, 
silicone oil quite well reproduces the basic apolar character of the 
bitumen, a similarity inspiring previous research in this sense [47]; on 
the other side, from the dynamic point of view, silicone oil viscosity 
reproduces the viscosity of the bitumen at the high temperature (150 ◦C) 
used during its mixing with char. Finally, sonication should somehow 
speed up char dispersion, having a similar effect with respect to the 
prolonged stirring. It is obvious that this treatment helps in dis
aggregating the big char assemblies and must be considered just a model 
of the bitumen preparation procedure. The microscopy investigation we 
are presenting therefore has the role of helping in unveiling the size 
distribution of the “individual” particles making the char in the bitumen. 
Of course, the detailed investigation of the effective char state within the 
bitumen will need different and ad-hoc techniques, since the bituminous 
matrix is quite dark and opaque at the visible light, making optical 
microscopy hard to perform, and being the SEM investigation basically a 
surface investigation which can probe the inner layers only with specific 
strategies, all this going beyond the scope of this manuscript. The size 
distribution for both char samples after aggregates disassembling in 
silicone oil is reported in Fig. 3 right panel. It must be first noted that the 
sizes of the particles for both char samples fall mostly below the value of 
1 µm and do not match the sizes of scattering domains derived by XRD 
(nm-sized). The difference of at least one order of magnitude indicates 
that the char individual particles can be made of different domains 
and/or being polycrystalline. The difference between the sizes observed 
in XRD and SEM can be therefore ascribed to this. 

In addition, it can be noted that WT-char is more abundant in par
ticles with size below 0.5 µm than RDF-char. On the contrary, RDF-char 
contains more particles with size above 0.5 µm than WT-char. The size 

Fig. 3. left panel: representative SEM images of “as is” WT- and RDF- char samples. Right panel: size distribution functions of particles in WT- and RDF- char samples 
treated by sonication in silicone oil; in this plot continuous curves are the best lognormal distributions describing experimental data. 
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distribution of RDF-char is therefore shifted to slightly higher sizes with 
respect that of WT-char. It is also broader, with presence of rare big 
aggregates whose size extends to few μm, whereas the size distribution 
of WT-char particles looks sharper. 

Despite the differences between the sizes found by XRD and SEM 
analysis, the general behavior is confirmed, being WT-char particles 
generally smaller than RDF-char ones, thus confirming the hypothesis 
that WT-char has the natural chemical tendency to form smaller do
mains, an aspect reflecting at different length-scales, from the nm-scaled 
crystalline or atomically ordered domains (see XRD) up to the μm-scaled 
polycrystalline particles and even to their mm-scaled assemblies (see 
SEM). 

The differences in physico-chemical and morphological characteris
tics we have found will be essential to justify the difference in rheo
logical performances we will show in the next section. 

3.3. Bitumen characterization 

3.3.1. Mechanical properties: G’@ 50 ◦C and T * 
Through temperature-sweep measurements the evolution of both G’ 

and G’’ is monitored during a temperature ramp at a constant heating 
rate of 1 ◦C/min and at a frequency of 1 Hz. Fig. 4 A shows the time cure 
test for the pristine bitumen taken as a representative sample. From the 
figure, it can be seen that G’ < G′’ holds over the whole considered 
range. This behavior is shared by all the investigated samples and 
highlights that they all have a pseudoplastic fluid behavior. Both G′ and 
G′’ are monotonously decreasing with temperature, showing that all 
samples are at higher values than their glass transition temperature, 
usually located slightly below 0 ◦C [48] at which G′’ should have a 
maximum. 

From the plot shown in Fig. 4 A the value of G′ at 50 ◦C (G′@50 ◦C) 
can be immediately derived. G’@ 50 ◦C is representative of the me
chanical property of the material under usage condition (50 ◦C) and has 
been used in recent literature [49] as proper indicator of the bitumen 
rigidity. 

As the temperature is increased, all the studied samples become 
progressively softer with G′ decreasing faster than G′’. For temperature 
high enough, G′ suddenly drops, marking a real gel-to-sol transition. The 
temperature at which this transition takes place is labelled as T * (see 
Fig. 4 A for the graphical derivation). For temperatures higher than T * , 
the bitumen can be considered almost as a Newtonian fluid. From the 
microscopic point of view, in this situation the molecular thermal 
agitation, and consequently the molecular relaxation rate, is now suffi
ciently high to let the system accommodate for the mechanical distor
tion/perturbation. This gives purely flowing behavior and causes any 
elastic storage of mechanical energy to vanish. 

G′@ 50 ◦C and T * values are shown in Fig. 4B for the various sam
ples in a correlation plot. For ease of comparison, the values for aged 
bitumens are represented by darker dots. 

Some comments are in order:  

1) Effect of char addition:  
- The addition of char causes an increase in both G′@ 50 ◦C and T * . 

This effect is the consequence of the reinforcement of the bitumi
nous structure at the macro-molecular level, given by the presence 
of fine particles. Addition of WT-char or RDF-char gives similar 
changes, with a slightly higher effect in the case of WT-char 
reasonably due to the higher carbon content allowing for a better 
distribution among the sample and/or more effective interactions 
with the organic-based structure of the bitumen.  

- Bitumen-char interactions can also be further highlighted by 
comparison with bitumens doped with CaCO3, a standard inert 
filler used in most of the literature on bitumen and asphalt con
cretes. In fact, even the addition to bitumen of inert calcium car
bonate results into a robustness increase, with an increment in both 
T * and G′@ 50 ◦C as clearly shown in ref [50]. However, in that 
work it turned out that bitumen loaded with 3% w/w of CaCO3 has 
shown a 4 ◦C increase in T * and 3-fold increase in G′@ 50 ◦C. 
Conversely, our char samples lead to an increase in T * of 10.1 and 
10.6 ◦C (RDF-char and WT-char, respectively, see Fig. 5). The in
crease in T * showed by RDF-char is therefore: (i) lower than that 
showed by WT-char and (ii) closer to that shown by bare CaCO3 
than that showed by WT-char. This can be the consequence of the 
high content in CaCO3 possessed by RDF-char which reduces the 
potential effect of carbonaceous fraction of the char. With the 
appropriate proportions for the different concentration, in the 
presence of RDF-char and WT-char the change in T * is 25% and 
33% respectively higher than in the presence of bare CaCO3. No 
significant difference with the increase in G′@ 50 ◦C in the pres
ence of CaCO3 is instead observed.  

2) Effect of aging:  
- Pristine and char-containing bitumens were subjected to artificial 

aging (see experimental section for details). Each aged bitumen 
shows higher values of G′@ 50 ◦C and T * then the corresponding 
unaged sample. This is expected, since the aging process always 
causes an increase of polar functional groups of the molecules in 
bitumens [51] with their ultimate aggregation and constrained 
dynamics;  

- Interestingly, the increase of both G′@ 50 ◦C and T * upon aging of 
bitumen containing WT-char is much more limited than that 
occurring in bitumen containing RDF-char. This is better shown in 
Fig. 5. Aging of reference bitumen causes an increase of T * of 

Fig. 4. (A) Plot of G′ and G′’ as a function of temperature for a representative sample (pristine bitumen). The graphical derivation of G′@ 50 ◦C and T * is shown by 
the pointing arrows. (B) correlation between G′@ 50 ◦C and T * for the bituminous samples discussed in the present paper (circles), and comparison with data from 
literature (vertical and horizontal bars). For easier comparison, the values for aged bitumens are represented by darker points. 
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about 15 ◦C. If the bitumen is reinforced with RDF-char, aging 
causes the same increase in T * : 15 ◦C. Instead, if bitumen is 
reinforced with WT-char, then the same aging causes an increase in 
T * of only 11 ◦C. This is a very important clue, since it unveils a 
certain anti-aging effect of WT-char. The same conclusion can be 
made by looking at the increase in G′@ 50 ◦C upon aging. Aging of 
reference bitumen causes a 11-fold increase in G′@ 50 ◦C. Same 
increment is observed for bitumen reinforced with the RDF-char. 
Instead, if the bitumen is reinforced with WT-char, then the same 
aging causes an increase in G′@ 50 ◦C of only three times. 

- The observed effect could be ascribed to the more efficient in
teractions between the bituminous material and the surface of the 
WT-char particles thanks to their more carbonaceous nature giving 
more chemical compatibility. The stronger bitumen-char binding 
could better hinder some of the degrees of freedom in the mole
cules making part of the bituminous structure and consequently 
slow down the dynamic processes (translational, rotational, col
lective…) occurring in aging. All this ultimately gives an anti-aging 
effect. It could be argued that further chemical effects may derive 
from the presence of ZnS in WT-char: the presence of transition 
metals can give origin to further interactions between the metal 
atoms and the polar asphaltenes and/or the amphiphilic resins, as 
supposed in previous work [52], thus reinforcing the char-bitumen 
interactions. 

The use of the correlation plot in Fig. 4B permits to easily notice that 
the G′@ 50 ◦C and T * are generally nicely correlated. Although they are 
two independent parameters (G′@50 ◦C refers to the Y-value of the G’ 
plot in Fig. 4 A whereas T * refers to the X-value at which the curve 
drops in the same plot) they can be both considered as indicators of the 
reinforcing effect induced by the char and/or by the increase in rigidity 
induced by aging. The data in Fig. 4B are combined with literature data 

referring to bitumens reinforced with organic molecules [53] (poly
saccharides, vertical bars) and inorganic fine particles [52] (horizontal 
bars) for comparison’s sake. As it can be seen, all the sets of data are in 
accordance, suggesting quite a universal behavior. 

Of course, different additives have different chemical characteristics 
and therefore they can give to different effects. In the case of char as 
filler, the increase in G′@ 50 ◦C and T * is quite high. This may be the 
consequence that char fine particles have simultaneously both the 
organic character and the fibrous structure of the polysaccharides, and 
the particle morphology of fine particles, thus giving enhanced effects. 

Form rheological data the rutting parameter defined as G* /sin δ can 
be derived. The rutting parameter at 50 ◦C represents the mechanical 
property specifically under usage conditions [50]. It was found that the 
values meet the limits imposed by the Superior Performing Asphalt 
Pavements method under the Strategic Highway Research Program 
(Superpave SHRP) [54] being always higher than 1kPa for unaged 
samples. 

3.3.2. Arrhenius analysis: Ea and ln As 
The temperature dependence of both G′ and G′’ allows further 

analysis. They both contribute to the viscosity (η), i.e. the ratio of G to 
angular frequency ω: [55]. 

η =
G
ω

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
G′2 + G′′2

√

ω (1)  

yielding information on the total amount of energy that the system ab
sorbs. In other words, it represents the resistance to flow under oscil
latory shear conditions. 

The temperature dependence of η is reported in Fig. 6 A as ln η vs 
1000/T (Arrhenius plot) for some representative samples. A linear trend 
of the data is observed, confirming the validity of the two wells potential 
model adopted by the Arrhenius approach. 

The Arrhenius model to present the temperature dependence of 
viscosity has been chosen not according to custom but, rather, according 
to some considerations suggesting that the choice the Arrhenius model is 
the most adequate for this kind of samples in these conditions [56,57]. In 
addition, this choice offers the advantage of deriving parameters (Ea and 
ln As) with an intuitive physical meaning. In fact, though the application 
of the transition-state-theory [58] (TST) by Eyring of Arrhenius chemi
cal kinetics to transport phenomena [59], data can be fitted by the Eq. 2: 

ln η ∗ (T) = ln As+
Ea
R

⋅
1
T

(2)  

where Ea represents the activation energy to overcome for flowing to 
occur, R is the gas constant (8.314 J K− 1 mol− 1) and As is the pre- 
exponential factor (frequency factor). 

The derived Ea and ln As values are reported in Fig. 6B as correlation 
plot. Ea values are in the range 110–140 kJ mol− 1 and are consistent 
with the values observed for other additivated bitumens [48]. The 
changes in Ea, after addition of char to the pristine bitumen, appear to be 
rather small suggesting that the essential dynamics is not perturbed 
much by the insertion of the char. This confirms, somehow, the char 
compatibility with the organic-based nature of bitumen. The only 
exception is represented by the bitumen reinforced with 6% WT-char 
after the aging process (6% WT aged): this sample shows a lower acti
vation energy thus highlighting a decrease in the energetic barrier to 
overcome for flowing to occur. This effect does not take place in the 
corresponding unaged bitumen reinforced with 6% WT-char, so it 
cannot be ascribed only to the bare presence of the char but, rather, to 
the composition of effects due to the presence of that specific char and 
aging. 

The lowering in Ea for this sample, from the microscopic point of 
view, could be ascribed, according to a model recently proposed in the 
literature [53], to a shrinking of the bituminous structure at the inter
molecular level, most probably due to the high affinity with the 

Fig. 5. T * and G′@ 50 ◦C values for all the samples, organized to show the 
effects of aging. Arrows indicate the increase in T * (upper panel) and the in
crease in G′@ 50 ◦C (lower panel). 

V. Gargiulo et al.                                                                                                                                                                                                                                



Colloids and Surfaces A: Physicochemical and Engineering Aspects 676 (2023) 132199

9

carbon-rich composition of the WT-char. This would consequently 
shrink the landscape of the two potential wells, which are brought closer 
giving a more pronounced overlap of the two potential curves and ul
timately a lowering of the activation energy. It must be pointed out, 
however, that this model still needs further data and experiments to be 
reinforced, so this interpretation must be seen as just a reasonable 
hypothesis. 

As for the pre-exponential factor (frequency factor), it represents the 
fraction of effective molecular collisions which are able to turn into the 
flowing process. In the fluidic structure of bitumen, in fact, flowing re
quires the formation and dislocation of molecular vacancies as concisely 
described by Byran et al. [60]: “For any one molecule to move, other sur
rounding molecules must first give way and move into vacant lattice sites or 
“holes” to create a space for the molecule to enter”. 

The low values of ln As would indicate a low number of effective 
molecular collisions which are able to turn into the flowing process, in 
agreement with the complex structure of the bitumen, the presence of 
high molecular mass molecules and the low viscosity. ln As turns out to 
be scarcely affected by the change in the additive used, despite the 
inherent variability associated to the ln As measurement [61–63]. This is 
in accordance with the small variations in Ea and confirms that the basic 
flowing process is maintained independently from the specific char used 
in this paper. 

Interestingly, the pre-exponential factors are correlated with the 
activation energies (see Fig. 6B). 

This behavior has been found in bitumens reinforced with organic 
additives (polysaccharides [53], cellulose [57]) and inorganic filler 
[52], whose data are reported, for comparison, in the same Fig. 6B. The 
accordance among all the sets of data is evident. Although there is not 
theory explaining such correlation yet, the data of this paper corroborate 
the pioneering observations in recent papers confirming that this cor
relation holds. From the applicative point of view, this correlation can 
be quite useful, since the temperature dependence of the viscosity for 
these systems can be predicted if only one Arrhenius parameter is 
known, since the other one is correlated to it. 

Interestingly, the accordance holds also with simple liquids [64] (see 
Fig. 6B) despite the big differences in the values of viscosity, activation 
energies, pre-exponential factor and structure (bitumens are highly 
complex materials – see introduction - contrasting the structure of 
simple liquids). This suggests a quite universal behavior opening the 
door for a more general view of fluids. For this reason, we hope that the 
present data can be precious for further theoretical investigation in 
order to model such a universal behavior. 

4. Conclusions 

This study showed how products from the pyrolysis of wastes can be 
used to improve bitumens. The addition of char from the pyrolysis of 
tires (WT) or of Refuse Derived Fuels (RDF) to a typical 50/70 bitumen 
gave increased shear modulus and higher resistance to temperature, as 
revealed by the increased gel-to-sol transition temperature. The effect 
was found to be higher than standard inert filler. Interestingly, the char 
from pyrolysis of WT showed to possess also anti-aging effect, con
trasting the increase in rigidity generally occurring during aging. These 
effects, with the support of the Arrhenius analysis of rheological data, 
were justified by the high carbon content of the char, in particular that of 
WT-char, giving char chemical compatibility with the organic nature of 
the bitumen and reasonably allowing for its homogeneous inclusion 
within the bituminous molecular matrix through effective interactions. 
The presented data can give a framework of utmost importance for 
future efficient production of char and its application, with an eye to 
environmental protection. 
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