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Abstract

:

In order to reduce production and compaction temperatures, as well as to increase the resistance to permanent deformation, synthetically refined waxes are commonly used as additives in asphalt pavements. This study focuses on the capability of replacing synthetically refined wax with bio-degradable wax. Ten different bio-waxes (called Biomer) with varying melting ranges and composition, as well as three conventional waxes (Sasobit®, Licomont®, and Asphaltan) are mixed with a virgin bitumen of standard type 50/70. Different conventional and rheological properties are determined for these viscosity-modified binders to evaluate the effect of the waxes. Two promising Biomer waxes (BIT111 and BIT140) were identified, which show almost identical results compared to Sasobit® and Licomont®, respectively. The results indicate that replacement of synthetic wax by bio-degradable wax is technically feasible. Additionally, the potential of asphalt pavements to form a source of microplastic is evaluated in this study. It is found that bitumen and wax cannot be considered as a source of microplastic.
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1. Introduction


The concept of sustainability has gained public attention in recent years. Significant sustainable measures in road pavement construction have already been, and continue to be steadily implemented, mostly based on energy-saving construction methods and an increased use of reclaimed asphalt materials. The use of temperature-reduced asphalt mixtures with viscosity-changing additives, for example, enables asphalt mixtures to be paved at lower temperatures, thereby reducing the amount of required heating fuels, and energy costs. Additionally, emissions of aerosols from the asphalt binder are significantly reduced, thus avoiding odours and protecting the health of personnel.



Organic waxes are often used as viscosity-reducing additives, which can be basically divided into three groups: Amide waxes (e.g., Licomont®), Montan waxes (e.g., Asphaltan) and Fischer-Tropsch waxes (FT waxes, e.g., Sasobit®). A large part of the raw materials for these waxes is obtained from lignite (brown coal) or mineral oil. These resources are finite and associated with environmental concerns, and therefore have triggered public debate. As an alternative to synthetically refined waxes, bio-degradable, oxidized waxes (which are called Biomer) from natural raw materials have been developed. The production of Biomer waxes is based on natural waxes, such as sugar cane or natural paraffin. Different Biomer types are available on the market, with melting ranges from 60 to 140 °C. The possibility of using (bio-degradable) waxes in combination with high amounts of reclaimed asphalt as warm mix asphalts (as, for example, mentioned in [1]), imply even more positive ecological effects. However, experience in using bio-degradable wax for asphalt pavement applications is currently rather limited.



Within the scope of this study, a comparison is carried out of the properties of wax-modified bitumen, considering commercially available waxes Sasobit®, Licomont®, and Asphaltan and Biomer as an alternative. The testing program includes conventional and rheological asphalt binder tests, including a conventional unmodified asphalt binder, and the variants of this binder modified with different waxes. The objective of this study is to compare different available Biomer waxes with synthetically refined waxes, with regards to their basic applicability for asphalt pavement application, and to identify the ideal bio-degradable replacement for typically used waxes.



In addition to waxes, polymers are often used as additives in asphalt road construction. About 25% of asphalt consumption in Europe is polymer modified bitumen (PmB) [2], and polymer modification is mostly realized through thermoplastic elastomers (e.g., styrene-butadiene-styrene). These polymers improve the performance properties of the asphalt in a way that meets all technical requirements. In the context of polymers, the formation of “microplastic”, and its potential impacts on the environment and human beings, is currently being debated in public and scientific circles. This paper discusses the terms “plastic/polymer” and “microplastic” in order to provide appropriate definitions and classifications; it assesses whether and to what extent bitumen, polymer- or wax-modified bitumen must be classified as a harmful source of microplastic; and it questions if the use of bio-waxes can potentially reduce the amount of microplastic.




2. Background


2.1. Polymer


The scientific overall term “polymer” (meaning: many-part, from the Greek: poly—much and meros—the part) mainly covers plastics (thermoplastics/plastomers and thermosets/duromers) as well as elastomers (rubber). The components that form the polymer are called monomers and can come from a variety of substance groups, which are linked by polymerization. For example, polyolefins are a group of polymers formed by monomers which are called alkenes (olefins). The two most common polyolefins are polyethylene (PE) and polypropylene (PP) [3], which consist of the alkenes ethene and propene, respectively. Another group of substances used as monomers for polymerization is aromatic hydrocarbons. Styrene is an unsaturated aromatic hydrocarbon, which is used for the production of styrene-butadiene-styrene (SBS) [4].



The European Chemicals Agency defines polymers as substances that are made from monomers, and which meet certain criteria regarding their molecular weight distribution. The weight distribution (resulting from the chain length of the polymers) can be controlled during polymerization to obtain the desired technical properties.



The durability of a product made from synthetic polymers is an essential property required for its application. At the end of the product’s lifetime, however, the durability of its components may become a problem. This is especially true if the product is not disposed of properly. Since the degradation of synthetic plastics in the environment takes decades to centuries [3], and incorrect disposal results in significant amounts of plastics entering the environment, public debate about the use of plastics has recently gained attention.



The EU has provided a political framework for a circular economy as part of the “First Circular Economic Action Plan”, launched in 2015. Part of this plan is the establishment of the “EU Plastics Strategy” by the EU Commission, in January 2018 [5]. The EU Plastics Strategy aims to protect the environment and reduce marine waste, greenhouse gas emissions, and dependence on imported fossil fuels. The EU will support more sustainable and safer consumption and production patterns of plastics. The EU Plastics Strategy also aims to transform the way plastic products are designed, manufactured, used, and recycled in the EU. Thus, the ability to recycle materials or, where this is not possible, the degradability of products in the environment, makes the properties of synthetic polymers and the fields of application in which they can be further used in the long term [5] even more relevant.




2.2. Polymers in Asphalt Pavements


For road pavement application, bitumen can be modified with polymers to change its elasto-viscous behavior, and as such is designated as polymer modified bitumen (PmB). PmBs are produced by mechanical mixing or chemical reaction of bitumen and one or more polymers, in a percentage usually ranging from 3% to 10% [6]. Due to their high stiffness and elasticity, polymers can significantly increase the plasticity range of bitumen. In addition, the added polymers potentially increase stability and resistance to deformation in a high service temperature range, and improve low-temperature performance by reducing brittleness [6].



There are a variety of polymers that are used to modify bitumen, as shown in Table 1. The properties of the resulting PmB are influenced by the properties of the polymers [7,8], but also by the polymer content and various parameters during mixing [9]. According to Table 1, the polymers are classified as elastomers, thermoplastics, and thermosets. In most European countries, styrene butadiene styrene (SBS), which can be considered as a thermoplastic elastomer, is the most commonly used polymer for road construction purposes [8,10].




2.3. Microplastic


Although microplastics in the environment were already recognized as a problem in the 1970s [3], scientific research has massively expanded over the last 10 years. In this context, formation, accumulation, and prevention of microplastics in the environment have been studied, as well as their effects on human beings and nature.



The first definition of the term “microplastic” goes back to 2008, although it was initially only based on properties such as shape and size [3]. There is not yet a comprehensive, internationally recognized, and accepted definition that includes, for example, chemical constituents and substance groups [11]. There have been several initiatives to standardize the definition of microplastics, together with related research methods to harmonize the increasing number of findings [11,12].



In general, microplastics are defined as a heterogeneous mixture of objects made of plastics that occur under normal conditions as solid particles, fragments, fibers, granules, or pellets. The definition of a maximum particle size of 5 mm is widely accepted, as particles smaller than 5 mm can be easily ingested by organisms [11]. According to Table 2, plastics with particle sizes larger than 5 mm can be considered as “macroplastics” or “plastic litter” [3], while particles smaller than 5 mm can be categorized in “mesoplastic”, “microplastic” and “nanoplastic”, based on their particle size. To date, it is difficult to set thresholds for minimum sizes because most commonly used measuring devices cannot detect microplastics [5]; for the detection of such small particles, measuring technology and methods are currently still being developed.



General agreement can be found in the definition of primary and secondary microplastics. Primary microplastics are produced in the appropriate size (e.g., friction bodies in cosmetics or plastic pellets), while secondary microplastics are produced by weathering and fragmentation of larger objects, such as plastic waste [3,13].



Considering composition, microplastic is an overall term for a large group of substances (polymers), which have different chemical and physical properties and enter the environment from different sources in different forms, causing various impacts. Based on the study of Wagner and Lambert [11], five criteria can be gathered that are commonly applied to define microplastics. Microplastics are:




	1.

	
Made of synthetic materials with a high polymer content,




	2.

	
Solid particles,




	3.

	
With a size of <5 mm,




	4.

	
Insoluble in water,




	5.

	
Non-degradable.









However, with respect to the first criterion, synthetic materials with a high polymer content would include all polymers, thus also including elastomers (rubber).



With regards to the pavement sector, scientific debate continues over whether tire abrasion should be included in microplastics [11]. The guidance document for Monitoring Litter in European Seas does not count tire abrasion as microplastics [11]; however, there are many studies that look at rubber, especially from tire abrasion, as a source of microplastics (e.g., [3,14]).




2.4. Waxes in Asphalt Pavements


Waxes are typically used as viscosity-changing additives in highly stressed road sections (highways) to increase resistance to permanent deformation [15,16,17]. Typically used wax types include Amide waxes, Montane waxes, and FT-waxes [16].



FT-wax (also called FT-paraffin) is synthesized during the conversion of natural gas or syngas over metal catalysts, to a mixture of hydrocarbons [18]. Due to the starting materials and manufacturing process, Fischer-Tropsch-synthesis cannot be assigned to classical polymerization. Additionally, polymers and paraffins can clearly be distinguished since paraffins have relatively small chain lengths, in the order of 101 to 103 hydrocarbon atoms [19], while the chain length of polymers is in the order of 105 hydrocarbon atoms [4]. Accordingly, paraffins are not considered as plastics or polymers [20,21].



Amide and Montane waxes consist of alkanoic acids, which are reacted with a different molecule (an amine or an alcohol) to form the wax. They are very similar to paraffins, but contain an additional carbon chain. The functional groups of alkanoic acid amines and alcohols influence chemical composition and properties in such a way that the waxes cannot be considered as polymers [21,22].





3. Materials and Methods


The practical part of this study compares the properties of modified binders using bio-degradable waxes (Biomere) and conventional waxes (Sasobit®, Licomont®, and Asphaltan).



Conventional tests and rheological tests are performed to compare the effects of different waxes on bitumen properties. From a selection of different Biomer waxes, suitable products for use as viscosity modifying additives, and to replace conventional refined wax in asphalt road construction, are identified. The technical equivalence between selected Biomer products and conventional waxes is demonstrated, and the classification of viscosity modified binders, according to the German standards [23], is verified.



3.1. Materials


The bitumen used in the tests is a standard penetration graded bitumen 50/70, with a Softening Point Ring and Ball value of 51.3 °C, and a needle-penetration value of 64 1/10 mm. For modification, the conventional waxes Asphaltan A (from the Romonta company), Licomont® (from the Clariant company), and Sasobit® (from the Sasol company) are used. In addition, different Biomer waxes are used, which are produced and provided by Deurex® AG (Elsteraue, Germany). The Biomer waxes consist of different proportions of natural paraffins, sugarcane waxes, and their fatty acids. For example, wax BIT140 consists only of paraffin, while wax BIT111 is a mixture of paraffin and sugarcane wax. Through oxidative treatment, the carbon chain is changed and, depending on the chain length and different acid value, the biodegradability can be adjusted. The name of the Biomer waxes is derived from the melting range, prefixed with the acronym “BIT”. In Table 3, all waxes are listed with the associated characteristic values, according to the manufacturer’s specifications and delivery form.



For sample preparation, an amount of approximately 200 g of bitumen is heated to 160 °C, which is above the melting temperature of the waxes considered. While keeping the temperature constant, the respective wax is added to the heated bitumen and stirred at 200 rpm for three to five minutes, using a laboratory mixer with propeller blades. After the wax and bitumen have been mixed and homogenized properly, appropriate specimens for the conventional and rheological tests are prepared.




3.2. Testing Program


The testing program consists of six different test methods, as shown in Table 4.



Needle-penetration and Softening Point Ring and Ball are determined for all 14 material variants, according to European standards [24,25]. The penetration value is used to evaluate the effect of the wax on the hardness of the modified binder in the average temperature range, while the temperature of the softening point is a measure of the plasticity range.




3.3. Rheological Tests


Rheological tests are performed using a Dynamic Shear Rheometer (DSR). DSR test methods include the Binder-Fast-Characterization-Test, the determination of the phase transition temperature, temperature-frequency-sweeptests, and relaxation tests. The Binder-Fast-Characterization-Test (BTSV—in German “Bitumen-Typisierungs-Schnell-Verfahren) is performed according to European Standard prEN 14,763 [26]. As a result of the test, the temperature is determined at which the complex shear modulus G* equals 15 kPa, designated as T(BTSV), together with the respective phase angle δ(BTSV), at a frequency of 1.59 Hz. The temperature T(BTSV) is a measure for the binder hardness, while the phase angle δ(BTSV) provides information about the viscoelastic behavior of the material. Two replicates are performed for each material and the mean values are reported.



The phase transition temperature (TPT) is the temperature where a viscosity modified binder shows a discernible increase in stiffness during cooling of the material, which can be attributed to the crystallization of the inherent organic wax. The phase transition temperature is determined by using a standardized procedure from Germany [27], using DSR in rotational mode. A parallel-plate geometry, with a diameter of 25 mm and a gap of 1 mm, is used with a constant shear rate of 2 s−1. During the test, the test temperature is continuously decreased from 150 to 70 °C with a temperature rate of −0.02 K/s, and the shear stress is recorded at a measurement rate of 1 s−1. The point at which the shear stress on a double-logarithmic scale, plotted against the temperature, disproportionately increases can be determined graphically, or by calculation as the phase transition temperature [27]. The phase transition temperature allows us to compare the temperature at which the wax in the modified binder begins to solidify. The arithmetic mean of two replicates is given as the phase transition temperature TPT.



Temperature-frequency-sweep tests (T-f-Sweeps) are performed according to EN 14770 [28] to analyze the temperature-dependent viscoelastic behavior of viscosity modified binders, using the oscillation mode in DSR. The analyzed temperature ranges from −30 to +90 °C, and the frequency ranges from 0.1 Hz to 10 Hz. In the temperature range from +30 to +90 °C, a test geometry with a diameter of 25 mm and a gap of 1 mm is used. Parallel plates with diameters of 8 mm and 4 mm, with a gap of 2 mm, are used to test the temperature ranges from −10 to 40 °C and from −30 to 0 °C, respectively. Strain controlled mode is used for 25 and 8 mm geometries, and stress controlled mode is used for 4 mm geometry with strain and stress values within the LVE-range (linear viscoelastic range) of the material. Values of the complex shear modulus G* and the phase angle δ are reported as mean values from two replicates for the interpretation of stiffness and viscoelastic behavior over the entire temperature range. In this study, only the test frequency 1.59 Hz is considered.



Relaxation tests are performed in the DSR to evaluate the low temperature performance of the modified binders. The test is currently being prepared to be included in German technical regulations for bitumen and mastic testing [29,30,31,32,33,34]. The relaxation test is performed with the 4 mm parallel-plate geometry with a gap of 2 mm in a quasi-static mode. A constant shear strain of 0.1 % is applied to the specimen for a duration of 60 min, while the temperature is held constant (−15 and/or −20 °C). During the test, the shear stress resulting from the shear strain slowly decreases due to stress relaxation. From the results, the percentual decrease of the resulting shear stress after 60 min can be derived as a characteristic value for the relaxation capacity of the material. High values of percentual stress relaxation indicate favorable material behavior, which is attributed to an increased resistance to low temperature cracking [30].





4. Results


4.1. Conventional Tests


The results from Penetration and Softening Point Ring and Ball tests are presented in Figure 1. The red box indicates allowed specification values of binder 50/70, according to EN 12591 [35]. The tested bitumen 50/70 is exactly within the specified range.



In all cases, the addition of wax leads to lower penetration values and increased softening point temperatures, demonstrating the stiffening effect at intermediate and high temperatures. However, the stiffening effect varies significantly in terms of the wax used. Biomer BIT 111 leads to the highest decrease in penetration, while Biomer BIT140 and Licomont® show the highest increase in softening point temperatures.




4.2. BTSV


BTSV results are illustrated in Figure 2, presenting the values for T(BTSV) on the x-axis and δ(BTSV) on the y-axis. In addition to the test data, boxes with black lines indicate typical ranges of BTSV-values for virgin asphalt binder grades [36,37]. The equi-shear modulus temperature T(BTSV) for all wax-modified binders is above the temperature of the unmodified bitumen, indicating the stiffening effect of the waxes. The largest increase in temperature T(BTSV) is observed for Biomer BIT111, which is very similar to the effect of Sasobit®. The phase angles δ(BTSV) of the modified binders are lower than those of the unmodified bitumen, as the binders become slightly more elastic due to the addition of wax. The variants modified with BIT140 and Licomont® show very similar BTSV-values.




4.3. Phase Transition Temperature


The results of the phase transition temperature (TPT) tests from four different materials are shown in Figure 3. For the unmodified bitumen 50/70, a quasi-stationary increase of the shear stress can be observed with decreasing test temperature, while the shear stress is an indicator of the current material viscosity. For BIT140 and Licomont®, the shear stresses are below the one from plain bitumen above TPT, demonstrating the viscosity reducing effect of the wax. At temperatures of 117 and 117.5 °C, a sudden and disproportionate increase in shear stress can be observed, which is designated as TPT for these materials. Additionally, below around 105 °C for both materials, the stiffening effect of the added waxes is observed with a viscosity above that of the unmodified binder. While the curves of Biomer BIT140 and Licomont® are almost similar, Biomer BITBB shows a TPT around 100 °C.



For many of the Biomer waxes included in this study (BIT60, BIT70, BIT80, BIT90, BIT100, BIT110, and BIT120) no TPT can be determined within the viscosity range of the modified binder, since no disproportionate increase in shear stress is observed. For the variant 50/70 + 3% Asphaltan, it is possible to determine a TPT of 84.5 °C, but no other variant of the tested Biomer waxes shows a similar behavior. When increasing the addition rate of Biomer to 6% a phase transition becomes visible for some binders, however, such addition rate is unrealistic for field application due to economic and technical reasons.



Figure 4 presents the shear stress curves of the variants with BIT111 and Sasobit®. These variants show similar behavior and the determined TPT are in a similar temperature range, as TPT = 85 °C for the binder with Sasobit® and TPT = 87 °C for the binder with BIT111. The viscosity reducing effect of the waxes can be seen in the temperature range T > TPT due to shear stress, which is smaller than for the unmodified bitumen. After the increase of the phase temperature, the shear stress curve moves upwards, which demonstrates the stiffening effect of the waxes.




4.4. T-f-Sweep Tests


The following Figures present the complex shear modulus (G*) and the corresponding phase angle (δ) at a frequency of 1.59 Hz for a temperature range of −30 to 90 °C, which are composed of the individual test results of different test geometries.



Figure 5 presents the curves of G* and δ of unmodified bitumen 50/70 and of the one modified with 3% Biomer BIT70. With regards to the shear modulus evolution, an effect of the wax is observed at temperatures above 0 °C. From 0 to 60 °C, G* is higher compared to the unmodified bitumen, while from 60 °C onwards the curve of the wax-modified binder is below the curve of the unmodified bitumen. Initially, the wax has a stiffening effect, but as the temperature increases, the melting point of the wax (around 70 °C) is approached and the viscosity-reduction can be recognized by a reduced stiffness. As concerns the curve of δ, the effect of the wax is seen in a temperature range from −10 to 60 °C. In this range, δ is smaller compared to the unmodified bitumen, indicating an increased elastic behavior due to the wax.



Figure 6 shows the test results of T-f-Sweep tests for the variants with BIT90 and BIT110 waxes, in comparison with the unmodified bitumen 50/70. Generally, G* and δ curves of these two wax variants are very similar. Above a temperature of 10 °C, an increase in G* is noticeable for both modified binders, which approaches G* of the unmodified bitumen in the range of high temperatures 80 °C and 90 °C. The viscosity-reduction of both waxes is not really visible since the test temperatures are below the expected melting points of the waxes. The δ of the variants shows the effect of the wax from a temperature of 0 °C onwards. As δ is reduced due to the addition of wax, the material behaves more elastic. In the high temperature range, however, the curves of δ of modified and unmodified bitumen converge.



The results of the T-f-Sweep tests of the modified binders with BIT111 and Sasobit® are illustrated in Figure 7. Both waxes show very similar effects on the rheological parameters. From a temperature of 0 °C onwards, the stiffening effect of the waxes is observed by higher shear modulus values, compared to the unmodified bitumen. The modification with waxes BIT111 and Sasobit® shows the greatest influence on δ of all waxes. The effective range of the wax begins at −10 °C, while the difference between the phase angles of the wax-modified binders and the unmodified bitumen becomes more and more distinct. The difference to the unmodified bitumen of approximately 20° is most distinct in the high temperature range. The material behavior becomes more and more elastic compared to the unmodified bitumen.




4.5. Relaxation Tests


In T-f-Sweep tests, very similar rheological behaviors in terms of shear modulus G* and phase angle values δ are observed for wax-modified and unmodified bitumen in the low-temperature range from −30 to −10 °C. These values, however, do not ensure good low-temperature performance in terms of resistance to low-temperature cracking; therefore, relaxation tests are carried out for selected material variants. The stress relaxation observed after 60 min is shown in Figure 8, as observed for the investigated variants and the unmodified bitumen, including the mean value and the absolute deviation of the maximum and minimum values as error bars. It can be observed that all wax-modified binders show a lower stress relaxation than the unmodified bitumen, which indicates a disadvantageous influence on the low-temperature behavior. This influence varies depending on the variant. The variant with the wax BIT70 has a stress relaxation after 60 min of approximately 93%, and with a difference of 2% it shows the smallest deviation from the unmodified bitumen (stress relaxation 60 min = 95%). Inferior low-temperature behavior is observed for the variant with Biomer BIT90, where a stress relaxation of 91% is found. The scatter of the individual results is <1%, so that a clear differentiation of the different materials is possible.



The variants BIT140, BIT111, Licomont®, and Sasobit® all show very similar low-temperature behaviors, with a stress relaxation after 60 min of approximately 89%. The inferior relaxation capability can be explained by the higher crystallinity of the variants.





5. Discussion


All Biomer waxes clearly affect the binder properties, considering an addition rate of 3 wt.% to bitumen 50/70. Below the melting temperature, the Biomer usually increases the stiffness and elasticity, while above the melting temperature the Biomer decreases the stiffness (viscosity-reducing effect) and increases the viscous behavior. However, the modifying effect significantly differs throughout the different products, mainly because of the corresponding melting range of the wax, but also due to its molecular composition and origin. Based on the results presented, the Biomer BIT111 and Biomer BIT140 seem suitable for replacing conventionally refined waxes. The product BIT140 shows almost identical results to conventional wax Licomont®. With regard to DSR test results, the product BIT111 shows almost identical properties to the conventional wax Sasobit®.



In Germany, viscosity-modified binders can be classified according to the “recommendations for classification of viscosity-modified binders” [23], which is based on the same conventional and rheological binder properties as used in this study. Since the base bitumen considered in this study is of the type 50/70, the resulting modified bitumen can be classified either as 35/50 VL or 35/50 VH, where VL and VH stand for viscosity modified bitumen with low phase transition temperature and high phase transition temperature, respectively. The differentiation between VL and VH is based on the phase transition temperature obtained via DSR, considering a phase transition temperature of 100 °C as a distinguishing value. Based on the recommendations for classification in Germany [23], the Biomer BIT111 achieves all specification requirements for a binder 35/50 VL when added with 3 wt.% to 50/70. Likewise, the Biomer BIT140 achieves all specification requirements for a binder 35/50 VH, with the exception of the penetration value, which was 1 dmm above the specification limit.



Resistance to low-temperature cracking is an important property for the service life of asphalt pavements, and can be addressed by a binder relaxation test. Based on the results from relaxation tests in this study, it can be stated that wax modified binders show a generally unfortunate influence on low-temperature performance, compared to unmodified bitumen [16]. This is explained by crystallinity of the variants. The value represents the proportion of molecules in the wax that have arranged themselves in a crystalline structure, which can be determined by differential scanning calorimetry (DSC). The higher the degree of crystallinity, the stiffer and more brittle is the variant [38]. This behavior is clearly seen in relaxation test results. The variants with a lower degree of crystallinity show higher, and the ones with higher degrees of crystallinity show lower stress relaxation after 60 min (see Table 3 and Figure 8). However, the bio-degradable waxes show no adverse effects compared to conventionally refined waxes.



In Figure 9, the crystallinities of the waxes are compared to the characteristic rheological values T(BTSV) of the modified binders, which reliably represents binder stiffness/hardness. The results indicate a linear correlation between the crystallinity of the wax and the equi-shear modulus temperature T(BTSV) of the corresponding modified binder. Consequently, the crystalline molecule structure of the wax governs the modified binder stiffness; the correlation can be used to determine the optimum amount of a specific wax to achieve the desired binder properties.



Microplastic in Asphalt Pavements


Asphalt mixture is the most frequently used material for road pavements, and is composed of petroleum-based materials (asphalt binder composed of bitumen and bitumen modifiers, where appropriate) and natural materials (aggregate). While it is well known that tire abrasion provokes significant emission of microplastic during pavement service-life (see Section 2.3), it is unclear if, and to what extent, the asphalt binder components contribute.



Bitumen consists of a vast variety of hydrocarbons that form large complex molecule structures. In general, bitumen is not assigned to polymers, as their molecules have not been polymerized from monomers, and have no defined weight distribution (see Section 2.1). Thus, bitumen cannot generate microplastic.



Waxes used for bitumen modification are also not polymers (see Section 2.4), and hence, they do not contribute to microplastic formation.



Polymers, conventionally used as bitumen modifiers (see Section 2.2), must be considered as a potential source for microplastic formation. However, the most frequently used polymer is styrene-butadiene-styrene (SBS), which is a (thermoplastic) elastomer and formally does not belong to the substance group of plastics (see Section 2.1). Obviously, depending on the formal definition of substance groups, polymer modifiers can be considered as a source of microplastic, or not.



To evaluate the microplastic hazards of road asphalt materials, share and particle size distribution of the substance used for asphalt mixtures need to be considered. Conventional waxes and polymers (thermoplastics and elastomers) typically melt within the hot bitumen during production, and are eventually well dispersed in the homogeneous composite. Ideally, the additive is completely dissolved, and is no longer visible in the binder composite by microscope. As particles within the binder composite cannot be identified, classification of microplastics in terms of share and particle size distribution is impossible.



Another important aspect when evaluating microplastic hazards, is bio-degradability of material components in function of time under specific environmental conditions. Bitumen itself is long-term bio-degradable [39], and is classified as not hazardous to water. It is unlikely that parts of bitumen are washed out from the asphalt mixture and penetrate the subbase layers with time. Similarly, polymer modifiers are not classified as hazardous substances by EU regulations [40]. Petroleum-based polymers are not bio-degradable [41].



By definition, microplastic is non-bio-degradable (see Section 2.3). Due to high stability and durability, polymeric materials accumulate rather than degrade in the environment [42]. While the bio-degradability of long-chain n-alkanes and iso-alkanes, paraffin waxes, and polyethylene waxes, have been successfully observed under laboratory conditions, their actual behavior in the environment is almost unknown. Paraffin-rich waxes show slight degradation when exposed to marine environment for 16 months [20]. In general, Fischer-Tropsch waxes are hardly bio-degradable [43,44]. According to the producer, the Biomer waxes used in this study all reach a value of at least 66% bio-degradation after 28 days of testing using the OECD 301B testing method [45], which indicates an advantage compared to the conventional waxes.



Regarding the amount of substance emitted from road pavements, current available data are limited. It is assumed that significant asphalt binder abrasion from the pavement surface occurs immediately after releasing the virgin pavement to traffic, when the thin binder film on the aggregate is rubbed off by tires, while it is rather limited during pavement service life, especially when compared to the share of tire abrasion. In most studies, tire and brake abrasion is investigated [46], while road abrasion quantification is focused on aggregate mineral dusts [47]. However, reported emissions from asphalt binder range from 1.5 to 228 g per inhabitant and year (g/cap∙a), while tire abrasion is in the range of 1228.5 g/cap∙a [3].





6. Conclusions


In this study, 10 different bio-degradable waxes (called Biomer) were added with 3 wt.% to bitumen 50/70 and compared to conventional synthetically refined waxes with regard to key rheological properties, such as needle-penetration, Softening Point Ring and Ball, BTSV values, phase transition temperature, T-f-Sweep, and relaxation test data. The following conclusions can be derived, based on conventional and rheological tests of the viscosity modified binders:




	
The effect of Biomer waxes on bitumen properties was significantly affected by the composition and origin of the wax, and by the specific melting point of the Biomer. Below its melting point temperature, the Biomer increased stiffness and elasticity of the bitumen, while above the melting point temperature the Biomer decreased stiffness (viscosity-reducing effect) and increased viscosity. However, for many of the Biomer products considered in this study, no phase transition temperature was identified for the viscosity-modified binder, indicating that the effect of the Biomer is superimposed by the temperature dependent bitumen properties;



	
Biomer BIT111 and Biomer BIT140 were identified as promising candidates to replace synthetic waxes Sasobit® and Licomont®, respectively, since the resulting properties of the viscosity-modified binders were quite similar. Additionally, the two types of Biomer waxes could also be used to create viscosity-modified binders, according to standard specifications. Based on the binder properties investigated in this study, selected bio-degradable waxes have the potential to completely replace conventionally refined waxes with no disadvantages regarding the binder properties;



	
Replacing conventional FT waxes with Biomer waxes seems to have a negligible effect with regard to the reduction of microplastic. Instead, it is supposed to focus on the development of substitutes for polymer-modified bitumen, or on massively reducing tire abrasion. However, the application of Biomer as an alternative to FT waxes provides advantages in terms of environmental protection and resource conservation, since they are bio-degradable. Moreover, they are partly manufactured from renewable resources, as the raw material for Biomer is a waste product of sugar production. Hence, the use of Biomer supports the goal of an enhanced circular economy.








In order to ensure full suitability of Biomer waxes for practical road building applications, investigations should be extended to asphalt mastic and asphalt mixture testing by also including different base bitumen. Specifically, asphalt mixture performance should be analyzed with Biomer present, and the aging behavior should also be examined. Optimally, the wax-modified binder with Biomer should be applied in a test section, in order to be able to describe the behavior of the wax in the asphalt under in-situ conditions.







Author Contributions


Conceptualization, J.B.; data curation, T.S.; formal analysis, T.S.; funding acquisition, M.P.W.; investigation, T.S.; methodology, T.S. and J.B.; project administration, J.B.; resources, M.P.W.; supervision, J.B.; visualization, T.S.; writing—original draft, T.S. and J.B.; writing—review and editing, M.P.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All necessary data to support the findings are graphically included in the study. Additional numerical data can be requested from the corresponding author.




Acknowledgments


The authors would like to acknowledge NETZSCH-Gerätebau GmbH for providing parts of the instruments used to determine rheological material properties.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rathore, M.; Haritonovs, V.; Zaumanis, M. Performance Evaluation of Warm Asphalt Mixtures Containing Chemical Additive and Effect of Incorporating High Reclaimed Asphalt Content. Materials 2021, 14, 3793. [Google Scholar] [CrossRef] [PubMed]

	



Eurobitume. Eurobitume Statistik Bitumenverbrauch in Deutschland 2019. Available online: https://www.eurobitume.eu/de/nc/media/pressemitteilungen/?tx_pitsdownloadcenter_pitsdownloadcenter%5Bcontroller%5D=Download&tx_pitsdownloadcenter_pitsdownloadcenter%5Baction%5D=forceDownload&tx_pitsdownloadcenter_pitsdownloadcenter%5Bfileid%5D=8wphwz2dC5Ad61vS1vjUmw%3D%3D (accessed on 29 June 2022).

	



Bertling, J.; Bertling, R.; Hamann, L. Kunststoffe in der Umwelt: Mikro- und Makroplastik: Ursachen, Mengen, Umweltschicksale, Wirkungen, Lösungsansätze, Empfehlungen; Kurzfassung der Konsortialstudie; Fraunhofer-Institut für Umwelt-, Sicherheits- und Energietechnik (UMSICHT): Oberhausen, Germany, 2018. [Google Scholar]

	



Domininghaus, H.; Elsner, P.; Eyerer, P.; Hirth, T. Kunststoffe: Eigenschaften und Anwendungen; Springer: Berlin/Heidelberg, Germany, 2008; ISBN 978-3-540-72400-1. [Google Scholar]

	



European Commission. A European Strategy for Plastics in a Circular Economy: Communication from the Commission to the European Parliament, the Council, the European Economic and Social Committee and the Committee of the Regions. Available online: https://eur-lex.europa.eu/resource.html?uri=cellar:2df5d1d2-fac7-11e7-b8f5-01aa75ed71a1.0001.02/DOC_1&format=PDF (accessed on 29 June 2022).

	



Wistuba, M.P. Straßenbaustoff Asphalt; Erste Auflage; Technische Universität Braunschweig Inst. f. Straßenwesen: Braunschweig, Germany, 2019; ISBN 978-3-932164-16-3. [Google Scholar]

	



Bonemazzi, F.; Braga, V.; Corrieri, R.; Giavarini, C.; Sartori, F. Characteristics of Polymers and Polymer-Modified Binders. Transp. Res. Rec. 1996, 1535, 36–47. [Google Scholar] [CrossRef]

	



Porto, M.; Caputo, P.; Loise, V.; Eskandarsefat, S.; Teltayev, B.; Oliviero Rossi, C. Bitumen and Bitumen Modification: A Review on Latest Advances. Appl. Sci. 2019, 9, 742. [Google Scholar] [CrossRef]

	



D’Angelo, J.A.; Dongré, R.N. Practical Use of Multiple Stress Creep and Recovery Test. TRR 2009, 2126, 73–82. [Google Scholar] [CrossRef]

	



Herzog, R. Einsatz von BIOMEREN als viskositätsverändernde Zusätze im Bitumen; Masterarbeit; Technische Universität Braunschweig, Institut für Straßenwesen: Braunschweig, Germany, 2021. [Google Scholar]

	



Wagner, M.; Lambert, S. Freshwater Microplastics: Emerging Environmental Contaminants? Springer International Publishing: Berlin/Heidelberg, Germany, 2018; ISBN 978-3-319-61614-8. [Google Scholar]

	



Cowger, W.; Booth, A.M.; Hamilton, B.M.; Thaysen, C.; Primpke, S.; Munno, K.; Lusher, A.L.; Dehaut, A.; Vaz, V.P.; Liboiron, M.; et al. Reporting Guidelines to Increase the Reproducibility and Comparability of Research on Microplastics. Appl. Spectrosc. 2020, 74, 1066–1077. [Google Scholar] [CrossRef] [PubMed]

	



EFSA Panel on Contaminants in the Food Chain. Statement on the presence of microplastics and nanoplastics in food, with particular focus on seafood. EFS2 2016, 14, e04501. [Google Scholar] [CrossRef]

	



Kole, P.J.; Löhr, A.J.; van Belleghem, F.G.A.J.; Ragas, A.M.J. Wear and Tear of Tyres: A Stealthy Source of Microplastics in the Environment. Int. J. Environ. Res. Public Health 2017, 14, 1265. [Google Scholar] [CrossRef] [PubMed]

	



Soenen, H.; Tanghe, T.; Redelius, P.; de Visscher, J.; Vervacke, F.; Vanelstraete, A. A laboratory study on the use of waxes to reduce paving temperatures. In Proceedings of the 4th Eurasphalt & Eurobitume Congress, Copenhagen, Denmark, 21–23 May 2008. [Google Scholar]

	



Wagner, M.; Wistuba, M.P.; Blab, R. Low viscous asphalt mixes—A critical review of FT paraffin modified mix properties using performance-based test methods. In Proceedings of the Transport Research Arena (TRA), Ljubljana, Slovenia, 21–24 April 2008. [Google Scholar]

	



Edwards, Y.; Tasdemir, Y.; Butt Ali Azhar. Energy saving and environmental friendly wax concept for polymer modified mastic asphalt. Mat. Struct. 2010, 43, 123–131. [Google Scholar] [CrossRef]

	



Edwards, Y. Influence of Waxes on Bitumen and Asphalt Concrete Mixture Performance. Ph.D. Dissertation, Royal Institut of Technology, Stockholm, Sweden, 2005. [Google Scholar]

	



Wagner, M. Gebrauchsverhalten von mit Fischer-Tropsch Paraffinen Modifizierten, Niederviskosen Bitumen und Asphaltbetonen; Diplomarbeit; Technische Universität Wien, Institut für Straßenbau und Straßenerhaltung: Wien, Austria, 2006. [Google Scholar]

	



Suaria, G.; Aliani, S.; Merlino, S.; Abbate, M. The Occurrence of Paraffin and Other Petroleum Waxes in the Marine Environment: A Review of the Current Legislative Framework and Shipping Operational Practices. Front. Mar. Sci. 2018, 5, 94. [Google Scholar] [CrossRef]

	



European Chemicals Agency. How to Decide Whether a Substance Is a Polymer or Not and How to Proceed with the Relevant Registration; ECHA: Helsinki, Finland, 2017. [Google Scholar]

	



Wollrab, A. Organische Chemie: Eine Einführung für Lehramts- und Nebenfachstudenten; 4. Auflage; Springer Spektrum: Berlin/Heidelberg, Germany, 2014; ISBN 978-3-642-45143-0. [Google Scholar]

	



Forschungsgesellschaft für Straßen- und Verkehrswesen (FGSV). Empfehlungen zur Klassifikation von Viskositätsveränderten Bindemitteln; FGSV Verlag: Köln, Germany, 2016; (E KvB). [Google Scholar]

	



European Committee for Standardization. Bitumen and Bituminous Binders—Determination of Needle Penetration; European Committee for Standardization: Brussels, Belgium, 2015; (EN 1426). [Google Scholar]

	



European Committee for Standardization. Bitumen and Bituminous Binders—Determination of the Softening Point—Ring and Ball Method; European Committee for Standardization: Brussels, Belgium, 2015; (EN 1427). [Google Scholar]

	



European Committee for Standardization. Bitumen and Bituminous Binders—Determination of Equi-Shear Modulus Temperature Using a Dynamic Shear Rheometer (DSR)—BTSV Test; European Committee for Standardization: Brussels, Belgium, 2021; (prEN 17643). [Google Scholar]

	



German Road and Transportation Research Association. Test Description for Determining the Phase Transition Temperature of Viscosity Modified Binders Using a Dynamic Shear Rheometer (DSR)—Part 3: Testing with Constant Shear Rate; FGSV Verlag: Cologne, Germany, 2016. [Google Scholar]

	



European Committee for Standardization. Bitumen and Bituminous Binders—Determination of Complex Shear Modulus and Phase Angle Using a Dynamic Shear Rheometer (DSR); European Committee for Standardization: Brussels, Belgium, 2012; (EN 14770). [Google Scholar]

	



Wistuba, M.P.; Büchner, J. Prüfung von Rejuvenatoren mit dem Dynamischen Scherrheometer. Straße und Autobahn 2021, 72, 621–631. [Google Scholar]

	



Büchner, J. Prüfung von Asphaltmastix im Dynamischen Scherrheometer. Doctocal Dissertation, Technische Universität Braunschweig, Institut für Straßenwesen, Braunschweig, Germany, 2021. [Google Scholar]

	



Büchner, J.; Wistuba, M.P. Relating Asphalt Mixture Performance to Asphalt Mastic Rheology. In Proceedings of the 9th International Conference on Maintenance and Rehabilitation of Pavements—Mairepav9, Dübendorf, Switzerland, 1–3 July 2020; Raab, C., Ed.; Springer: Berlin/Heidelberg, Germany, 2020; pp. 639–649, ISBN 978-3-030-48678-5. [Google Scholar]

	



Radenberg, M.; Staschkiewicz, M. Development of a test method to determine the low temperature performance of Bitumen. In Proceedings of the 7th E&E Congress Proceedings, online, Spain, 16–18 June 2021; p. 159. [Google Scholar]

	



Büchner, J.; Wistuba, M.P. Entwicklung einer Methodik zur Bewertung der Bindemittel- und Mastixeigenschaften im Asphaltstraßenbau: Schlussbericht zum Forschungsprojekt Bit-Q, finanziert durch die Arbeitsgemeinschaft, "ARGE Bit-Q“ bestehend aus Eiffage Infra-Südwest, Kemna, Leonhard Weiß, Matthäi, TPA/Strabag, Winkler; Strabag: Braunschweig, Germany, 2021. [Google Scholar]

	



Büchner, J.; Wistuba, M.P. Analysis of Low Temperature Relaxation Properties of Asphalt Binder and Asphalt Mastic Using a Dynamic Shear Rheometer. In Proceedings of the Eleventh International Conference on the Bearing Capacity of Roads, Railways and Airfields, Trondheim, Norway, 28–30 June 2022; Hoff, I., Mork, H., Saba, R., Eds.; CRC Press: Boca Raton, FL, USA, 2022; pp. 508–516, ISBN 978-1-032-12049-2. [Google Scholar]

	



European Committee for Standardization. Bitumen and Bituminous Binders—Specifications for Paving Grade Bitumen; European Committee for Standardization: Brussels, Belgium, 2016; (EN 12591). [Google Scholar]

	



Alisov, A.; Riccardi, C.; Schrader, J.; Cannone Falchetto, A.; Wistuba, M.P. A Novel Method to Characterize Asphalt Binder at High Temperature. RMPD 2018, 21, 143–155. [Google Scholar] [CrossRef]

	



Schrader, J.; Wistuba, M.P.; Cannone Falchetto, A.; Riccardi, C.; Alisov, A. A new Binder-Fast-Characterization-Test using DSR and its Application for Rejuvenating Reclaimed Asphalt Binder. J. Test. Eval. 2019, 48, 52–59. [Google Scholar] [CrossRef]

	



NETZSCH Analyzing & Testing. Crystallinity/Degree of Crystallinity. Available online: https://www.netzsch-thermal-analysis.com/us/industries-branches/glossary/crystallinity-degree-of-crystallinity/ (accessed on 29 June 2022).

	



Ait-Langomazino, N.; Sellier, R.; Jouquet, G.; Trescinski, M. Microbial degradation of bitumen. Experientia 1991, 47, 533–539. [Google Scholar] [CrossRef]

	



European Chemicals Agency. Guidance for monomers and polymers: Guidance for the Implementation of REACH; Version 2.0; ECHA: Helsinki, Finland, 2012. [Google Scholar]

	



Panchal, S.S.; Vasava, D.V. Biodegradable Polymeric Materials: Synthetic Approach. ACS Omega 2020, 5, 4370–4379. [Google Scholar] [CrossRef] [PubMed]

	



Yin, G.-Z.; Yang, X.-M. Biodegradable polymers: A cure for the planet, but a long way to go. J. Polym. Res. 2020, 27, 38. [Google Scholar] [CrossRef]

	



DEUREX AG. MATERIAL SAFETY DATA SHEET DEUREX® T—Series. Available online: https://www.deurex.com/files/15C201F6512/DEUREX-T-Series_MSDS_EN.pdf (accessed on 29 June 2022).

	



Sasol. Sicherheitsdatenblatt Sasolwax 0587. Available online: https://shop.engelbrecht.de/WebRoot/SageSMB/Shops/Engelbrecht46754134/MediaGallery/Sicherheitsdatenblaetter/MSDS_SASOLWAX_0587_DE.PDF (accessed on 29 June 2022).

	



Organisation for Economic Co-Operation and Development. Test No. 301: Ready Biodegradability; OECD Publishing: Paris, France, 1992; ISBN 9789264070349. [Google Scholar]

	



Baensch-Baltruschat, B.; Kocher, B.; Stock, F.; Reifferscheid, G. Tyre and road wear particles (TRWP)—A review of generation, properties, emissions, human health risk, ecotoxicity, and fate in the environment. Sci. Total Environ. 2020, 733, 137823. [Google Scholar] [CrossRef] [PubMed]

	



Amato, F.; Pandolfi, M.; Moreno, T.; Furger, M.; Pey, J.; Alastuey, A.; Bukowiecki, N.; Prevot, A.; Baltensperger, U.; Querol, X. Sources and variability of inhalable road dust particles in three European cities. Atmos. Environ. 2011, 45, 6777–6787. [Google Scholar] [CrossRef]








[image: Sustainability 14 10219 g001 550] 





Figure 1. Softening Point Ring and Ball and Penetration values of different wax modified bitumen. 
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Figure 2. BTSV values of different wax modified bitumen. 






Figure 2. BTSV values of different wax modified bitumen.



[image: Sustainability 14 10219 g002]







[image: Sustainability 14 10219 g003 550] 





Figure 3. Test results of the determination of the phase transition temperature TPT of unmodified bitumen 50/70 and variants 50/70 + 3% BIT140, 50/70 + 3% BITBB, and 50/70 + 3% Licomont®. 
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Figure 4. Test results of the determination of the phase transition temperature TPT of unmodified bitumen 50/70 and the variants 50/70 + 3% BIT111 and 50/70 + 3% Sasobit®. 






Figure 4. Test results of the determination of the phase transition temperature TPT of unmodified bitumen 50/70 and the variants 50/70 + 3% BIT111 and 50/70 + 3% Sasobit®.



[image: Sustainability 14 10219 g004]







[image: Sustainability 14 10219 g005 550] 





Figure 5. Complex shear modulus G* and phase angle δ for a frequency 1.59 Hz of unmodified bitumen 50/70 and the variant 50/70 + 3 % BIT70, as obtained from T-f Sweep tests in the DSR. 
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Figure 6. Complex shear modulus G* and phase angle δ for a frequency 1.59 Hz of unmodified bitumen 50/70, and the variants 50/70 + 3 % BIT90 and 50/70 + 3 % BIT110, as obtained from T-f-Sweep tests in the DSR. 
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Figure 7. Complex shear modulus G* and phase angle δ for a frequency 1.59 Hz of unmodified bitumen 50/70, 50/70 + 3 % BIT111, and 50/70 + 3 % Sasobit®, as obtained from T-f-Sweep tests in the DSR. 
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Figure 8. Results of stress relaxation tests for unmodified bitumen 50/70 and the variants 50/70 + 3% BIT70, 50/70 + 3% BIT90, 50/70 + 3% BIT110, 50/70 + 3% BIT111, 50/70 + 3% BIT140, 50/70 + 3% Sasobit®, and 50/70 + 3% Licomont®. The average values and the scatter of the individual measurements are shown. 
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Figure 9. Comparison of the binders’ characteristic value T(BTSV) to crystallinity as a property of the pure wax. 
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Table 1. List of polymers used for modification of bitumen (extracted from [7,8]).
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Type of Modifier

	
Polymer

	
Abbreviation






	
elastomer

	
styrene–butadiene elastomer

	
SBE




	
styrene-butadiene-styrene (linear or radial)

	
SBS




	
styrene–isopropene-styrene

	
SIS




	
styrene–ethylene–butadiene–styrene

	
SEBS




	
polyisobutene

	
PIB




	
polybutadiene

	
PBD




	
ethylene propylene rubber

	
EPR




	
ethylene propylene diene rubber

	
EDPM




	
thermoplastic

	
ethylene vinyl acetate

	
EVA




	
ethylene methyl acrylate

	
EMA




	
atactic polypropylene

	
APP




	
polyethylene

	
PE




	
polypropylene

	
PP




	
thermoset

	
epoxy resin

	




	
polyurethane resin

	
PU
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Table 2. Categorization of plastics by size [11].
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	Designation
	Size





	Macroplastic
	>5 mm



	Mesoplastic
	≤5 mm to >1 mm



	Microplastic
	≤1 mm to 0.1 μm



	Nanoplastic
	<0.1 μm
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Table 3. Used waxes with properties according to manufacturer’s specifications.
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	Wax
	Melting Range [°C]
	Crystallinity [%]
	Color
	Delivery Form





	BIT60
	60
	44
	Brown
	Granulate



	BIT70
	70
	51
	White
	Granulate



	BIT80
	80
	52
	Brown
	Granulate



	BIT90
	90
	62
	White
	Granulate



	BIT100
	100
	67
	White
	Granulate



	BIT110
	110
	68
	White
	Granulate



	BIT111
	110
	86
	White
	Powder



	BIT120
	120
	84
	Yellow
	Granulate



	BIT140
	140
	70
	White
	Granulate



	BITBB
	60–140
	62
	Brown
	Granulate



	Asphaltan A
	125
	75
	Brown
	Granulate



	Licomont®
	140
	70
	White
	Granulate



	Sasobit®
	100
	85
	White
	Granulate







Addition rate of wax to bitumen 50/70 is 3 wt.%.
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Table 4. Testing program.
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Conventional Tests

	
Rheological Tests Using DSR




	
Material Variant

	
Needle-Penetration

	
Softening Point Ring and Ball

	
BTSV Values

	
Phase Transition Temperature TPT

	
T-f-Sweep Test

	
Relaxation Test






	
50/70

	
X

	
X

	
X

	
X

	
X

	
X




	
50/70 + 3% BIT60

	
X

	
X

	
X

	
X

	

	




	
50/70 + 3% BIT70

	
X

	
X

	
X

	
X

	
X

	
X




	
50/70 + 3% BIT80

	
X

	
X

	
X

	
X

	

	




	
50/70 + 3% BIT90

	
X

	
X

	
X

	
X

	
X

	
X




	
50/70 + 3% BIT100

	
X

	
X

	
X

	
X

	

	




	
50/70 + 3% BIT110

	
X

	
X

	
X

	
X

	
X

	
X




	
50/70 + 3% BIT111

	
X

	
X

	
X

	
X

	
X

	
X




	
50/70 + 3% BIT120

	
X

	
X

	
X

	
X

	

	




	
50/70 + 3% BIT140

	
X

	
X

	
X

	
X

	

	
X




	
50/70 + 3% BITBB

	
X

	
X

	
X

	
X

	

	




	
50/70 + 3% Asphaltan A

	
X

	
X

	
X

	
X

	

	




	
50/70 + 3% Licomont®

	
X

	
X

	
X

	
X

	

	
X




	
50/70 + 3% Sasobit®

	
X

	
X

	
X

	
X

	
X

	
X
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