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Abstract: The use of polymer-modified binders in asphalt mixtures has become more widespread due
to their reduced thermal susceptibility and improved rutting and fatigue resistance. Nevertheless,
their high cost limits their application, thus making the use of reclaimed polymers (RP) an interesting
alternative for both reducing price and extending the service life of pavements. This paper; therefore,
presents a comparative review of the recycled polymers most commonly studied as bitumen modifiers:
polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), ethyl vinyl acetate (EVA), and
ground tire rubber (GTR), in order to facilitate their selection and extend the use of the bitumen.
The differences in terms of melting point, mixing conditions, and maximum quantity of added
polymer are analyzed. Moreover, their effect on the mechanical behavior of the asphalt binders and
their stability with and without the use of additives is presented. According to the literature revision,
the performance of the new binder is more influenced by the kind of polymer that was incorporated
and the mixing conditions than by the base bitumen that was chosen, although rheological evaluation
is needed to fully understand the modification mechanisms of the modified binder. In general terms,
plastomers have a stronger effect in terms of increasing the stiffness of the bitumen in comparison
with crumb rubber (elastomers), thus providing an improved rutting resistance. The joint use of
polyethylene (plastomer) and crumb rubber (elastomer) can be an interesting option for its recycling
potential and mechanical performance, although further study is needed to achieve stable bitumen
across the entire range of temperatures; additives, such as maleic anhydride (MA), are commonly
employed to improve the stability of the binder and enhance its characteristics, but their use could
limit the economic benefits of using recycled materials.
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1. Introduction

In recent decades, the increase in traffic volume and loads, along with the extreme thermal gradient
experienced in some places, has given rise to premature pavement deterioration [1]. Bituminous
mixtures are viscoelastic materials whose mechanical properties depend, to a large extent, on the
service temperature and the type of load that is applied [2]. At high temperatures or low frequencies,
bituminous materials behave in a more viscous way (ductile behavior), being susceptible to flow and to
the appearance of plastic deformations. However, when the service temperatures are low or the loads
have high frequencies, these materials behave more elastically (brittle fracture) and; therefore, they
have a larger capacity to resist tensions without flow [3]. To reduce the impact of these external factors
on asphalt pavements, polymer modified binders (PMB) are used to enhance their durability [4].
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Polymers commonly used in binder modification can be divided into three main categories:
thermoplastic elastomers, plastomers, and reactive polymers [5]. In spite of the fact that these modifiers
can improve the thermal susceptibility of asphalt binders, each category has a specific effect on their
properties: Thermoplastic elastomers mainly enhance the elastic properties of the binder (increasing
fatigue resistance), while plastomers or reactive polymers primarily act by increasing the stiffness
and the resistance against deformation in response to loading [6]. However, despite these advantages,
the higher average market price of PMB could increases the cost of the asphalt mixtures by around
30-40% [7], and; therefore, their use is mainly limited to high volume traffic roads and surface layers.

The use of reclaimed polymers (RPs) is emerging as an interesting alternative to reduce the cost
of PMB (derived from the avoidance of using raw materials of which the cost is higher wherever the
region) and to extend the service life of asphalt pavements in all types of roads and layers. Currently
there is still a considerable amount of plastic waste that ends up in landfill without any recovery
or recycling process (approximately 7.95 million tons in 2014 [8]). In addition, the melting point of
most of these is below the temperature of manufacture of the bituminous mixtures (which usually
varies between 150 °C and 180 °C), which ensures the physical and chemical interaction with the
bitumen [9-11].

There are two main ways to incorporate reclaimed polymers (RP) into the bitumen: the wet or the
dry process. In the wet process, RP are added directly to the bitumen before mixing with aggregates
(in Figure 1, when lines “a”, “b”, and “d” are opened, keeping “c” and “e” closed). The polymers and
bitumen are mixed at high temperatures for a given time in order to promote physical and chemical
interactions. In the dry process, RP and bitumen can either be added to the aggregates at the same
time (in Figure 1 when lines “c” and “e” are the ones opened, and “a”, “b”, and “d” are closed) or the
polymers can be added to the aggregate first as if it were another aggregate [12,13].
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Figure 1. Sketch of the wet and dry process in a discontinuous asphalt plant.

The dry method is simpler and it can be applied in any asphalt plant without major
modifications. This favors the use of this modification technique, facilitating the employment of
recycled polymers [14,15]. However, the majority of the published studies have preferred the use of
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the wet process [11,16,17], as it leads to a larger degree of modification of the binder and; therefore, to
a better use of the reclaimed polymers (RP) to improve its properties. Nonetheless, if the reclaimed
polymer modified binder (RPMB) produced by the wet process is stored at high temperatures without
agitation, some phase separation could appear, resulting in heterogeneous bitumen that cannot be
used for the manufacture of bituminous mixtures [18,19]. Whilst the use of bitumen tanks equipped
with agitation systems or stabilizing agents could avoid storage problems, they increase the final
manufacturing costs of the mixture and could limit the use of the wet process [20,21]. Because of this,
it is recommended to use this material only when it is possible to avoid long periods of storage or
when using a recycled polymer that could produce RPMB that is stable during storage [22].

This paper presents a literature review of the reclaimed polymers (RP) most widely studied
for producing RPMB: polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), ethyl vinyl
acetate (EVA), and ground tire rubber (GTR). In order to perform the review, different databases
were employed (Web of Science, SCOPUS, Google Scholar, etc.), making use of the different polymer
typologies as well as the terms “bitumen”, “asphalt”, “recycled”, “reclaimed”, or “modified”, among
others as main search keywords. No distinction was made for the time in which the papers or the
scientific publication (thesis, conference papers, etc.) were published, but precautions were taken on
including the most referenced works and the newest trends in the field, so as to properly reflect the
current state of art. The paper therefore analyzes and compares the main properties of each polymer,
its melting point, incorporation process, quantity added, as well as its effect on the mechanical behavior
and stability of the asphalt binders. This allows for providing a practical view of the requirements,
limitations, and benefits of each polymer so as to facilitate their selection and application.

2. Effect of Reclaimed Polymers

2.1. Polyethylene (PE)

Polyethylene is the polymer with the greatest market production, accounting for 29.4% of the
total European polymer production. This number includes the different types of polyethylene, such as
low-density polyethylene (LDPE) and low linear density polyethylene (LLDPE), which account for
17.3% of the production, and high-density polyethylene (HDPE) accounting for 12.1%. In its various
forms, polyethylene can be found in several objects, such as reusable bags, trays and containers,
agricultural film (LDPE), food packaging film and geomembranes (LLDPE), toys, milk and shampoo
bottles, pipes, and various items of housewares (HDPE) [8].

As previously mentioned, polyethylene is a plastomer that softens to flow when subjected to
warming, and becomes solid and rigid when the temperature decreases. The melting point ranges
between 110 and 120 °C for LDPE [23-25]; around 125 °C for LLDPE [26], and between 130 and 149 °C
for HDPE [15,27,28]. Those temperatures are below the temperature range that is commonly used in
the production of hot asphalt mixtures. For this reason, these materials can readily be incorporated
into the bitumen and the lower the melting point in relation to the mixture temperature, the lower the
speed needed for mixing.

There are different ways of using waste polyethylene. For instance, it can be washed, dried, and
extruded [21,29,30], which is particularly important if it comes from consumption. If the waste is
almost clean it can also be directly trimmed or grinded [5]. The size of the particles added to the binder
can vary between 0.3 and 0.5 mm [5,11,31].

The percentage of polyethylene added to the binder can vary between 1% and 10% by weight of
binder, the most common being between 3% and 5% (Figure 2). There are also variations in the way in
which the polymer is incorporated into the bitumen. In this respect, the mixing temperature varies
between 150 and 180 °C, the digestion time between 3 min to 4 h, and the speed of the mixer employed
ranges between 120 and 7200 rpm (Figure 3). These two figures, and those that represent the changes
in penetration and softening point achieved through the addition of the different polymers (Figures 4
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and 5), were made so as to summarize the data of the several references included in each section for
the different reclaimed polymers reviewed in this paper.
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Figure 2. Percentage of different polymers by weight of bitumen.
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Figure 5. Rate of increment of softening point values with the added polymer.

In relation to the characteristics of the RPMB manufactured with polyethylene (PE), in general
terms, as the amount of PE added to the binder increases, the softening point increases whilst
penetration decreases [5,18,29]. This indicates a more rigid behavior of the mixture and, consequently,
a higher resistance to permanent deformations, particularly at high temperatures. For this reason, the
use of this polymer could help to extend the service life of pavement with high traffic loads and those
placed on hot climates.

Inspection of Figure 4 reveals a large variation in the reduction of the penetration for a given
percentage of polyethylene. Considering the most common percentages found in the literature, for 3%
a reduction of between 7% and 42% can be found, whilst for 5% of polyethylene, the variation ranges
between 22% and 63%. The lowest reductions are found for LDPE and a binder with penetration grade
of 81 dmm [23], and the largest incorporated LLDPE and LDPE in binders with a penetration grade of
50 and 67 dmm, respectively [5,11].

In relation to the softening point, increments ranging from 2% to 50% can be found for 3% of
polyethylene. The lowest increment was obtained for a base binder with a penetration grade of 61 dmm
and a softening point of 51 °C [32]. The largest was found in a binder with 81 dmm of penetration
grade and a softening point of 42 °C [27], that is, for a binder with a lower initial softening point. It is
known that the properties of bituminous binders depend on several variables, such as the type of
modifier employed (size, nature, and chemical compatibility with bitumen) or the mixing conditions
(time, temperature, and mixing equipment) [12,33,34]. This explains why such variability is found in
the characteristics of a binder manufactured with a given amount of reclaimed polyethylene.

For 5% PE, the softening point variations are higher, going from 14% to 91.5%, with both figures
found in the same study [23], in which the same base binder and mixing conditions were used but the
type of polymer was changed. The lowest increment was found when using a standard LDPE, whereas
the largest was obtained for LDPE grafted with maleic anhydride (MA). The largest increment for PE
was 105.5% for 6% of LDPE, again combined with MA [23], but it should be noted that the amount of
polymer was also higher.

Another important binder characteristic is its viscosity. The viscosities of RPMBs manufactured
with PE are higher than those found for conventional binders, and they increase as the amount of
polymer increases [22,30,31]. The increase in viscosity is also related to the higher rigidity of the binders
modified with polyethylene (PE). In this regard, the rise in fabrication and compaction temperatures is
also linked to a higher degree of stiffness, which is not always an advantage as it increases the energy
consumption [29]. The viscosity values found in the literature for 3% and 5% of PE were inferior to the
limit criterion of viscosity fixed in SHRP, 3.0 Pa s at 135 °C [28,29,34], with the exception of the study
conducted by Casey et al. [22], whose results exceeded this value.
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When polyethylene is added to the binder, a reduction in ductility can also be observed, which
means that the modified binder tends to show more brittle behavior at low temperatures [24,27,32].
To illustrate, a modified binder with 5% PE could show a reduction in ductility of around 35% at
25 °C [27,29] and by 97% at 15 °C [10].

The results also reveal that the greater the quantity of PE added, the higher the increment in
complex modulus of rigidity (G*) and the reduction in the phase angle (8) found in the rheological
characterization of the binder. This could lead to better resistance against permanent deformation
(particularly at high service temperatures) in comparison with the base binder, which reduce rutting
problems in the pavement. However, this improvement is not always as marked as that achieved by
using commercial PMBs, usually modified with styrene-butadiene-styrene (SBS) polymers [5,26,32].

With regard to the storage stability of RPMB manufactured with PE, some studies have found
instability problems [18,21,25]. However, other researchers have found that PE is stable when
adding up to 3% of LDPE or HDPE [22], or up to 5% of LLDPE [5]. The use of compatibilizer
or stabilizer agents added to the mixture or the polymer can improve the stability of the mixture.
For example, the previously mentioned grafting of maleic anhydride (MA) to the polymer can improve
its polarity [23,25,31]. The polifosforic acid (PPA), on the other hand, can enhance the rheological
properties of the binder at high temperatures [9,22,35], while organic montmorillonite favors the
interaction between polymer and bitumen [21]. Finally, electron beam irradiation is a process applied
to the PE that allows for the formation of free radicals and contributes to the creation of chemical bonds
between binder and polymer [29]. Among these alternatives, the MA presents better results because it
improves the rutting resistance and the temperature susceptibility of the mixture as the quantity added
increases [25,31]. In the study of Jun et al. [23], its addition provided storage stability to a mixture with
a LDPE content between 3% and 6%, and increased ductility between 118% and 342%.

Finally, it is worth noting that one of the most common PE wastes is made from polyethylene
terephthalate (PET), which is among the main types of plastics that can be found in municipal waste.
However, this is not suitable to produce RPMB due to its high melting point, which is around
250 °C [12,36,37]. For this reason, when the use of PET has been found in the literature it is usually
linked to the dry process [12,36,38], being employed as fiber reinforcement in mixtures rather than as a
binder modifier.

2.2. Polypropylene (PP)

Polypropylene (PP) is the second most produced polymer in Europe, accounting for 19.1% of
the global production of the European Union [8], and it is also at the global level accounting for
21% [39]. Polypropylene can be found in food packaging, microwave-proof containers, pipes, and
automotive parts [8]. PP is a plastomer that has a melting point superior to HDPE, around 145 °C and
162 °C [40-42]. It has been used as a mixture modifier through the wet process in percentages that
range between 0.5% and 11% by weight of bitumen, while the most common percentage used for the
production of RPMB ranges between 3% and 5% (Figure 2). When added to the binder, the common
mixing temperatures vary from 160 to 190 °C, with digestion times from five to 90 min and mixing
speed between 120 and 5000 rpm (Figure 3).

The penetration and softening point values show lower variations than those found for PE.
The penetration reduction fluctuates between 18% and 30% for 3% of PP, and between 38% and 50% for
5% of polypropylene (Figure 4). The increase in softening point ranges from 4% to 30% and between
11% and 43.5% for the polymer percentages of 3% and 5%, respectively (Figure 5). A lower rate of
penetration reduction was found in the study conducted by Casey et al. [22], which used a high degree
of penetration (160 dmm) bitumen. On the other hand, the greatest rate of penetration reduction
was found in a study that used 3% of PP, subjected to thermal degradation (pyrolysis), added to
base bitumen with a penetration grade of 42 mm [40]. In addition, a similar reduction was found
in the study by Ahmedzade et al. [41], where 5% of PP, subjected to a polymerization reaction with
maleic anhydride, was incorporated into a 62-dmm penetration grade bitumen. For the softening point
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temperature, the lower rate of increase was found in an investigation that used a base binder with an
initial softening point of 53 °C [43], while the largest rate of increase was found in a PP with maleic
anhydride in a base bitumen with an initial softening point of 50.5 °C [41].

In relation to viscosity, the RPMB that used isotactic PP [44,45], PP with maleic anhydride [41,44],
or chlorinated PP [45], did not exceed the viscosity criterion of 3.0 Pa.s at 135 °C [46] established by
SHRP. However, the mixtures that employed conventional PP surpassed this limit [22]. For this last
type of polypropylene, it is important to take into account that a binder with a penetration grade
bitumen of 62 dmm and initial viscosity of 0.41 Pa.s showed an increase in viscosity of 63%, while
a binder with a greater penetration grade (98 dmm) and lower initial viscosity (0, 31 Pa.s) achieved
an increase of viscosity of 410%. Consequently, for the same percentage of PP, a bitumen with lower
degree of penetration and greater viscosity at 135 °C does not always result in a RPMB with higher
viscosity. This observation indicates that there are other factors that should be considered, for example,
the chemical interaction between polymer and bitumen, the digestion time, and the size of particles.

With the addition of polypropylene (PP), the ductility of the PMB is reduced. When 5% of PP is
added to the binder, the reduction of the ductility is around 20% [47], but this reduction decreases to
around 5% when using PP subjected to polymerization reaction with maleic anhydride [41]. In addition,
in general terms, the complex modulus and phase angle properties show improvements at low
frequency (low speed) and high temperature, providing better resistance to permanent deformation
and; therefore, increasing the service life of the pavement. Another important parameter related to the
rheological characterization is the failure temperature (when G */siné is equal to 1.0 kPa). The better
values of temperature were found in the studies of Yeh et al. [44] and Nien et al. [45], for 5% of PP
chlorinated (with 26% of Cl) and 5% of isotactic PP, respectively.

In relation to the storage stability of the polymer, none of the studies reviewed here have shown
stability for this kind of polymer, and have found that its use leads to phase separation [22,44,48].
However, Giavarini et al. [48] achieved storage stability by using 3% of polyphosphoric acid in mixtures
with PP content between 2% and 7%. The most common modification processes involving PP are those
that incorporate maleic anhydride [41,44] and PP subjected to pyrolysis [40,47].

2.3. Polyvinyl Chloride (PVC)

Polyvinyl chloride (PVC) accounts for 10.1% of the European production of plastics and it is
employed in the manufacture of window frames, profiles, cable insulation, and garden hoses [8]. In the
reviewed literature, studies were found using PVC derived from pipes [49,50], window frames, or
cables [51], or simply described as waste PVC without specifying its origin [52,53]. Some authors failed
to use PVC as a polymer modifier for bitumen due to its high melting point of around 298 °C [22,42,46].
Nevertheless, some other authors use PVC in hot mixtures with bitumen as a modifier of its properties,
heating the polymer to a temperature between 160 and 190 °C [54,55]. The studies that succeeded
in incorporating PVC into the binder used PVC particles with sizes ranging from 0.075 mm to
2 cm [49-51]. This polymer is derived from PVC waste that had previously been cleaned and mashed
or crushed [49,51,52].

The quantity of PVC employed in binder modification ranges from 1% to 20%, with the most
common amount being 5% by weight of bitumen (Figure 2). In relation to the mixing conditions,
the temperature usually varies between 140 and 180 °C, the digestion time from 20 min to 3 h, and
the mixing speed between 1300 and 3750 rpm (Figure 3). In Figure 4, it can be observed that for a
percentage of 5% of PVC by weight of binder, the rate of reduction in the penetration value ranges
between 12% and 57%. Contrary to the findings reported with PE and PP, the largest reduction in
penetration was found for a modified binder whose base bitumen had a high penetration grade [51].
The rate of increment in the softening point temperature (Figure 5) for 5% of PVC varies from 6% to 26%.
The most important increment was obtained for the RPMB with a larger penetration reduction [51].

Viscosity increases with the addition of 5% of PVC, up to 300%; however, this value does not
surpass the limit of 3.0 Pa.s at 135 °C established by SHRP [50,51]. On the other hand, ductility
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decreases with the addition of PVC [52,55], and it was found that this binder could be stable as
the difference in softening point for 5% of PVC is less than 3 °C. Finally, the use of PVC in RPBM
also increases the complex modulus and reduces the phase angle values [50,51], which, as it was
observed for other types of plastomers, helps to increase the durability of the pavement due to an
increased rutting resistance at high temperatures. Among the modifier agents used to create RPMB that
incorporated PVC, Behl et al. [50] employed an additive that improved the dispersion of the polymer
in the bitumen, but they did not specify its nature, while Fang et al. [55] used organic montmorillonite
in order to improve storage stability (by adding 5% by weight of bitumen, a lower softening point
difference was obtained).

2.4. Ethyl Vinyl Acetate (EVA)

Ethyl vinyl acetate (EVA) is a thermoplastic polymer (plastomer), which resembles the elastomers
in terms of softness and flexibility [56], and which can be found in toys, home tools, and as flooring
in various sports. EVA is obtained by copolymerization of ethylene (E) and vinyl acetate (VA) [57].
The content of vinyl acetate (VA) can be controlled through the process of copolymerization [58].
The segment of ethylene is not polar but crystalline, while the vinyl-acetate segment presents polarity,
but is non-crystalline [59]. This variation in vinyl-acetate (VA) content can provide the RPMB with
interesting characteristics. Thus, a low content of VA leads to a high degree of crystallization, which
provides a more rigid RPMB with improved performance at high temperatures. On the other hand,
a high content of VA reduces the degree of crystallization and; therefore, rigidity, but instead enhances
the flexibility, elasticity, and storage stability of the RPMB [60].

The melting temperature of the EVA, shown in the literature reviewed, is between 54 and
110 °C [57,61,62]. In relation to the mixing process, there are large variations, with temperatures
ranging between 150 and 190 °C, digestion times between 20 min and 4 h for the wet process, and
mixing speeds that vary from 300 to 7200 rpm (Figure 3). The percentage of EVA added ranges from
1% to 8% by weight of binder, with the most common being 5% (Figure 2). There are also variations
in the amount of vinyl acetate (VA) included in the EVA, the most commonly used percentage being
18% [60,63,64].

As can be observed in Figure 4, for a fixed percentage of 5% of EVA, the rate of reduction of the
binder penetration ranges from 33% to 51%. The smaller reduction was found in a study that used base
bitumen with a penetration grade of 82 dmm [65], while the greatest reduction was found in a study
that used a base binder with a degree of penetration of 75 dmm [32]. Consequently, the variations in
the rate of change for these kinds of properties could not be linked to the original characteristics of
the neat bitumen. These changes could instead be related to some other variables, such as the mixing
process or the characteristics of the reclaimed polymer. The rate of increase in the softening point
temperature for 5% of EVA (Figure 5) ranged from 21.6% to 53%. The greatest increase was obtained
by using EVA grafted with maleic anhydride (MA) [62]. In the same investigation, when the EVA
was incorporated without MA, the softening point increase was much lower (around 36%), and so
the addition of MA was responsible for this increased softening point. This same effect was observed
for other plastomers, such as PE and PVC, for which the use of maleic anhydride increases the rate of
penetration and softening point variation.

The addition of EVA also produces an increment in the viscosity of the RPMB [59,63,64]. However,
in contrast with what occurs with the addition of PE, PP, and PVC, the ductility also increases.
An increment in the ductility values of around 20% has been found when using 5% EVA, and an even
greater increment (140%) when the EVA was grafted with 2% of maleic anhydride [62]. The complex
modulus also experiences a rise and the phase angle decreases when compared with the base binder;
however, they do not exceed or overlay the values of a commercial PMB or those found for a bitumen
with a lower penetration grade [17,32], but still improves the rutting resistance of the pavement at
high temperatures. When the percentage of EVA remains fixed and only the amount of vinyl-acetate
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(VA) contained in the EVA is varied, the greater the percentage of VA, the lower the complex modulus.
The percentage that provided the highest complex modulus was 18% VA [60].

In relation to storage stability for 5% of EVA, the difference in softening point ranged from 0.3 to
2.2[62,65,66]. The study by Luo and Chen [62] found the lowest value when using EVA grafted with
2% MA. For a same amount of EVA—and varying only the amount of VA—it was found that storage
stability increases with the percentage of VA used [60]. The stabilizing agents incorporated into the
EVA include the previously mentioned maleic anhydride and certain nanoclays. When compared
with the PMB prepared only with EVA, the addition of MA reduces penetration, increases the point
of softening and ductility, and improves storage stability [62]. On the other hand, the addition of
nanoclays increases the softening point and allows for stable binders with 6% EVA, an amount of
polymer that was not stable without the use of this additive [56].

2.5. Ground Tire Rubber (GTR)

Approximately one billion tires worldwide (around 17 million tons) reach the end of their useful
lives each year [67]. Ground tire rubber (GTR) is part of the group of polymers known as elastomers,
meaning that they are able to deform significantly due to applied stresses, recovering their initial form
as soon as these cease. The most common applications of this residue include the manufacture of new
tires, civil engineering applications and products, agricultural uses, recreational and sports applications
and, finally, the construction of pavements with bitumen modified with reclaimed GTR [68].

For modification through the wet process, the reaction is composed of two simultaneous processes:
The partial digestion of the rubber into the bitumen, and the adsorption of the aromatic oils available in
the binder into the polymer chains causing the rubber to swell and soften [69-72]. However, increased
temperatures or mixing times may lead to excessive degradation or aggregation of crumb rubber along
with bitumen aging, which will cause a decline in the performance of the modified binder [68,70].
The added percentages of this polymer range from 1.75% to 25.0% by weight of bitumen, with the
most commonly used being 10%, (Figure 2). In relation to the rubber sizes used, these fall between
0.15 and 0.60 mm. The mixing temperatures vary between 140 and 195 °C, with a digestion time
between 20 min and 3 h and mixing speeds from 200 to 7200 rpm (Figure 3). On the other hand, for the
dry process, GTR percentages vary between 1% and 10% of the total weight of the mixture (the most
common being 1%) and the size of the particles range from 0.6 to 3.0 mm [73-75].

In terms of the performance of the binder, for a percentage of 10% of GTR the rate of reduction
of penetration varies from 12% to 37% (Figure 4). The smaller reduction was found in a study that
used a base binder with a penetration grade of 70.7 dmm [76]. To obtain a greater reduction in the
penetration value, the authors employed a base bitumen with a higher degree of penetration than the
former (83 dmm) [10]. The rate of increase in the softening point temperature ranged from 9% to 23%
for 10% GTR (Figure 4).

When 10% GTR is added to the bitumen a significant reduction (around 90%) in ductility at
15 °C can be observed [10,77], and although the viscosity increased it failed to reach the limit of 3 Pa.s
at 135 °C [78-80]. Moreover, the complex modulus was increased at the highest temperatures and
declined at the lowest temperatures, while the phase angle decreased when GTR was added [81-85].
These changes prove that elastomers still could also enhance the rutting resistance of the bituminous
mixture at high temperatures (they increase the stiffness as it occurs with the plastomers), but, in
addition, they reduce the risk of low-temperature cracking of the pavements, helping to extend their
service life. Furthermore, Navarro et al. [86] pointed out that with the increase in the percentage
of GTR added to bitumen, the glass transition temperature decreased, improving the mechanical
low-temperature properties, whereas Ge et al. [77] claim that the performance at low temperatures
remains unchanged after modification.

In relation to storage stability, although some authors stated that samples without any additives
and contents above 20% of GTR [76,85] presented a difference of softening point temperature lower
than 3 °C, in most cases, RPMBs with the lowest quantities of GTR (from 8% to 15%) presented
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phase separation [80,87]. This could be due to the high molecular weight of the GTR, and its lack of
compatibility with bitumen leads to its precipitation. In addition, the high content of modifier leads
to viscosity values that exceed the SHRP criterion [76]. Since storage stability decreases with the size
of the rubber particles, Navarro et al. [78] proposed the use of rubber particles of a size lower than
0.35 mm and high shear rates during manufacturing in order to improve stability. Sienkiewicz et al. [88]
found storage stability in binders with 5% of GTR by weight of bitumen without the addition of any
compatibilizer agent, while other authors obtained stability with 8%, 10%, and 15% of GTR by using
a compatibilizer and /or some pre-treatment of the polymer [80,87,89]. Some of the compatibilizers
found in the literature include TOR (trans-polyoctenamer) [75,83], nanosilica [87], and the rubber
devulcanization process [80].

3. Effect of Reclaimed Polymer Combinations

A number of studies have analyzed different combinations of polymer (mainly plastomers and
elastomers), in order to evaluate if the combined use of these materials leads to better performance
than the case in which either of them are added separately [10,77,90]. When a combination polymer
is used for the manufacture of modified binders (PMB), these can be previously extruded [91-93] or
simply added to the base binder in a defined proportion and then mixed [10,94]. Among the various
combinations presented in the literature, mixes of elastomer plus plastomer can be found, such as
GTR + PE [86,90], SBS + PE, GTR + EVA [95], GIR + PP [90], GTR + PET [93], or GTR + EVA + PE [92].
In addition, it is also possible to use plastomer combinations, such as EVA + PE, described in the study
of Brovelli et al. [91]. Nevertheless, the most common combination of polymers found in the literature
is the one that includes tire rubber (GTR) as elastomer and some plastomer.

The mixing conditions vary according to the types of polymers used, but, in general, the mixture
temperature varies from 120 to 190 °C, the digestion time between 30 min and 6 h, and mixing speed
from 1200 to 25,000 rpm. The highest mixing speed (25,000 rpm) was chosen in a study that included a
high percentage of PE (between 7.1% and 12%) combined with SBS [96]. Other mixtures using extruded
EVA and PE employed speeds between 1200 and 5000 rpm and a longer digestion time (6 h) [92],
whilst other combinations have used digestion times between 30 min and 3 h.

Figure 4 displays the rate of reduction in the penetration values found for different RPMB
manufactured with a combination of GTR and a plastomer (PE or PP). It is clear that, for a given
amount of polymer, the reduction in the penetration of the GTR plus plastomer is lower than the one
found for the RPMB with only plastomers, and higher than the increment obtained when only GTR is
added. The changes in the softening point temperature are more variable (Figure 5), as it is possible
to find values either lower or higher than those observed for the PMB manufactured with the same
quantity of plastomer.

In those studies that used combinations of elastomer (GTR or SBS) and polyethylene (PE) with a
total amount of polymer greater than 10% by weight of binder, all of the viscosities found exceeded
the criterion of 3.0 Pa.s at 135 °C established by SHRP [90,97]. Nevertheless, other combinations of
elastomer plus plastomer in smaller quantities, such as 1.5% SBS and 4% of polyethylene (PE) or
polypropylene (PP), or 5% EVA + LDPE as plastomer plus plastomer combination, do not exceed this
limit [42,92]. The addition of GTR + PE reduces ductility, but only when keeping fixed the amount
of polyethylene (PE), since adding more of the latter to the rubber will increase ductility [10,77,94].
In other studies, the ductility increased when using LDPE grafted with maleic anhydride in a mixture
of SBS + HDPE + LDPE [98] and when using SBS + PE with oil [97].

As the amount of polymer added increases, the complex modulus rises and the phase angle
decreases [10,97,99]. Furthermore, in mixtures that combine polyethylene (PE) with another polymer,
the G*/sind value rises as the percentage of this polymer increases [96,100], giving way to a higher
rutting resistance and increasing the service life of pavements at high temperatures. However, in
mixtures that use LDPE grafted with maleic anhydride, the G*/sind value decreases and the phase
angle (d) rises [98]. Those mixtures that used GTR showed an enhancement in their mechanical
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properties in a wider range of temperatures when adding larger quantities, improving the resistance
to deformation at high temperatures and increasing flexibility at low temperatures [86,90]. This is an
important factor for the durability of the mixtures incorporating this material, as it deals with one of
the most important concerns of the use of polymers, the excessive stiffness at low temperature that
could give way to cracking problems.

In relation to storage stability, mixtures using up to 2% SBS added to up to 6% of polyethylene
(LDPE or HDPE) and mixtures using SBS + PE + oil (up to 5%, 3.5%, and 3%, respectively) were found
to show storage stability [42,97]. The addition of LDPE grafted with MA decreases the phase separation
in mixtures with SBS + HDPE + LDPE [98]. In addition, mixtures of PP + SBS were found to be stable
for any percentage [42]. The stabilizing /compatibilizing agents that we found to be most commonly
used in polymer combinations include maleic anhydride (MA) and sulphur [100], polyphosphoric acid
(PPA) [100], reactive dioctyl phthalate (DP), and furfural extract oil (FEO) [90].

4. Discussion

Based on the results analyzed in this review of the literature, Table 1 summarizes the different
variables that influence the modification process and the performance of the resulting bitumen modified
with recycled polymers.

Table 1. Summary of mixing conditions and characteristics of the most common percentages of the
various Reclaimed Polymer Modified Bitumens.

Polyvinyl

Mixture Polypropylene . Ethyl Vinyl Ground Tire
Characteristics Polyethylene (PE) (PP) C(hPI;)IIé()iE Acetate (EVA) Rubber (GTR)
Amount of polymer
most commonly 3-5 3-5 5 5 10
used (%)
Mixture temperature
C) 163-180 160-180 165-180 170-180 180
Digestion time 60-150 60—90 20-180 40-240 90-140
(minutes)
Mixing speed (rpm) 1300-5000 120-1200 1300-2000 300-3000 800-5000
Penetration 33-59 23-82 46-57 33-51 16-30
reduction (%)
Softening point
temperature increase 11-92 3044 6-29 22-53 9-19
(%)
Use of o . o No—up to 5% GTR
compatibilizer/ No—up to 3% PE; Yes (MA 0.91% . No—up to 5% EVA "y . (TOR 3-6%
. Yes—4-5% PE, (MA . Yes (dispersant) Yes—(MA 2% by .
dispersant/ 0.87-5% by weight of PE) by weight of PP) weight EVA) by weight of
agglutinantadditives ’ o by welg & binder)
Polymer
approximate cost 378.00-1261.00 [101] 461.00-1261.00 424.00-1051.00 B 336.00—1177.00
€/ [102] [103] [104]

Firstly, it can be observed that, in general terms, the amount of recycled polymer commonly
incorporated into the neat bitumen is higher in the case of crumb rubber (elastomer) when compared
with plastomers, which are all around 5% by weight of binder. Consequently, the recycling potential
of this elastomer is greater, thus increasing the environmental and economic benefits of employing a
product that would otherwise be burned or sent to landfill.

When comparing the mixing conditions between the polymer and the bitumen, in terms of the
mixing temperature it can be observed that although the lower limit could vary, this is commonly
established at around 160 to 165 °C for plastomers. The higher temperature found in the literature
for this type of polymer is 180 °C, which is also the temperature of reference when using crumb
rubber as a modifier. Thus, we can see that although plastomers provide some range of temperature
modification—which will vary depending on the neat bitumen and the use of compatibilizer agents—in
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the case of elastomers the temperatures required for modification are often higher. On the other hand,
the mixing speed is a more wide-ranging variable as this will depend on factors such as the mixer
employed (rotating or shear mixer), the neat binder, and the amount of polymer added, and it is,
thus, more difficult to establish a correlation between typologies of polymer and speed needed for
binder modification.

Observation of the digestion time suggests that the polymers with lower variation (for the most
common percentage of modification) are polypropylene (PP) and crumb rubber. To a lesser extent,
polyethylene has a well-defined digestion time, given that this encompasses the various typologies
of PE—LLDPE, LLDPE and HDPE—which, as previously mentioned, have different melting points,
resulting in the wider range of time needed. Nevertheless, in the reviewed literature, PVC and EVA
present a wide range of required digestion periods, and it is difficult to reach a consensus regarding a
fixed value or range of time.

When considering the performance of the resulting binders, in general terms it appears that
the reduction in penetration values and the increase in the softening point temperature are more
pronounced in RPMB with plastomers than in the crumb rubber (elastomer). Polyethylene (PE),
polypropylene (PP), ethyl vinyl acetate (EVA) and polypropylene (PP), reach a higher rate of
penetration and softening point changes when the neat bitumen has a lower penetration grade,
whilst the opposite is the case for PVC. This highlights the need to not only consider the base bitumen
and its characteristics (penetration grade, asphaltenes/maltenes bond) as a reference for predicting
the changes in the binder, but also other factors such as the mixing conditions (temperature, digestion
time, etc.), the sizes of the particles, the chemical characteristics of the polymer, and the interaction
between polymer and bitumen. Nevertheless, in order to fully understand the influence of the base
bitumen, a rheological characterization of the latter is needed for comparison with the resulting
binder. This type of study allows for characterizing bitumen at a certain temperature according to
both the constitution (chemical composition) and structure (physical layout) of the molecules in the
material, as well as to evaluate the influence of the binder on the rutting and fatigue resistance of
the mixture and its elastic recovery or its cracking resistance at low temperatures, factors that will
determine the service life of the pavement. Despite its utility, not all of the studies found in the
literature included this kind of analysis, which is key to determining the role of the neat bitumen
in the performance of the RPMB and for its characterization across a wider range of temperatures.
In addition, the rheological analysis should not be limited to only the characterization of the complex
modulus (G*) and phase angle (6), but it should incorporate other parameters and analysis that are not
present in many studies and that help to understand the improvements provided by the polymers,
such as thermal susceptibility characterization, the Glove—-Rowe parameter [105], which provides
information about low temperature cracking, or the Multiple Stress Creep and Recovery (MSCR) test
[106], which was specifically developed to offer a better characterization of the resistance to permanent
deformations of modified binders by solving some of the limitations offered by the rutting parameter
(G*/sind) of the Superpave Performance Grade specification [107]. This characterization should be also
performed to the commercial modified bitumen that the recycled polymer added intends to substitute
and, if possible, it should evaluate how the short-term and long-term ageing of bitumen affects its
properties, two aspects that are not always evaluated in the reviewed literature.

In those studies that incorporate a rheological evaluation of the RPMBs it can be noted that
plastomers (regardless of their typology) increase the complex modulus value (G*) and reduce the
phase angle (6) at high temperatures, in comparison with the neat bitumen. This confirms the results
found with respect to penetration and softening point and ensures a higher resistance of these kinds of
polymer-modified binders to permanent deformations. In relation with GTR, the complex modulus
also increased at the highest temperatures but declined at the lowest temperatures, while the phase
angle decreased when GTR was added, improving the fatigue resistance of the mixture.

Due to the changes observed in plastomers, the asphalt mixtures incorporating bitumen modified
with these polymers will have higher stiffness, which would help to improve the rutting resistance
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of the pavement, particularly at higher temperatures. Nonetheless, it should also be considered that
if the stiffness of the resulting binder is too high this could lead to the excessive fragile behavior of
the mixture and; therefore, to cracking problems. In relation to this latter issue, the use of a elastomer
such as crumb rubber (GTR) could help to improve the fatigue life of the mixture. As observed in the
previous section, the combination of RPMB with plastomers and GTR (elastomer), particularly when
these are combined with maleic anhydride (MA), presents reductions of softening point temperature
and penetration that are less marked than the case in which only one type of plastomer is employed.
When a combination of elastomers and plastomers is added, the characteristics of the RPMB are
intermediate between those that would be obtained using them separately, which could help to exploit
the benefits of each type of polymer, improving rutting and fatigue resistance and limiting the side
effects (excessive stiffness).

In relation to storage stability, among the available plastomers, only polyethylene (PE) (up to 3%
LDPE or HDPE, up to 5% LLDPE) and EVA (up to 5%) have demonstrated the capacity to remain
stable without the use of any compatibilizer additive. By using these, polypropylene (PP) can be
used up to 7%, PVC up to 5%, and ground tire rubber (GTR) up to 15%. The use of additives such as
maleic anhydride (MA) not only improves the storage stability of the binder, increasing the amount
of polymer that can be incorporated (polyethylene or EVA can be increased to 6%), but could also
improve the performance of the resulting binder. In this regard the use of maleic anhydride (MA) in
plastomers tends to increase the stiffness of the material (observed through penetration and softening
point temperature), whilst also increasing ductility to improve the fatigue behavior of these RPMBs at
low temperatures. This latter observation is important since the increase of stiffness that usually occurs
with the addition of these polymers could lead to an excessively fragile behavior and cracking problems
at low temperatures if the polymer content is too high. Both these effects could be better explained
through a rheological analysis. Other common additives employed in reclaimed polymer stabilization
are polyphosphoric acid (PA) and nanoclays, such as organo-montmorillonite. Nevertheless, despite
the benefits of using these additives, it is important to note that their use would increase, to some
extent. the cost of the resulting binder: therefore. limiting the economic (but not environmental)
benefits of employing recycled materials. On the other hand, for combinations of polymer, the only
mixtures found to be stable were the use of SBS + PE (up to 2% SBS and up to 8% polyethylene) and
waste oil + SBS +PE (5% waste oil + 3.5% of SBS + 3% polyethylene). Stability, as it can be observed,
is one of the main drawbacks for the use of polymers as bitumen modifiers. For this reason, and in
order to extend the use of combinations of recycled polymers (which, due to its higher content, might
have more stability issues), new ways of modification that do not imply a cost overrun, due to the
need of additives, should be developed.

For all the reasons previously presented, recycled polyethylene (PE) is the plastomer with the
greatest potential as it is the one with the highest production levels (around 29% in Europe, considering
its different typologies) and, along with EVA, this is the only plastomer that has proved to be stable
without the use of any compatibilizer additive. The joint use of this polymer with an elastomer
(usually GTR) could result in an interesting binder that has an improved rutting resistance at high
temperatures (due to the plastomer), and an enhanced fatigue resistance due to the effect of the
elastomer. The extent of these effects will depend on the plastomer and elastomer that are selected,
the amount of each polymer that is added (as the content increase, the complex modulus will be
higher), and the base bitumen that is chosen. In addition, the higher viscosity achieved through the
combination of the polymers allows for the use of higher contents of bitumen without risk of exudation
and limited propagation of fissures. Although it is easier to achieve a stable binder by using SBS as an
elastomer, the economic and environmental potential of using GTR + PE is much greater since this
bitumen incorporates two of the main polymer residues at the global level. Nevertheless, an adequate
evaluation of their storage stability and a rheological characterization of these binders will be needed
to confirm their applicability and to fully understand their properties at different temperatures.
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Finally, it is important to highlight that, because the average price of the synthetic polymer
SBS (which is the main modifier employed for commercial PMBs) ranges between 672.00 and
2017.00 €/t [108], the use of reclaimed polymers offers an attractive economical alternative. This range
of prices, and the rest showed in Table 1, were obtained by comparing the prices offered by different
manufacturers. Along with the reduction in costs, the environmental effects of the use of these materials
should be also considered. The global consumption of plastics has significantly increased in the last
years (from 230 tons produced in 2005 to 322 tons in 2015) in global terms [8], and their disposal is a
significant environmental problem (the share of plastics in municipal solid waste, by mass, increased
from less than 1%, in 1960, to more than 10%, by 2005, in developed countries [39]). Despite the rising
recycling tendency, just a percent of the recovered polymers is effectively reused (2016 was the first
year in Europe when the percentage of reuse (31.1%) exceeded the landfill waste [8]). This is due to
the fact that many of the plastics currently collected for reuse have some impediment that makes its
reutilization technically impossible or unprofitable from the economic point of view. The possibility
of incorporating these polymers as bitumen modifiers opens a new way to extend its applicability,
preventing them from ending up in landfills. Both economic and environmental benefits—along with
the improvement in the binder properties—could contribute towards a rise in the use of recycled
polymers for binder modification, which is the reason why more life cycle assessment analysis of the
use of this material as a bitumen modifier is needed so as to fully assets its benefits.

5. Conclusions

This paper presents a review of the recycled polymers most commonly used as bitumen modifiers,
analyzing and comparing their mixing conditions and their influence on the mechanical characteristics
of the binder. These materials are widely available due to the fact that only part of the amount
produced is recycled or re-used, thus representing an attractive option from both an environmental
and economic point of view. Based on this review the following conclusions can be drawn:

e Recycled PE, PP, PVC, EVA, and GTR can be used as binder modifiers, since they have melting
points that are lower than the mixing temperature, whereas PET, despite its high availability,
is rejected on account of its high melting point.

e The mixing temperatures are often fixed around 160-165 °C for plastomers and 180 °C for the
most common percentages of crumb rubber (GTR), whilst digestion time ranges vary from one
polymer to another, with polyethylene (PE), polypropylene (PP), and ground tire rubber (GTR)
being those with narrower ranges of time.

e The mixing speeds used present a large variation and are related to other factors, such as type of
mixer, the amount of polymer added, and mixing temperature, making it difficult to establish
a correlation.

e  The characteristics of the original binders appear to influence less than the mixing conditions
or the kind and amount of polymer added. Nevertheless, a comparative rheological analysis,
including specific evaluation of the effect of the polymer added, is needed to fully understand the
influence of the neat bitumen.

e  Both plastomers and elastomers increase the softening point temperature, viscosity, and complex
modulus at high temperatures, whilst reducing penetration and phase angle values. This helps to
improve the resistance to permanent deformations, increasing the service life of the pavements.

e  Crumb rubber present lower values of complex modulus at low temperatures, reducing the risk
of cracking and improving the pavement performance and its durability. In this way, its addition
will enhance the elasticity and fatigue performance of the mixture.

e Polyethylene and EVA are the only plastomers (up to 5% of polymer by weight of binder) that
present storage stability without the use of additives. Additives such as maleic anhydride could
raise the amount of polymer added, increasing the stiffness but improving the ductility of the
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resulting binder; however, it also increases its cost, limiting the economic benefits of recycled
polymers but not the environmental ones.

e  Due to their availability and stability, polyethylene, in its different typologies, and crumb rubber
are the most promising recycled polymers for binder modification. Their joint use enhances
rutting resistance at high temperatures, due to the plastomer, and improves fatigue resistance
and low temperature cracking resistance owing to the elastomer, increasing the service life of the
mixture that incorporates them. The high viscosity of these materials could also allow for the
use of higher contents of bitumen and reduce the propagation of fissures, a common problem
in pavements.

Whilst the mixing conditions can be further optimized and the characterization of the resulting
binder (following its modification and during its service life) can still be improved, these polymers
appear to offer a competitive alternative to traditional asphalt modifiers for satisfying the current
demands of the paving industry. These binders could achieve similar effects than to those produced
commercially (higher viscosity, higher rutting resistance at high temperatures, a more elastic behavior
that increase the fatigue life, and a reduction of the cracking risk at low temperatures), whilst providing
significant economic and environmental benefits derived from the reuse of materials and the reduction
of pressure on landfill sites.

6. Future Recommendations

Based on the discussion of the reviewed literature and the conclusions derived from that, in this
section some recommendations are provided so as to highlight the uncertainties and gaps in the
current knowledge, and on how future works could help to extend the use of the reclaimed polymer
for asphalt modification.

Although as it has been presented that the joint use of polyethylene and crumb rubber is the most
promising combination, due to their effect on the bitumen, further studies are needed to establish
more homogenous mixing conditions (mixing times, temperatures, type of mixer employed) that allow
for the manufacture of bitumen with the previously mentioned properties and its implementation in
asphalt plants without the need of major modifications, limiting the possibility of excessive stiffness
and achieving stability across the entire range of service temperatures.

In order to achieve this, studies should incorporate rheological analysis of both the original and
the modified binder. The viscosity, softening point, and penetration evaluation is not enough to fully
understand the effects of the polymer in a wide range of temperatures. Even when rheological analysis
is performed, the evaluation of complex modulus (G*), phase angle (8), and the superpave parameters,
derived from these (G* x Sin §; G*/Sin §), might be not enough, and the analysis of parameters and
tests that evaluate, specifically, the polymer effects (Glove-Rowe parameter, thermal susceptibility
evaluation, MSCRT) are needed. These analyses should be also performed to the neat binder (to better
understand its influence) and to a commercial modified bitumen (to compare as to which extent the
performance achieved is equivalent), and it should be extended to the aged bitumen to understand the
effect of the polymer on the bitumen during all its service life.

On the other hand, the joint use of polymers tends to increase the total amount added, which
could compromise the storage stability of the resulting binder. Despite its benefits, as it has been
presented, the use of additives to improve the stability could limit (due to their price) the economic
benefits of using reclaimed polymers. Because of that, further study is needed on the development of
additives, which could be also recycled, that do not increase, significantly, the final cost of the bitumen.
In addition, it would be interesting to explore new ways of incorporating the recycled polymers to the
asphalt mixture without the need of long storage times and modification within the asphalt plants.

Finally, and in order to better quantify the environmental and economic benefits of using reclaimed
polymers as bitumen modifiers, there exists a lack of literature involving life cycle assessment analysis
of these materials. Analysis of this kind could help to better understand the benefits of the recycled
polymers, not only accounting for the economical savings in the manufacture process but also taking
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into account other indirect costs, such as the cost of disposal of the polymers or the comparative service
life of the asphalt mixtures manufactured with neat bitumen, a commercial modified binder, or the one
that incorporates reclaimed polymers.
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