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1. Introduction

A significant challenge in the recycling of poly(vinyl chloride) (PVC) is the presence of plasticisers [1]. These
substances are incorporated to enhance the flexibility of the base polymer, enabling its use in a broader range of
applications [2].The most commonly used class of plasticisers is phthalates, examples of which include diisononyl
phthalate (DINP), diisodecyl phthalate (DIDP), di(2-ethylhexyl) phthalate (DEHP) and 1,2-cyclohexane
dicarboxylic acid diisononyl ester (DINCH) [3]. In recent years, several plasticisers have become subject to
increasingly stringent regulation due to growing concerns regarding the toxic and endocrine-disrupting effects [2].
This development directly affects the recycling of PVC, as the presence of such legacy plasticisers necessitates
their removal prior to recycling. In addition to legislative constraints, their presence constitutes additional technical
challenges, as degradation of these plasticisers during recycling can result in recyclates of inferior quality [4].
Consequently, the removal of plasticisers prior to recycling is crucial, as it enables the polymer to be processed in
a purer form, thereby improving the quality of the recycled material whilst also mitigating the presence of
hazardous chemicals.

The extraction of plasticisers from the polymer matrix, often termed leaching, is a complex mass transfer process
that depends on a variety of parameters [5]. The thermodynamics and kinetics of the process are determined by
the macroscopic extraction technique as well as the properties of the components involved, namely the extraction
solvent, the incorporated plasticisers and the polymer. In this work, a traditional solid-liquid shake flask extraction
is considered, as this technique is known for its ease of use and allows for an in-depth modelling of the phenomena
taking place [3,6]. For simplicity, the studied system will consist of three components: an extraction solvent
cyclohexanone, a plasticiser DEHP and a PVC polymer matrix. In this set-up, the prevailing mass transfer
mechanism is Fickian diffusion, as was stated by Maddela et al. [7] Many authors have already proposed models
to describe the leaching of additives from plastics via this mechanism, but these often fall short in describing the
diffusion coefficients and interactions in detail, as they are fitted to diffusion data [8—13]. This work will bridge
that gap by developing a state-of-the-art ternary model that accounts for the relevant interactions and concentration
dependence in the diffusion process.

2. Derivation of the mathematical model

As mentioned before, the mass transfer process can be described by Fickian diffusion, which is usually applicable
to rubbery or plasticised polymers [14]. Given that the system under consideration comprises three components,
the ternary form of Fick’s second law is employed, shown in Equations 1 and 2. Spherical coordinates are adopted,
as they are most appropriate for describing diffusion within polymeric pellets. In a ternary system, only two
independent diffusion equations are required, since the concentration of the third component can be determined
from the condition that the sum of the component fractions equals unity [15], as expressed in Equation 3.
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Here, ¢; represents the volume fraction of component i, where { = 1 corresponds to the solvent, i = 2 to the
plasticiser and { = 3 to the polymer. The mutual diffusion coefficients D;; signify the diffusion of component i
driven by the concentration gradient of component j. In case i = j, these are referred to as main diffusion
coefficients, whereas for i # j, they are referred to as cross diffusion coefficients. Subsequently, more detailed
expressions for these four diffusion coefficients can be constructed using models proposed by Dabral et al. [16] in
combination with the Vrentas-Duda free volume theory [17-21]. The Dabral model proposes a relationship
between the mutual diffusion coefficients and the self diffusion coefficients, as given in Equations 4 to 7. Although
alternative approaches exist for relating mutual and self-diffusion coefficients, the Dabral model is among the few
that satisfy the Onsager reciprocal relations [22].
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Here, R is the universal gas constant, T is the temperature, ¥/ is the specific volume of component i, D; denotes the
self diffusion coefficient of component i and Ay; is the chemical potential of component i. The derivatives of the
chemical potential act as a thermodynamic factor that can be calculated using ternary Flory-Huggins theory [23].
The self diffusion coefficients are, in turn, calculated using free volume theory, which states that the migration of
solvent and plasticiser molecules occurs through the free volume in between polymer chains [21,24]. This theory
is widely employed to describe diffusion in polymer matrices and is regarded as one of the most reliable
frameworks available [25]. The integration of these equations into a single comprehensive model allows now for
a detailed analysis of both the thermodynamics and kinetics of plasticiser extraction at different experimental
conditions.
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