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Abstract: The compatibility between waste plastic polymers and bitumen is the most challenging issue 
hindering the improvement of modified bitumen performance. The current practice of recycled waste 
plastics includes the use of polyvinyl chloride (PVC), polypropylene (PP), polyethylene (PE), etc. This 
study was designed to investigate the compatibility of different waste plastic polymers with bitumen 
binders by conducting molecular dynamics (MD) simulations at different temperatures. The molecular 
models of these materials were constructed in this study for the compatibility analysis, and they include 
the base bitumen, polymers (PVC, PP, and PE), polymer- bitumen blending systems. Using the output 
and related calculations of these MD models, the properties of these blending systems were measured 
at different temperatures through the calculation of the solubility parameter (δ) and interaction energies. 
The compatibility analysis is discussed in the context of these simulation results. The simulation results 
for the solubility parameters and interaction energies show consistent trends. The results showed that 
PVC and PP had better compatibility with bitumen at 433.15 K and that PE and bitumen had good 
compatibility at 393.15 K. Moreover, it can be deduced that the order of compatibility of the three 
polymers with bitumen is as follows: PVC > PE > PP. In addition, these research results can be 
referenced for the industry and research development of modified bitumen. 
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1. Introduction 

Currently, more and more material waste is being accumulated every day, while the issue of 
plastic waste is also being raised globally. According to the related report, total plastic consumption in 
Australia was 3,531,100 tons from 2016 to 2017 [1]. In recent years, more than 30 million tons of 
plastic waste materials have been found to be produced in China each year [2]. According to the data 
reported by the European Union (EU) and the USA, most of the plastic waste materials in the EU were 
processed via incineration, and only about 30% of plastic waste materials were recycled [3]. According 
to the data from the USA’s Environmental Protection Agency, only 8.4% of plastic waste materials 
were recycled and 75.8% of waste materials were discarded in a landfill [4]. The landfills cause 
pollution problems for the lands and water, and waste plastics threaten the environment and public 
health [5]. Researchers are currently exploring different methods to reuse and recycle waste plastics. 

Meanwhile, bitumen pavement is currently the main type of pavement in the world. Due to traffic 
loads, environmental factors, material aging and construction deficiencies, the early damage and 
deterioration of pavement are accelerated [6–8]. This situation has necessitated an improvement in the 
performance of the bitumen materials. Research has been conducted to find effective modifiers to 
improve pavement performance [9–12]. The addition of polymers is a typical modification process for 
bitumen materials [13]. Numerous studies have shown that polymer modifiers can improve the elasticity 
and ductility of modified bitumen effectively, as well as improve bitumen’s crack resistance [14–16]. 
Plastic waste materials have been sorted and reprocessed in steps to produce single polymer particles, 
which were introduced into the bitumen as polymer modifiers to improve performance [17–20]. For 
the purpose of introducing polymer-modified bitumen to the road industry, researchers have applied 
most of the available polymers as bitumen modifiers [21,22]. According to Wu and Montalvo [23] and 
Vargas and El Hanandeh [24], the major types of waste polymers used for bitumen modification are 
as follows: polyethylene terephthalate (PET) [7,25,26], high-density polyethylene (HDPE) [27–29], 
polyvinyl chloride (PVC) [8,30,31], low-density polyethylene (LDPE) [28,32,33], polypropylene (PP) 
[33–35] and polystyrene [36–38]. Other polymers that are attracting researchers’ attention are ethylene 
vinyl acetate [39–41] and polyurethane [6,42,43], acrylonitrile butadiene styrene [44–46]. However, the 
high market price of polymer modifiers has increased the cost of modified bitumen and pavement. The 
recycling of waste plastics effectively solves this problem. The most commonly recycled plastics are 
PVC, PP and polyethylene (PE). The research results show that PVC can increase the viscosity of the 
bitumen, as well as improve the leach resistance which minimizes permanent deformation, as well as 
crack resistance, and rutting resistance [8,47,48]. PP significantly enhanced the rutting resistance, 
fatigue resistance and crack resistance of modified bitumen [49]. PE enhanced the high-temperature 
stability of modified bitumen [50,51]. However, the properties of polymeric materials usually depend 
on their microstructure and synergistic effects, which are usually not directly accessible through 
macroscopic tests or other numerical methods. 

The molecular dynamics (MD) method is one of the most powerful tools to understand the 
behavior of fluids and materials at the atomic level. The MD method simulates the molecular motion 
of particles at the atomic scale on the basis of classical and statistical mechanics. The paths and motion 
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of atoms and molecules are determined by Newton’s laws, while the energy of molecules is determined 
by the force field. The MD method has historically played a key role in confirming the theory of fluid 
states [52]. Alder and Wainwright conducted the first MD simulation of a fluid and studied the 
macroscopic properties of substances for the first time [53]. Later, Rahman simulated the liquid water 
with the MD method [54]. In recent years, the MD simulations allowed direct evaluation of physical 
properties and were widely used in many natural science fields. The researchers found that MD has 
been applied to the field of road materials [55]. Khabaz and Khare studied the diffusion coefficient for 
bitumen as a function of temperature by conducting MD simulations [56]. 

The most important thing for an MD simulation of bitumen is to have an accurate model. 
Numerous scholars have done a lot of work on the molecular modeling of bitumen. Through the 
Strategic Highway Research Program (SHRP), Jennings proposed eight molecularly averaged 
structures of bitumen based on nuclear magnetic resonance techniques [57]. Pauli found that the 
surface energy and density of alicyclic sheet molecules with 13 rings were in the best agreement with 
the experimental results of SHRP bitumen samples obtained via the calculation of the density, 
refractive index, surface tension, etc. [58]. However, these models ignored some internal structures of 
bitumen because they did not consider interactive effects between components. Currently, the bitumen 
components are mainly divided into three-component and four-component systems. The three 
components include asphaltene, resin and oil. There are two mainstream methods for the analysis of 
the four components; one is based on the different solubilities of bitumen in different polar solvents 
and different adsorption capacities in the solid particle-packed column, and the bitumen can be divided 
into saturates, aromatics, resins and asphaltenes. The other one is the Corbett method which entailed 
using fractional distillation to divide bitumen into four components: asphaltene, polar aromatic, 
naphthene aromatic and saturate [59]. These two methods differ in the names of the components, but 
the principles are similar at the molecular level. Zhang and Greenfield divided bitumen into three 
components (resin, saturate and asphaltene) to investigate the density and isothermal compression 
properties of bitumen [60]. A simplified three-component bitumen model was proposed, where the n-
docosane ሺn െ 𝐶ଶଶ𝐻ସ଺ሻ and 1, 7-Dimethylnaphthalene were treated as saturates and aromatics and 
the asphaltene was selected as two molecules 𝐶଺ସ𝐻ହଶ𝑆ଶ  and 𝐶଻ଶ𝐻ଽ଼ S [61]. Subsequently, Li and 
Greenfield proposed a typical 12 models to represent the three-core bitumen for the SHRP binder, as 
shown in Figure 1; particularly, AAA-1, AAM-1 and AAK-1 were formed by the four components of 
the bitumen [62]. This model consists of larger molecules than the bitumen model proposed by Zhang 
and Greenfield, which improved the accuracy of the model through the corresponding density and 
thermal expansion coefficient. The four-component model proposed by Li and Greenfield is now 
widely used in bitumen molecular simulation studies. However, only the properties of AAA-1 bitumen 
represented by this model have been better validated and applied [62]. 

The compatibility is a property of the modifier particles that are uniformly distributed in the 
medium of bitumen without delamination or separation from each other [63]. There are significant 
differences between the structures and properties of bitumen and waste plastics, and the compatibility 
after blending is directly related to the structures and performance of the modified bitumen. Better 
performance can only be achieved when the bitumen and polymer are mutually compatible. There is 
growing concern about the compatibility between waste plastics and bitumen. Xin et al. reviewed and 
examined the distribution of PE in bitumen by using electron microscopy [64]. Rahman et al. studied 
the effect of PVC on bitumen and it was found that the ductility, permeability and solubility values for 
modified bitumen decreased with the increase in PVC content [65]. Tapkın proposed that PP enhanced 
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the rutting resistance, fatigue resistance and cracking resistance of modified bitumen [66]. Moreover, 
molecular simulation techniques have commonly been used to evaluate the compatibility between 
bitumen and polymers. Su et al. used MD simulations to study the compatibility between styrene-
butadiene-styrene (SBS) and bitumen; they evaluated the miscibility of the two materials from the 
perspective of the solubility parameters. The results revealed that the miscibility of SBS and bitumen 
depends on the temperature range and van der Waals interactions play a dominant role in the miscibility 
of the bitumen/SBS system [67]. The compatibility of rubber and bitumen was also studied via MD 
simulation by using the solubility parameters and binding energy as indicators. The results revealed 
that, among the three main components of rubber (NR- natural rubber, BR- butadiene rubber, SBR- 

styrene butadiene rubber), BR is the most compatible with bitumen, SBR ranked the second and NR 
is the worst one [68]. The MD simulation was used to study the compatibility of PE with bitumen 
according to different resources. The compatibility of HDPE, medium-density PE, LDPE and linear 
low-density PE with bitumen was comparatively studied. It was found that LDPE had the best 
compatibility with bitumen compared to others [69]. In summary, it is feasible to study the 
compatibility of bitumen with polymers by using MD simulation techniques. 

 

Figure 1. Representative molecules of bitumen components (the carbon atom is purple, 
the oxygen atom is red, the nitrogen atom is blue, the sulfur atom is yellow, and the 
hydrogen atom is white). 

In this study, 12 molecular models proposed by Li and Greenfield were used to model the 
dynamics of bitumen molecules [62]. The model generation of polymers (PVC, PP and PE) was based 
on their molecular structures. The cohesive energy density (CED) and interaction energy of bitumen 
blending systems with polymers (PVC, PP, and PE) were calculated by using the MD simulation 
technique. The simulation results were analyzed to study the compatibility between waste polymers 
and bitumen. Figure 2 shows the flowchart of this study. The research results can be referenced for the 
waste polymers in pavement engineering. 
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Figure 2. Flowchart of polymer and bitumen compatibility simulation. 

2. Force field 

The force field in MD simulations provides parameters for various types of atoms to calculate 
system energies in MD simulations. The basic and functional forms of energy include bonded and non-
bonded terms in MD simulations. The AMBER Cornell extension force field (ACEFF) is derived from 
the Assisted Model Building with Energy Refinement (AMBER) programs [70]. The AMBER force 
field was originally used for the simulation of biological macromolecules, but researchers later added 
new parameters to this force field and derived the AMBER Cornell force field and general AMBER 
Force field, which were successfully used in the simulation of many biological organic molecules with 
good results [71]. The results have been successfully applied for the simulation of many bioorganic 
molecules with good results. The formula for the ACEFF is shown in Eq (1). 

𝐸௧௢௧௔௟= ∑ 𝐾௥൫r െ 𝑟௘௤൯
ଶ
+ ∑ 𝐾ఏ൫θ െ 𝜃௘௤൯
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ଶௗ௜௛௘ௗ௥௔௟௦ ሾ1 ൅

cosሺ𝑛𝜑 െ 𝛾ሻሿ ൅ ∑ ൤
஺೔ೕ

ோ೔ೕ
భమ െ

஻೔ೕ

ோ೔ೕ
ల ൅

௤೔௤ೕ

∈ோ೔ೕ
൨௜ழ௝   

(1)

where 𝐸௧௢௧௔௟  means the total energy of the system, 𝐸௕௢௡ௗ௦  means the energy of bonds, 𝐸௔௡௚௟௘௦ 
means the energy of angles, 𝐸ௗ௜௛௘ௗ௥௔௟௦ means the energy of dihedrals, and 𝐸௜ழ௝ means non-bonded 
intersection energy. 𝑟௘௤ and 𝜃௘௤ are the equilibrium structural parameters; 𝐾௥ and 𝐾ఏ are the force 
constants; n and 𝛾 are the multiplicity and phase angle for the torsional angle parameters, respectively; 
A, B and q are the non-bonded potentials between all atom pairs; finally, R   is the distance 
corresponding to the calculation of non-bonded interactions; 𝜖  represents the van der Waals 
interaction corresponding to the trap depth. 
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3. Molecular models 

3.1. Bitumen molecular models 

Table 1. Molecular information of the 12-component bitumen model. 

Component Component Chemical formula Number of molecules 

 
Asphaltene 

Asphaltene-phenol 𝐶ସଶ𝐻ହସ𝑂 3 
Asphaltene-pyrrole 𝐶଺଺𝐻଼ଵ𝑁 2 
Asphaltene-thiophene 𝐶ହଵ𝐻଺ଶ𝑆 3 

Saturate Squalane Cଷ଴H଺ଶ 4 
Hopane 𝐶ଷହ𝐻଺ଶ 4 

Aromatic DOCHN 𝐶ଷ଴𝐻ସ଺ 13 
PHPN 𝐶ଷହ𝐻ସସ 11 
Quinolinohopane 𝐶ସ଴𝐻ହଽ𝑁 4 

 
Resin 

Benzobisbenzothiophene 𝐶ଵ଼𝐻ଵ଴𝑆ଶ 15 
Pyridinohopane 𝐶ଷ଺𝐻ହ଻𝑁 4 
Thioisorenieratane 𝐶ସ଴𝐻଺଴𝑆 4 
Trimethylbenzeneoxane 𝐶ଶଽ𝐻ହ଴𝑂 5 

 

Figure 3. The basic bitumen molecular structures from different views, the left image 
from the top view and the right image from the side review (the carbon atom is purple, 
the oxygen atom is red, the nitrogen atom is blue, the sulfur atom is yellow, and the 
hydrogen atom is white). 

In this study, the molecular composition in bitumen is shown in Table 1. The ACEFF [72] was used 
to model the bitumen molecules, as shown in Figure 3. Due to the high energy of the bitumen system, it 
may adversely affect the simulation calculations and it needs to be optimized to bring the bitumen to a 
stable equilibrium. The bitumen model with the ACEFF was equilibrated in three steps: 1) optimize the 
energy at the maximum 5000 iterations by using the conjugate gradient method; 2) subject it to 100 
atm and 298.15 K for 200 ps (picosecond); 3) run for 1000 ps at 1 atm and 298.15 K [46,47]. The 
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minimum timestep of the simulation process is 1 fs, and the trajectory is recorded every 100 fs. It is 
common to use the density to validate the system in MD simulations; the variation pattern of the 
density with the number of iterations is shown in Figure 4(a). At the end of the simulation, the density 
was about 0.98 g/cmଷ , which was close to the density of the real state, i.e., 0.95–1.15 g/cmଷ . 
Figure 4(b) shows the change in energy of the bitumen during geometry optimization, which changes 
from 12,725.5 kcal mol⁄  to 11,416.16 kcal mol⁄  and stabilizes. The total system was converged in a 
straight line and we may consider that the system reached the equilibrium state. 

 

Figure 4. Optimization of the bitumen model: (a) Density of the bitumen model; (b) 
Energy optimization of the bitumen model. 

3.2. Polymer molecular models 

 

Figure 5. Polymer molecular models: (a) PVC molecular model; (b) PP molecular model; 
(c) PE molecular model (the carbon atom is purple, the hydrogen atom is white and the 
chlorine atom is green). 
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The construction of the molecular polymer model was based on its chemical formula first. In this 
study, the molecular formula of PVC is ሺCHଶ െ CHClሻ௡, the molecular formula of PP is ሺ𝐶ଷ𝐻଺ሻ௡ and 
PE’s molecular formula is ሺ𝐶𝐻ଶ െ 𝐶𝐻ଶሻ௡ . These models need to be optimized because the initial 
energies of PVC, PP and PE are relatively high and the architectures are unstable. In this study, the 
repeat number of the PVC polymer was set to 35, that of the PP polymer to 40 and that of the PE 
polymer to 35 to construct the chain structure models of PVC, PP and PE, respectively. These 
molecular systems were optimized under the ACEFF, and the models are shown in Figure 5. The 
energies of models decreased, converged and stabilized with a certain number of iterations. 

3.3. PVC-bitumen, PP-bitumen, and PE-bitumen blending models 

 

Figure 6. PVC-bitumen, PP-bitumen, and PE-bitumen blending models: (a) PVC-bitumen 
blending model; (b) PP-bitumen blending model; (c) PE-bitumen blending model (the 
carbon atom is purple, the oxygen atom is red, the nitrogen atom is blue, the sulfur atom 
is yellow, the chlorine atom is green and the hydrogen atom is white). 

The blending systems (PVC-bitumen, PP-bitumen and PE-bitumen) were generated, respectively. 
The different energy optimization schemes and operations bring the blending systems to the 
equilibrium state. First, the system energy was optimized at a maximum of 5000 iterations by using 
the conjugate gradient method. Second, the system was subject to 100 atm and 298.15 K for 200 ps. 
Then, we ran the system for 1000 ps at 1 atm and 298.15 K. The blending models of PVC-bitumen, 
PP-bitumen and PE-bitumen are shown in Figure 6. These models were ready for the calculations of 
related properties.  

4. Discussion on the compatibility of waste plastics and bitumen 

The MD simulations were performed at 373.15, 393.15, 413.15, 433.1 and 453.15 K for the PVC, 
PP, PE, basic bitumen, PVC-bitumen blending system, PP- bitumen blending system and PE- bitumen 
blending system, which were constructed as described in Chapter 3. First, each system was applied 
under the NVT ensemble to be equilibrated at the target temperature, and the timestep was set at 500. 
Second, we ran 500 ps under the NVT ensemble to make the density of each system consistent with 
that of the real bitumen. Finally, the data with the most stable model density were selected for the 
parameter calculation and analysis. The calculation and analysis of solubility parameters and 
interaction energies were reliable under these simulation processes. 
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Figure7. Energy changes in different bitumen blending systems with different timesteps: 
(a) PVC-bitumen blending system; (b) PP-bitumen blending system; (c) PE-bitumen 
blending system. 

All MD bitumen systems were simulated at different temperatures and conditions. Due to the 
intermolecular interactions, the bitumen systems were greatly changed internally during the 
simulations. The energy changes of the PVC-bitumen blending system, PP-bitumen blending system 
and PE-bitumen blending system are shown in Figure 7. It can be seen that the total energy, kinetic 
energy and potential energy converged gradually with the increase in simulation timesteps, which 
indicated stabilization of the structural energy of the system. Then, the solubility parameters and 
interaction energies were calculated as follows. 

4.1. Solubility parameters 

The compatibility can be characterized by a solubility parameter ሺδሻ.  The blending effect is 
better when the parameter δ is close to each other. The solubility parameter δ can be obtained from 
the CED. The CED is defined as the cohesive energy per molecular system volume to separate all 
molecules to an infinite distance from each other, and its formula is given as Eq (2) [73]. The value of 
δ is the square root of the CED and it can be easily calculated from Eqs (3) and (4). 

𝐸௖௢௛ ൌ െ〈𝐸௜௡௧௘௥〉 ൌ 〈𝐸௜௡௧௥௔〉 ൌ െ〈𝐸௧௢௧௔௟〉 (2)

CED ൌ
𝐸௖௢௛

𝑉
 

(3)

δ ൌ √𝐶𝐸𝐷 (4)

where the symbol 〈 〉 indicates an average over a canonical ensemble, 𝐸௜௡௧௘௥ is the energy between 
all molecules ሺJ cmଷ⁄ ሻ, 𝐸௧௢௧௔௟ is the total energy of the molecular system ሺJ cmଷ⁄ ሻ,  𝐸௜௡௧௥௔ is the intra-
molecular energy ሺJ cmଷ⁄ ሻ. 
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Figure 8. Solubility parameters for polymers (PVC, PP, PE) and bitumen, along with 
different simulation temperatures: (a) 298.15 K; (b) 373.15 K; (c) 393.15 K; (d) 413.15 K; 
(e) 433.15 K; (f) 453.15 K. 

In the MD simulations, the CED is calculated to obtain the solubility parameter and thus evaluate the 
compatibility. When the difference between the solubility parameters of the two materials is in the range 
of 1.3–2.1 ሺJ cmଷ⁄ ሻ, the two materials are compatible. The smaller the difference between the solubility 
parameters, the more the two are compatible. Therefore, in this study, the solubility parameter was chosen 
as an index to evaluate the compatibility degrees of PVC, PP and PE with bitumen, respectively. 
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Figure 8 shows the solubility parameters of the bitumen molecular system and polymer systems 
(PVC, PP and PE) at different temperatures. Figure 9(a) shows the solubility parameters of the systems 
at different temperatures after averaging. Obviously, the solubility parameter of bitumen shows a 
decreasing trend with the increase in the simulation temperature. However, the solubility parameters tend 
to increase at first for PVC, PP and PE polymers, followed by a decrease with the increase in temperature. 
In Figure 9(b), the difference between the solubility of bitumen and PVC and PP at 433.15 K is relatively 
smaller than that at other simulation temperatures. The difference for the PE system was also smaller 
at 393.15 K than that at other simulation temperatures. Therefore, it can be deduced that a better 
compatibility of bitumen with PVC and PP can be predicted and demonstrated at 433.15 K, and, also, 
better compatibility of bitumen with PE can be observed at 393.15 K. In addition, Figure 9(b) reflects 
that the difference in solubility between PP and bitumen is greater than that between PE and bitumen, 
and that the difference in solubility between PE and bitumen is larger than that between PVC and 
bitumen. It indicates that the compatibility degrees of PVC, PP and PE with bitumen may be ranked 
as PVC > PE > PP. In other words, among these three, the polymer PVC is the best option for 
compatibility with bitumen based on the simulation results. This indicates that additional processing 
is needed for PE and PP waste polymers when they are applied in pavement engineering.  

 

Figure 9. Changes in the average solubility of the polymers (PVC, PP, PE) and bitumen at 
different simulation temperatures: (a) Solubility of PVC, PP, PE and bitumen; (b) 
Difference in solubility of PVC, PP, PE and bitumen. 

4.2. Interaction energy of the bitumen blending system 

The interaction energy is influenced by the internal energy distribution and force fields used in 
different molecular systems when conducting the MD simulations. The non-bonding, van der Waals, 
and electrostatic energies were simulated and calculated to investigate the interaction energies of the 
polymers, bitumen and each blending system, respectively. The formulas used to calculate the different 
energies are given as Eqs (5)–(7). 

E୧୬୲ ୅୆ሺ୬୭ିୠ୭୬ୢሻ ൌ E୅୆ሺ୬୭ିୠ୭୬ୢሻ െ E୅ሺ୬୭ିୠ୭୬ୢሻ െ E୆ሺ୬୭ିୠ୭୬ୢሻ (5)
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E୧୬୲ ୅୆ሺ୚ୈ୛ሻ ൌ E୅୆ሺ୚ୈ୛ሻ െ E୅ሺ୚ୈ୛ሻ െ E஻ሺ୚ୈ୛ሻ (6)

E୧୬୲ ୅୆ሺୣሻ ൌ E୅୆ሺୣሻ െ E୅ሺୣሻ െ E୆ሺୣሻ (7)

where E୧୬୲ ୅୆ሺ୬୭ିୠ୭୬ୢሻ , E୧୬୲ ୅୆ሺ୚ୈ୛ሻ  and E୧୬୲ ୅୆ሺୣሻ  are the non-bonded, van der Waals, and 
electrostatic interaction energies between the A system and the B system, respectively. E୅୆ሺ୬୭ିୠ୭୬ୢሻ,
E୅ሺ୬୭ିୠ୭୬ୢሻ and E୆ሺ୬୭ିୠ୭୬ୢሻ are the non-bonded energies of the A and B blending system and each 
A and B system, respectively. E୅୆ሺ୚ୈ୛ሻ, E୅ሺ୚ୈ୛ሻ and E୅ሺ୚ୈ୛ሻ are the van der Waals interaction 
energies of the A and B blending systems and each A and B system, respectively. E୅୆ሺୣሻ, E୅ሺୣሻ and 
E୆ሺୣሻ are electrostatic energies of the A and B blending systems, each A or B system, respectively. 

The intermolecular interaction energy can be used to characterize the interaction strength and 
also predict the mixing ability and compatibility between two materials in one blended system. 
When the intermolecular interaction in the system is intense, the strong force observed maintains 
the high stability of the system. It is likely that good compatibility between materials can be 
deduced and inferred.  

The van der Waals, electrostatic and non-bonded energies of all systems at different temperatures 
were calculated, and these are shown in Figure 10 according to Eqs (5)–(7). It can be seen that the 
electrostatic interactions of bitumen with PVC, PP and PE changed minimally for different simulation 
temperatures. However, the van der Waals and non-bonded energies fluctuated with an increase in 
temperature, and the two energies had the same trends with temperature. It may be inferred that the 
van der Waals energy makes a significant contribution to the non-bonded interaction and plays a 
dominant role in the miscibility of bitumen with PVC, PP and PE. The interaction energy between the 
bitumen and PVC molecules and PP molecules reached the maximum value at 433.15 K, and it reached 
the peak value at 393.15 K between the bitumen and PE molecules. It is possible that better 
compatibility between bitumen and PVC and PP molecules at 433.15 K, and also between bitumen 
and PE molecules at 393.15 K, can be predicted and deduced. Meanwhile, the ranking order of 
interaction energies between polymers and bitumen is PVC > PE > PP. The results are in agreement 
with those obtained from the analysis of the solubility parameters.  

Figure 9 shows that the interaction energies of all systems were negative, indicating that the 
interaction between the bitumen and PVC molecules, PP molecules and PE molecules may be attractive 
in the polymer-bitumen blending systems. The interaction energies between the bitumen and PVC 
molecules and PP molecules were strongest at 433.15 K, and the interaction energy between the 
bitumen and PE molecules was strongest at 393.15 K. This indicates that as the temperature increases, 
the molecules in the blending systems move more vigorously. The interaction force between the 
molecules changes from repulsive to a gravitational force as the distance between the molecules 
increases. At 433.15 K, the gravitational force between PVC and bitumen (PP and bitumen) reached a 
maximum; at 393.15 K, the gravitational force between PE and bitumen reached a maximum. 
Therefore, the compatibility of the PVC-bitumen blending system and PP-bitumen blending system is 
the best at 433.15 K, and the compatibility of the PE-bitumen blending system is the best at 393.15 K, 
as compared to other temperatures. 
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Figure 10. Energy changes in the polymers and each blending system according to 
simulation temperature: (a) Non-bonded energy; (b) van der Waals energy; (c) Electrostatic 
energy; (d) Energies in the PVC-bitumen blending system; (e) Energies in the PP-bitumen 
blending system; (f) Energies in the PE-bitumen blending system. 

5. Conclusions 

In this study, these molecular models were generated and established by MD methods focusing 
on bitumen, PVC, PP and PE. The compatibility analysis for waste polymers (PVC, PP and PE) and 
bitumen was investigated and explored for possible application in pavement engineering in large 
amounts. The solubility parameters and the interaction energies of different molecular systems were 
calculated and discussed to evaluate the compatibility of each of the polymers (PVC, PP and PE) with 
bitumen. The main conclusions are as follows: 

1) The generation of polymer molecular models was based on the molecular structures of the 
polymers (PVC, PP and PE). The MD models of PVC-bitumen blending, PP-bitumen blending and 
PE-bitumen blending systems were based on the 12-molecule bitumen model and each polymer’s 
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molecular model. The solubility of the bitumen and polymers (PVC, PP and PE) fluctuated with the 
increase in the simulation temperature. The solubility of bitumen exhibited a decreasing trend with 
increasing temperature, while the solubility values for the polymers (PVC, PP and PE) increase at the 
beginning, and then decrease with the increase in temperature. Compared to other temperatures, the 
∆δ  between PVC and bitumen reached the minimum value at 433.15 K, indicating that the 
compatibility between PVC and bitumen may be better at this temperature. This was also the same 
situation for bitumen and polymer PP. Meanwhile, at the temperature of 393.15 K, the ∆δ of PE and 
bitumen reached the minimum value, which means that PE and bitumen had a better miscible state at 
this temperature. 

2) The energy results from the MD simulation show that van der Waals interaction and non-
bonded interaction fluctuated with an increase in temperature. The van der Waals interaction played a 
dominant role in the compatibility between the bitumen and polymers (PVC, PP and PE). The 
electrostatic interaction fluctuates less with the increase in simulated temperature, while the van der 
Waals interaction and the non-bonded interaction fluctuate more. Moreover, the interaction energies 
between the bitumen and PVC and PP reached the maximum at 433.15 K, and the energies between 
bitumen and PE were maximum at 393.15 K. Therefore, it can be concluded that the compatibility of 
bitumen with PVC and PP is better at the temperature of 433.15 K, and that the compatibility of 
bitumen with the PE is also better at the temperature of 393.15 K compared to other temperatures. 

3) A comparative analysis of the solubility and interaction energies was conducted and the results 
remained consistent. It can be deduced that certain blending condition combinations may yield better 
compatibility between the two materials, including PVC-bitumen at 433.15 K, PP-bitumen at 433.15 
K and PE-bitumen at 393.15 K. Moreover, to a certain extent, the potential compatibility of PVC and 
bitumen may be better than that of the PE-bitumen and PP-bitumen combinations according to the 
simulation results for the solubility and interaction energies. 

Therefore, waste polymers (PVC, PP and PE) can be used for the modification of bitumen, and 
they are largely applied in pavement engineering. In addition, this study analyzed the compatibility of 
polymers with bitumen only in terms of the state of the blending system; analyzing the adhesion 
between bitumen and polymers (PVC, PP and PE) by constructing interfacial models will be the next 
step in the study to understand the compatibility between bitumen and polymers. 
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