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Rodrigo Álvarez-Barajas , Antonio A. Cuadri , Clara Delgado-Sánchez , Francisco J. Navarro , 
Pedro Partal * 

Pro2TecS-Chemical Process and Product Technology Research Centre, Department of Chemical Engineering, ETSI. Campus de “El Carmen”, Universidad de Huelva, 
21071, Huelva, Spain   

A R T I C L E  I N F O   

Keywords: 
Bio-based binders 
Waste polymers 
Crumb tyre rubber 
Solar absorption 

A B S T R A C T   

Non-bituminous binders with sustainable characteristics have been developed as potential roofing materials. A 
vegetable colophony rosin ester, waste cooking oil, waste crumb rubber and a blend of recycled high-density 
polyethylene (HDPE) and polypropylene (PP) have been used for binder formulations. Rheological, calori
metric and technological characterizations have been performed to assess the compatibility among binder 
components and optimal compositions. Additionally, thermal conductivity, heat capacity and solar radiation 
tests have been performed on selected non-bituminous and bitumen-based binders. Solar radiation experimental 
set-up has been simulated by Computational Fluid Dynamics (CFD) in order to get a deeper insight into heat 
transmission mechanisms involved. A binder formulation composed of 40 wt% maleic-modified rosin ester, 32 wt 
% waste oil, 20 wt% crumb rubber and 8 wt% recycled HDPE/PP blend has shown suitable mechanical properties 
and solar behaviour for roofing materials. The use of recycled thermoplastics and elastomers imparts material 
with a hybrid character, showing enhanced flexibility and softening points, respectively, at low and high in- 
service temperatures. Its solar behaviour is comparable to that of the modified bitumen, with a similar heat 
absorption from Sun (about 30 %) but lower heat storage capacity at ambient temperature.   

1. Introduction 

The greater global awareness about resource depletion and a more 
sustainable living manner have motivated the development of alterna
tives to traditional bituminous binders for roofing applications using 
waste and renewable resources [1,2]. Initially, the use of polymeric 
waste materials was found to enhance bitumen performance and sus
tainability [3,4]. Subsequently, as a natural step forward, researches aim 
for the development of non-bituminous binders formulated with recy
cled or bio-based feedstocks that cannot only help to enhance binder 
performance but also the transition into a circular economy and promote 
energy savings and environmental preservation [5–7]. Different ap
proaches address the development of more environmentally friendly 
binders or bio-binders, given that the majority of formulations imply the 
use of waste materials and bio-oils of diverse origins as bitumen modi
fiers (around 10 % of total mix) [8–10],while others suggest their use as 
extenders (25 %–75 % replacement) [10,11]. 

Conversely, a limited number of publications and patents have 

successfully yielded non-bituminous or alternative binders [12,13]. 
Although some non-bituminous binders, usually referred to as synthetic 
binders, have been proposed in the past, they are mainly characterized 
by a non-bio-based nature [14,15]. Other alternative bio-based binders 
use mineral or fresh vegetable oils and wood byproducts mixed with 
diverse polymers exhibiting comparable physical properties and low 
temperature performance to those of a 50/70 conventional bitumen [16, 
17]. In this regard, the use of waste vegetable oil and the addition of high 
percentage of polymer wastes can be deemed valuable components for 
alternative binders in roofing materials, providing an environmental 
added value [18,19]. Furthermore, other works have shown that waste 
vegetable oil can provide impermeability and flexural strength when 
used as binder in the fabrication of roofing tiles [20,21]. 

In line with current sustainable demands, this research focuses on the 
design of novel bio-based non-bituminous binders, understand as a 100 
% bitumen replacement, as potential roofing materials, which combine 
both wastes and bio-based components in their formulations. For this 
purpose, maleic-modified rosin ester from pine trees, waste cooking oil, 
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a mixture of recycled thermoplastics and crumb rubber from waste tyres 
have been used as raw materials. 

Despite the high recyclability of polymers such as high-density 
polyethylene (HDPE) and polypropylene (PP), in most cases these 
thermoplastics end up being disposed in landfills, usually mixed with 
other plastics. As an alternative for such plastics blends, owing to their 
low toxicity and the lack of harmful gases emission in their melting 
process, they are safe to be used in binder formulations. Particularly, PP 
is one of the most widely used plastomers in roofing applications and 
HDPE has been also proposed for asphalt materials, as bitumen or non- 
bituminous binder modifiers due to their high melting point and 
excellent chemical and temperature resistance [12,22]. 

Unlike thermoplastics, the polymeric fraction of discarded tyres 
cannot be re-melted and is usually recovered as crumb rubber (CR) with 
selected ranges of particle size [23]. It is also widely used as bitumen 
modifier, being added to asphalt binders in proportions from 5 to 20 %, 
mainly to improve material behaviour at low in-service temperatures (i. 
e. by shifting its mechanical glassy region towards much lower tem
peratures). Interestingly, the combination of thermoplastics and CR has 
been found to improve the properties of modified bitumen binders at 
both low and high in-service temperatures [18,24–26]. Accordingly, the 
addition of the recycled PP/HDPE blend to the proposed 
non-bituminous binders is expected to impart roofing materials with 
high softening point and suitable stiffness at high in-service tempera
ture, along with enhanced environmental resistance. Moreover, the 
combination of CR and PP/HDPE is expected to lead to a hybrid effect on 
mechanical material performance, by enhancing both its flexibility and 
dimensional stability, respectively at low and high temperatures. 

Both polymeric modifiers will be dispersed in a continuous phase 
composed of vegetable waste oil and rosin ester, which have been 
selected considering their residual and renewal origins, respectively. 
Waste vegetable oil from cooking and frying activities is considered a 
serious environmental contaminant. Thus, different valorisation path
ways have been proposed for this residue, such as biofuel production, 
bio-based plasticizes, surfactants, polymeric materials, rejuvenators of 
bituminous binders or bitumen replacement [1,27–29]. Investigations 
indicate that waste vegetable oil not only can improve low-temperature 
performance and fluidity of the binder blend [9,27] but when mixed 
with CR and PP/HPDPE could also enhance its rutting and fatigue 
resistance [30]. Furthermore, biomolecules present in waste vegetable 
oil could facilitate CR swelling in the binder and improve its thermal and 
UV aging [31,32]. 

Finally, numerous studies have proposed the use of rosin acids for the 
synthesis or modification of polymeric materials being considered as an 
inexpensive, bio-based, biodegradable and non-toxic raw material [33]. 
Rosin acids can provide hydrophobicity and improve thermo-physical, 
mechanical and functional properties of the final product [34]. 
Furthermore, they are expected to contribute to processability and 
performance of the binder enhancing the compatibility with the poly
meric matrix [35,36]. 

As a result, this research focuses on the development of novel non- 
bituminous binders with improved sustainable characteristics as an 
alternative to traditional bituminous binders for roofing applications. To 
that end, this work addresses a comprehensive rheological, micro
structural, and technological characterization of formulated non- 
bituminous binders, which helps understand the role of each compo
nent in the final material performance. Additionally, material thermal 
and solar behaviours have been assessed by conductivity, calorimetric 
and solar radiation tests conducted on a selected non-bituminous binder 
and compared with a reference SBS polymer-modified bitumen. The 
resulting binders may provide a greener and eco-friendlier alternative to 
traditional construction materials formulated with petroleum- 
derivatives. 

2. Materials and methods 

2.1. Materials and formulations 

Binders were formulated with a rosin ester (R) supplied by Luresa, S. 
A. (Spain); recycled plastic (P) from Cordoplas S.A. (Spain); crumb 
rubber from discarded tyres (CR) supplied by RNC (Spain); and a waste 
vegetable cooking oil (O) mainly used for food frying supplied by BIO
LIA, S.A (Spain). Rosin was a pentaerythritol ester of gum rosin modified 
by maleic anhydride with a melting point of 135 ◦C and 25 mg KOH/g 
acid number. Particle size of non-processed crumb rubber ranged be
tween 0.5 and 2 mm. Recycled plastic was a blend of 65 wt% high 
density polyethylene (HDPE) and 35 wt% polypropylene (PP), being 
HDPE/PP ratio of 1.86. Binder formulations shown in Table 1 were 
prepared ranging R/O ratios from 0.75 to 1.5 and fixing polymers con
centrations at 20 wt% CR and 8 wt% P. Additionally, two reference 
bituminous binder have been used for comparison: A) a neat bitumen 
B50/70 with 56 dmm penetration, 53.5 ◦C softening point and a SARAs 
composition of 4.8 % saturates, 52.3 % aromatics, 24.5 resins and 18.4 
asphaltenes; and B) a SBS polymer modified bitumen with 75 ◦C soft
ening point and 43 dmm penetration. 

2.2. Binder processing and testing 

Samples were prepared in a Silverson L5 Laboratory mixer, using a 
general-purpose disintegrating head, at 180 ◦C and 3800 rpm agitation 
speed for 120 min. Binder consistency was determined by penetration 
tests, stated by the European standard EN 1426, measuring the depth 
that a needle penetrates a sample of binder under the specified testing 
conditions (e.g. 25 ◦C). Material softening points (i.e. Ring-and-Ball 
softening temperatures) refer to the values at which a steel ball de
forms the binder contained in a metal ring under the specified testing 
conditions stated in EN 1427. 

Rheological characterization was conducted in a SmartPave 102e 
rheometer (Anton Paar, Austria), and consisted of frequency sweep tests 
in oscillatory shear and steady viscous flow measurements. Oscillatory 
frequency sweep tests, from 0.01 to 100 rad/s, were performed between 
− 30 ◦C and 140 ◦C combining two plate-plate geometries (8 and 25 mm 
diameters with 2 mm and 1 mm gap, respectively). All oscillatory shear 
measurements were carried out at strains or stress values within the 
linear viscoelastic region (LVR). Viscous flow tests, between 0.1 and 100 
s− 1, were carried using coaxial cylinder geometries at temperatures of 
135, 165 and 180 ◦C. 

Microstructural and thermal characterization involved Differential 
Scanning Calorimetry (DSC) analysis, carried out in a DSC TA Q100 and 
Q250 (TA Instruments, USA) from − 80 ◦C to 180 ◦C using samples of 
5–10 mg, placed into aluminium hermetic pans and 50 ml/min N2 purge 
gas flow. Firstly, samples were heated above their melting points to 
avoid the effect of material past thermal history, after a controlled 
cooling, they were submitted to the main heating ramp at a rate of 
10 ◦C/min. Material specific heat capacity was obtained by means of 
Modulated DSC, using 2 ◦C/min heating ramps and a temperature 
modulation of ±0.3 ◦C for 60 s. 

Thermal conductivity tests, between 23 and 80 ◦C, were conducted in 
a THB 100 device from Linseis GmbH (Germany), using the Transient 
Hot-Bridge (THB) technique and a sensor type A with a metal frame (A- 
13890). 

Solar irradiation tests were simulated by subjecting samples to a 
constant incident radiation power, using a Xenon lamp HXF300-T3 
(Beijing China Education Au-light Technology Co., Ltd, China) with an 
attached filter AM 1.5G (300–1100 nm). A pyranometer SMP3 (Kipp & 
Zonnen, Netherlands) was used to measure the incident radiation. 
Testing specimens consisted of a binder disk (42 mm diameter and 8.5 
mm thickness) with 5 temperature sensors located at different positions, 
four of them located at the centre (r = 0 mm) with readings at x = 0 mm 
(binder top surface), 2.23 mm, 3.37 mm and 6.80 mm depth. An 
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additional temperature was recorded close to the sample wall (r =
20.925 mm and x = 2.36 mm). Sample side wall was isolated with a 
77.6 mm-thickness insulator (k = 0.044 W/m ◦C, thermal conductivity), 
whereas its bottom side was in contact with isothermal heat sink, with 
selected cooling or sink temperatures of Ts = 32 and 37 ◦C. Experiential 
solar irradiation setup was simulated by Computational Fluid Dynamics 
(CFD) using Fluent-Ansys CFD 2020 software. An enclosure with di
mensions 0.603x0.603 × 0.308 m (width-depth-height) that surrounds 
sample and insulator was created to simulate air motion due to natural 
convection (i.e. air buoyancy due to heat). A mesh containing approxi
mately 470000 polyhedral cells was sufficient for this analysis, since the 
meshes with more elements led to similar results but involving an 
increased computational effort. Side and bottom walls of the enclosure 
were set as mass-flow inlets, whereas top wall was set as pressure outlet. 
Other main CFD settings were: a S2S radiation model with Solar Ray 
Tracing; a k-Epsilon viscous model; air density calculated by Boussinesq 
approach and conductivity changing with temperature according to a 
polynomial equation; and a Couple scheme selected as pressure-velocity 
coupling method. 

3. Results and discussion 

3.1. Material performance and microstructure 

Polymer modified bitumen membranes are the most used roofing 
technique for low-slope roofs in the roofing market. For this type of 
products, non-bituminous binders should be characterized by high 
softening points and low penetration values. Table 1 shows that for a 
fixed polymer concentration (20 wt% CR and 8 wt% HDPE/PP), rosin 
addition increases material softening point from 67.7 to 132 ◦C and 
reduces penetration values from 125 to 28 dmm. However, softening 
points tend to a limiting value around 130 ◦C for R/O ratios above 1.125. 
Interestingly, for R/O ≥ 1.125 penetration and softening points match 
those established by the Spanish Standard UNE 104232-2 for modified 
bituminous mastics typically used in commercial roofing membranes, 
which demands a softening point higher than 110 ◦C and penetration 
values between 10 and 65 dmm. Additionally, concerning penetration 
and softening point values, these materials could be designed to match 
requirements established by ASTM D6152 (softening point between 85 
and 116 ◦C and penetration between 20 and 60 dmm) for SBS-modified 
bitumen used in roofing. 

Binder performance was also studied as a function of temperature by 
dynamic oscillatory shear tests. Fig. 1 shows material complex modulus 
(G*) obtained at 10 rad/s from − 30 to 140 ◦C. It is worth noting that 
characteristics required for roofing material such as low-temperature 
flexibility and high-temperature structural integrity (e.g. compound or 
high thermal stability, vertical sag) are closely linked to material 
viscoelastic response. As expected, complex shear modulus decreases 
with increasing testing temperature. However, the slope of G* curves 
levels off between 20 and 120 ◦C (depending on the sample) and, sub
sequently, moduli drop suddenly above 120 ◦C. This limiting 

temperature would be related to the collapse of binder microstructure 
and, later, will be related to the melting process of the recycled plastic (i. 
e. HDPE/PP), swollen by some compounds of the oil/rosins blend. On 
the other hand, material exhibits a good low-temperature performance 
with complex modulus values that remain far below the viscoelastic 
glassy region, located at G*≈109 Pa, where material becomes brittle (i.e. 
showing lack of flexibility). As may be seen in Fig. 1, an increase in rosin 
concentration would reduce material flexibility at low temperatures, but 
always remaining below the glassy region. It is worth noting that rosin is 
brittle at temperatures below 70 ◦C but miscible with recycled oil, which 
shifts glass transition of the blend to lower temperatures (e.g. down to 
10 ◦C for a R/O = 3) [37]. Thus, it is expected that material becomes 
stiffer, increasing binder complex modulus and glassy character, as rosin 
concentration is higher. Conversely, there is no apparent trend in the 
viscoelastic response at high temperature with the addition of rosin. 

To shed some light on this issue, rheological time temperature su
perposition principle was applied, allowing us to study material visco
elasticity in a frequency range much wider than the experimental one. 
To that end, master curves of the elastic (G’) and viscous (G”) moduli, at 
a reference temperature of 30 ◦C, were obtained by means of a frequency 
shift factor, aT, which leads to a reduced frequency, ω⋅aT. As a result, 
both linear viscoelastic functions, in the range − 30 to 110 ◦C (below 
material softening point), were empirically superposed onto master 
curves only for binders with R/O > 1.125 (Fig. 2). Although these ma
terials are thermo-rheologically complex, empirical master curves for 
other complex bituminous and non-bituminous binders have been rep
resented reasonably well elsewhere, providing useful information about 
the effects studied [38–41]. In any case, results obtained should only be 

Table 1 
Binder compositions and their penetration (Pen.) values and softening points (TR&B); viscoelastic activation energies (Ea) and zero-shear limiting viscosity (ηo); and 
DSC glass (Tg), melting (Tm) temperatures and melting enthalpies (ΔHm).  

Binder (R/O 
ratio) 

R (%) O 
(%) 

CR 
(%) 

P (%) Pen.1 

(dmm) 
TR&B

2 

(◦C) 
Ea (kJ/ 
mol) 

ηo (Pa⋅s) Tg (◦C) Tm1 

(◦C) 
ΔHm1 (J/ 
g) 

Tm2 

(◦C) 
ΔHm2 (J/ 
g) 

R/O = 0.75 31 41 20 8 125 67.7 – – − 21.0 127.0 11.7 159.0 4.97 
R/O = 1 36 36 20 8 87 105 – – − 24.9 126.5 9.59 159.3 3.52 
R/O = 1.125 38 34 20 8 44 132 145 5.40 

1010 
− 34.7 126.4 9.32 159.4 3.28 

R/O = 1.25 40 32 20 8 33 125 151 2.54 
1011 

− 35.5 126.4 6.97 158.7 2.51 

R/O = 1.5 43 29 20 8 28 129 157 2.00 
1010 

− 27.2 126.8 2.05 160.3 0.75 

Tests conducted according to: (1) EN 1426 and (2) EN 1427. 

Fig. 1. Temperature dependence of binder complex modulus (G*) at 10 rad/s.  
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qualitatively considered, just for comparison purposes. 
Resultant empirical master curves of non-bituminous binders and a 

conventional 50/70 penetration neat bitumen are compared in Fig. 2A. 
Neat bitumen shows a continuous transition from the elastic (glassy) to 
the Newtonian region as frequency decreases. It is well-known bitumen 
compounds are of low molecular weight. Therefore, entanglement ef
fects among molecules, related to the viscoelastic plateau region, are not 
expected [41,42]. Conversely a high molecular weight polymers-rich 
phase seems to be the responsible for the low frequency plateau re
gion observed in non-bituminous binders, which contain recycled plastic 
and crumb rubber. 

Moreover, the observed plateau region seems to be mainly related to 
the presence of HDPE/PP, as may be deduced from the mechanical 
response of the reference plastic-free binder formulated with 20 wt% CR 
and R/O = 1.5 (Fig. 2A). This binder exhibits a continuous decay of both 
moduli with decreasing frequency, being only visible the beginning of a 
plateau in G’ at very low frequencies. A similar behaviour has been 
observed for crumb rubber modified bitumen above 20 wt% CR at high 
temperatures [43]. Under such conditions bitumen consistency is low 
enough to allow swollen rubber particles to control material 
viscoelasticity. 

Inset of Fig. 2A shows temperature dependence of shift factors, aT, 
used to obtain the master curves, which has been fitted to an Arrhenius- 
like equation, as follows: 

aT = exp
[

Ea

R

(
1
T
−

1
To

)]

(1)  

where To is the selected reference temperature, 30 ◦C (303.15 K), R the 
universal gas constant and Ea the viscoelastic activation energy. Table 1 
shows that calculated activation energy values for non-bituminous 
binders were lower than that obtained for the reference bitumen (Ea 
= 212 kJ/mol), pointing out a lower thermal susceptibility for them [41, 
44,45]. However, the increase in R/O ratio seems to slightly increase Ea 
values. 

A generalized Maxwell model may describe the observed dynamic 
linear viscoelastic behaviour of these systems: 

G′ =Ge +
∑N

i=1
Gi

(ωλi)
2

1 + (ωλi)
2 (2)  

G″=
∑N

i=1
Gi

ωλi

1 + (ωλi)
2 (3)  

where Ge is the elastic modulus, λi the relaxation time, Gi relaxation 
strength and N the number of relaxation times. As a result, a charac
teristic spectrum of relaxation times was obtained for every binder 
(Fig. 2B). Binders containing HDPE/PP show two plateaus at low and 
intermediate relaxation times, unlike neat bitumen and reference non- 
bituminous binder (formulated without recycled plastic) that display 
only a plateau at low relaxation times. Thus, the first plateau, at low 
relaxation times, would be related to the resin/oil fraction. The second 
one would derive from the presence of plastic, likely swollen by the oil 
and/or rosin fractions, as will be seen later. Finally, the minimum 
observed at high relaxation times in all non-bituminous binders, 
formulated either with or without plastic, would be mainly attributed to 
the presence of swollen crumb rubber particles. 

Furthermore, relaxation spectra were used to compare binder me
chanical behaviour as a function of material composition. To that end, a 
characteristic material parameter, the low shear-limiting viscosity (ηo), 
was calculated as follows: 

ηo =
∑N

i=1
Giλi (4)  

where N = 90 was used for all the materials studied, which was opti
mized by the fitting software (RheoCompass). The resultant values of ηo 
for non-bituminous binders are shown in Table 1. Calculated viscosity 
value for neat bitumen (4.42 105 Pa s) is in good agreement with others 
previously published [40], and several orders of magnitude lower than 
those obtained for non-bituminous binders (Table 1). Among 
non-bituminous binders, system with R/O = 1.25 showed the highest 
value for this material parameter. 

Finally, viscous behaviour of formulated binders, at temperatures 
related to their processing and laydown, is shown in Fig. 3. As may be 
seen in Fig. 3A, a non-Newtonian (shear thinning) behaviour was always 
found even at the highest tested temperature of 180 ◦C, with viscosity 
values decreasing with shear rate. All binders, no matter their formu
lations, present similar dependence (log-log slope) on shear rate, 
evidencing that the polymer-rich matrix controls binder rheology at this 
temperature. However, material viscosity (that decreases with temper
ature) increases as the rosin concentration (or R/O ratio) is higher 
(Fig. 3B). Among binders studied, systems R/O = 1.125 and R/O = 1.25 
would balance low viscosity values at 180 ◦C, required for their manu
facture, with suitable in-service mechanical properties (i.e. softening 
point, penetration and viscoelastic moduli). Additionally, their high 
viscosity at 135 ◦C would help pass dimensional stability tests at 

Fig. 2. A) Master curves, generalized Maxwell model fittings and shift factor 
dependence on temperature (inset) for bituminous and non-bituminous binders. 
B) Binder relaxation spectra calculated from Maxwell model. 
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elevated temperatures (e.g. UNE-EN 1107-1). 
Blends performance depends directly on the compatibility between 

four components and sample microstructure that may be studied by 
means of DSC (Fig. 4). Pure recycled polymer presents two endothermic 
events with characteristic temperatures at 132.1 and 162.5 ◦C (Fig. 4A), 
which respectively correspond to HDPE and PP crystalline fraction 
melting processes [46]. Similarly, waste vegetable oil shows a crystal
line fraction melting temperature of − 17.6 ◦C, and an exothermic event 
located at − 48 ◦C known as cold crystallization. Finally, rosin only 
shows a glass transition at around 73.8 ◦C, whereas crumb rubber shows 
no phenomena in the experimental temperature range (Fig. 4A). 

After blending, oil cold crystallization/melting events are not visible 
and rosin glass transition is noticeably shifted to approximately − 30 ◦C 
for all concentrations (Table 1), which has previously been related to a 
good compatibility between oil and rosin [37]. Given the high Tg =

73.8 ◦C of rosin, the glass transition of the R/O blend is expected to shift 
towards lower values as the oil concentration increases [47]. 
Conversely, thermodynamic Tg values shown in Table 1 tend to decrease 
as R/O is higher, with the lowest value (− 35.5 ◦C) measured for the R/O 
= 1.25. In order to explain this issue, interactions between polymers and 
R/O blend need also to be considered. 

On the other hand, in good agreement with results shown in Fig. 1, 
the sharp drop in G* observed at around 120 ◦C seems to be related to 
the first melting event located at c.a. 126 ◦C (Table 1), which corre
sponds to the HDPE melting (the most abundant polymer in the HDPE/ 
PP blend). Thus, polymers melting temperatures drop about 5 ◦C for 
HDPE and between 2 and 4 ◦C for PP, suggesting polymers are being 
swollen by some compounds of the recycled oil/rosin blend, as previ
ously found in polymer modified bitumens [48]. Likewise, their ab
sorption by the polymer-rich phase may also hinder the formation of 
larger crystallites [49,50], which are known by their reinforcement ef
fects on bituminous binders that enhance their rheological responses 
[51]. As shown in Table 1, a lower crystallinity is confirmed by the 
decrease of the melting enthalpies found for both polyolefins (HDPE and 
PP) present in these non-bituminous binders [37]. 

Initially, the presence of crystallites with smaller size would lead to 
lower viscoelastic moduli [37]. However, there are two opposite effects 
when R/O is raised, a hardening of rosin-oil blend leading to higher 
moduli [47], and a loss of crystallinity in the polymer-rich phase that 
reduces its contribution to the bulk viscoelastic response of the material 
at high in-service temperature. In this sense, binder formulated with 
R/O = 1.25, with the highest values of G* between 60 and 120 ◦C 
(Fig. 1), represents an optimum viscoelastic balance between both 
opposite effects. 

As a result, the binder with R/O = 0.75 would have the highest 
crystallinity degree that decreases as R/O ratio is higher. Therefore, 
polymer would be swollen by the rosin-oil fraction, acting rosin as a 
compatibilizer, as suggested by Simon-Stőger and Varga [52] for other 
CR and HDPE systems compatibilized by maleic anhydride-based addi
tives. Whereas binders with R/O ≤ 1 exhibit poor polymer compatibility 
(i.e. high crystallinity), binders with R/O ≥ 1.125 meet desired speci
fications (e.g. enhanced softening point, stiffness or flexibility at low 
temperature), and show lower thermodynamic glass transition temper
atures derived from a polymer-rich phase with low crystallinity 
(Table 1), and the presence of CR whose swelling has been, likely, 
promoted by the waste vegetable oil used [31,32]. 

3.2. Material behaviour under solar radiation 

Roofing materials under solar radiation behave according to their 
thermal properties (e.g., thermal conductivity, specific heat capacity, 
absorptivity, emissivity, etc.) and characteristics of the incoming radi
ation (e.g., wavelength, intensity, etc.) [53]. As previously stated, R/O 
ratios between 1.125 and 1.5 showed suitable thermo-mechanical 
properties to be used as roofing materials. Among them, for sake of 
comparison, system with R/O = 1.25 was selected for assessing its solar 
and thermal behaviours, and compared with a reference SBS polymer 
modified bitumen (characterized by 75 ◦C softening point and 43 dmm 
penetration). 

Fig. 5A shows thermal conductivity (k) values of materials studied as 
a function of temperature. As may be seen, thermal conductivities hardly 
change within the experimental temperature range, showing modified 
bitumen a lower average value of 0.133 ± 0.001 W/m◦C than the 
selected non-bituminous binder, k = 0.186 ± 0.002 W/m◦C. On the 
contrary, heat capacity increases with temperature for both materials 
(Fig. 5B), presenting the non-bituminous binder lower values than 
bitumen at temperatures above − 14 ◦C. Thus, compared with modified 
bitumen, it would be expected a lower heat storage capability (about 4 
% lower) in roofing materials based on these non-bituminous binders. 

Inset of Fig. 6A outlines solar irradiation setup used to apply different 
radiant flux densities, q*, on reference modified bitumen and binder R/ 
O = 1.25. Fig. 6A also displays the typical patterns of recorded tem
peratures upon irradiation. They show a rapid increase of the top surface 
temperature, followed by the other temperatures, towards equilibrium 
temperatures that decrease as the distance from the top increases 
(Fig. 6A). These steady state temperatures will be used for calculations 
later. 

Fig. 3. Effect of rosin concentration on binder viscosity: A) flow curves at 
180 ◦C; and B) apparent viscosity values at 100 s− 1. 
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Furthermore, with the aim of assessing the experimental setup and 
shedding some light on heat transmission mechanisms involved in solar 
experiments, CFD simulation were conducted on the reference modified 

Fig. 4. DSC scans for pure components (A) and binders (B).  

Fig. 5. Material thermal conductivity (A) and specific heat capacity (B) as a 
function of testing temperature. 

Fig. 6. A) Temperatures recorded at different sample positions (lines) with 
irradiation time and CFD-simulated steady state values (symbols). Inset: 
Experimental setup sketch and temperature CFD-simulated contours within the 
sample. B) Experimental and CFD-simulated temperatures along sample centre 
as a function of depth (x). 
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bitumen, as a well-known reference material (inset Fig. 6A). Selected 
conditions for CFD simulations on bitumen were an average solar irra
diation of q*av = 990 ± 40 W/m2 (with a peak value at the sample 
centre, q*r = 0mm = 1066 W/m2), a sink temperature of Ts = 37 ◦C, and 
an experimental setup exposed to room conditions (air at Tamb = 22 ◦C). 
Simulation estimates an effective solar heat flux on sample top surface of 
891 W/m2 (in agreement with the bitumen albedo, 0.1), which is 
partially conducted through the top surface of the bituminous sample 
(qcond = 342 W/m2) and lost between binder and the environment due to 
thermal radiation (qrad = 203 W/m2) and convection (determined by 
difference as qC = 346 W/m2) mechanisms. Additionally, simulations 
estimate that about 29 % of heat conducted towards the sink is lost 
through the insulator. Finally, CFD simulation predicts fairly well 
experimental steady state temperatures recorded along the sample 
centre (Fig. 6A and B), and at the specimen wall (Fig. 6A). 

Given the non-uniform temperature distribution inside the sample, 
for comparison purposes, temperatures recorded at the centre (r = 0 
mm) may be used to calculate a local heat flux transferred due to a 
conduction mechanism, q’cond(r = 0mm), by means of the Fourier’s law: 

q′
cond (r=0mm) = − k

dT
dx

(5)  

where k is the material thermal conductivity previously calculated, and 
x is related to the position of the recorded temperatures (Fig. 6). 

Equation (5) leads to linear fits when applied to experimental data 
shown in Fig. 6B. This fact is due to thermal conductivity hardly depends 
on temperature (Fig. 5A). Therefore, fitting slopes (calculated as -q’cond 

(r = 0mm)/k) may be used to obtain the local heat flux conducted through 
sample (Fig. 7), and material solar heat absorption capability, qabs, as 
follows: 

qabs(%)=
q′

cond (r=0mm)

q∗
r=0mm

x100 (6)  

where q*r = 0mm is the applied solar irradiation flux at x = 0 and r = 0 
mm. These values are also shown in Fig. 7 for comparison purposes. 

As seen in Fig. 7, heat conducted through the sample would increase 
with Sun altitude or angle along the day, corresponding the lowest in
tensity q* = 450 W/m2 to α ≈ 30◦ and the highest one q* = 1030 W/m2 

to α ≈ 80◦ [54]. However, under the selected experimental conditions 
(Ts = 37 ◦C and Tamb = 23 ◦C), heat absorbed (or conducted) by the 
non-bituminous binder (qabs) remains close to 30 %, no matter the 
irradiation applied. This value is similar to that obtained for the refer
ence modified bitumen when it is irradiated at q*r = 0mm = 1032 and 
1066 W/m2, being sink temperatures, respectively, Ts = 37 ◦C and 32 ◦C 
(Fig. 7). Interestingly, these experimental results, calculated with local 
heat fluxes (i.e. temperatures recorded at r = 0 mm), are in good 
agreement with the average values predicated by CFD, despite the above 
commented non-uniform temperature distribution within the sample 
and calculated heat losses through insulator. 

4. Conclusions 

A bio-based rosin ester (R), a waste cooking oil (O), a waste crumb 
rubber (CR) and a recycled HDPE/PP blend (P) have been used in binder 
formulations with potential application in roofing. All samples showed a 
good low-temperature performance, with complex modulus far below 
the viscoelastic glassy region that increases with rosin concentration. 
Similarly, penetration and softening point values match the Spanish 
standard UNE 104232-2 for this type of materials. 

Formulated binders have shown a plateau region at intermediate- 
high frequencies (or temperatures), which is mainly related to the 
presence of HDPE/PP. Additionally, crumb rubber controls binder 
viscoelasticity at high frequencies (or temperatures). Among non- 
bituminous binders, system with R/O = 1.25 showed enhanced visco
elastic properties in a wide range of temperatures and, therefore, 

improved in-service performance. Furthermore, this formulation has a 
low viscosity at 180 ◦C, required for its manufacture. Conversely, its 
high viscosity at 135 ◦C would help pass dimensional stability tests at 
elevated temperatures (e.g. UNE-EN 1107-1). Selected system showed 
about 4 % lower heat storage capacity and higher thermal conductivity 
than the reference bituminous binder. However, under solar radiation 
conditions, which mimic those typical of warm climates, the non- 
bituminous binder is expected to exhibit similar heat absorption ca
pacity, around 30 %, to that of the reference polymer modified bitumen. 
Finally, it is worth noting that the practical use of these materials will 
depend on their response against long-term aging, processability, etc. 
Additionally, the final reduction in carbon emissions resulting from the 
production and use of these materials should be determined a compre
hensive life cycle assessment. 
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