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Abstract
Plastics are attracting negative publicity due to the scale of current pollution levels, yet they are irreplaceable in several applications such as food packaging, where different types of plastics are combined in laminate form to produce multilayered packaging (MLP) materials which extend the life of food items packaged within them. Increased plastic recycling is urgently needed, however for MLP it is particularly difficult. For the first time, this study combines engineering tools with environmental policy towards developing solutions for current single use plastic packaging. This study investigates recycling challenges for MLP and emerging melt-blending based mechanical recycling solutions as this is the main current method for material recovery of conventional plastics. Melt-blending of MLP with compatibilisers is explored, and the current lack of models addressing the influence of compatibilisers is identified. This gap in knowledge is addressed using novel engineering models based on the finite element (FE) micromechanical modelling technique to estimate the mechanical properties of recycled blends. Our model output is compared with experimental data available in literature and the good agreement highlights its predictive ability, providing a fast and cost-effective novel method for optimising recycled plastics. The policy aspect proposes the introduction of twenty policies based on mission-oriented innovation strategy to enable deployment of the recycling technologies studied whilst improving the viability of recycling of material currently not recycled. Implementation of these measures by the stakeholders will enable adoption of new MLP recycling techniques, create demand for recycled materials from MLP and incentivise MLP collection to mitigate pollution.
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Introduction
Advances in food processing and packaging materials play a major role in keeping valuable food items safe to consume and with an extended shelf-life (Dhall et al., 2012; Robertson, 2009). In addition to extending the value of crucial resources for sustenance, packaging technologies have also led to a variety of convenient consumptive behaviours (e.g. ready cooked meals). In 2017, packaging accounted for more than 30% of the global production of plastics. In Europe (EU27, Norway UK, Iceland and Switzerland), flexible plastic packaging, commonly used in the food sector, accounted for more than 40% of the packaging market owing to the increased consumption of packaged food and confectionery products (“Flexible Packaging Market in Europe 2018-2022, Janoschka Packaging,” 2018; Geijer, 2019). Inventions such as multilayered plastic (MLP) films combine the merits of different functional materials in a single laminate form, thus performing a myriad of packaging functions such as mechanical support, gaseous barrier, light barrier, sealability and printability (for communication and brand identity). It is estimated that MLP accounts for 26% of the flexible packaging market by weight (Ellen MacArthur Foundation, 2017).The elimination or substitution of functional plastics from food packaging is almost impossible without compromising the many benefits and convenience they provide. Moving from multi-material to monomaterial configurations for the sake of recycling is a developing trend when feasible, as evidenced by proprietary solutions with high barrier properties (Borealis Group, 2019; Packaging Europe, n.d.). However, such substitutions are usually not possible across all MLP due to the packaging requirements for the very diverse range of products and market environments across the globe. 
Currently, only 14% of plastic waste is collected for recycling. Incineration with energy recovery accounts for another 14% with landfill and leakage accounting for 40% and 32% respectively (Ellen MacArthur Foundation, 2016). The prevailing recycling solution for collected plastics waste involves sorting by polymer types followed by melt blending and regranulation. Only 2% of the collected plastic waste are recycled to manufacture the same or similar quality products due to the need for high purity, simple construction and the lack of associated collection and sorting challenges (Ellen MacArthur Foundation, 2016). Energy recovery by incineration can be seen as an attractive option to deal with residual polymeric packaging wastes (Ahmad et al., 2015; Anuar Sharuddin et al., 2017, 2016),as it offers significant mass reduction in waste after combustion. However, this is dissipative, irreversible and contrary to the principles of the circular economy which favours reuse and recycling within closed loops. Therefore, effective recycling of plastic waste is crucial to prevent plastic pollution, associated greenhouse gas emissions from waste incineration and virgin material production from non-replenishable resources such as petroleum by-products (Hamilton et al., 2019). 
Recycling methods for plastic waste can be broadly classified into physical and chemical recycling (Goldberg et al., 2019; Schlummer et al., 2020). During physical recycling, polymers undergo changes in their physical state either through melting or dissolving but retain their chemical composition, i.e. polymer backbone. Mechanical recycling is typically characterised by breaking plastics into smaller pieces using shredding and shearing, followed by melting and mixing to produce a blend of polymers. Dissolution is a recycling technique based on dissolving polymers in solvents and followed by precipitation (Schlummer et al., 2020; Zhao et al., 2018). Chemical recycling can be divided into pyrolysis (thermal breakdown of plastics in the absence of oxygen; producing a range of hydrocarbon products) (Rahimi and Garciá, 2017), chemical depolymerisation (plastics broken down at molecular level into its monomers)(Rahimi and Garciá, 2017) and gasification (partial combustion to produce carbon monoxide and hydrogen (SynGas)) (Lopez et al., 2018). Whilst all these recycling methods are active research areas, this paper focuses on melt-blending based mechanical recycling solutions for MLP waste as it is comparatively cost-effective and currently the most common form of recycling (Al-Salem et al., 2009; Goldberg et al., 2019; Ragaert et al., 2017). 
We present novel finite element based micromechanical models for estimating the properties of recycled blends without resorting to costly physical experiments as well as policy interventions to address the lack of recycling of MLP within an integrated policy mix to improve plastic recovery in general and MLP recycling in particular. After discussing current challenges in MLP recycling the paper discusses the prospects of mechanical recycling to turn MLP waste into a valuable resource such as melt-blending options for combined processing of MLP waste. There are significantly more experimental studies in the literature on mechanically recycled plastics (Delva et al., 2019; Fang et al., 2013; Kallel et al., 2003; Moreno and Saron, 2019, 2018; Mys et al., 2018) than predictive models for the mechanical response of the recycled materials. Therefore, this paper evaluates the potential of finite element based micromechanical modelling as a tool for optimising the material design of recycled materials. Policy considerations to achieve resource efficiency in MLP are included in our approach to increase the viability of complementary technical solutions. They propose mission-oriented innovation policy interventions to foster socio-technical developments that create value and markets for recovered materials. A multidisciplinary approach combining engineering tools with environmental policy is essential to accelerate the development and implementation of solutions addressing single use plastic packaging.
Challenges in recycling of MLP
Technologies for recycling the individual polymers that make up multilayer packaging exist, but odours, contamination from MLP and other materials hinder high recycling rates, despite recent improvements in sorting technology for separating single plastic materials from commingled waste. Cimpan et al. (2015) and Horodytska et al. (2018) provide a comprehensive overview of different collection and sorting systems within North America and Europe. At present, collection, separation and reprocessing of household plastic films and MLP are not widely implemented in the UK. However, a number of European countries are collecting a limited amount of post-consumer films with only a portion of polyolefins being recycled (Cimpan et al., 2015; Mckinlay and Morrish, 2016). Complex MLP laminates used in demanding applications such precooked food, meat and dairy packaging are not recycled. The multi-material laminate structure is key to the success of MLP in packaging applications, but the layers cannot be separated and sorted accordingly owing to the use of thermoset polyurethane adhesives as tie-layers.  
The combined processing of MLP and single plastic materials often results in low quality recycled materials with inferior mechanical performance (Mckinlay and Morrish, 2016) and physical appearance (Horodytska et al., 2018; Mckinlay and Morrish, 2016). Metallised and foil laminated plastics are not suitable for mechanical recycling through melt blending due to low mechanical performance and equipment wear owing to the presence of the metallic inclusions (Mckinlay and Morrish, 2016). Metallised laminates are used in packaging and healthcare industries (e.g. blister packs) because of their the high barrier properties and cost efficiency; unmatched by any combination of polymers (Massey, 2003). The presence of incompatible and immiscible polymers also results in weaker interfaces when processed together. In addition to material degradation during its lifetime, plastics undergo thermal-mechanical degradation during the recycling steps (Takatori, 2015). Shredding of waste plastics into flakes during recycling reduces the polymer chain length, leading to a negative impact on the mechanical properties. The melt processing of mixed polymers is often performed at the temperature specified for the highest melting component, risking thermal degradation of the lowest melting component (e.g. blends of PE/PA, PP/PET and PE/PVdC). As a result, recycled materials from MLP laminates are less desirable owing to their weaker mechanical and physical properties compared to virgin polymers, and these restrict their applications.
Flexible food packaging represents the highest contribution of all sources in waste collected from waterways due to widespread littering behaviour and the (intentional and unintentional) escape of plastics from waste disposal and collection mechanisms (Department of Agriculture Environment and Rural Affairs, 2019; Thames21, 2017). In the last four years, it was found that food wrappers were one of the two most common items found on the foreshore of the river Thames (Bernardini et al., 2020). Extended producer responsibility (EPR) strategies such as packaging return schemes could improve the rate of collection and aid sorting of post-consumer MLP waste. However, recycled end products are typically low-value commodities such as watering cans and outdoor garden furniture (TerraCycle, 2019) that are manufactured at higher cost. This is because the technical challenges of recycling MLPs and mixed plastics waste are not solved yet. Furthermore, it is also fair to assume that the expense of improved collection and sorting will further increase the cost of the recycled materials making them less competitive to virgin polymers. As the prevalent recycling method for plastics, there are obvious merits in developing mechanical recycling further, to efficiently address MLP waste. Engineering tools such as FE modelling could play a significant part in optimising the material properties from emerging mechanical recycling solutions through virtual material modelling and testing. In addition, faster technology uptake, increased recycled material demand and policies encouraging or enforcing the uses of recyclate from MLP are essential to realise MLP recycling as a viable option. To be most effective, MLP recovery policies must be embedded in an integrated mix encouraging the overall objectives of material preservation and pollution reduction. They must address aspects including infrastructure, sectoral organisation, business models and consumer choice nudging. As an example, incentivising value preservation and market creation could foster innovations to avoid, where possible, permanent adhesion of metal layers to respond to the needs of emerging material markets.    
[bookmark: _Ref40981132]Mechanical recycling solutions for MLP
Mechanical recycling for MLP can be broadly classified under the distinct but complementary themes of melt-blending and layer separation or de-lamination (by selectively removing or dissolving the tie layers (Kinoshita et al., 1988; Saperatec, 2015; Toyokazu Idemitsu Petrochemical Co. Ltd., 1989; Vandenhende and Yernaux, 1997)). While there are practical challenges in sorting such separated films, a feasibility study by the Waste and Resources Action Programme (WRAP) reported promising results in producing sorted waste film fractions with less contamination and reduced odour from mixed plastic waste through a multi-stage shredding, sorting and dry-cleaning system (Evans and Kosior, 2011). It must also be noted that selective dissolution processes (physical recycling) which also enable the separation of the MLP layers can also be employed to recycle MLP through selective dissolution of the polymer layers (“Creacycle - CreaCycle GmbH,” n.d., “Newcycling - APK AG,” n.d.; Kaiser, 2020; Kartalis et al., 2002). However, the focus of this paper is on the prospects of MLP recycling within the widely established technique of melt-blending based mechanical recycling. 
The steps involved in sorting and recycling can significantly impact the mechanical and physical properties of the recycled materials. The shredding of laminates results in chain scission of the polymer backbones and reduces their molecular weight. Typically, decreasing trends in elongation at break, impact strength and an increase in melt flow index (MFI) are observed (Aurrekoetxea et al., 2001; Delva et al., 2014; Jin et al., 2012; La Mantia, 2004; Pillin et al., 2008). A common approach is to blend a high proportion of virgin polymer with a low proportion of recycled polymer to manufacture components. Another approach is to make use of the wide variety of additives available to compensate for thermal-mechanical degradation during recycling. These additives could be chain-extenders, heat stabilisers, processing aids (plasticisers), impact modifiers, fillers, crosslinkers or compatibilisers (La Mantia, 2004).  
Numerous studies have investigated the link between microstructure and mechanical properties of polymer blends, and the significance of processing conditions, additives, compositions and interphase properties to create synergies is evident (Brown, 2014; Dobrzański et al., 2008; Kmetty et al., 2010; Luo et al., 2011; Wang et al., 2014). The thermodynamics, morphology and energy considerations of polymer miscibility have been widely reported (Feldman, 2005; Graziano et al., 2019). Polymers in heterogeneous blends can yield improved mechanical properties (synergism) if they are compatible based on the extent of miscibility and comparable molecular structure (Graziano et al., 2019; Lovinger and Williams, 1980; Shanks et al., 2000). A study in 2015 showed that 80% of post-consumer flexible waste from a typical household in the UK is of polyolefin origin, including metallised polyolefins (Mckinlay and Morrish, 2016). This study reported improved ultimate tensile strength (UTS) and elongation at break (EB) for recyclates from polyethylene (PE) and polypropylene (PP) laminates when compared to virgin PE and PP, in agreement with the synergy reported by Lovinger and Williams (1980). However, the comparatively low impact strength and elongation at yield indicates poor interfacial adhesion between the PP and PE (Mckinlay and Morrish, 2016). 
In thermodynamically immiscible blends, the incompatibility between the phases translates to poor stress transfer, and ultimately results in premature failure of the interface before the phases reach their mechanical potential. Compatibilisation is an emerging option within melt blending strategies to improve the interfacial properties of the immiscible polymer blend through the addition of a surfactant polymer (compatibiliser) in small amounts. Typically, compatibilisers migrate to the interphase between matrix and dispersed phase resulting in a core-shell morphology (Wang et al., 2018). This leads to a reduction in interfacial tension between the constituent phases inhibiting coalescence and promoting greater dispersion and finer morphologies. The theoretical background and mechanisms behind compatibilisation are reported in (Feldman, 2005; Maris et al., 2018; Utracki, 2002). Figure 1 shows the changes in blend microstructure from compatibiliser addition to a PP/PET (85/15) blend, with smaller particle size and greater dispersion of the dispersed phase showing effective compatibilisation (van Bruggen et al., 2016). The compatibilisation of the polymer blends can be additive/non-reactive (a block or graft copolymer) or reactive (synthesising interfacial bonds in-situ with segments of the homopolymers). Reactive compatibilisation is more effective than non-reactive as more robust connections are formed across the interface through covalent bonds (Moreno and Saron, 2018; Mys et al., 2018), but the complexity involved in the synthesis of reactive compatibilisers renders them more expensive (Markarian, 2004). Copolymers of ethylene-ethylacrylate (EEA), ethylene-butylacrylate EBA, and ethylene-methacrylate (EMA) have been utilised as non-reactive compatibilisers for polymers such as PP, PE and PA (Markarian, 2004). The common functional groups utilised in reactive compatibilisation are maleic anhydride (MA), gycidyl methacrylate (GMA), and acrylic acid (AA). These functional groups can be grafted onto non-reactive compatibilisers or onto polymeric components in the blends to synthesise compatibilisers (Vilaplana and Karlsson, 2008). The application of compatibilisation within the context of recycling mixed plastics in multilayer packaging has recently been reported (Delva et al., 2019, 2016; Moreno and Saron, 2019, 2018; Mys et al., 2018). 
[image: ][bookmark: _Ref27055077]Figure 1: Effect of compatibilisation on PP: PET (85:15 wt %) blend microstructure as a function of SEBS-g-GMA compatibiliser, (a) 0 wt%, (b) 0.25 wt%, (c) 1 wt%, and (d) 2.5 wt% (scale bar = 10 µm). Reproduced from (van Bruggen et al., 2016) with permission from Carl Hanser Verlag GmbH & Co.KG, München

Mechanical properties such as tensile modulus, tensile strength and impact strength were observed to have improved following compatibiliser addition, demonstrating that compatibilisation is a feasible option to deal with multiple polymers through combined processing from sorted waste fractions (Moreno and Saron, 2019, 2018; Mys et al., 2018). However, compatibilisation is inadequate for metallised polymeric waste and typically adds only one additional life cycle to the polymers as the recovery and re-processing of compatibilised polymers from waste streams can be challenging (Kaiser et al., 2017); it is hoped that developments in sorting technologies (e.g. digital watermarks or chemical tracers (New Plastics Economy, 2019)) or dedicated extended producer  responsibility (EPR) schemes can address these challenges. Different compatibilisers have varying effects on the mechanical performance depending on their concentration, characteristics and the polymers in the blend. Therefore, prior knowledge of the polymers in the blend and optimum amount of compatibiliser are essential to maximise their effectiveness (Moreno and Saron, 2018). Whilst optimising for all mechanical properties would be ideal for diverse applications of recycled MLP, it is impossible to achieve the same level of synergy across all parameters. Therefore, optimising the properties for a target application or industry is the best option as the correct material design choices can be made in an efficient manner. There is technical and strategic scope for developing application-specific novel compatibilisers. These developments would be more likely to occur and succeed in a context where Extended Producer and Extended Seller Responsibility schemes are also implemented.  Furthermore, target volume fractions/compositions for desirable blend morphology, and selection of the most suitable compatibiliser and its required concentration are possible ways to maximise desirable features. To facilitate such a scenario, a greater understanding of the blend behaviour and evolution of properties as a result of compatibilisation is critical. In that sense, the policy recommendations in this work include support of experimental and, so far underrepresented, computational R&D into material performance to complement measures of market creation. Moreover, given the importance of predictive models that can simplify material design and compatibilisation choices, they are discussed further in the following section.
Finite element (FE) based micromechanical modelling of compatibilised blends
Whilst there have been many attempts to experimentally characterise the effect of compatibilisers in polymer blends, there is a lack of accompanying modelling work to predict the properties of compatibilised polymer blends. Microscopy studies of immiscible polymer blends have identified discrete phases and have documented how unique morphologies are formed as a result of blend volume fractions (Vervoort et al., 2018); compatibilisers ensure a finer control and distribution of the dispersed phase and enhance the adhesion between the constituent phases (Figure 1). As a result, the microstructure and adhesion between the phases are crucial in determining the mechanical properties of the compatibilised polymer blends. 
[image: ]The influence of compatibilisers on the mechanical properties of polymer blends can be predicted by utilising micromechanical modelling and finite element analysis. Micromechanical modelling links the microstructure of a material to its bulk behaviour (Arora et al., 2015; Mohammed et al., 2013; Needleman, 1994; Needleman and Van der Giessen, 2001; Ortiz, 1996). Owing to the incompatibility between the polymers, the main failure mode that occurs in these blends is debonding along the interfaces. As a result, a brittle failure is observed without compatibilisation and, with sufficient compatibiliser addition, a brittle-ductile transition can be observed (Mys et al., 2018; van Bruggen et al., 2016). This behaviour can be simulated via cohesive traction-separation laws (Arora et al., 2015; Michael et al., 2001; Needleman, 1994; Pascoe et al., n.d.; Tvergaard and Hutchinson, 1993a; Van der Giessen and Needleman, 2002; Zhang et al., 2018). In this study, a bi-linear traction (σ) - separation (δ) cohesive law with a triangular shape (Figure 2) was utilised. This law governs the degradation in interface stiffness (softening) once damage is initiated at a separation δo and critical value of interface stress σc, up to the point of complete failure at a separation δf, when load bearing is no longer possible; this occurs in both the normal and shear directions. The energy released during the damage process (fracture energy, Gc) is the area under the traction-separation curve (Abaqus Analysis User’s Guide, 2016; Tvergaard and Hutchinson, 1993b). The adhesion between the phases at a microscopic level can be incorporated into these micromechanical models via the cohesive law. The following sections will apply micromechanical modelling and FE analysis to develop a virtual material model to predict the key mechanical properties of compatibilised polymer blends and correlate them against experimental results reported in the literature.
[bookmark: _Ref26986700]Figure 2: Triangular bi-linear traction-separation cohesive law
Materials and model information
Two model blends of LDPE/PA6 (wt% 78/22) and PP/PET (wt% 80/20) were considered based on the works of Moreno and Saron (2018,2019) and Mys et al. (2018) respectively. Multi-layer laminates of PE/PA6 and PP/PET are typically used in packaging applications that require mechanical strength and gaseous barrier (e.g. meat, dairy, processed/ semi-finished food products and snacks). Moreno and Saron (2018) investigated the effect of compatibiliser maleic anhydride grafted polyethylene (PE-g-MA) on the LDPE/PA6 blends at 0%, 0.5%, 1%, 2.5% and 5% wt; whereas, Mys et al. (2018) investigated the effect of different compatibilisers such as maleic anhydride grafted polypropylene (PP-g-MA) and polyolefin based elastomer grafted with maleic anhydride (POE-g-MA) at 6 wt% for PP/PET blends. The influence of compatibilisers on material properties such as tensile modulus and yield strength for the polymer blends from the aforementioned works were used to benchmark the micromechanical models developed. The typical steps involved in setting up the micromechanical model are demonstrated using the example of PP/PET blend and shown in Figure 3. The particle size of the dispersed phase in uncompatibilised and PE-g-MA compatibilised LDPE/PA6 blends were obtained from Moreno and Saron (2018). The microstructure from the study by Zdrazilova et al. (2004) was utilised to obtain the particle size of the dispersed phase for uncompatibilised PP/PET (80/20) blend. As there was no particle size information for PP-g-MA or POE-g-MA (6%) compatibilised PP/PET (80/20) blends to be found in literature, the microstructure of PP/PET (80/20) blend compatibilised with 5% SEBS-g-MA from the study by Araujo and Morales (2018) was utilised. As such, particle size of the dispersed phase from polymer blends with and without compatibilisers were obtained, and those particle size distributions (PSD) were used to create different 3D microstructures following the methodology illustrated in Figure 3. The particle size was determined through image analysis using Fiji, an ImageJ distribution(v1.52p) (Schindelin et al., 2012). The extracted values were compared to the PSD of similar blends from the literature (e.g. (Entezam et al., 2012; van Bruggen et al., 2016)) to confirm that they were representative. Using the PSD and the volume fraction Vf (calculated from corresponding wt% and density given in Table 1), the commercial software Macropac (Intelligensys, 2012) was used to generate a representative 3D microstructure of the blend consisting of spheres. Since the particles are randomly distributed and spherical in shape, the particle size distribution in 2D was deemed acceptable to develop the 3D model (Arora et al., 2015; Underwood, 1973). The simulated microstructures were a 2 µm x 2 µm x 2 µm cube for LDPE/PA6 and 10 µm x 10 µm x 10 µm cube for PP/PET. These dimensions were chosen with consideration to the particle size of the dispersed phases in each of the blends so that sufficiently large and comparable number of dispersed particles are present to ensure variable microstructure. The simulated microstructures (with the x, y, z co-ordinates of each sphere and its radius) were then imported into the commercial finite element software Abaqus (Dassault Systèmes Simulia, 2018) using a custom Python script (Tarleton et al., 2012) to set-up the micromechanical model. 
[image: ]
[bookmark: _Ref49949085]Figure 3: Steps involved in the development of micromechanical finite element model. SEM image reproduced from (van Bruggen et al., 2016) with permission from Carl Hanser Verlag GmbH & Co.KG, München
The material properties of the polymers were obtained from the technical datasheets (Equipolymers, 2004; ExxonMobil, 2015) and literature (Moreno and Saron, 2019, 2018) and are shown in Table 1. The filler polymers (PA6 and PET) were modelled as elastic/perfectly-plastic for the sake of simplicity. To obtain more accurate results, the matrix materials were modelled as elastic/plastic with work hardening. Tensile tests were carried out in accordance to ASTM D882 on polymer films of the same materials (LDPE and PP) to obtain the stress-strain data for this calibration (Figure 4a). 
[bookmark: _Ref49812547]Table 1: Summary of the material properties used as inputs in the FE model
	Material property
	Units
	PP
 (ExxonMobil, 2015)
	PET (Equipolymers, 2004)
	LDPE
(Moreno and Saron, 2018)
	PA6
(Moreno and Saron, 2019)

	Modulus (E)
	MPa
	1700
	2100
	150
	1300

	Yield strength (σy)
	MPa
	37.2
	55
	6.5
	35

	Poisson’s ratio (ν)
(Polymer Database, n.d.)
	-
	0.43
	0.43
	0.42
	0.42

	Density
	g/cm³
	0.9
	1.38
	0.96
	1.17

	
	
	

	Interface properties 
	PP/PET
	LDPE/PA6

	Stiffness (kI)
	GPa/µm
	1-100
	1-100

	Cohesive strength (σc)
	MPa
	37.2
	6.5

	Cohesive energy (Gc)
	kJ/m2
	4
	10



The boundary conditions shown in Figure 4b were applied to the imported RVE on the faces intersecting the X, Y and Z planes. A straight face boundary condition was maintained on the remaining cube faces in the XY and YZ planes to prevent rigid body motion and artificial deformations. Although the simulated microstructure is representative of that of the polymer blend, the real microstructure is variable with no identifiable unit cell, hence periodic boundary conditions were not applied. The FE model was meshed using linear C3D4 (4-noded linear tetrahedron) elements due to the complex geometry of the model, including particles, and to minimise computational time. In order to extract relevant material properties, a tensile test was simulated on the FE model. A tensile deformation was applied on the top face of the cube as shown in Figure 4b. Mesh convergence studies were performed and models meshed with an approximate element seed size of 0.06 µm (for LDPE/PA6) and 0.4 µm (for PP/PET) were deemed appropriate to give the best balance between high accuracy and computation time.  
Compatibilisers influence the adhesion between the phases, so two cases can be modelled where the adhesion is (i) a maximum (upper bound) and (ii) a minimum (lower bound). The particle size of uncompatibilised blends were utilised to develop these FE models. The fully bonded blend was modelled by treating the whole cube with sections representing the filler and matrix phases as a single part. The lower bound treated the volumes representing two phases as separate parts and surface-based contact interactions; namely ‘hard’ contact and friction models with a co-efficient of friction set to 0.76 (Ineos Olefins & Polymers USA, 2010) were assigned between the phases. A ‘hard’ contact relationship minimises the penetration of one surface into the other during simulation. 
The instances of maximum and minimum adhesion are often not reflective of polymer blends in real life, and thus the case where the adhesion between the two phases can be controlled was modelled by assigning cohesive contact interactions with a bi-linear traction-separation based cohesive behaviour (Arora et al., 2015; Siegmund et al., 1997; Zhang et al., 2018). The precise traction-separation behaviour and the interface properties specific to the blends were not available in the literature nor experimentally determined at this stage. Therefore, a triangular traction-separation law (Figure 2) with values chosen based on experience from parametric studies were utilised to define their behaviour, to obtain a faster convergence without compromising accuracy. Typically, the interface stiffness values are chosen to be high enough to avoid introducing artificial compliance to the system without causing numerical convergence problems (Arora et al., 2015; Zhang et al., 2018). Therefore, the stiffness of the cohesive zone in mode I was varied from kI =1,10,50 and 100 GPa/µm to determine maximum interface stiffness, with kII = kI/2(1+ν), where ν is the Poisson’s ratio. The interface cohesive strength was chosen with consideration of the yield strength of the weakest polymer (matrix) in the blends. These were set as σc = 6.5 MPa for LDPE/PA6 and 37.2 MPa for PP/PET (see Table 1). The same values were used in mode I and mode II. The de-bond energy between the surfaces was set as Gc = 10 kJ/m2 for LDPE/PA6 and Gc = 4 kJ/m2 for PP/PET. The same values were assumed in mode I and mode II with the mixed mode failure locus taken to be linear. These values are comparable to the fracture toughness values reported in the literature for polypropylene (Arencón and Velasco, 2009) and LDPE respectively (Hashemi and Williams, 1986). The interface properties utilised in the cohesive contact models are summarised in Table 1. To address the change of morphology due to compatibilisation, the FE models were created with the particle size of the dispersed phase for each of the blends. To represent LDPE/PA6 blends with compatibiliser weight fractions of 0%, 0.5%, 1%, 2.5% and 5%, a total of five FE models were created. Similarly, two FE models were created for PP/PET blends with (6%) and without (0%) compatibiliser. The average particle size for these blends are shown in Table 2. For LDPE/PA6 blends, the dispersed particles remain within the same size for blends with 0%, 0.5% and 1% compatibiliser. Although not substantial, a decreasing trend in average particle size is observed for 2.5% and 5% compatibilised LDPE/PA6 blends. As for PP/PET uncompatibilised and compatibilised blends, a significant decrease in average particle size can be observed. These measures ensure that the micromechanical models used in this study capture the change in morphology due to compatibilisation. A more accurate model would also entail obtaining the cohesive parameters experimentally (Pandya and Williams, 2000; Tan et al., 2005; Zhang, 2017) and determining the precise shape of the traction-separation law. 
[image: ]
[bookmark: _Ref51362949]Figure 4: (a) Stress-stress response from tensile test of matrix materials used to calibrate FE model (b) FE model boundary conditions for tensile test, and (c) stress-strain response from models
Results
Figure 4c shows the predicted stress versus strain response from simulated tensile tests for (i) upper bound, (ii) lower bound and (iii) the intermediate cohesive models. The stress-strain responses (Figure 4c) were used to calculate the modulus and yield strength. These models were created with the particle size from uncompatibilised blends (Table 2). The modulus values were calculated over the strain interval of 0.0005 – 0.0025. The yield strengths were calculated at 2% strain offset for LDPE/PA6 blends which is more sensible for plastics, but a 0.02% strain offset was used for PP/PET blends, as calculated by Mys et al., (2018). 
To investigate the influence of particle size on the mechanical properties, interface properties were kept constant across the blends. A cohesive stiffness of kI=100 GPa/µm gave a modulus value close to the upper bound models for LDPE/PA6 and PP/PET blends representing fully bonded phases (Figure 5a and c). Therefore, this value was assigned to the models and the results (modulus and yield strength) are presented in Table 2. A lower cohesive stiffness of kI=1 GPa/µm was also assigned to evaluate the mechanical properties when a weaker interface is introduced in the model. No clear trends were observed in the modulus and yield strength across the different blends for higher interface stiffness (kI=100 GPa/µm). A decreasing trend in the modulus values can be observed for PP/PET blends when the weaker interface (kI=1GPa/µm) was assigned between the phases. For LDPE/PA6 blends with weaker interface, the variation in moduli between different blends seem to be statistically insignificant as the average particle size also remain comparable. The same can be said for yield strength values for both blends as the variations between different blends seem to be statistically insignificant not only for different particle sizes but also for stiffer and weaker interface models. This analysis uncoupled the effect of interface properties and particle size, and it can be said that for PP/PET blends investigated here, the changes in particle size alone have minimal effect on the mechanical properties of the blend. 

[bookmark: _Ref57035926]Table 2: Summary micromechanical model outputs for LDPE/PA6 and PP/PET blends with different particle sizes 
	
	LDPE/PA6 (78/22)
	PP/PET (80/20)

	Compatibiliser %
	0
	0.5
	1
	2.5
	5
	0
	5

	Average particle size (µm)
	0.69± 0.13 *
	0.68± 0.12*
	0.67± 0.13*
	0.61± 0.11*
	0.52± 0.11*
	4.14± 1.4
	2.21± 0.4

	kI =100GPa/µm 
σc = 6.5 MPa (LDPE/PA6), 37.2 MPa (PP/PET)
Gc = 10 kJ/m2 (LDPE/PA6), 4 kJ/m2 (PP/PET)
	Modulus (MPa)
	217.8
	220.3
	219.3
	217.8
	219.3
	1742.8
	1742.8

	
	Yield (MPa)
	8.7
	8.7
	8.7
	8.6
	8.6
	24
	23

	[bookmark: _GoBack]kI =1GPa/µm
σc = 6.5 MPa (LDPE/PA6), 37.2 MPa (PP/PET)
Gc = 10 kJ/m2 (LDPE/PA6), 4 kJ/m2 (PP/PET)
	Modulus (MPa)
	141.1
	141.3
	143.5
	140.7
	135.3
	1548.9
	1495.9

	
	Yield (MPa)
	8.4
	8.4
	8.5
	8.3
	8.2
	22
	20

	* Moreno and Saron (2018)



The simulation and experimental results (Moreno and Saron, 2018; Mys et al., 2018) are compared in Figure 5. The modulus from the fully bonded (upper bound) models were validated against well-known micromechanical models by Mori-Tanaka (Mori and Tanaka, 1973) and Lielens (Lielens et al., 1998) and good agreement was obtained (Figure 5a and c). For a comprehensive review of such analytical models, the reader is referred to Stapountzi et al. (2009). The experimental moduli of the blends with and without compatibilisers fall between the upper and lower bound predictions as expected for LDPE/PA6 and PP/PET models. A cohesive stiffness of kI=100 GPa/µm gave a modulus value close to the fully bonded models for LDPE/PA6 and PP/PET blends. For LDPE/PA6 blends, the modulus value from the upper bound and the cohesive model kI = 100 GPa/µm were 219 MPa and 218 MPa respectively. Therefore, the cohesive stiffness had to be reduced in the models (introducing a third phase with lower stiffness at the interface) to match the experimental tensile moduli. As such, cohesive stiffness value of kI = 1.5 GPa/µm gave FE model results comparable to the experiment value for uncompatibilised (166 MPa) and 0.5% compatibilised blends (156 MPa). For LDPE/PA6 blends compatibilised with 2.5% and 5% PE-g-MA, kI = 3.5 GPa/µm gave an identical modulus value (183 MPa and 180 MPa) to the experimental data (185 MPa and 180 MPa). The yield strengths were calculated at 2% strain offset similar to the experiments. A comparison of yield strength values (Figure 5b) show that the FE models can predict the improvement in yield strength (9 MPa) when compared to model where there is no adhesion between the phases (7MPa). 
The modulus values from the upper bound and the cohesive model with kI = 100 GPa for PP/PET blends were 1749 MPa and 1743 MPa respectively. For uncompatibilised PP/PET blends, the case of kI = 4 GPa/µm gave a modulus value of 1664 MPa, comparable to the experimental results (1625 MPa). As for PP-g-MA compatibilised blends, kI = 10 GPa/µm gave a modulus of 1676 MPa which is comparable to the moduli from experiments (1682 MPa). The POE-g-MA compatibilised PP/PET blends resulted in a lower modulus (1407 MPa) than the PP-g-MA compatibilised (1682 MPa) and uncompatibilised PP/PET blends (1625 MPa). This is due to the relatively stiffer backbone of PP-g-MA compatibiliser compared to the elastomeric POE-g-MA. As such, the cohesive stiffness was further reduced (kI = 1 GPa) to model this response. Mys et al., (2018) reported that the elastomeric nature of POE-g-MA resulted in better impact properties (not modelled here) despite the lower tensile modulus compared to PP-g-MA compatibilised PP/PET blend. This shows that the cohesive parameters for modelling must be calibrated from independent experimental data to capture the effect of specific compatibilisers. The yield strengths were calculated at 0.02% similar to the experiments by Mys et al., (2018) even though it is within the strain range utilised to calculate the moduli. The experiment values fall between the upper and lower bound predictions from models at 0.02% strain offset. PP-g-MA compatibilised blends modelled with kI = 10 GPa/µm gave yield strength prediction comparable to the values from experiments (24 MPa). The yield strength predictions for uncompatibilised PP/PET blends (kI = 4 GPa/µm) was 21 MPa, comparable to the experimental value (19 MPa). It can be clearly seen that the modulus and yield strength at 0.02% offset predictions from the models are comparable to the experimental results.
The results described above focused on the adhesion between the different polymer phases and the influence of finer dispersed phase due to compatibilisation, as discussed in Section 3. The models were able to simulate the increase in modulus due to compatibilisation; and by modelling cohesive surfaces with reduced stiffness, the effect of specific compatibilisers and the amount of compatibiliser used were also simulated. In general, the models developed in this study were able to simulate the increase in yield strength as a result of compatibilisation but the variation in yield strength across different compatibilisers and their weight content are statistically insignificant. The results presented have also uncoupled the effect of adhesion and particle size on the mechanical properties of the blends and it can be seen that the adhesion at the interface between the different phases due to compatibilisation is more critical than the changes in size of the dispersed particles alone. Compatibilisation also leads to core-shell morphology with the compatibiliser encapsulating the dispersed phase. This aspect was also not modelled explicitly in this study; directly implementing the compatibilisers with their inherent properties and Vf in a core-shell structure within micromechanical models is a possible future extension of the models. In compatible polymer blends, synergism is due to the formation of specific crystalline domains like spherulites and shish-kebabs owing to specific processing conditions. Implementing these features in micromechanical model poses a considerable modelling challenge as these are at length scales lower than the ones used in our FE models and nanoindentation or AFM experiments will be also required to obtain the properties of these phases such that they can be fed into the computational models. Therefore, multiscale models will need to be implemented in order to bridge the different length scales.[bookmark: _Ref57916131]Figure 5: Comparison of material properties obtained from FE simulation and experimental data reported for LDPE/PA6 (Moreno and Saron, 2018) and PP/PET (Mys et al., 2018); (a), (c) tensile modulus and (b), (d) yield strength

The presented approach of surface based cohesive modelling is a practical approach that can capture the effect of compatibilisers on interfacial adhesion. Clearly, the composition of blends and compatibilisation are crucial in recycling (e.g. process needs, market demand etc) and FE-based micromechanical models can accommodate different polymers, composition, and blend microstructure. Overall, the results from this modelling study demonstrate that FE-based micromechanical models can be a very useful design tool for estimating the improvements in material properties of compatibilised polymer blends. This type of modelling will greatly help in the material design of recycled polymers from MLP and inform compatibiliser choice for specific polymer blends. It can replace inefficient and costly trial-and-error empirical approaches through offering a virtual testing platform where parametric studies can readily lead to optimisation of the recycled material properties. 
Innovation policy for resource efficiency in MLP
In order to reduce leakage of plastic to the environment and to increase resource efficiency towards a more circular economy, this works proposes interventions under the premise of a mission-oriented innovation policy. As opposed to invention-oriented innovation policy from the mid-to-late 20th century (Edler and Fagerberg, 2017), mission-oriented innovation policy consists of a coherent set of interventions that allow variety and competition to enable dominant designs to evolve rather than being pre-determined (Foray et al., 2012). Mission-oriented innovation policy considers all stages of the innovation cycle from fundamental science to market diffusion. To achieve the overall objectives over the short, medium and long term, the interventions help fulfil mission-related processes or functions (Bergek et al., 2008). For each process along the innovation cycle a policy functional area (PF) has been highlighted. They represent functions that can be performed by a few discrete but related policy interventions. They can for example encompass a fiscal incentive for market participants performing a desirable activity and simultaneously a penalty for not complying with a required standard in the same market sector. This work consists of the novel application of elements of mission-oriented innovation policy to recycling of plastic in general and more specifically to addressing the barriers to recycling of MLP. The PFs we identified are shown in Table 3. For the Research and Development stage of the innovation cycle for MLP this work identified, first, PF1 which comprises all interventions that support fundamental science and research in experimental and modelling terms, for instance grants and investments.  Similarly, PF2, which comprises interventions to support more applied research and development to adapt techniques to improve performance in existing and new applications. For the Piloting and Demonstration stage two policy functional areas were identified. Firstly, PF3 comprising interventions aimed at improving skills along the MLP system, from fundamental scientists to consumer psychologists. Secondly, PF4 comprising interventions that can ensure better cooperation between stakeholders as well as connectivity and complementarity of activities, for example through information sharing initiatives performed by Civic Society Organisations (CSOs). For the Deployment, Uptake and Diffusion stage, PF5 was identified   comprising policies to enhance demand for the innovations such as applying a tax on non-recyclable packaging and facilitating the collection of post-consumer MLP material, e.g. at point of sale. PF6 is concerned with improving the overall context, which comprises interventions to increase awareness of environmental problems and acceptance of innovations as well as requirements for manufacturers to include recovered material or ‘recycled content’ in their production. Finally, PF7 was identified comprising interventions to redefine the objectives and discourse of the MLP production, use and recovery system. Examples vary between supporting research into human preferences and behaviours to enable a paradigm change and enforcing design for recycling guidelines. 

The individual policies identified are intended to address the current barriers to deploying MLP recycling of any kind and to overcoming five context challenges, namely:

I. Lack of expertise and guidance on systems design to foster new behaviours and maintain revenues,
II. Low density makes MLP difficult to collect and process, often uneconomic,  
III. Complicated structure makes MLP difficult and uneconomic to recycle (East, 2020), 
IV. Lack of standardisation in material combinations for commercial competitive reasons, leading to  difficult-to-recycle material, leading to uneconomic collection and lack of market for recyclate  (East, 2020), and
V. Lack of consensus on preferred recycling strategies – not regarded as a priority and not possible without value and market for recyclate.

[bookmark: _Ref51284292]Table 3: Policy functional areas along the innovation cycle
	Research and Development
	Piloting and Demonstration
	Deployment, Uptake and Diffusion

	PF1 Support for fundamental science and modelling

PF2 Research and development on adaptation and new applications
	PF3 Improve systemic skills


PF4 Improve cooperation, connectivity and complementarity
	PF5 Enhance demand for the innovation

PF6 Improve contextual conditions


PF7 Refine objectives and discourse



The twenty individual policies identified, designated as ‘P1’, ‘P2’, etc., are listed in Table 4. They are also shown within the Policy Functions they help to fulfil in Table 5. 

[bookmark: _Ref51284065]Table 4: Individual interventions within the mission-oriented policy to enable MLP recycling
	
	Interventions to enable MLP recycling

	P1
	Provide tax free allowance for R&D investment and ongoing expenditure 

	P2
	Provide tax free allowance or partial income tax relief for investment and ongoing expenditure on education and capacity building for technical deployment of products that are reusable or use recycled content 

	P3
	Apply additional levy or a slightly increased tax rate to single-use, non-recyclable packaging, or packaging without recycled content

	P4
	Provide tax free allowance or partial income tax relief to organisations working on development or uptake of, e.g. improved multilayer confectionery packaging; recycling facilities using or dealing with materials containing compatibilisers; recycling facilities working with materials from separate layers. 

	P5
	Provide grants for collaborative Industry-academia R&D activity in TRLs 1 – 4 

	P6
	Provide grants to enhance the R&D skills and expertise in materials science, chemistry, engineering and design

	P7
	Provide grants to enhance the skills and expertise in translational R&D TRLs 1 – 7

	P8
	Provide grants to enhance social science in individual and public behaviour for awareness of problems, uptake of innovations and paradigm change 

	P9
	Support academic start-up accelerator programmes as well as continuing the innovation challenge but including product service systems 

	P10
	Provide tax free allowance for organisations using, and partial income tax relief for organisations offering, technical and applied social science (third-party, consultancy) services for deployment of new materials, designs or product-service systems

	P11
	Support tax, e.g. VAT, reduction for consumer purchases of reusable and recycled content and recyclable packaging as well as participation in product service systems

	P12
	Support participation of public organisations in product-service systems as well as their procurement of reusable and recycled packaging 

	P13
	Support the relevant networks and institutions to organise the creation of standards for different parts of the value chain, form material supply to final packaging and delivery

	P14
	Provide support for local authorities to deploy separate collection of MLPs (see section 2)

	P15
	Support the creation of standards to reduce chemical complexity of each layer and of MLP as a whole to increase quality, recoverable value and ease of processing (see section 2 and 3)

	P16
	Set a requirement for MRFs to process and supply recovered and baled MLP

	P17
	Set requirement for manufacturers to use recycled content of at least 20% by 2025 and 40% by 2030

	P18
	Set requirement for re-processors to send a maximum of 70% to repurposing by 2025 and 50% by 2030 by increasing the proportion sent for recycling  

	P19
	Enforce design for recycling guidelines 

	P20
	Restrict or ban use of components that limit co-processing during recycling stage such as thermoset adhesives, additives that thermally degrade



Collectively, the policies and the functions contribute towards advancing MLP recycling along the innovation cycle by enabling the creation of value, markets and the use of recovered materials. We map out how policies assist in several functions (PFs) and stages of the innovation cycle in Table 5.
[bookmark: _Ref51284111]Table 5: Application of individual interventions to appropriate policy functions in the innovation cycle
	
	Stage 1 
Research and Development
	Stage 2   
Piloting and Demonstration
	Stage 3 
Uptake and Diffusion

	
	PF1 Fundamental Science
	PF2 Applied research
	PF3 Systemic skills
	PF4 
Comple-mentarity
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	PF6 Improving context   
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Although it is not a rigid timescale, this work posits that the policies in the research and development stage can be deployed immediately, particularly between one and five years. Subsequently, and based on assessment of the MLP technical system in previous sections, policies presented in the pilot and demonstration stage can be introduced between the following three to ten years. Finally, policies included in the deployment and uptake stage can be introduced between the following five and twenty years, subject to revision of levels of uptake and effectiveness in removal of barriers.

The ability to manufacture multilayer packaging with the post-consumer stage in mind, as well as developing the capability to recover and recycle material would help decrease three environmental pressures. It would reduce demand for virgin polymers, minimise the need for final disposal infrastructure, such as additional incinerators and landfills, and would minimise the probability of leakage to the environment. The main condition to achieve these is to increase the recoverable value and ease of re-processing.

Among the identified policies in Table 4 and Table 5, a few contribute to all policy functional areas and all stages of the innovation cycle. They are likely to form a core of incentives most suited to enable the mission-oriented innovation programme. They are:

i. Provide grants to enhance social science in individual and public behaviour for awareness of problems, uptake of innovations and paradigm change (P8),
ii. Support for the creation of standards to reduce chemical complexity of each layer and of MLP as a whole (P15),
iii. Enforce design for recycling guidelines (P19), and
iv. Restrict or ban use of components that limit co-processing during recycling stage such as thermoset adhesives and/or additives that thermally degrade (P20).

[bookmark: _Hlk57887019]The requirement for manufacturers to use recovered material, expressed as “percentage of recycled content” of MLP (P17) is a technology-specific policy that can improve the viability of recycling by increasing the market for recycled material. This policy requires action from many stakeholders in the value chain and in all stages of the innovation cycle. It is noteworthy that the importance of social science, complementarity of disciplines and systemic skills are increasingly recognised in helping to tackle plastic pollution (Prata et al., 2019). Support for relevant networks and institutions to organise technical and non-technical knowledge exchange (P13) is an important condition for evolution, competition, selection and uptake of emerging technology, hence its inclusion in all stages of the innovation cycle.
Conclusions
This study identifies the barriers limiting effective recycling and summarises emerging technological developments that can improve the recycling prospects of MLP. Blending of polymers, especially compatibilisation, shows great promise as a possible solution to address mixed plastics waste to improve the overall mechanical properties of the resulting blend. The efficacy of FE based micromechanical modelling approaches towards predicting the final properties of mixed polymeric blends was also demonstrated. Such computational tools can be transformational in research related to plastic recycling as they offer a virtual testing platform on which optimisation of recycled materials and their mechanical properties can be efficiently performed. It is envisaged that material modelling such as this can greatly reduce the alternative trial-and-error approaches and accelerate the optimisation of material properties for specific applications. 
In terms of policy, subjects that must be addressed to enable MLP recycling are key intervention points such as support for social science research into paradigm change drivers and societal response to problems, design for recycling guidelines, standards to reduce chemical complexity, and restrictions on components that hinder recycling processes such as thermoset adhesives and thermally degradable additives. The main findings from policy section are (i) that a few policies contribute to all stages of the innovation cycle and can enable the mission-oriented innovation strategy. They include support for research and action into individual and collective behaviour, support for creating standards to reduce chemical complexity of each layer and of MLP as a whole, and restrict or ban use of components that limit co-processing during recycling stage such as thermoset adhesives or additives that thermally degrade. (ii) There are fewer policies for the early stages of the innovation cycle to avoid deterministic favouring of technologies, whilst technology-specific policies are more suitable for innovations that have already passed the demonstration stage. (iii) The whole range of policies included are needed to ensure that material recoverability improves and the viability of reprocessing MLP materials increases within an evolving technological paradigm.   
For the first time, this study combines technology/engineering tools with environmental policy towards developing solutions to address current single use plastic packaging such as MLP. Such multipronged approaches are essential to effectively tackle the challenges in recycling and move towards resource efficiency and limit pollution. The focus of this combined approach is placed upon improving the value of recycled materials in terms of quality to create demand and establish a strong market for these materials, potentially leading to increased recovery rates for recycling.
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