
Article 

The mechanics of forming ideal polymer solvent combinations 

for open-loop chemical recycling of plastics and solvents 

Ioannis Tsampanakis1,2, Alvin Orbaek White1,2 * 

1 Energy Safety Research Institute, Swansea University, Bay Campus, Swansea SA1 8EN, UK; al-

vin.orbaekwhite@swansea.ac.uk (A.O.W.); 958003@Swansea.ac.uk (I.T.) 
2 Chemical Engineering, Faculty of Science and Engineering, Swansea University, Bay Campus, Swansea, 

SA1 8EN UK; alvin.orbaekwhite@swansea.ac.uk (A.O.W.); 958003@Swansea.ac.uk (I.T.) 

* Correspondence: alvin.orbaekwhite@swansea.ac.uk (A.O.W.) 

Abstract: The inherent value and use of hydrocarbon from waste plastics and solvents can be ex-

tended through open-loop chemical recycling as this process converts plastic to range of non-plastic 

materials. This process is enhanced by first creating plastic-solvent-combinations from multiple 

sources which are then streamlined through single process stream. We report on the relevant me-

chanics for streamlining industrially relevant polymers such as polystyrene (PS), polypropylene 

(PP), high-density polyethylene (HDPE) and acrylonitrile butadiene styrene (ABS) into chemical 

slurries mixed with various organic solvents such as toluene, xylene and cyclohexane. The miscibil-

ity of the polymer feedstock within the solvent was evaluated using the Relative Energy Difference 

method, and the dissolution process was evaluated using the “Molecular theories in a continuum 

framework” model. These models were used to design a batch process yielding 1 tonne/h slurry by 

setting appropriate assumptions including constant viscosity of solvents, disentanglement-con-

trolled dissolution mechanism and linear increase of the dissolved polymer’s mass fraction over 

time. Solvent selection was found to be the most critical parameter for the dissolution process. The 

characteristics of the ideal solvent are high affinity to the desired polymer and low viscosity. This 

work serves as a universal technical guideline for open-loop chemical recycling of plastics avoiding 

the growth of waste plastic in a circular economy framework. 

Keywords: plastic waste, chemical recycling, mathematical modelling, carbon feedstock, circular 

economy, open-loop recycling, acrylonitrile butadiene styrene, polystyrene, toluene 

 

1. Introduction 

Plastics are undoubtedly one of the most useful materials to mankind. Their versatil-

ity can meet almost any requirement, something that can be proven by simply taking a 

glance at their daily use [1]. Despite their benefits, the majority is thrown away after only 

a single use. More than half of the plastics produced since 1950s have either ended up in 

landfill or are now lost to the environment [2]. Currently, the problem is that landfills are 

swarmed with plastics, whether they are recyclable or not and results in a huge loss of 

hydrocarbon which could be utilised otherwise [3]. Recycling plastics via closed-loop re-

cycling renders plastics that are inherently less desirable than virgin plastics, mainly due 

to inferior chemical and physical properties, but they are nonetheless a good source of 

hydrocarbon material. Hydrocarbons are highly versatile and can be used as feedstock for 

creating various materials, other than plastics; ideally, they would be used to make mate-

rials with high asset value and intrinsic beneficial material properties and this can be done 

using open-loop recycling. Open-loop recycling is required to make any headway on solv-

ing the growing plastic waste crisis so that plastic hydrocarbon be made available to make 

other materials rather than being made into more plastics.  

Recycling of plastics can be categorised into two methods, mechanical and chemical. 

Although mechanical recycling is often the first-choice method industrially, its drawbacks 

are enough to consider an alternative option. In the mechanical recycling process plastics 
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enter and are converted to recycled plastic (plastic in = plastics out). The process efficiency 

can vary depending on the mixture of plastics [3]. For example, mechanically recycling 

different polymers or contaminated polymers results in altered mechanical properties of 

the end-product, which is usually undesired [4]. Moreover, polymers degrade after un-

dergoing a recycling cycle leading to the inevitable; plastics ending up in landfills [4]. 

Therefore, mechanical recycling does not provide a sustainable solution to the growing 

plastic pollution problem. However, chemical recycling process uses plastics as a hydro-

carbon to make other material as output. Therefore, this process can handle mixtures of 

plastics and the polymers can go through more subsequent cycles, therefore proving a 

more sustainable alternative [4]. Moreover, the chemical recycling process gives oppor-

tunity to create a large swathe of material output that can be tailored according to user 

needs. A full review of chemical recycling techniques, as well as their applications, bene-

fits and drawbacks is beyond the scope of this work but can be found in the review made 

by Ragaert et al. [4]. One common trait of these processes is the use of pyrolysis to treat 

plastics. 

The driving principle of chemical recycling is to treat the subject material as a hydro-

carbon feedstock for subsequent chemical reactions and processing. Processing is made 

easier by use of smaller hydrocarbon molecular units which are then re-assembled in an 

open-loop pathway to make newly formed products. Therefore, a first step towards open-

loop recycling is the preparation of small molecular hydrocarbon from plastics. Therefore, 

plastics that are not abandoned in landfill or incinerated are typically treated by pyrolysis. 

In the conventional pyrolysis process waste plastics are heated to 500 ⁰C in the absence of 

oxygen, breaking down the macrostructure of the polymer (plastic) to smaller molecular 

units [4]. The energy requirements of pyrolysis can be improved by using smaller molec-

ular units at the process entry and this can be achieved by first dissolving the plastics in 

appropriate solvents in advance of pyrolysis. Polymers are first dissolved in solvent and 

the process is optimised to increase polymer mass fraction [5] and to scission the polymers 

in the liquid matrix which is carried out by making polymer solvent combinations (PSCs). 

These PSCs are hydrocarbon rich, thus providing the required carbon feedstock for the 

formation of new materials of high asset value [4, 6]. 

Some of the most challenging plastics include (but are not limited to) polystyrene 

(PS), polypropylene (PP), high-density polyethylene (HDPE) and acrylonitrile butadiene 

styrene (ABS); particularly when considered as part of a mixed waste stream (commonly 

found in practice) and given the fact of their global use and in the case of ABS, increased 

demand due to the growth of additive manufacturing industries. Therefore, the aim of 

this study was to elucidate a universal approach for recycling these plastics. This was done 

by choosing appropriate mathematical models and by optimising the process using vari-

ous engineering parameters. The results could be used to predict and influence the design 

of engineering operational units towards the large scale chemical recycling of plastics.  

2. Physical and chemical context 

2.1. Solubility of plastics & basic polymer solution thermodynamics 

Selection of an appropriate solvent is critical for the dissolution of polymers and plas-

tics in particular. The chemical structure of a polymer plays a major role in its solubility 

to a solvent [5]. For polymer dissolution to occur the solvent molecules must be separated 

from each other by the solute. Similar attractions between the molecules of both compo-

nents achieve efficient dissolution [7]; the principle is known as ‘like dissolves like’ [5]. 

Dissolution of substances in each other is accomplished if both their intermolecular forces 

(Van der Waals) are similar and the composite forces are made up in the same way [7]. 

Solubility parameters or cohesive energy parameters (CEDs) have many applications in 

industry, including polymer compatibility and dissolution of polymers [5]. They are de-

rived from the energy requirements of vaporization of a liquid [8]. 

2.1.1. Hildebrand solubility parameters & thermodynamics of polymer dissolution 

The term ‘solubility parameter’ was first introduced by Hildebrand and Scott. The 

Hildebrand solubility parameter, δ (MPa1/2), is defined by the following equation: 
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 𝛿 = √𝐸
𝑉⁄  (1) 

Where V is the molar volume of pure solvent and E is its energy of vaporization [8].  

The free energy of mixing regulates the dissolution process of an amorphous polymer 

[9]. The Gibbs free energy change for the solution process is governed by the following 

relationship [9]. 

∆𝐺𝑚 = ∆𝐻𝑚 − 𝑇 × ∆𝑆𝑚    (2) 

Where ΔGm is the Gibbs free energy of mixing, ΔHm is the enthalpy change of mixing, 

ΔSm is the entropy change in the mixing process and T is the absolute temperature. Ther-

modynamics requires that the free energy of mixing must be zero or negative for sponta-

neous dissolution of the polymer [8], otherwise, two or more phases result from the mix-

ing process [5]. Therefore, the heat of mixing (ΔHm) must be smaller than the entropic term 

(TΔSm) for spontaneous polymer dissolution (ΔGm ≤ 0) according to equation (2) [7]. Hil-

debrand and Scott proposed an equation for the heat of mixing of a binary solution.  

∆𝛨𝑚 = 𝜑1𝜑2𝑉𝑚(𝛿1 − 𝛿2)2   (3) 

Where φ1 and φ2 are the volume fractions of solvent and polymer respectively, δ1 and 

δ2 are the Hildebrand solubility parameters for solvent and polymer respectively, while 

Vm is the volume of the mixture. However, Patterson, Delmas and co-workers have shown 

that the non-combinatorial free energy of solution is given by the right-hand side of the 

previous equation instead of ΔHm., even at the condition of using only positive heat of 

mixing [8]. The new formula proposed is shown below: 

∆𝐺𝑚 (𝑛𝑜𝑛𝑐𝑜𝑚𝑏) = 𝜑1𝜑2𝑉𝑚(𝛿1 − 𝛿2)2    (4) 

Both positive and negative heats of mixing can be derived from this formula and its 

results are consistent with the Prigogine corresponding states theory (CST) of polymer 

solutions. The difference in solubility parameters for the solvent-solute system is im-

portant in determining the system’s solubility. A match in solubilities (δ1=δ2) leads to zero, 

therefore cancelling the term; this combined with the positive entropy change upon sim-

ple mixing ensures the solution is possible from a thermodynamic perspective [8]. Con-

sidering the limiting case, ΔGm =0, equation (2) becomes: 

∆𝐺𝑚(𝑛𝑜𝑛𝑐𝑜𝑚𝑏) = 𝑇∆𝑆𝑚     (5) 

From this formula, it is seen that the change in entropy dictates how closely the sol-

ubility parameters must match for dissolution to occur [8]. However, the predictions with 

the Hildebrand solubility parameters are inconsistent due to the absence of some factors 

that affect solubility. More specifically, they do not account for any specific hydrogen in-

teractions, especially hydrogen bonding, neither for the effects of morphology (crystallin-

ity) nor crosslinking. It has also been found that changes in temperature and concentration 

cannot be taken into account with the Hildebrand solubility parameters [5]. Therefore, 

further refinement is required to make a practical understanding possible. 

2.1.2. Hansen Solubility Parameters (HSP) 

Hansen, using the extensive work done over the years to improvise the Hildebrand 

solubility parameters, accounted for molecular interactions and developed solubility pa-

rameters based on three specific interactions [5]. The most general are the nonpolar inter-

actions which are derived from atomic forces; they are also referenced as ‘dispersion in-

teractions’ in literature. Since all molecules are built from atoms, all molecules contain 

these interactive forces. The three specific interactions are:  

1. The cohesive energy from dispersion interactions is described as ED. 

2. The permanent dipole-dipole interactions. These cause a second type of cohesion en-

ergy, the polar cohesive energy, EP. These interaction parameters are also found in 

most molecules to one extent or another. 
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3. Hydrogen bonding, EH, also known as the electron exchange parameter, resembles 

the hydrogen polar interactions. In a more simplified approach, this third term is used 

to collect all the energies from the rest of the interactions not included in polar or 

dipole cohesive energy components. It has been proven that the Hansen hydrogen 

bonding has served well and is of practical importance. 

There are naturally more interactions that occur and can be counted for, but these 

three mentioned herein are adequate to describe the majority of cased [8]. Together they 

contribute to the basic equation that governs the assignment of Hansen parameters as 

shown below: 

𝐸 = 𝐸𝐷 + 𝐸𝑃 + 𝐸𝐻    (6) 

Where E is the total cohesion energy. Dividing each term from the previous formula 

by the molar volume, gives the square of the total Hildebrand solubility parameter.  

𝐸

𝑉
=

𝐸𝐷

𝑉
+

𝐸𝑃

𝑉
+

𝐸𝐻

𝑉
  

 (7) 

Using equations (7) and (1), the total Hildebrand parameter is shown to be: 

𝛿2 = 𝛿𝐷
2

+ 𝛿𝑃
2+𝛿𝐻

2   (8) 

The calculation of these three parameters is best evaluated from experiments rather 

than using molecular orbital calculations or calculations based on theoretical approaches 

[8]. Most theoretical methods to calculate HSP are inconsistent and while some experi-

mental methods are accurate, they can be time-consuming [5]. Small proposed his theory 

on determining solubility parameters using a molar attractive constant, F, to overcome the 

inconsistencies of other methods. The molar attractive constants at 25 ⁰C for various com-

mon functional groups are tabulated in the literature. The sum of the constants for each 

molecule gives the following relationship.  

𝐸 =
(∑ 𝐹)2

𝑉
   

 
(9) 

This leads to the Hildebrand solubility parameter, δ, using equation (1) [5]. Panayi-

otou and co-workers have approached the solubility calculation via another method. They 

have used a statistical thermodynamics approach to predict all three HSP parameters by 

using only the molecular structures of the compounds. After comparing the calculated 

Hildebrand solubility parameter to experimentally measured values it was proven that 

the differences between the two are minor, thus the method is considered fairly accurate 

[10]. 

2.1.3. Models for the prediction of polymer solubility 

The solubility parameters mentioned can be used in various techniques to predict the 

polymer solubility of any solvent. Hansen developed a 3D graphical solubility model 

which is characterized by a sphere. The centre of the sphere has the HSP of the polymer 

while the radius of the sphere, R0, is termed the interaction radius. The boundary of the 

sphere is determined by the requirement that ‘good’ solvents have a distance from the 

centre, Ra, where Ra< R0. Values for the interaction radius are tabulated in the literature 

for various polymers, whereas the distance from the centre is calculated via the following 

formula: 

𝑅𝑎
2 = 4(𝛿𝐷,𝑝 − 𝛿𝐷,𝑠)2 + (𝛿𝑃,𝑝 − 𝛿𝑃,𝑠)2 + (𝛿𝐻,𝑝 − 𝛿𝐻,𝑠)2    (10) 

Where the solubility parameters with the subscript s are for the solvent and p for the 

polymer and the constant ‘4’ is derived from correlations. The proposed sphere is pre-

sented in Figure 1.  
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Figure 1. Representation of the Hansen 3D model of a solubility sphere with radius R, as determined by the polar, 

dispersion and hydrogen bonding components, respectively.  

A single parameter derived from this formula to describe the solubility is the relative 

energy difference (RED) number.  

𝑅𝐸𝐷 =
𝑅𝑎

𝑅0

    
 
(11) 

The RED number has 3 scales. For RED = 0, the there is no energy difference, thus 

complete miscibility is anticipated. A RED ≈ 1 describes the boundary condition between 

RED < 1 indicating high affinity, as opposed to RED > 1, where the affinity is progressively 

lower [8].  

Hansen also developed a method for predicting the solubility of polymers in a mix-

ture of solvents. An interesting discovery which occurred in some cases was that even if 

both solvents are bad solvents, a good ratio in their mixing can make them very effective 

in the dissolution of some polymers. The practicality of this approach is characterised by 

the fact they released proprietary software to test pure or mixed solvents [11]. 

Another method, to predict polymer solubility was reported by Teas in 1968. Using 

the HSP from either literature or experiments, Teas developed some fractional parameters 

and then used a ternary diagram, where each edge of the triangle represents the corre-

sponding fractional parameter. More specifically, the lower right corner represents the 

parameter related to the dispersion forces (fd), the lower left corner represents the hydro-

gen bonding contribution(fh), and the top corner represents the polar forces(fp) [12]. The 

organic solvents are typically grouped closer to the lower right corner since all of them 

have high degree of dispersion forces [7]. When the solubility of any polymer added to 

any solvent is tested by either experimental or theoretical methods, a polymer solubility 

window can be determined and plotted on the Teas graph [7]. The boundaries can be ac-

curately determined by the possibility of dissolution of the polymers tested in mixtures of 

the liquids in the borders of the solubility window [7]. The solubility window of the ter-

nary diagram can also be used as a rough guide for the effects of solvent blends [7]. The 

fractional parameters are calculated via the following formulas and the final formula 

needs to be true for the calculations to be valid.  

𝑓𝑑 = 100 × (
𝛿𝐷

𝛿𝐷 + 𝛿𝑃 + 𝛿𝐻

)   
 
(12) 

𝑓𝑝 = 100 × (
𝛿𝑃

𝛿𝐷 + 𝛿𝑃 + 𝛿𝐻

) 
 
(13) 

𝑓ℎ = 100 × (
𝛿𝐻

𝛿𝐷 + 𝛿𝑃 + 𝛿𝐻

)   
 
(14) 
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𝑓𝑑 + 𝑓𝑝 + 𝑓ℎ = 100    (15) 

2.1.4. Rules of thumb and solvent selection 

A chemical will be a good solvent for a specific polymer if one of the following ‘rules 

of thumb’ are valid, wherein the subscript 1 denotes the solvent polymer and subscript 2 

denotes the polymer [8]: 

1. Using the Hildebrand solubility parameters. 

|𝛿1 − 𝛿2| ≤ 1.8 (
𝑐𝑎𝑙

𝑐𝑚3
)

0.5

≈  3.6819 𝑀𝑃𝑎0.5    
 
(16) 

2. Using Hansen Solubility Parameters (HSP) in the formula (10) under the condition of 

R0 ≥ Ra.  

3. Using the Flory-Huggins parameter, χ12 ≤ 0.5. The lower the parameter, the greater 

the miscibility. Values above 0.5 indicate insolvency. The ‘chi’ parameter is estimated 

from the following set of formulas. 

χ12 =
𝑉𝐴1,2

𝑅𝑇
  

 (17) 

𝐴1,2 = (𝛿𝐷2 − 𝛿𝐷1)2 + 0.25(𝛿𝑃2 − 𝛿𝑃1)2 + 0.25(𝛿𝐻2 − 𝛿𝐻1)2  (18) 

Where V is the reference volume, measured in cm3/mol, R is the gas constant, T is the 

temperature in Kelvin and A has units of MPa. 

2.1.5. Temperature dependence on solubility parameters 

Although the methods used to determine the solubility parameters by Stefanis & Pa-

nayiotou are at 25 ⁰C, it is safe to assume that the values remain constant for the solvents 

until they evaporate. Therefore, recalculation for higher temperatures is possible, but not 

necessary. Generally, higher temperatures result in overall increase in the rate of solubil-

ity/diffusion/permeation as well as larger solubility parameter spheres. The HSP decrease 

with increased temperature, as shown in the literature. Therefore, a nonsolvent can turn 

into a solvent but a boundary solvent can either be a good or a bad solvent with increased 

temperature. In practical terms, it is safe to assume that solubility parameters remain con-

stant in the absence of any phase change occurs (evaporation, solidification) [8].  

In this manuscript, the techniques of Hansen solubility sphere, difference of Hilde-

brand parameter and Flory – Huggins parameter were used to predict the solubility of the 

plastic feedstock in selected solvents. Moreover, a Teas graph with the polymer solubility 

window of each method was plotted as an additional criterion of comparison between the 

solubility methods.  

2.2. Polymer dissolution models 

Over the years, many polymer dissolution models have been developed, both empir-

ical as well as mathematical. Although empirical models are easier to use due to their 

heavy reliance on empiricism, mathematical models are attractive due to their mathemat-

ical expressions which correlate multiple parameters and yield significant results. More-

over, mathematical models can be used to develop processes in simulation software thus 

abandoning the need for experiments which can be resource intensive. Therefore, a search 

for the most appropriate dissolution model was conducted and reported herein.  

Ueberreiter was one of the pioneers in the field of polymer dissolution [13]. He stud-

ied the structure of the surface area of glassy polymers and observed four different layers, 

which were: (i) liquid boundary layer (ii) gel layer (iii) solid swollen layer and (iv) infil-

tration layer. He also proposed the terms ‘normal dissolution’ and ‘dissolution by crack-

ing’. The difference lies on the existence or absence of a gel layer; if a gel layer exists during 

polymer dissolution, then it is termed as ‘normal dissolution’. Moreover, Ueberreiter ran 

experiments and concluded that the dissolution rate was inversely proportional to the 

polymer molecular weight. Over time, various mathematical models have been derived 

to describe the dissolution of polymers in different solvents [14], resulting in five 
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approaches to describe polymer dissolution thus far. Each one was investigated and the 

most suitable was chosen. Initially, Fickian equations were used to describe the dissolu-

tion of the polymers phenomenologically along with external mass transfer approaches. 

An effort to describe the model via stress relaxation and molecular theories was also made. 

One of the latest methods developed was the anomalous transport via scaling laws. How-

ever, the most recent and widely used, due to its great depth is the development of mo-

lecular theories in a continuum framework.  

2.2.1. Phenomenological models 

This approach was based on Fickian equations which were used to describe the sol-

vent penetration into the polymer. Tu and Ouano were the first to use this model in the 

late 70s [15]. They studied the dissolution of Polymethylmethacrylate (PMMA) and PS in 

butanone (MEK) by defining a key parameter, Rd, which is the rate at which the polymer 

transforms from a gel-like phase to a solution. They claimed that the process was con-

trolled by either diffusion or disassociation, depending on which hindered the dissolu-

tion. A multi-phase Stefan problem was created to mathematically describe the associated 

physics and was solved numerically by using a Crank Nicholson scheme [16]. Experi-

mental results for PS dissolution in MEK were compared to those predicted by the model 

to verify its validity. However, this early model failed to yield more insight into the dis-

solution process since the molecular properties of both the polymer and solvent were not 

considered when determining the disassociation rate [14].  

Devotta and his co-workers developed another phenomenological model, in which 

the dissolution of spherical polymeric particles was examined [17]. A mass transfer rate, 

kd, was calculated from Ranz’s correlations which deals with single spheres, while the 

Fickian equations were solved numerically using a Crank-Nicholson scheme. One of the 

aspects investigated was the relation of the particle size to various parameters in a PS/cy-

clohexane system. The dissolution time was almost constant for particles ranging from a 

few microns to 50 μm, concluding that the critical particle size was 50 μm. Another obser-

vation was that the critical particle size would increase at higher agitation. A comparison 

between the model’s results and experimental results was also made and the authors re-

ported good agreements. Even though this approach seemed promising, there were as-

sumptions whose nature was not clear, thus some parameters could not be obtained ex-

perimentally [14]. Overall, despite the inadequate explanation, Devotta’s model was very 

useful for the engineering community, therefore justifying some of his assumptions. The 

correlation of the model with experimental data influenced the success of this model.  

2.2.2. External mass transfer models, stress relaxation & molecular theories 

The two models, namely: external mass transfer and stress relaxation theories were 

both deemed unsuitable to describe the polymer dissolution process due to limitations in 

each of them. Regarding the external mass transfer model, although it seemed intuitive, 

experiments have shown that the effects of external mass transfer are insignificant to the 

dissolution of polymers. Moreover, the external mass transfer models failed to explain the 

swelling time needed before dissolution process, therefore they were discarded [14]. Re-

garding stress relaxation and molecular theories, although these approaches accounted 

for both solvent penetration and polymer dissolution, too many assumptions were in-

volved to describe the process. The assumptions required parameters that could only be 

measured experimentally which was a major drawback of the model. In addition, there 

was no effort to compare the results of the stress relaxation models to experimental results, 

something which further repelled this approach [14].  

2.2.3. Anomalous transport models & scaling laws 

Peppas and co-workers proposed a model for the dissolution of polymers based on 

chain disentanglement [18]. The dissolution of PS and PMMA in MEK both theoretically 

as well as experimentally was studied and a general expression for the disentanglement 

time was derived. Polymers are structures, entangled in a confined space and a specific 

time is needed for the polymer chains to move from the entangled state to the dissolved 

state in a liquid. This time was named disentanglement time, td. Furthermore, the idea of 
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the dissolution clock was proposed. In this concept, the clock is initially set at zero at each 

point of the polymer and starts only after a critical solvent concentration is reached. When 

the clock time becomes equal to the disentanglement time, the polymer at that point dis-

solves. Even though this method was very significant in describing the polymer dissolu-

tion, it failed to take into account the solvent concentration history and the effect of visco-

elastic properties of the polymer to the dissolution process [14].  

2.2.4 Molecular theories in a continuum framework 

In this approach, a model was developed for one-dimensional solvent diffusion in a 

thin polymer slab of thickness 2L by Narasimhan and Peppas [19]. During the initial stage 

of dissolution, a glassy polymer of thickness 2L starts swelling due to the penetration of 

the solvent into it and there is a simultaneous transition from the glassy to the rubbery 

state. There are two distinct fronts; a swelling interface which moves towards the centre 

of the slab and a polymer/solvent interface which moves outwards until the concentration 

of the penetrant in the polymer exceeds a critical concentration; then it moves inwards. 

The entire concentration field is split into 3 regions, the “concentrated” regime, the “semi 

dilute” regime and the “dilute” regime. The first one represents the swollen polymer, the 

second represents the diffusion boundary layer with a constant thickness δ and the third, 

the fully dissolved region, where the polymer chains freely move in the solvent. In the 

first regime, the authors used Fickian equations to describe the diffusion of the solvent in 

the polymer and derived a solvent flux equation as a sum of contributions from diffusive 

and osmotic pressure terms, where the osmotic pressure in the solvent flux depends on 

the viscoelastic properties of the polymer. They observed that the solvent flux is propor-

tional to the gradient of the stress and developed a relationship for the viscosity of the 

solution. In the boundary layer regime, the layer thickness was estimated and defined the 

limits of the boundary layer on both sides. The idea of the reptation time was introduced; 

it is the minimum time required for the polymer to disentangle and move out of the gel. 

It was noted that there was no polymer disentanglement until the reptation time had 

elapsed and after that, the flux was determined to be disentanglement-limited. During 

disentanglement of the chains, the polymer concentration in the boundary layer increases 

until it reaches an equilibrium value, u2,eq, and it remains there until the polymer is fully 

dissolved. By assuming that an equilibrium exists between the chemical potential of the 

solvent in the swollen polymer and that in the diffusion boundary layer, the authors could 

obtain the solvent concentration on the gel side of the gel-liquid layer. Finally, they man-

aged to derive the following expressions for the reptation time and the disentanglement 

rate. A more in-depth explanation of the model is presented elsewhere [19]. The equation 

for the reptation time is: 

𝑡𝑟𝑒𝑝 =
3𝜋𝜂1

𝑘𝑇
(

𝑁

𝑁𝑒
)

3.4

𝛼3    
 
(19) 

Where η1 is the solvent viscosity (Pa·s), k is Boltzmann’s constant (m2·kg·s-2·K-1), T is 

temperature (K), N is the number of monomers in the chain, Ne is the number of mono-

mers per entanglement segment, and α is the average length of a segment between entan-

glements. Using the same expressions as those derived by the authors in their model, 

equation (19) becomes: 

𝑡𝑟𝑒𝑝 =
0.01368𝜂1

𝑇
𝑢2

1.9𝑁3.4   
 (20) 

Where u2 is the polymer volume fraction and the number 0.01368 is the combination 

of k, Ne and α.  

The disentanglement rate was defined as: 

𝑘𝑑 =
4.5985 × 10−9𝑇

𝜂1

𝑢2
−1.9𝑁−2.9    

 
(21) 

After the reptation time has elapsed, the polymer disentangles linearly with time at 

a rate of kd.  
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This approach is the most up to date for dissolving plastics in solvents, so it was used 

to examine the dissolution of the waste plastic. In some cases, empirical models developed 

for the dissolution of plastics were also considered to overcome limitations of the used 

method.  

 

3. Process selection 

3.1. Material selection 

The intended design is to produce 1 tonne/hr of a plastic – solvent slurry. Although 

some research has been conducted regarding the upper limits of the plastic that can be 

dissolved in a solvent [14], none of the mathematical models has been capable to accu-

rately predict larger scale applications yet. Therefore, an empirical approach was used to 

select the appropriate plastic to solvent ratio. Nauman et al. reported that the concentra-

tion range at which polymers are optimally dissolved lies between 5% to 20% by weight 

[20]. Therefore, for the current process, a plastic concentration of 5 wt% (w/w) was as-

sumed. If a higher plastic concentration were to be used, the dissolution time would be 

longer and the viscosity of the PSC would be increased due to the increased plastic con-

centration. A higher viscosity would require more energy input for agitation and pump-

ing of the PSC. 

The plastic feedstock chosen was commercial waste plastic. However, since every 

plastic dissolves differently depending on the solvent, the plastic feedstock was specified 

and assumed to consist of equal quantities of rigid plastics, 25% PS, 25% PP, 25% HDPE 

and 25% ABS, for simplicity. The material feedstock would thus be 12.5 kg of each plastic 

type, which, when mixed to the solvent, would sum the required output of 1 tonne/hr.  

Plastics can be dissolved in a variety of pure solvents or blends of them. Solvent se-

lection is a critical parameter for the process, since a good solvent can greatly accelerate 

the dissolution. The solvent selection was influenced by empirical work [6]. In this pro-

cess, 21 solvents were chosen and their ability to dissolve the four types of plastic feed-

stock was tested. Furthermore, the solubility of the four polymers was tested on 8 binary 

mixtures of the 21 solvents. The combinations were done arbitrarily using the application 

available from the Hansen website to predict the HSP of a mixture of solvents. Therefore, 

the solubility of the plastics to the binary solvent combinations was only tested via the 

Hansen method. The affinity of each plastic in the different solvents and mixtures of sol-

vents varied depending on the method used (Hansen, Hildebrand, Flory-Huggins and 

Teas).  
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Table 1. Affinity of plastic solubility in various solvents using the Hansen solubility method of Relative Energy Difference 

RED  Average 

Solvent/Polymer PS Affinity PP Affinity HDPE Affinity ABS Affinity RED Affinity 

Acetone 1.8 Low 2.2 Low 3.3 Low 1.0 Low 2.1 Low 

Acetonitrile 2.9 Low 3.2 Low 5.5 Low 2.0 Low 3.4 Low 

Benzene 0.9 High 0.2 High 1.5 Low 0.9 High 0.9 High 

Chloroform 0.6 High 0.9 High 1.6 Low 0.4 High 0.9 High 

m-Cresol 1.9 Low 2.2 Low 3.7 Low 0.9 High 2.2 Low 

Cyclohexanol 2.0 Low 2.2 Low 3.6 Low 0.9 High 2.2 Low 

Cyclohexanone 0.6 High 1.3 Low 2.2 Low 0.7 High 1.2 Low 

1,2 Dichlorobenzene 0.4 High 1.2 Low 2.6 Low 1.0 Low 1.3 Low 

Dichloromethane 0.7 High 1.4 Low 2.4 Low 0.7 High 1.3 Low 

Dimethylformamide 2.4 Low 2.9 Low 4.9 Low 1.5 Low 2.9 Low 

Ethanol 3.4 Low 3.5 Low 5.8 Low 1.8 Low 3.6 Low 

Ethyl acetate 1.3 Low 1.5 Low 2.0 Low 0.4 High 1.3 Low 

Heptane 1.6 Low 0.9 High 1.0 Low 1.0 Low 1.1 Low 

Hexadecane 1.3 Low 0.6 High 0.9 High 1.0 High 1.0 High 

Hexafluoro-2-propanol 2.3 Low 2.4 Low 4.0 Low 1.0 Low 2.4 Low 

Hexane 1.7 Low 1.0 Low 1.1 Low 1.0 Low 1.2 Low 

Methanol 4.1 Low 4.2 Low 7.1 Low 2.3 Low 4.4 Low 

Methyl Ethyl Ketone 1.3 Low 1.8 Low 2.7 Low 0.9 High 1.7 Low 

Tetrahydrofuran 1.2 Low 1.6 Low 2.3 Low 0.4 High 1.4 Low 

Toluene 0.6 High 0.3 High 1.3 Low 0.8 High 0.8 High 

Xylene 0.7 High 0.4 High 1.0 Low 0.6 High 0.7 High 

15% Acetonitrile 

85% Toluene 
0.4 High 0.7 High 1.4 Low 0.7 High 0.8 High 

40% Cyclohexanone 

60% Toluene 
0.8 High 0.2 High 1.1 Low 0.8 High 0.7 High 

50% Cyclohexanone 

50% Xylene 
0.4 High 1.0 High 1.7 Low 0.6 High 0.9 High 

80% Cyclohexane 

20% Cyclohexanol 
0.9 High 0.5 High 0.6 High 0.6 High 0.7 High 

87% Cyclohexane 

13% Ethanol 
2.2 Low 2.4 Low 3.8 Low 1.0 High 2.4 Low 

25% Heptane 

75% Xylene 
0.9 High 0.4 High 0.7 High 0.7 High 0.7 High 

25% Cyclohexane 

75% Toluene 
0.8 High 0.2 High 1.1 Low 0.8 High 0.7 High 

40% Cyclohexane 

60% Xylene 
0.9 High 0.3 High 0.8 High 0.8 High 0.7 High 

The HSPs for both the solvents and plastics were obtained from the literature [8] 

(supplementary file, table S1). The distance from the centre of the sphere, Ra, was calcu-

lated via equation (10) (supplementary file, table S2) and then compared to the interaction 

radius of the polymer, R0, by the RED method. Regarding the mixtures of solvents, Ra, was 

obtained directly from the Hansen website [11]. The results showed that acrylonitrile-bu-

tadiene-rubber had higher affinity to more solvents or solvent combinations, {twenty} 

compared to polystyrene {fifteen}, polypropylene {fourteen} and high-density 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 November 2021                   doi:10.20944/preprints202111.0481.v1

https://doi.org/10.20944/preprints202111.0481.v1


 

polyethylene {six}. However, all four plastics could not be dissolved in any pure solvent, 

whereas only four pure solvents (benzene, hexadecane, toluene and xylene) yielded an 

average RED < 1. Furthermore, all four plastics could be simultaneously dissolved in only 

three binary solvent blends.  

Table 2. Affinity of plastic solubility in various solvents using the Hildebrand solubility parameters 

Solvent PS 
Affin-

ity 
PP 

Affin-

ity 
HDPE 

Affin-

ity 
ABS 

Affin-

ity 
Average 

Affin-

ity 

Acetone 0.7 High 1.9 High 3.7 High 2.0 High 2.1 High 

Acetonitrile 5.1 Low 6.4 Low 8.1 Low 6.4 Low 6.5 Low 

Benzene 0.8 High 0.5 High 2.2 High 0.5 High 1.0 High 

Chloroform 0.3 High 0.9 High 2.7 High 1.0 High 1.2 High 

m-Cresol 3.5 High 4.7 Low 6.5 Low 4.7 Low 4.8 Low 

Cyclohexanol 3.1 High 4.4 Low 6.1 Low 4.4 Low 4.5 Low 

Cyclohexanone 0.3 High 1.5 High 3.3 High 1.6 High 1.7 High 

1,2 Dichlorobenzene 1.2 High 2.4 High 4.2 Low 2.5 High 2.6 High 

Dichloromethane 0.9 High 2.2 High 3.9 Low 2.2 High 2.3 High 

Dimethylformamide 5.6 Low 6.8 Low 8.6 Low 6.9 Low 7.0 Low 

Ethanol 7.3 Low 8.5 Low 10.3 Low 8.5 Low 8.6 Low 

Ethyl acetate 1.1 High 0.1 High 1.9 High 0.2 High 0.8 High 

Heptane 4.0 Low 2.7 High 1.0 High 2.7 High 2.6 High 

Hexadecane 3.0 High 1.7 High 0.0 High 1.7 High 1.6 High 

Hexafluoro-2-propanol 3.8 Low 5.0 Low 6.8 Low 5.1 Low 5.2 Low 

Hexane 4.4 Low 3.1 High 1.4 High 3.1 High 3.0 High 

Methanol 10.3 Low 11.6 Low 13.3 Low 11.6 Low 11.7 Low 

Methyl Ethyl Ketone 0.2 High 1.0 High 2.8 High 1.1 High 1.3 High 

Tetrahydrofuran 0.2 High 1.4 High 3.2 High 1.5 High 1.6 High 

Toluene 1.1 High 0.1 High 1.9 High 0.2 High 0.8 High 

Xylene 1.4 High 0.1 High 1.6 High 0.1 High 0.8 High 

For the Hildebrand method calculations, the HSPs of both plastics and solvents were 

obtained from the literature [8] and used to calculate the total Hildebrand parameter of 

each component via equation (8). Then, the Hildebrand parameters of the solvents were 

compared to those of the plastics via equation (16). The mixtures of solvents were not 

tested by this method. The plastics were miscible in most solvents as indicated by the 

tabulated results. However, HDPE was miscible in less solvents than PS, PP and ABS. In 

total, ten solvents could ideally dissolve all four plastics simultaneously.  
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Table 3. Affinity of plastic solubility in various solvents using the Flory-Huggins method 

x1,2 PS Affinity PP Affinity HDPE Affinity ABS Affinity Average Affinity 

Acetone 0.7 Low 1.3 Low 0.8 Low 0.5 High 0.9 Low 

Acetonitrile 2.4 Low 3.8 Low 3.1 Low 2.4 Low 3.1 Low 

Benzene 0.2 High 0.0 High 0.2 High 0.5 High 0.1 High 

Chloroform 0.1 High 0.3 High 0.2 High 0.1 High 0.2 High 

m-Cresol 1.0 Low 1.7 Low 1.4 Low 0.5 Low 1.4 Low 

Cyclohexanol 1.2 Low 1.8 Low 1.3 Low 0.5 High 1.4 Low 

Cyclohexanone 0.1 High 0.6 Low 0.5 Low 0.3 High 0.4 High 

1,2 Dichlorobenzene 0.1 High 0.5 Low 0.7 Low 0.6 Low 0.4 High 

Dichloromethane 0.1 High 0.7 Low 0.6 Low 0.3 High 0.5 High 

Dimethylformamide 1.6 Low 3.0 Low 2.5 Low 1.4 Low 2.4 Low 

Ethanol 3.2 Low 4.4 Low 3.4 Low 1.9 Low 3.7 Low 

Ethyl acetate 0.5 High 0.9 Low 0.4 High 0.1 High 0.6 Low 

Heptane 0.7 Low 0.3 High 0.1 High 0.6 Low 0.4 High 

Hexadecane 0.5 High 0.1 High 0.1 High 0.6 Low 0.2 High 

Hexafluoro-2-propanol 1.5 Low 2.1 Low 1.6 Low 0.6 Low 1.7 Low 

Hexane 1.1 Low 0.5 Low 0.2 High 0.9 Low 0.6 Low 

Methanol 2.0 Low 2.6 Low 2.1 Low 1.4 Low 2.2 Low 

Methyl Ethyl Ketone 0.5 High 1.0 Low 0.7 Low 0.4 High 0.7 Low 

Tetrahydrofuran 0.4 High 0.9 Low 0.5 Low 0.1 High 0.6 Low 

Toluene 0.1 High 0.0 High 0.2 High 0.4 High 0.1 High 

Xylene 0.2 High 0.1 High 0.1 High 0.3 High 0.1 High 

The HSPs were also used for the Flory – Huggins method in order to calculate the 

parameter A1,2 via equation (18) (supplementary file, table S3). The reference volume, V, 

of the components was obtained from the literature [8] (supplementary file, table S3). 

These parameters were used to calculated χ1,2 according to equation (17). The condition 

for high affinity was χ1,2 ≤ 0.5. The solubility was tested in atmospheric conditions and 

room temperature. According to this method, only four of the total solvents could dissolve 

all four plastics.  

The HSPs were used in equations (12) – (15) and the results (supplementary file, table 

S4) were used to construct a Teas Graph, as seen in Figure 3 and Table 4 and Table 5. The 

components were all accumulated towards the lower right side of the graph, as stated in 

literature [7]. The legend shows where each solvent or plastic is placed on the graph as 

well as the polymer solubility windows according to the different solubility identification 

techniques. 
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Table 4. List of polymer numbers relevant to Figure 3.  

Polymer number Polymer 

P1 Polystyrene 

P2 Polypropylene 

P3 High-density polyethylene 

P4 Acrylonitrile butadiene styrene 

 

  

Figure 2. Teas graph of various plastics and solvents according to the hydrogen bonding, dipole-diploe force and the dispersion 

force, respectively. Lines show the boundary conditions for three models including the Hansen solubility sphere, the Flory-Huggins 

solubility and the Hildebrand solubility 
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Table 5. List of solvent numbers relevant to Figure 3.  

Solvent number Solvent 

S1 Acetone 

S2 Acetonitrile 

S3 Benzene 

S4 Chloroform 

S5 m-Cresol 

S6 Cyclohexanol 

S7 Cyclohexanone 

S8 1,2 Dichlorobenzene 

S9 Dichloromethane 

S10 Dimethylformamide 

S11 Ethanol 

S12 Ethyl acetate 

S13 Heptane 

S14 Hexadecane 

S15 Hexafluoro-2-propanol 

S16 Hexane 

S17 Methanol 

S18 Methyl Ethyl Ketone 

S19 Tetrahydrofuran 

S20 Toluene 

S21 Xylene 

 

 Overall, the miscibility of the plastics in various solvents was tested in three methods 

and a visual representation of the polymer solubility window from each method was 

shown on the Teas plot. The Hildebrand method showed that two thirds of the solvents 

(14 out of 21) could be used to dissolve the plastic feedstock compared to nine overall 

according to the Flory – Huggins method. Only four solvents could dissolve all four plas-

tics simultaneously according to solubility sphere created from the Hansen Relative En-

ergy Difference method. However, as seen from the tables 1-3, there are some solvents 

that cannot dissolve all four plastics simultaneously; they could potentially dissolve a very 

significant portion of the feedstock according to the average dissolution calculations. A 

comparison between the solvents and non-solvents in the Hildebrand and Flory – Hug-

gins methods, reveals that ethyl acetate, hexane, methyl ethyl ketone and tetrahydrofuran 

were just above the Flory – Huggins threshold of good solvents, thus making them bor-

derline solvents. Acetone, although, appeared to be far from that border. A comparison of 

the solubility results from the Flory – Huggins and Hansen methods revealed a similar 

result, where chloroform, cyclohexanone, 1,2 dichlorobenzene, dichloromethane and hep-

tane just fall out of the ‘good’ solvent criteria according to the RED method. The same 

applied when comparing the Hildebrand and Hansen methods. Acetone is again proven 

to be a non-solvent with all the plastics according to the RED method. Furthermore, the 

results of each method were graphically shown on the Teas plot. The polymer solubility 

window was shrinking depending on the method with Hildebrand having the widest and 

Hansen having the smallest window. 

An examination of the nature of the organic solvents resulted in the observation that 

alcohols (methanol, ethanol, hexafluoro-2-propanol, cyclohexanol), phenols (m-cresol), 

nitrogen – containing compounds (acetonitrile, dimethylformamide) were generally bad 

solvents. Ketones (acetone, cyclohexanone, methyl ethyl ketone) and esters (ethyl acetate) 

were not good solvents either. On the other hand, aromatic molecules containing only 

carbons and hydrogens like benzene, hexadecane, toluene and xylene are very good sol-

vents. This led to the conclusion that the presence of oxygen or nitrogen in any organic 
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compound as well as its non-aromaticity enhance the probability that the compound is a 

non-solvent. However, as observed by the binary mixtures of solvents created from the 

Hansen website, the presence of alcohols can enhance the solubility of the mixture. Two 

notable results are present in table 1, where cyclohexane is mixed with either cyclohexanol 

or ethanol. The effects of nitriles to binary mixtures with good solvents also showed prom-

ising results. Binary mixtures with ketones, esters, phenols ana amides were not tested.  

The solvents that were ultimately selected for this process were toluene, xylene, 80% 

cyclohexane – 20% cyclohexanol blend and 40% cyclohexane – 60% xylene blend. Toluene 

and xylene outperformed all the other solvents in the solubility tests of each method. The 

two blends chosen had the best results in the RED test too. These four solvents were then 

used in the polymer dissolution equations to determine which one is the best for the pro-

cess, since miscibility alone is not enough to optimize the complex process of dissolution. 

3.2. Operating procedure 

The plastic feedstock needs to undergo pre-treatment before it can be mixed with the 

solvent and be dissolved. It has been found, experimentally, that waste plastic needs to be 

washed and shredded, something which would promote faster dissolution times due to 

smaller molecular weight and the absence of contaminants [4,14]. Moreover, the up-to-

date model for plastic dissolution is to dissolve each polymer at a different temperature. 

However, this is usually done in processes where the plastics need to be obtained in their 

pure form [20]. In this design, the plastics do not need to be separated afterwards; the 

slurry of the solvent and plastic will be used as a carbon source for various applications 

that could include the creation of carbon nanotubes via the chemical vapour deposition 

method [6, 21]. 

The waste plastic feedstock containing PS, HDPE, PP and ABS could either be 

brought from other plastic waste sorting facilities or sorted in plant from a mixture con-

taining all of these kinds of waste plastic. The best choice would be to buy the separated 

waste from other facilities since the required mixed plastic feedstock is just 1.2 tonnes per 

day, a very small percentage compared to the overall waste plastic treated in other plants. 

Moreover, until the model treats every kind of plastic apart from the four types selected 

(PS, HDPE, PP, ABS), the sorting process would be more time and energy consuming than 

the money to buy already sorted plastic. Therefore, in the proposed design, the plastics 

bought from an external vendor, will be inspected and if not in the correct size, they will 

be shredded in a granulator and then fed to the dissolution vessel. The vessel will also be 

filled with the correct amount of solvent and the temperature will be risen to the operating 

temperature, specified according to the solvent selected. Atmospheric pressure will be 

maintained throughout normal operation and the residence time will be chosen according 

to the solvent selected. When the batch of plastics is dissolved, the slurry will be processed 

to a storage tank where it will be stored for further processing.  

3.3. Material balance & dissolution times 

3.3.1 Assumptions  

In order to perform mass and energy balances, several assumptions about the mate-

rial selection, feedstock concentration and polymer to solvent ratio, had to be made. The 

number of repeated units for each polymer was assumed so that each polymer had a mo-

lecular weight that could be dissolved relatively quickly. Therefore, for NPS=NPP= NABS=100 

and NPE=200, PS had a molecular weight of 10,415 kg/kmol, HDPE had 5,611 kg/kmol, PP 

had 4,608 kg/kmol, and ABS had 21,130 kg/kmol respectively. The small molecular weight 

was used to account for the shredding of the plastics. Moreover, the density of all the 

materials used was assumed to be constant and their values at 25 ⁰C were used for sim-

plicity. The same was applied for the viscosity of the solvents, where the viscosity at 25 ⁰C 

was used and assumed to be constant. Regarding the viscosity of mixed solvents, a simple 

formula (Kendall and Monroe) was used to calculate the viscosity of the mixture [22].  

𝜂𝑚

1
3 = 𝑥1𝜂1

1
3 + 𝑥2𝜂2

1
3     (22) 
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Where ηi, xi, are the solvent viscosity and molar fraction of each solvent, respectively, 

whereas ηm is the viscosity of the solution.  

Regarding the choice of operating temperature, it would be 2.0 ⁰C lower than the 

boiling point of the solvent. This would prevent gas formation as well as separation of the 

mixture of solvents by distillation.  

Regarding the dissolution process, it was assumed that the solvent diffusion into the 

polymer was much faster than the disentanglement rate due to the polymers’ high molec-

ular weight, therefore the disentanglement process was the rate-limiting step. Further-

more, it was assumed that after 95% of the plastic was dissolved, the dissolution would 

be completed.  

All the assumptions were used to calculate the reptation time as well as the disentan-

glement rate for each polymer. The mass fraction of polymer dissolved over time, md, was 

assumed to vary linearly with time according to the following relationship. 

𝑚𝑑 = 𝑘𝑑𝑡𝑑 + 𝑡𝑟𝑒𝑝    (23) 

3.3.2 Plastic dissolution  

The results for the reptation and disentanglement time of each polymer in the se-

lected solvents are summarized in table 6. The residence time was calculated as the sum 

of the maximum values of the reptation and disentanglement times of the polymer for 

each PSC.  

Table 6. Characteristic dissolution times of the plastic feedstock in selected solvent combinations 

Solvent Viscosity 

Solvent 

volume 

fraction 

Polymer Temperature 

Polymer 

volume 

fraction 

Reptation 

time 

Disentanglement 

rate 

Disentanglement 

time 

  
η 

u1   
T 

u2 
trep kd td 

Pas ⁰C s s-1 hr 

Toluene 2.69E-04 0.960 

PS 

108 

0.010 8.83E-06 7.12E-05 4 

HDPE 0.010 1.08E-04 8.21E-06 32 

PP 0.011 1.14E-05 5.54E-05 5 

ABS 0.009 8.52E-06 7.38E-05 4 

Xylene 6.03E-04 0.957 

PS 

137 

0.010 2.14E-05 2.94E-05 9 

HDPE 0.011 2.62E-04 3.39E-06 78 

PP 0.012 2.75E-05 2.29E-05 12 

ABS 0.010 2.06E-05 3.05E-05 9 

80% Cyclohexane 

20% Cyclohexanol 
7.58E-04 0.959 

PS 

78 

0.010 2.80E-05 2.24E-05 12 

HDPE 0.011 3.44E-04 2.59E-06 102 

PP 0.011 3.60E-05 1.75E-05 15 

ABS 0.010 2.71E-05 2.33E-05 12 

40% Cyclohexane 

60% Xylene 
5.96E-04 0.958 

PS 

78 

0.010 2.29E-05 2.75E-05 9 

HDPE 0.011 2.81E-04 3.17E-06 83 

PP 0.011 2.94E-05 2.14E-05 12 

ABS 0.010 2.21E-05 2.85E-05 12 

The dissolution was proven to rely heavily on the disentanglement time. The repta-

tion time of each polymer was insignificant compared to the disentanglement time, as the 

first occurred in a matter of seconds whereas the latter needed a couple of hours to be 

completed. The polymer volume fraction, the temperature, the number of monomers in 

the polymer chain and the solvent viscosity played an important role in the process, as 

also proven by equation (21). However, the temperature of the process will always be 

approximately 300-400 K due to limitations regarding evaporation of the substances. The 

more important parameters were polymer volume fraction, number of monomers in chain 
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and viscosity. These parameters are inversely proportional to the disentanglement rate. In 

addition, the polymer volume fraction and number of monomers in chain factors are 

raised to the power of 1.9 and 2.9 respectively, meaning that they have a larger effect on 

the process than the viscosity. However, the need to cut down plastics thus reducing their 

number of monomers in chain as well as the small percentage of plastic used in PSCs, 

which is below 20 wt% have already been known from theoretical predictions and have 

already been performed in experimental procedures [14,20]. Therefore, cutting the plastics 

and mixing only a small amount with a large amount of solvent has been a standard op-

erating procedure for years. The single most influential parameter for the disentanglement 

time was solvent and its related viscosity.   

Selecting a solvent with a low viscosity was very important for the process, as also 

seen by the results in table 4. The solvents or solvent blends with higher viscosities tend 

to impede the disentanglement of the plastics. In this case, toluene had the lowest viscos-

ity, about half the viscosity of the other blends, therefore it had the fastest disentanglement 

rate out of all the others. The cyclohexane – cyclohexanol blend had the highest viscosity 

owing it to cyclohexanol since alcohols tend to have higher viscosities than alkanes with 

the same number of carbons. The difference between the viscosity of pure xylene and xy-

lene-cyclohexane blend was minimal. A comparison between ketones and alcohols with 

the same number of carbons shows that ketones are less viscous, so a ketone could be used 

instead of an alcohol for solvent blends. Generally, it would be a good idea to find blends 

of organic solvents that can not only dissolve the required plastics but have very low vis-

cosities too. 

However, some parameters were not considered in neither of the reptation time or 

disentanglement rate equations. A change in pressure could not be taken into account 

according to formulas (20) and (21). Therefore, the possibility to increase the temperature 

without boiling the mixture could not be exploited, as the increase in pressure could not 

be accounted for. Additionally, there was no relation between the solubility and the dis-

solution equations, which raised some concerns regarding the validity of the dissolution 

equations. For example, any liquid could be used in the dissolution equations regardless 

of its affinity with plastics or not. Therefore, the dissolution equations are prone to human 

error because even a non-solvent could be used and it would yield a sensible result by 

calculation, but not in practice. Therefore, future work will be carried out to further review 

the mathematical model based on empirical evidence. This will likely lead to a stronger 

axiomatic reasoning when the boundary conditions are more fully refined. For example, 

in the case of agitation, we determined that the agitation rate would have no effect to the 

process, as it was not in any of the formulas. However, there have been reports that agi-

tation reduces the dissolution time by 10% [14].  

Overall, toluene was proven to be the best solvent for the mixture of plastics as per 

the rapid timeframe required to complete the dissolution process, which is a little more 

than a day, compared to other solvents or mixtures which take more than two days to 

completely dissolve the plastics. The dissolution time was observed to be almost equal to 

the disentanglement time, proving that the process is controlled by the polymer disentan-

glement. In the toluene PSC, PS and ABS were the fastest to be dissolved whereas HDPE 

was significantly the slowest, making the dissolution of HDPE a rate limiting factor of the 

process.  

The mass fraction of plastics dissolved over time in toluene are presented in Figure 

3. The reptation time was assumed to be negligible in relation to the dissolution time, 

therefore equation (23) was simplified to: 

𝑚𝑑 = 𝑘𝑑𝑡𝑑    (24) 
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A quantity of 28.75 m3·d-1 of toluene was needed to be mixed with 1.2 tonne·d-1 of 

plastic to achieve a flow rate of 1 tonne of slurry per hour. Since this would be a batch 

process, 24 tonnes would be used for each batch. The agitation rate of 300 rpm was an 

assumption, adapted by other dissolution experiments [23]. This would help achieve 

faster dissolution by a matter of two hours. A batch time of 34 hours was assumed con-

sidering filling, emptying the tank and downtime of the process.  

4. Conclusions 

Open-loop recycling provides a more sustainable solution to the plastics pollution 

problem than other recycling techniques because the lifetime of the hydrocarbon is ex-

tended beyond the first use as a plastic. This can be achieved on a large scale, with multi-

ple plastic stream by utilization of the dissolution process. We have described how to ac-

complish the dissolution of four model polymers of industrial and global relevance such 

as PS, HDPE, PP, ABS. These were examined by the mathematical modelling approach of 

Narasimhan and Peppas and the solubility of each plastic was tested in different solvents 

by three different methods, the Hansen RED method, the Hildebrand method and the 

Flory Huggins method. Interestingly, the mixing of two “mediocre” solvents like cyclo-

hexane and cyclohexanol enhanced their solubility effects and even showed better solu-

bility than pure organic “good” solvents, as seen by the model of Hansen. The solubility 

results were then graphically represented using a Teas graph. Many of the non-solvents 

characteristically contained either oxygen or nitrogen atoms and were typical non-aro-

matic. Two pure solvents and two binary solvent blends were selected for study base on 

the dissolution calculations. The study of plastics dissolution by “Molecular theories in a 

continuum framework” provided the required mathematical expressions to describe the 

process. The total time required for the dissolution of the plastic mixture in toluene, cal-

culated from the mathematical model, was 32 hours. In addition, it was mathematically 

proven that higher polymer molecular weight results in longer dissolution times, so the 

plastics’ cut size is crucial. The same applied to polymer weight percentage; hence a higher 

polymer content in the PSC would significantly slow down the process. However, the 

single most important parameter for the process was proven to be the solvent selection 

due to its relation to the viscosity of the PSC. A highly viscous solvent could significantly 

retard the dissolution process, affecting the total batch time. Moreover, toluene outper-

formed all the other solvents by having the lowest viscosity. Globally speaking is it ad-

vantageous to adopt solvent blends with low viscosity and high affinity to the desired 

polymers. Despite the notable findings of this research, some inconsistencies were also 

Figure 3. Mass fraction of polymers dissolved in toluene over time. Presenting polypropylene (PP), polystyrene (PS), high-

density polyethylene (HDPE) and acrylonitrile-butadiene-rubber (ABS). 
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encountered. The main dissolution equations could not account for changes in pressure 

or agitation. Moreover, no solubility parameter could be connected to the dissolution 

equations, making them prone to human error, since even a non – solvent could be used 

in the formula. Therefore, the equations should be empirically confirmed before building 

engineering operational unit. Nonetheless, chemical recycling of plastics via the dissolu-

tion process was outlined and proven by mathematical expressions which has been con-

firmed by previous works. Polymer dissolution is indeed a complex process, but the pos-

sibility to accurately model results from the laboratory by a combination of empirical and 

theoretical methods is intriguing to the scientific and industrial communities. 

5. Patents 
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