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Abstract 
 

With the sharp increase of plastic waste, the current linear global plastic economy is putting strain on 

industries to adopt to a circular plastic economy. High density polyethylene (HDPE) has one of the 

largest shares (~ 20 %) in municipal waste streams owing to its favourable properties such as low cost 

and durability. One approach is to mechanically recycle these plastic resins via extrusion. However, 

plastics’ mechanical properties significantly deteriorate once the material is subject to harsh 

processing conditions such as high temperatures and shear force. In this project, the relationship 

between the mechanical, thermal and rheological properties of multiple virgin grades were analysed, 

and correlations between grade-based properties were confirmed. As such, this research can facilitate 

the development of a mapping system using a linear regression model to predict the properties of an 

HDPE grade and its recycling prospects. Additives such as antioxidants can reduce the rate of thermo-

oxidative degradation but increase discolouration during recycling. Therefore, the yellowness index 

between recycling cycles were analysed, and preliminary Soxhlet extraction experiments were carried 

out to identify additive content and improve extraction parameters. Following this, various HDPE 

grades were exposed to several recycling cycles and the resulting degradation kinetics were compared 

and analysed. The highest melt-flow index (MFI) grade displayed increasing Young’s Modulus (5.6 %) 

and tensile strength (3.3 %), but a significant decrease in elongation at break (52 %) when recycled. 

The change in thermal properties of all grades were little to none. Likewise, nominal changes were 

seen in the rheological properties of the grades with increased recycling, however, the low MFI grade 

displayed unusual properties with variations in shear dependent viscosity. Nonetheless, low MFI 

grades showed better mechanical behaviour, and in general less degradation during recycling resulting 

from less variation in properties. Overall, a successful foundation of research was developed to 

understand the relationship between recyclate quality and MFI, and facilitate an efficient circular 

polymer processing system. 
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1     Introduction 

1.1 The Plastic Demand 

Plastics play a key role in modern society and are the backbone of globalisation. Almost all sectors of 

industry are dependent upon the plastic economy, from pharmaceuticals and healthcare, to food and 

infrastructure.1,2,3 Global plastic production is on the rise, and in 2019 reached 370 million metric 

tonnes (Mt) per annum, surpassing the total biomass of terrestrial and marine animals combined.4,5,6 

If present plastic manufacturing and waste management trends continue, the global waste levels are 

projected to increase to over 25,000 million Mt per year by 2050 (Figure 1. 1), and a total of 12,000 

million Mt of plastic waste will be in landfill or the environment.7,8  

Managing consumer plastics at end-of-life is a challenge. 9,4  Plastics are frequently disposed of after a 

single use, but due to their durability they have slow degradation rates and persist in the environment. 

For example, in the terrestrial and marine settings, complete degradation of an HDPE bottle is 

projected to take 500 and 116 years, respectively.10  

Atmospheric agents such as ultraviolet radiation, photodegradation, and biodegradation cause 

fragmentation of plastics into micro sized particles less than 5 mm in diameter, commonly known as 

microplastics (MP). MPs readily leach out of filtration systems and contaminate the human food chain, 

primarily through seafood consumption.11,12 In fact, recent studies have found MPs in human placenta 

and bloodstreams.13,14 The scale of damage and long-term toxicity to humans is not clear, but pose 

 

Figure 1. 1 The exponential trajectory of plastic waste generation and disposal (in million metric tons), where solid 

lines represent historical data from 1950 to 2015, and dashed lines indicate the projections of the trends to the year 

2050. [Source: Geyer et. al. 2017]8 
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genotoxic, carcinogenic and developmental toxicity.15 These findings have shed light on the extent of 

human exposure to plastics due to poor waste management control.   

 

Plastics can be categorised into thermoplastics (pliable upon heating and solidifies upon cooling) and 

thermosets (irreversibly hardening polymers).16 Thermoplastics are more often used in high-volume 

consumer goods, and the four most common type of consumer plastics are high and low-density 

polyethylene (HDPE and LDPE, respectively), polyethylene terephthalate (PET), and polypropylene 

(PP). These four plastics make up the largest share of municipal solid waste (MSW) streams in the 

packaging sector (40%).4 HDPE and PET are commonly used for packaging in drink bottles, toiletries 

and cleaning products and have the highest recovery rates. Single use bags and films are composed of 

linear low-density polyethylene (LLDPE) and LDPE. Meanwhile, PP is used for packaging and containers 

such as bottles, caps, and tupperware (Table 1. 1).4 Packaging products have shorter lifespans 

compared to other plastic markets such as building and construction and therefore dominate the 

MSW streams.17  In the UK, 40.3% of kerbside waste collection was primarily comprised of PET, 

Table 1. 1  Plastic demand distribution by resin type in Europe 2019, and their applications.4 PUR = Polyurethane. 

“Others” include acrylonitrile butadiene styrene (ABS), poly (butylene terephthalate) (PBT), and poly (methyl 

methacrylate) (PMMA). 

Polymer 
Plastic Demand 
Distribution (%) 

Applications 

PP 19.4 
Microwave containers, food wrappers, bank notes, 

automotive parts, facemasks. 

LDPE/ LLDPE 17.4 Food packaging, films, carrier bags, trays 

HDPE 12.4 Toys, milk bottles, shampoo bottles, houseware 

PVC 10 
Window frames, floor and wall covering, pipes, cable 

insulation 

PET 7.9 Bottles for water, soft drinks, fizzy drinks, cleaning products 

PUR 7.9 Pillows, mattresses, insulating foams 

PS 6.2 
Food packaging (dairy & fish), disposable cutlery and 

containers 

Others 18.3 
Optical fibres, touch screens, surgical devices and 

protective coatings 
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followed by HDPE (21.6%), LDPE (~16%), PP (10.2%) and approximately 2% polyvinyl chloride (PVC) 

and polystyrene (PS).18,19  Meanwhile, PP has the largest production demand in Europe (19.4%), 

followed by LDPE (17.45%), HDPE (12.4%), and PVC (10%) (Table 1. 1).4 Plastic use can only be reduced 

to a certain extent, but production of virgin material can be reduced by recycling and utilising post-

consumer recyclate (PCR) waste. HDPE is more readily recycled than LDPE, and roughly 1.75 kg of 

petroleum is required to make 1 kg of HDPE.20 LDPE requires higher pressures and energy to 

manufacture, thus HDPE is commonly preferred over LDPE for its lower costs.20 For these reasons, the 

focus of this project is on HDPE as it is more cost effective in regards to most plastic resins paired with 

high industrial demand.  

 

1.2 The Plastic Market 

From 2021 to 2028, the worldwide plastic market is predicted to rise at a compound annual growth 

rate of 3.4 % from USD 579.7 billion.21 China currently holds the largest share of the market with over 

31% of the world’s plastic production.4 

Furthermore, the ongoing COVID-19 pandemic is fuelling the demand for plastic in the medical 

industry.22 To fulfil increasing demands, companies are expanding their production and supply 

capacities. For example, in 2020 ExxonMobil announced to increase their monthly production of PP 

by 1,000 tonnes to meet the demands for medical masks and gowns due to the spread of 

coronavirus.23 Due to risks of virus contamination, personal protective equipment (PPE) cannot be 

reused, although efforts have been made to down-cycle face masks for infrastructure applications 

such as pavements.24 As such, with high records of PPE production, the medical and institutional waste 

streams have suffered from severe disruption.25 Over 3.4 million single-use face masks and shields 

have been discarded daily globally, alongside latex gloves, aprons and other PPE with many ending up 

in oceans and landfill.26 The Ellen MacArthur Foundation estimates that by 2050 there will be more 

plastic in the oceans than fish. However, with the recycling challenges bought on by COVID-19, this 

may be sooner than expected.27,28 

 

The plastic industry gives jobs to over 1.56 million people in Europe, with over 55,000 companies 

involving a majority of small and medium sized enterprises. A turnover of more than €350 billion was 

achieved in 2019 with a positive trade balance of €13.1 billion.4 As a result, eliminating plastic would 

cause a major disruption in the economy and welfare of most, if not all countries. Therefore, 

alternative routes to material sustainability need to be considered, such as plastics recycling. When 

recycled correctly, plastics have the lowest carbon emissions compared to alternative packaging 
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materials such as aluminium or glass.29 Banning or substituting other products for plastic can have 

serious adverse effects, such as increased greenhouse gas (GHG) emissions, water consumption, and 

food waste. Fortunately, plastic recycling rates have increased by more than 92% since 2006, owing 

to growing social awareness and introduction of government legislations such as the Circular Economy 

Package (CEP).30,4  

It is challenging to recycle plastic effectively, and even if this is achieved once it only becomes more 

difficult for subsequent recycling cycles. This is due to thermo-oxidative degradation during 

mechanical recycling, which lowers the quality of recyclate. Therefore, new approaches and 

innovations are imperative if we are to close the loop and transition from a linear to a circular plastic 

economy. 

 

1.3 The Circular Economy 

The growth of plastic production and its lasting environmental damage is putting socioeconomic strain 

on industries to transition from a linear plastic economy to a closed loop system. In a linear plastic 

economy, raw materials are used to make a product, which is then used by consumers and discarded. 

On the other hand, in a circular economy, the lifetime of plastic is extended by recycling the plastic in 

a continuous loop, thereby minimising the amount of waste generated (Figure 1. 2). Therefore, 

resources will remain in use for as long as feasible whilst extracting the maximum value from them. 

As a result, a circular plastic economy will decrease the volume of production of virgin plastics whilst 

allowing demand to be met through post-consumer recycled plastics.  

The CEP is focused on recycling 65 % of municipal plastic waste by 2035, as well as decreasing waste 

transported to landfills or incineration, allowing no more than 10 % municipal waste to go to landfill.31 

As such, the CEP makes it feasible to keep more recyclable items in circulation within the resource and 

waste systems, rather than incinerating or burying them.32 In order to facilitate a circular economy, 

further legislations have been passed to introduce and enforce producer responsibility and specify 

recycling targets. The EU is seeking an ‘improved’ separate collection system by 2030, with 90% of 

single-use plastic bottles to be collected by 2025.33 Germany, for instance, recycled 93.5% of its PET 

bottles in 2015, while Norway gathered 97% of its PET bottles, and France aspires to recycle 100% of 

plastic waste by 2025.34,35,36 However, it is important to note that not all gathered plastics are recycled.  

The success of these countries hinges on enforcement of Extended Producer Responsibility (EPR) 

schemes and tax implementations. Out of the 28 EU member states, currently 26 have an EPR scheme, 

meanwhile the UK is set to employ this in 2023.37 The outcome of a given EPR scheme will mean 

producers are assigned considerable financial and/or physical responsibility for the handling or 

disposal of post-consumer items by introducing mandatory policy targets. Therefore, plastics can be 
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disposed of in a sustainable manner which will enable an effective waste collection and recycling 

system. 

 

1.4 Plastic Advantages 

There is a large misconception about the environmental effects of plastic production. The 

environmental effects of plastic waste are more of a concern than plastic production itself. In fact, 

only about 4% of the world’s fossil fuel resources are used for manufacturing plastic.38 Therefore, it is 

important to understand why recycling plastic is the priority rather than replacing it. Nearly two-thirds 

of GHGs arising from production and disposal of plastics are generated in the early production stages 

from the extraction of fossil fuels to resin production. Meanwhile, conversion of resins to bags, bottles, 

and other products emits just under one-third of emissions, with the remainder coming from waste 

disposal and management (Figure 1. 3).29 This demonstrates that approximately 1,100 Mt of CO2 

emissions can be avoided if recycled resins were to be used opposed to virgin material.  

 

Figure 1. 2 The linear plastic economy (top) and the circular plastic economy (bottom). The amount of virgin feedstock 

incorporated into recyclate in a circular plastic economy should preferably be zero. The values for landfilled and recycled 

content in a linear plastic economy were obtained from the Ellen McArthur Foundation. 
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Plastics are durable and lightweight, consuming significantly less fuel for transport and saving weight 

in automobiles, aeroplanes and packaging.39 Replacing plastic packaging with alternatives such as 

aluminium, glass or cardboard would result in an increased weight per item, leading to higher energy 

and fuel consumption, alongside greater raw material costs and CO2 emissions (Figure 1. 4).29  

Furthermore, the exceptional moisture and oxygen barrier properties of plastic limit produce 

degradation and therefore food waste. The European Commission adopted the European Strategy for 

Plastics in a Circular Economy in January 2018.40 The strategy includes initiatives targeted at studying 

and understanding the life-cycle implications of using alternative feedstock for plastic manufacturing. 

A Life-Cycle Assessment (LCA) is used to determine how a product or process affects the environment. 

LCAs allow for the estimation of a products potential negative and positive consequences, some of 

which would be otherwise undetectable. 

An LCA conducted by Amienyo et al. analysed the Global Warming Potential (GWP) of various drink 

packaging. It was found that of those analysed, glass possessed the highest GWP (555 g of CO2 eq.) 

compared to PET which had the lowest (151 g of CO2 eq.). 30 Additionally, if PET recycling rates were 

increased to 60%, a glass bottle would have to be reused 20 times to obtain the same reduced carbon 

footprint. Aluminium cans were also better than glass (312 g of CO2 eq.), but still fared worse than 

PET. This was further supported by a study that reported that the carbon footprint for a virgin PET 

bottle was lower than a glass bottle with 80% recycled content, demonstrating that plastics are 

 

Figure 1. 3 Lifecycle assessment of fossil fuel-based plastics measured in metric tons of CO2 equivalent (MtCO2eq), 2015.The 

global lifecycle emissions of plastics are 1,781 MtCO2eq with majority of emissions arising from the early production stages 

of fossil fuel extraction [Source: Voulvoulis et al. 2020].29 
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superior to glass with regards to production and waste treatment methods.41 Although plastics have 

a similar GWP to fibreboard packaging, plastics remain the more versatile and practical packaging 

option of the two. As such, it is significant to understand the importance of plastics and recycling, and 

why societally encouraged alternative materials are not preferable.   

 

1.5 Polyolefins 

Polyethylene (PE) is a type of thermoplastic formed by the free radical polymerisation of ethylene 

(Scheme 1. 1), where n represents the degree of polymerisation. Common initiators are organic 

peroxides which can generate free radicals to polymerise ethylene through a chain reaction 

mechanism.42 

Different types of PE have the same basic repeating unit (-CH2-CH2-), but have different structural 

properties and applications. The density of PE has a direct correlation to the amount of branching 

along the polymer backbone. High molecular packing orders of the PE chains increases the density of 

the polymer matrix. This results in a more crystalline and opaque material. PE is relatively chemically 

inert as the types of reaction that PE is vulnerable to is limited by the small dipole moments between 

the C-C and C-H covalent bonds.43  

 

Figure 1. 4 GHG emissions from 500 mL drink containers produced using plastic and alternative materials measured in 

million tons of CO2 equivalent (MtCO2eq), 2016. Out of the containers shown, glass bottles have the largest carbon 

footprint, meanwhile plastic bottles have the lowest [Source: Voulvoulis et al. 2020].29 
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The two main types of PE are LDPE (low-density) and HDPE (high-density). LDPE has low density due 

to long chain branching on the polymer backbone, which is a result of inter- and intramolecular charge 

transfers during polymerisation. This extensive branching hinders crystallisation, and therefore LDPE 

has a lower % crystallinity (i.e. is more amorphous) than HDPE. The lower crystallinity of LDPE gives 

rise to its valuable properties such as transparency and flexibility. On the other hand, HDPE is linear 

with very low levels of branching defects. The chains can pack more densely and therefore HDPE has 

a greater crystallinity and density than LDPE. As a result, HDPE is more rigid, opaque and has a higher 

tensile strength.4 The rate of UV/biodegradation in the environment is dependent on the amorphous 

phase of the polymer, as such, for crystalline HDPE degradation is slower than LDPE as reduced chain 

mobility promotes radical recombination opposed to radical propagation reactions.10,44 HDPE has a 

fair oxygen barrier and good moisture barrier, and a melting temperature (Tm) of around 135 oC which 

makes it suitable for high temperature applications.45 The synthesis route for HDPE includes low 

pressures using either Phillips, Ziegler-Natta, or metallocene catalysts to control polymer topology.46 

The influence of such catalysts on polymer properties are summarised below: 

 

Ziegler-Natta 

The Ziegler-Natta (ZN) catalyst is a complex formed by the reaction of a transition metal compound 

with a metal alkyl or alkyl halide. The primary components of these catalysts are a support (e.g. MgCl2), 

an active transition metal (e.g. TiCl4) and a co-catalyst (e.g. triethylaluminium, AlEt3).47 Due to the 

heterogeneous nature of ZN catalysts with different active sites, the polymer properties can only be 

influenced to a certain degree.48 One of the key characteristics of ZN catalysts are that they yield 

polymers with broad molecular weight distributions (MWD) i.e. large dispersity (Ð).49,50 The 

competition between propagation and termination processes influences the length of the polyolefin 

chain.51 Therefore, hydrogen gas can be fed into the reactor at specified pressures or amounts to 

control chain development. The resulting chain length(s) and dispersity will in turn affect the flow 

behaviour and processability of the polymer during recycling.  

 

 

 

                 

Scheme 1. 1 Reaction scheme representing the polymerisation of ethylene, with the use of catalysts such as Ziegler-Natta, 

metallocene or Phillips, where n is equivalent to the number of monomers i.e. degree of polymerisation. 
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Metallocene 

A typical metallocene catalytic system consists of a metallocene catalyst and co-catalyst (e.g. 

methylaluminoxane, MAO) (Figure 1. 5). A metallocene catalyst involves a π-bonded metal atom 

situated between aromatic ligands, typically involving cyclopentadienyl, indenyl and fluorenyl 

groups.52 The variation of aromatic ligands, bridges, and metals gives a number of factors to tailor the 

polymerisation process and resulting polymer properties.53 Unlike ZN systems, metallocene catalytic 

processes are homogenous. These catalysts are also known as single-site catalysts—each catalyst 

particle has only one active site—and they provide high reactivity and narrow MWD. As a result, 

metallocenes can be up to 100 times more active than ZN or Phillips catalysts.52  

 

 

Figure 1. 5 A simplified schematic representation of a metallocene catalytic system, consisting of a zirconium metallocene 

catalyst (left) and a methylaluminoxane co-catalyst (right).48 

 

Phillips Catalyst 

The Phillips catalyst is a chromium-based catalyst on a silica support, and is used for almost half of the 

global HDPE production.54 The Phillips catalyst provides the broadest molecular weight distribution of 

all three catalyst systems highlighted here. It also yields polymers with more shear-thinning behaviour 

with respect to the other two, meaning the molten HDPE flows more readily under applied stress. This 

is because the smaller MW chains act as a plasticizer between the larger MW chains, allowing chains 

to slide more readily with less chain entanglement and therefore improving the processability of the 

material during recycling. In general, ZN and Phillips catalysts yield linear polyolefins with no long-

chain branching and a dispersity greater than 3.55 

 

The two most important characteristics of HDPE are the MWD and degree of branching. High MW 

chains provide excellent mechanical strength, and the inclusion of low MW chain – in other words a 
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biomodal MWD adds the benefit of easy processability (Figure 1. 6).56 The different types of catalysts 

affect the amount of long-chain branching, and in turn provide different flow characteristics (i.e. melt 

flow index) to the polymer resins.  

With decreased branching, the melting point, density, stiffness, tensile strength, crystallinity, and 

modulus of elasticity increases, thus providing a range of attributes for the manufacturer.57 For this 

reason, there is no competition in the market between HDPE grades derived from different catalysts, 

but rather each serves a unique purpose in the market’s demands. Therefore, the recycling properties 

of HDPE grades will vary when processed. 

 

1.6 Recycling of Polyolefins  

The 4 main types of polymer recycling methods are: primary (mechanical closed-loop recycling), 

secondary (mechanical recycling into lower value products), tertiary (depolymerisation) and 

quaternary recycling (energy recovery).58 Primary recycling, also known as closed-loop recycling 

consists of extruding pre-consumer or pure post-consumer materials into products of similar value.19 

Whereas secondary recycling involves the extrusion of plastic waste into lower value products. On the 

other hand, tertiary recycling is the chemical depolymerisation of polymeric waste into its monomeric 

feedstock. And finally, quaternary recycling is the pyrolysis of plastics for energy recovery, commonly 

used on materials which are not suitable for recycling through the former three methods. However, 

this approach is least favourable due to the release of GHG’s during pyrolysis.19 

 

 

Figure 1. 6 A bimodal type molecular weight distribution, where the low MW fractions provide good processing properties, 

and the high MW fractions improve mechanical strength [Source: MolGroupChemicals].56 

Molecular weight (g/mol) 
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1.6.1 Mechanical Recycling 

1.6.1.1 Sorting of Plastic Waste 

The first steps in the value chain of mechanical recycling is collection, sorting and cleaning of plastic 

waste. There are significant limitations to plastic recycling bought on by contaminated waste streams. 

The mixing of different waste streams leads to poor final performance of recyclate due to different 

working temperature and intrinsic incompatibility between polymers. The free energy of mixing (ΔGm) 

two polymers is governed by the Flory-Huggins interaction parameter, χ, in which miscibility can only 

be achieved when ΔGm is negative.59 The difference in molecular size and topology between polymers 

means there is ineffective stress and strain transfer between the phase boundaries, increasing the 

free energy of the system and lowering the mechanical properties of the polymer blend.19 For a binary 

system, the Flory-Huggins parameter can be expressed using the following equation: 

                                                  

Where R is the universal gas constant, T is the absolute temperature, фi represents the volume fraction 

of the species and ri is the number of polymer segments, which in this case is proportional to the 

degree of polymerisation. Polymer compatibility can be improved via surface modification and use of 

compatibilisers to reduce interfacial tension and increase intermolecular interactions.60 However, this 

approach often makes the different components in the overall material difficult to separate. As a 

consequence, the material is not recyclable by conventional means such as extrusion. By contrast, 

bulk plastics—if effectively sorted to relatively pure waste streams—are suitable feedstock’s for 

extrusion 

 

1.6.1.2 Extrusion 

Mechanical recycling through extrusion entails melting and homogenising of raw material using shear 

force and high temperature. Polymer is fed into the extruder via the hopper (Figure 1. 7), where it is 

melted (plasticized) and mixed using the shear-force of rotating screws. Up to four screws can be used 

in an extruder depending on the application.61 Although single-screw extruders can be cheaper, twin-

screw extrusion is preferable for polymer recycling as the recyclate is subject to less shear and allows 

uniform homogenisation. This reduces both shear and thermal degradation because of less residence 

time in the barrel.62 The screws can either be co-rotating (rotation in the same direction) or counter-

rotating (rotation in opposite directions). Some advantages of co-rotating screws is the self-wiping 

ability requiring less cleaning, alongside less screw and barrel wear.63 

                   ∆𝑮𝒎 = 𝑹𝑻 [
𝝓𝟏

𝒓𝟏
𝒍𝒏 𝝓𝟏 + 

𝝓𝟐

𝒓𝟐
𝒍𝒏 𝝓𝟐 +  𝝌𝝓𝟏 𝝓𝟐] (1. 1) 
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Once the molten stream of polymer exits the die, the extrudate needs to be cooled below Tm or Tg to 

ensure dimensional stability. It is commonly cooled in a water bath and solidified to the desired shape 

whilst being pulled away from the extruder at a constant velocity to maintain the desired cross-

section. The extrudate can then be processed through injection moulding, film blowing, and other 

methods.65,-66 

 

In a standard extrusion process, the specific mechanical energy (SME) measures the amount of 

mechanical energy (work) put into the extrudate as shown in the equation below.67 

 

 

Where T is the torque (Nm), n is the extruder speed (RPM) and MFI is the melt flow index (g/10min). 

The mechanical energy put into the extruder is transformed into heat through viscous dissipation. 

SME is also dependent on the feed rate and temperature, both which influence the torque output of 

the extruder. SME increases with increasing viscosity, increasing screw speed and decreasing MFI. It 

is an important parameter in mechanical processing used the characterise the extrusion process, and 

governs the quality characteristics of the recyclate.68 MFI is an important parameter to characterise 

virgin polymer and recyclate (discussed in more detail in section 1.6.1.3), and has significant influence 

on the SME during extrusion. Low MFI grades will increase the SME due to having higher viscosities, 

 

Figure 1. 7 A simplified schematic diagram of a single screw extruder. [source: Azo Materials].64 In this project a co-rotating 
twin-screw extruder was used. 

                   𝑆𝑀𝐸 =  
2𝜋 × 𝑛 × 𝑇

𝑀𝐹𝐼
 (1. 2) 
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which requires greater screw speed and higher temperatures to increase flow rate. As such, low MFI 

HDPE grades require greater mechanical energy for processing during recycling.  

 

1.6.1.3 HDPE Processing 

HDPE is commonly processed between 160–230oC.7,70,71 Lower temperatures have shown to cause less 

chain scission and degradation and are overall better for preserving polymer properties.72 The 

processing conditions for HDPE are typically based on the properties of the material, namely its melt 

flow index (MFI). MFI is an industrially-relevant measure of the ease of flow of a thermoplastic 

polymer. It measures the rate of extrusion of thermoplastics at a specific load and temperature and is 

given in g/10 min.73 MFI values are given in polymer specification and data sheets for quality control 

purposes, and are an indirect measure of MW, where high MFI values correspond to lower MW 

polymer.74 The zero shear viscosity (η0) is directly proportional to the polymer's molecular weight for 

low MW polymers as chain entanglement is not a factor.75 However, above a critical MW, MC, the 

dependence of the zero shear viscosity on MW becomes significantly more pronounced because the 

chains begin to entangle. For entangled polymer melts, mathematical models using power laws have 

been developed to predict the weight average molar mass (MW). These models predict that η0 ∝ MW
3 

although the empirical relationship is closer to η0 ∝ MW
3.4. For linear polymers, models have shown an 

inverse relationship between MFI and MW whereby 1/MFI = (MW)x (where x = 3.4–3.7).76 Beyond the 

Newtonian region, the melt viscosity of HDPE decreases with increasing shear rate, which is known as 

shear thinning. Due to speeding up the material flow, minimising heat generation, energy 

consumption, and SME, this property is an essential non-Newtonian trait in polymer processing.  

The rheological behaviour of HDPE can be expressed in terms of complex viscosity, η*, which measures 

the overall resistance to flow with respect to angular frequency (ω). The angular frequency measures 

the rate of oscillatory shear flow in rad/s during dynamic rheology measurements. Complex viscosity 

(η*) can be calculated using the complex modulus, G*, which is the total resistance against 

deformation of a material. The relationship between complex viscosity and modulus is shown in the 

equation below: 

 

 

G* is comprised of elastic and viscous components which contributes to the materials overall stiffness. 

Through measuring G* as a function of angular frequency, the complex viscosity of HDPE can be 

obtained.77 The Cox-Merz rule predicts that the magnitude of the complex viscosity, |η*(ω)| is 

                   η* = G*/ω (1. 3) 
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proportional to the steady shear state viscosity, η(γ̇) when shear rate, γ̇ is equal to ω.78 However, the 

significance of the Cox-Merz rule is strongly influenced by polymer structure, molecular weight and 

chain entanglement, thus will not hold between different grades of HDPE.79  

Another key consideration for HDPE processing is the water content of the plastic. Even though 

polyethylene is not hygroscopic, polar contaminants within PE can allow moisture sorption which can 

negatively affect the properties of the bulk material. The higher the degree of crystallinity, the lower 

the water equilibrium content will be. This results from the lower diffusion coefficient of water in the 

crystalline phase. At high temperatures during extrusion, water can become steam, resulting in 

bubbles, structural stresses and deformation. With each extrusion cycle the recyclate becomes more 

prone to water absorption due to the changes in the polymer structure from oxidative degradation. 

Therefore, it is necessary to dehumidify the material ahead of time. This can be a time consuming 

process, and long drying hours can affect the material properties.80 This problem can be circumvented 

by co-extruding PCR material with zeolites (4A and 13X) which showed effective desiccant 

functionality during processing.81 In fact, once compatiblised with maleic anhydride, the mechanical 

properties of the co-extruded polymers were comparable to those prepared by standard drying in a 

vacuum oven. Additionally, the zeolites were able to absorb undesirable odours, which is a problem 

that is often faced when working with PCR waste.82   

 

1.6.1.4 Thermo-Oxidative Degradation 

Thermo-oxidative degradation is accompanied by the loss of useful mechanical properties and 

discolouration.83 Processing conditions including temperature, screw speed, feed rate and residence 

time influence the degradation kinetics of HDPE.84 Degradation predominantly takes place in the 

amorphous phase of polymers, and therefore the degradation kinetics between HDPE and LDPE will 

vary.85 The deterioration of polymer properties increase with oxygen content under atmospheric 

conditions, and was demonstrated by Gijsman et al. where the elongation at break of PP films 

decrease with increasing oxygen uptake (Figure 1. 8). The thermo-mechanical stresses generated by 

the screws cause hydrogen abstraction along the polymer chain, yielding macro-radicals. Under low 

concentrations of oxygen, these macro-radicals predominantly react with each other to form branches 

and crosslinks, increasing MW. If oxygen is present in high concentrations, then the macro-radicals 

react with the oxygen resulting in radical propagation, in which unstable compounds attack the 

polymer backbone leading to chain scission (decreasing MW) and formation of carbonyl end groups.86 

Spectroscopic measurements such as Fourier Transform Infrared Spectroscopy (FT-IR) can be used to 

detect presence of carbonyl end groups by measuring carbonyl concentration i.e. carbonyl index (CI), 

indicating the amount of degradation.  
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Thermo-oxidative degradation includes initiation, propagation and termination steps as shown in 

Scheme 1. 2. During the initiation step, light absorbing groups, such as impurities from catalyst 

residues or chromophores, produce radicals under UV light. During the propagation step, oxygen will 

react with the alkyl radicals to give peroxy radicals (ROO·). The reaction rate of oxygen with alkyl 

radicals is fast, instantaneously leading to peroxy radicals.88 The peroxy radicals can then abstract a 

hydrogen atom from the polymer chain to yield more alkyl radicals (R·) and hydroperoxides (ROOH). 

The hydroperoxides are decomposed into radicals which can abstract a hydrogen from the polymer 

chain and yield further alkyl radicals that will re-initiate the propagation step. The chain reaction will 

continue until a termination step is reached, in which two radicals can react to form a non-radical 

species. The rate determining step of the thermo-oxidative degradation mechanism is the abstraction 

of hydrogen requiring the breakage of a C-H bond.89  

 

Oxygen enters the extruder in two ways, through adsorption on the surface of the polymer and 

dissolution in the amorphous phase.90 As such, it may be possible to minimise thermo-oxidative 

degradation during mechanical recycling if extrusion was to be carried out in an inert atmosphere.  

Epacher et al. found that HDPE extruded under air had a higher MFI than samples extruded under 

argon atmosphere, with more discolouration (higher yellowness index) present under normal 

atmospheric conditions.83 Discolouration can result from direct oxygen-stabilizer interactions, as well 

as secondary reactions involving alkyl and alkoxy radicals and antioxidants.83  

 

Figure 1. 8 The relationship between elongation at break (%) and oxygen uptake (mmol/kg) of PP films. The elongation at 

break decreases with increasing oxygen uptake and plateau’s around 300 mmol/kg [Source Gijsman et al. 1996].87 
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Although thermo-oxidative degradation could be minimised by extrusion in inert atmosphere, 

degradation cannot completely be eliminated during recycling. Thermo-mechanical degradation 

induced by temperature and shear stress can still yield macro-radicals resulting in chain scission and 

branching of polymer chains even under low oxygen concentrations.  

 

 

1.6.1.5 Chain Scission and Branching 

It has been reported that the rate of chain scission is directly proportional to the chain length of the 

polymer.91 Longer chains are more likely to undergo chain scission due to molecular entanglement, 

whereas shorter, mobile chains are more susceptible to branching and crosslinking.92 Consequently, 

properties such as the rheology and flow of the polymer (e.g. MFI) is affected. Chain-scission 

commonly increases the MFI, and chain branching and cross-linking decrease MFI. With HDPE 

produced using a Phillips catalyst, cross-linking is dominant during recycling, whereas with a Ziegler-

Natta catalyst chain scission is prominent.93 The effect of reprocessing on the MFI of HDPE is not clear. 

Some authors report that MFI increases with the number of reprocessing cycles,70,94 others notice 

 

Scheme 1. 2 General reaction scheme of thermo-oxidation of polymers including chain initiation, propagation and 

termination steps where R represents polymer backbone. 89 
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decreases,92,95,96 and some report no significant changes at all.91,97 As a result of these inconsistencies, 

it was concluded that variations in MFI must be related to the choice of catalyst during polymerisation 

and additive content.98 The change in properties of HDPE resulting from chain scission and branching 

mechanisms will affect the processability of the material during recycling. A decrease in MFI will make 

the recyclate difficult to process and extrude, whereas an increase in MFI will improve processability 

but will likely lower mechanical properties. 

In a study of 100 consecutive extrusion cycles on HDPE, the viscosity of molten HDPE was found to 

oscillate between cycles; this result was an indication of simultaneous chain scission and branching.98 

The MWD was found to broaden over sequential cycles, which can be explained as follows: the chain 

branching and cross-linking generates higher MW chains, whereas lower MW chains are formed 

through chain scission.98 Thus, it is commonly accepted that HDPE undergoes chain branching and 

scission simultaneously during reprocessing.92,91,99 However, not much is known as to how different 

HDPE grades, additive formulations and catalysts, affect this mechanism, or whether process control  

can be achieved. Control of reaction mechanism (i.e. relative extents of branching/crosslinking vs. 

chain scission) by selection of additives and catalysts could enable fully tailored recycling of the 

material, and enable a predictive understanding of recycling HDPE with various grades and properties 

1.6.2 Additives 

Plastic materials are formulated with different additives to improve performance, functionality and 

ageing.100 The most commonly used additives are plasticizers, flame retardants, antioxidants, anti-

static and slipping agents, acid scavengers, UV/heat stabilizers and pigments.101 Each additive has a 

distinct functionality for enhancing the final properties of plastic, and are divided into four main 

categories102: 

 Functional additives (flame retardants, stabilisers, plasticizers, anti-static and slip agents, 

curing agents)  

 Colorants (pigments and fluorophores) 

 Fillers (clay, calcium carbonate, mica, and even coffee grounds)103  

 Reinforcements (glass fibres and carbon fibres) 

Additives are usually not chemically bound to the polymer. Only reactive organic additives such as 

flame retardants can occasionally be polymerised into the polymer chain.100 To achieve circularity, 

plastics need to be recycled efficiently into materials with good performance; advances in polymer 

additive technology could therefore be a significant factor in making this a reality. BASF has recently 

announced a novel additive formulation (IrgaCyle) which can enhance the quality of PCR polyolefins 
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by enhancing stability and processability of the recyclate.104 However, companies such as BASF do not 

disclose which additives are in their formulations due to intellectual property and patent restrictions. 

One of the most pervasive categories of additives in polymer production and recycling are 

antioxidants. Polymers can readily undergo reactions with oxygen during production and use. The 

mechanical properties of the material are reduced due to free radical reactions and discolouration is 

often observed.105 The most common method of inhibiting thermal oxidation is the use of stabilizers 

i.e. antioxidants (AO), which are typically only needed in small amounts (up to 2% w/w). Hydrogen 

abstraction from the polymer—the rate-determining step in PE degradation—is inhibited because the 

AOs contain a more readily extractable hydrogen.89 Examples of common industrial antioxidant 

tradenames are Irganox 1010, Irganox 1076 and Irgafos-168 (Figure 1. 9).89 There are two classes of 

antioxidants, each described in more detail below: 

Primary Antioxidants 

Primary AOs are also known as free-radical scavengers. The most common primary AOs are sterically 

hindered phenols and aromatic amines. Phenolic oxidation can occur in the presence of ZN or 

metallocene catalyst residues.106 The main mechanism with phenolic AOs involves a hydrogen 

abstraction from the phenolic O–H group (or N–H group in aromatic amines) to form a phenoxy 

radical. This radical is stable due to both steric hindrance and resonance, and therefore, at ambient 

temperatures it does not abstract a hydrogen atom from the polymer backbone and inhibits radical 

initiation. Although phenolic AO are generally resistant to discolouration, when oxidised, they form 

quinones with conjugated double bonds. These chromophores can absorb light and result in yellowing 

of polymer resins.107 This is unfavourable during polymer processing and reduces the value of the 

recyclate. However, high MW phenolic AOs with large bulky substituents can sterically hinder such 

oxidation reactions and result in less yellowing.106 Epacher et al. processed HDPE with different 

concentration of stabilizer (Irganox 1010) up to 7 extrusion cycles.96 With increasing stabilizer 

concentration, the discolouration—quantified via a defined yellowness index (YI)—increased linearly. 

However, even in the absence of any stabilizer, slight discolouration was still present meaning that 

colour change cannot solely be due to stabilizers, and that there are likely other impurities present (or 

formed during extrusion) that cause discolouration.  

 

There are also naturally occurring phenols, such as α-δ tocopherols (Vitamin E), curcumin, β-carotenes 

and ascorbic acid with antioxidant properties and have been utilised as stabilizers for plastics.108,109 

For example, Olejar et al. extracted grape tannin from agro-waste wine for its antioxidant properties, 
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and significant improvement in anti-oxidant activity was seen at 1% incorporation of tannin in 

polyolefin films including HDPE.110  

 

Secondary antioxidants 

Secondary AOs are also known as hydroperoxide decomposers (HD). These react with hydroperoxides 

(ROOH) by abstracting an oxygen atom to yield more stable alcohol (ROH) species. Secondary AOs are 

often used with primary AOs because they work in concert with one another to provide more 

protection to polymers, usually preserving the melt flow properties and colour stability more 

effectively during repeated processing cycles. They are considered cost effective when they can 

reduce the required amount of more costly primary AOs.107 Of the various options for secondary AOs, 

phosphorus compounds are widely preferred due to their low toxicity. Phosphorus compounds are 

oxidised into phosphates when they accept an oxygen atom from hydroperoxides, leaving behind 

stable non-radical species.111 However, they are susceptible to hydrolysis reactions which forms acids 

and affects the polymer MFI. It can also result in corrosion and breakdown of additives into smaller 

molecules which can migrate through the polymer matrix, an unfavourable consequence for food 

packaging and water pipe applications.107 

 

Figure 1. 9 Simplified chemical structures of common antioxidant additives including (a) Irganox 1010 (b) Irganox 1076 

and (c) Irgafos 168 where R groups represent the phenolic groups. 
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Another important additive category for HDPE are UV stabilisers. These protect against photo-

oxidative degradation, which is an outcome of the combined mechanism of UV radiation and oxygen, 

deteriorating the mechanical and physio-chemical properties of polymers. The most important classes 

of UV stabilizers are Hindered Amine Light Stabilizers (HALS), benzophenones/benzotriazoles, and 

organic nickel compounds.112 Titanium dioxide can also be used, but is expensive and some side effects 

such as cell damage and genotoxic effects can arise.113  Protection from light has also been achieved 

through the use of carbon black.114 However, carbon black results in contamination and sorting 

complications during recycling as it disrupts the signal of optical recognition instruments such as FT-

IR spectroscopy. In addition to UV stabilizers, plasticizers are also commonly used to reduce chain 

entanglement. 

Overall, the incorporation of distinct formulation of stabilizers changes the behaviour of polymers 

during production and recycling. Understanding the design and mechanism behind additive 

formulations within polymer grades, and its implications on recycling can help tailor plastic materials 

to function within a circular economy. 

 

1.7 Project Objectives  

This project focuses on the mechanical processing of HDPE. Recycling was simulated by performing 

multiple extrusions and analysing subsequent changes to the properties of the plastic. Although 

extrusion is the most common recycling method, variations of recycling-induced property degradation 

has not been investigated between different chemical grades of the same material. For example, HDPE 

can be polymerised using different catalysts and can possess varying amounts of UV and thermal 

stabilisers, which in turn can affect its degradation behaviour.115,116 Furthermore, differences in 

molecular weights between HDPE grades can result in variations in melt flow index and viscosity due 

to chain entanglement and molecular mobility. This in turn determines how the material will behave 

when subject to extrusion conditions and recycling. It is hypothesised that low MFI grades will likely 

better retain their mechanical properties, but may result in more discolouration during repetitive 

recycling. This assumption is based upon the fact that greater MW polymers (i.e. low MFI) have a 

greater degree of chain entanglement and therefore more stress resistance. However, low MFI grades 

require more mechanical energy and higher temperatures during processing, which may result in 

more thermo-mechanical/oxidative degradation and discolouration.  

The main objectives of this project were to: 1) explore the properties of various virgin HDPE grades 

from different manufacturers, 2) carry out 5 extrusion cycles on HDPE grades from one manufacturer 

(ExxonMobil) to simulate mechanical recycling, 3) characterise the recyclate quality of recycled HDPE 
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grades through various analytical techniques. The techniques include rheology, tensile testing, 

differential scanning calorimetry (DSC), UV-Vis colorimetric analysis and Fourier-transform infrared 

(FTIR) spectroscopy. Understanding the relationship between properties of HDPE grades and their 

degradation kinetics during recycling will aid the selection and development of recyclable HDPE, 

facilitating the optimisation of materials to maximise recycling cycles. This work will therefore 

contribute to the effort of keeping more plastic in closed-loop circulation, thus reducing the reliance 

on virgin feedstock. 

 

2   Materials and Methods 

2.1 Materials 

Methanol (CH3OH, 99.8 %) and Toluene (C7H8, 99.7 %) were supplied from Sigma Aldrich, Chloroform 

(CHCl3, 99 %) from Acros Organics and Hexane (C6H14, 99 %) from Fisher Scientific. All HDPE grades 

were provided by Hardie Polymers. HMA014, HMA016 and HMA018 were manufactured by 

ExxonMobilTM. HI7052B was manufactured by CIPLASTM, and HD85612 by SIBURTM. The specifications 

including density and melt flow index (MFI) are shown in Table 2.1 below.  

 

Table 2. 1 Specifications of different HDPE grades including density, MFI, melting temperature and stabiliser content. No 
stabiliser information was given for grade 4. No peak melting temperature was given for grade 5, besides the Vicat 
Softening Temperature which is 127 oC.  

Grade Density 

(g/cm3) 

MFI 

(g/10min) 

Thermal 

Stabiliser 

UV 

Stabiliser 

Peak Melting 

Temperature (oC) 

1 HMA014 

(Exxon) 

0.960 4 Yes Yes 134 

2 HMA016 

(Exxon) 

0.956 20 Yes No 133 

3 HMA018 

(Exxon 

0.954 30 Yes No 131 

4 HI7052B 

(Ciplas) 

0.952 6.8 - - 131 

5 HD85612 

(Sibur) 

0.961 8.5 - Yes - 
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2.2 Sample Preparation  

2.2.1  Extrusion 

Mechanical recycling was simulated by extrusion cycles. Prior to this, the polymers were dried in 

Fistreem Vacuum Oven equipped with an Edwards RV5 vacuum pump (70 °C for 4h or 58 °C for 16h) 

to avoid hydrolysis and chain scission due to the presence of excess water. Extrusion cycles were 

performed on a Thermo Scientific™ HAAKE Process 11 co-rotating parallel Twin-Screw Extruder with 

a screw diameter of 11mm, and length of 40 L/D. 1.5 kg of HDPE pellets were processed at various 

temperatures depending on their MFI and properties (Table 2. 2). The extrudates were then passed 

through a water bath (20 °C) to cool the material before pelletising, and then pelletised using a Thermo 

Scientific™ HAAKE Varicut Pelletizer to yield pellets of 1.5 mm in size. The feed rate was increased 

from 2% from the first cycle up to 30% due to reduction in pellet size. After each cycle roughly 100 g 

of sample was retained for analysis.  

 

 

2.2.2 Injection Moulding 

The dumbbell-shaped specimens were made using a HAAKE Minijet II at a pressure of 400 bar. The 

mould and cylinder temperatures were 80 oC and 200 oC respectively, and the dwelling time was set 

to 5 seconds. The mould dimensions were specified according to the ISO 527-2-1BA standard (Figure 

2. 1). Although ISO states that the length of the 1BA specimens is 55 ± 2 mm, the length was found to 

be 50 mm when measured using callipers. The product data sheet states that the dimensions of the 

mould vary slightly to BSI standards. 

Table 2. 2 Extrusion temperatures and rotation speeds used in the extruder barrel during mechanical recycling of HDPE 

grades HMA014, HMA016 and HMA018. 

Grade 

Barrel Temperature (°C) 
Rotation Speed 

(RPM) 
Zone 

2 

Zone 

3 

Zone 

4 

Zone 

5 

Zone 

6 

Zone 

7 

Zone 

8 
Die 

1. HMA014 180 180 200 200 200 220 220 230 300 

2. HMA016 150 180 180 180 180 200 200 200 200 

3. HMA018 150 180 180 180 180 180 180 180 200 



 
35 

 

 

Figure 2. 1 Schematic illustration of the dimensions for dumbbell shaped specimens used in tensile testing, with a length, 

width and thickness of 50 mm, 5 mm and 1.5 mm, respectively.  (Not to scale). 

2.3 Rheology 

Rheological measurements were conducted on HDPE pellets using a Discovery Hybrid Rheometer-2 

(TA instruments) and a steel Environmental Test Chamber (ETC) equipped with 25 mm parallel plate 

geometries. Frequency sweeps were performed at the average HDPE processing temperature of 180oC 

to simulate the rheological behaviour during mechanical recycling. The angular frequency was varied 

from 0.1 to 500 rad/s in a logarithmic manner, at a 1 % strain collecting 5 points per decade. All 

samples were trimmed at 1050 mm, then lowered to the measuring gap at 1000 mm before running 

measurements.  

 

2.4 Differential Scanning Calorimetry  

All DSC measurements were conducted on TA Instruments DSC 2500. The measurements were taken 

on samples of 3–7 mg obtained from HDPE pellets which were cut in half using pliers. The samples 

were placed in Tzero pans fitted with Thermetic lids, and an equilibration step was run at -80 °C. The 

samples were then heated from -80 to 300 °C at a scan rate of 10 °C∙min-1 to erase the thermal history, 

and then cooled back down to -80 °C at a scan rate of 10 °C∙min-1. No cold crystallisation peaks were 

present in the thermal scans. The percentage crystallinity was calculated according to the relationship 

shown in equation (2. 1) below, where ΔHm is the measured melting enthalpy and ΔH0 has a value of 

293 J/g for 100 % crystalline PE.117 

                                                  % 𝑪𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒊𝒕𝒚 = (
𝜟𝑯𝒎

𝜟𝑯𝟎
) 𝜲 𝟏𝟎𝟎    (2. 1) 

 

50 mm 

5
 m

m
 

1.5 mm 



 
36 

 

2.5 Fourier-Transform Infrared Spectroscopy 

FTIR measurements were performed using a Bruker Invenio-s on polymer pellets which were flattened 

using pliers. Soxhlet extracted samples were measured in solution by dissolving the extracts in 15 ml 

of solvent (chloroform or hexane). Background scans were taken of the solvents prior to any 

measurements. For both solid and liquid state measurements, 64 scans were performed with a 

resolution of 4 cm-1 from 4000-400 cm-1 using transmission mode, and the absorbance spectra was 

analysed using the Bruker software. 

 

2.6 Mechanical Testing 

Tensile tests of dumbbell-shaped HDPE specimens were carried out on an Instron Universal Testing 

Machine (series 3344) using a 500 N load cell at a crosshead speed of 50 mm/min as stated in ISO 527-

2/1A/50. Five specimens for each recycling cycle were tested, each having a length, width and 

thickness of 50 mm, 5 mm and 1.5 mm respectively.  

The Young’s Modulus (E), Yield Strength (σm) and Strain at Break (ɛb) were then measured. E was 

calculated from the slope of the stress/strain curve in the strain interval between 0.05 % and 0.25 % 

according to ISO-527-1:2012 standards.6 

2.7 Colour Measurements 

A UV-Vis spectrophotometer (PerkinElmer, Lambda 365) was used to calculate the Yellowness Index 

(YI) and colour change of HDPE with respect to extrusion cycles. The measurements were conducted 

on 1.5 mm thick dumbbells (see Section 2.2.2) at room temperature and pressure. 

L*, a* and b* values were obtained using a CIELAB colour space model (Figure 2. 2) to measure colour 

change, ΔE, as shown in equation (2. 2) below. 

 

                                                ∆Eab
∗ = √(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (2. 2) 

 

A small ΔE value implies that there is minimal colour change. The L* value gives the lightness of an 

object i.e. a white object has an L* value of 100 and a black object has 0. Whereas the chromatic 

colours are represented by a* (+ red, - green) and b* (+ yellow, - blue).  

YI is the degree to which an object's hue shifts from colourless or a favoured white to yellow, and was 

calculated according to the ASTM E313-20 standard using the equation below.  

                                                                   𝒀𝑰 =
𝟏𝟎𝟎(𝑪𝒙𝑿−𝑪𝒛𝒁)

𝒀
 (2. 3) 
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Where X, Y and Z are the measured tristimulus values of the material calculated for illuminant D65, 

while Cx and Cz are coefficients obtained from the ASTM standard.  

 

Figure 2. 2 Representation of the CIEL*a*b colour space model. Where ‘a’ represents green to red, and ‘b’ represents the 

yellow to blue axis. L* depicts the perceptual lightness.  [Adapted from Viscarra et. al. 2006] 

                                                                                                                                                  

2.8 Soxhlet Extraction  

Soxhlet extractions were carried out on the HDPE grades to extract additives. Chloroform (250 mL) 

was measured into a 500 mL round bottom flask. HDPE pellets (20 g) were weighed into a cellulose 

extraction thimble (Whatman 60) and placed into the soxhlet extractor (Figure 2. 3). The mixture was 

then refluxed for 24 h at 110 °C and 250 RPM. A waterless condenser was used (Asynt, Condensyn 450 

mm), and once the extraction time had elapsed, the solution was allowed to cool to room temperature 

before concentrating to dryness in a rotary evaporator. The resulting product resembled a white/pink 

stain mark on the bottom of the round bottom flask. This was then washed 3 times with chloroform 

(15 mL) in order to remove the sample from the round bottom flask, then transferred to a 30 mL vial. 

PE has poor solubility in methanol (MeOH), therefore in order to remove any low molecular weight 

oligomers, a small portion of the chloroform sample (5 mL) was pipetted into an auto sampler vial and 

kept for separate analysis, whilst the rest (10 mL) was mixed with MeOH (20 mL). After shaking the 

mixture, a white precipitate (PE) formed which were then removed by filtering through cellulose filter 

papers (Whatman 1).  

Meanwhile, the steps for soxhlet extraction was repeated on the same HDPE pellets using hexane (250 

mL). Hexane is less polar then chloroform and was therefore predicted to extract the non-polar 

fractions. The same steps for washing and filtering were also repeated using hexane as the solvent, 
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then both chloroform and hexane extracts were evaporated on a hotplate at 40 oC and kept for further 

analysis. 

 

 

Figure 2. 3 A simplified schematic diagram of the soxhlet extraction apparatus, which was performed at 250 RPM and 110 

°C.  

 

2.9 Cryogenic Milling 

HDPE pellets (4 g) were first dried in a vacuum oven (Fistreem equipped with an Edwards RV5 vacuum 

pump) at 60 °C for 4 hours. The pellets were then placed in a 50 mL stainless steel jar with a 20 mL ball 

bearing and placed into a cryomill (Retsch 207490001). The instrument was pre-cooled using liquid 

nitrogen to -196 °C for 7.5 minutes at 5 Hz prior to the grinding cycles. Three milling cycles were 

performed at 25 Hz for 3 minutes with intermediate cooling times of 1.5 minutes at 5 Hz. Once 

finished, the resulting HDPE powder was dried in a vacuum oven overnight at 45 °C. 

 

2.10 Error Calculations 

Standard errors were obtained through calculating the standard deviation, σ, and dividing by the 

square root of the sample size as shown in the equations below: 

 

𝜎 =  √
∑(𝑥𝑖 −  𝜇)

𝑁
 (2. 4) 
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Where N is the sample size, xi is each value from the sample, and µ is the sample mean. The standard 

error, SE, was then calculated using equation (2. 5) 

                                                                              𝑆𝐸 =  
𝜎

√𝑁
 (2. 5) 

 

 

3 Results and Discussions 
 

3.1 Analysis of Virgin HDPE Grades 

3.1.1 Mechanical, Thermal, and Rheological Properties 

Virgin HDPE grades were analysed to understand the relationships between their properties and MFI. 

The samples include three grades from ExxonMobilTM (HMA014, HMA016 and HMA018) and further 

two grades from CIPLASTM and SIBURTM. The mechanical, thermal and rheological properties are 

summarised in Table 3. 1.  

 

All grades display shear thinning properties, where viscosity is decreasing with increasing frequency 

(Figure 3. 1). The shear thinning intensity (i.e. shear thinning index) was calculated using the ratio of 

viscosities between 0.1 and 100 rad/s. These values were used because the variation in non-

Newtonian behaviour between grades were more pronounced in that region. The data revealed that 

Table 3. 1 Properties of different HDPE grades. MFI and density were obtained from the technical data sheet provided by 

the polymer manufacturer. % crystallinity was calculated using the enthalpy changes acquired through DSC, and viscosity 

measurements were gathered through frequency sweeps at 180 oC. Tensile strength was obtained through tensile testing 

on injection moulded dumbbells at a rate of 50 mm/min. 

Grade 
MFI 

g/10min 

Density 

g/cm3 

Crystallinity 

% 

Viscosity 
at 0.1 
rad/s 
(Pa.s) 

Viscosity 
at 25 rad/s 

(Pa.s) 

Shear 
Thinning 

Index 

Tensile 
Strength 

(MPa) 

HMA014 4.0 0.960 71.9 2594 559 13.2 27.6 

CIPLASTM 6.8 0.952 67.7 1688 749 2.39 23.5 

SIBURTM 8.5 0.961 73.7 1438 819 1.83 27.8 

HMA016 20 0.956 64.5 523 412 1.55 24.3 

HMA018 30 0.954 61.6 389 316 1.42 22.4 
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shear thinning behaviour increases with decreasing MFI (Table 3. 1). This could be because high MW 

chains exhibit more chain entanglement. It is hypothesised that under shear force the magnitude of 

disentanglement and alignment along the direction of shear is more pronounced than lower MW 

chains.  

Grades with higher MFI show lower viscosities at the zero-shear viscosity region (Figure 3. 2).  This is 

the region in which a constant viscosity is observed at very low shear-rates, and the material is 

essentially at rest. At zero-shear viscosity (η0), the MW of the polymer is proportional to its viscosity, 

however, once a certain level of MW is exceeded above the critical entanglement, the viscosity is 

proportional to the 3.4th power of the MW (Equation 3. 1) as discussed in the previous sections 

(Section 1.6.1.3).119 

                           𝜂0 ∝ 𝑀3.4 𝑤ℎ𝑒𝑛 (𝑀 ≥ 𝑀𝑐) (3. 1) 

 

Where Mc is the critical entanglement MW. When the MW exceeds Mc there is a significant increase 

in viscosity which supports the presence and influence of chain entanglement on the physical 

properties of the material.119 

 

The strong correlation (R2 = 0.82) in Figure 3. 2 confirms the expected relationship between MFI and 

viscosity.120 An R2 value below 0.5 is a poor correlation, above 0.5 is moderate, and values above 0.7 

show a substantial fit.121 Smaller MFI values (longer chains) experience more chain entanglement 

which causes resistance to flow, thus, increase viscosity. However, at higher shear rates, this trend is 

 

Figure 3. 1 Decrease in complex viscosity (Pa.s) with increasing angular frequency (Rad/s) of HDPE grades including 

HMA014, HMA016, HMA018, Sibur and Ciplas. Viscosity measurements were obtained through frequency sweeps on HDPE 

pellets at 180 oC. 
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disrupted (Appendix 7.1.2). The variation of polymer properties under different shear rates could be 

a result of the shear dependent motion of polymer chains under entanglement.  

 

Figure 3. 3 shows the relationship between the MFI and crystallinity of the HDPE grades tested. The 

crystallinity increases with decreasing MFI. High crystallinity reduces the mobility of the adjacent 

amorphous phases and therefore reduces polymer flow.122 The crystalline domains have less free 

volume (higher packing density) and thus a more crystalline polymer has a higher density (Figure 3. 

4). The reaction conditions may have been controlled to tailor HDPE chains with a narrow molecular 

weight distribution and low dispersity index. Additionally, the use of different catalysts and amount 

of co-monomer used during polymerisation is proportional to the number of side chains.56 As a result, 

increased branching will decrease the crystallinity and density of polymers.  

 

Figure 3. 5 to Figure 3. 7 show further correlations between grade-based properties. As seen 

previously, Ciplas and Sibur typically do not fit the trend. This is likely because they are supplied by 

different manufacturers, whereas HMA014, HMA016 and HMA018 are manufactured by ExxonMobil, 

thus, are likely to use the same catalysts. The complexity of HDPE grades and variations can arise from 

the synthesis process, catalysts, blending of different MWs, chain branching and additive 

formulations.123 Although ExxonMobil has a number of patents for metallocene catalysts, no specific 

catalyst information could be found for HDPE, thus, conclusions cannot be made on the 

polymerisation parameters.124,125 However, if metallocene was used for these grades, then a narrow  

MWD would be expected. 

 

Figure 3. 2 Increase in MFI (g/10min) with decreasing complex viscosity (Pa.s) of HDPE grades at 0.1 rad/s (R2 = 0.82). The 

MFI was obtained through the polymer specification sheets provided by the manufactures, and viscosity was measured on 

HDPE pellets through frequency sweeps at 180 oC. Standard errors were calculated over three tests. 
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At high average MW the mechanical properties would likely be enhanced but have low processability. 

However, at a lower average MW the mechanical properties would likely be poorer but have better 

processability. Future work should entail size-exclusion chromatography (SEC) to obtain the MWD to 

predict the likely catalysts that may have been utilised during polymerisation.  

 

Figure 3. 3 Decrease in % crystallinity with increasing MFI of HDPE grades (R2 = 0.57). MFI was obtained through the 

polymer specification sheets provided by the manufacturers, and crystallinity was calculated from the enthalpy changes 

acquired through DSC. Standard errors were calculated over three tests. 

 

Figure 3. 4 The increase in density with respect to crystallinity of HDPE grades (R2 = 0.77). The density was obtained through 

the specification sheet of the polymer grades supplied by the manufacturers, and crystallinity was calculated from the 

enthalpy changes acquired through DSC measurements. Standard errors for % crystallinity were calculated over three 

tests. 
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Figure 3. 5 Relationship between tensile strength, MFI and density. Where (a) strength decreases with increasing MFI,  R2 
= 0.52 and (b) strength increases with increasing density, R2 = 0.87. Tensile tests were performed on injection moulded 
dumbbells at a rate of 50 mm/min. The density was obtained from the polymer specification sheets provided by the 
manufacturers. Standard errors for tensile strength was calculated over five tests. 

 
Figure 3. 6 Relationship between crystallinity, tensile strength (MPa) and flexural modulus (MPa). Where increasing % 
crystallinity increases the (a) tensile strength, R2 = 0.96 and (b) flexural modulus, R2 = 0.75. The tensile strength was 
obtained through tensile testing on injection moulded dumbbells at a rate of 50 mm/min. The flexural moduli was obtained 
through the polymer specification sheets provided by manufacturers. Standard errors for % crystallinity were calculated 
over three tests, whereas for tensile strength the standard error was calculated over five tests. 

. 

Figure 3. 7 Relationship between complex viscosity (η*) measured at 25 rad/s and (a) flexural modulus and (b) Young’s 
modulus (E). Where (a) flexural moduli increases with viscosity, R2 = 0.64 and (b) Young’s moduli increases with viscosity, 
R2 = 0.81. Viscosity measurements were obtained through frequency sweeps conducted on HDPE pellets at 180 oC. Young’s 
modulus was measured by tensile testing on injection moulded dumbbells at a rate of 50 mm/min, and flexural moduli 
were acquired through the polymer specification sheets provided by the manufacturers. Standard errors for η* were 
calculated over three tests, whereas for E, the standard errors were calculated over five tests. 
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Excluding Ciplas, the tensile strength increases with decreasing MFI and increasing density (Figure 3. 

5). This is expected because higher MW chains are typically stronger owing to chain entanglement, 

resulting in a stiffer material with greater creep resistance. However, high density materials tend to 

be less ductile and more susceptible to stress cracking due to restricted chain mobility. As seen 

previously, density and crystallinity have a direct relationship, therefore it is expected that higher 

crystalline grades show stronger mechanical properties (Figure 3. 6). High % crystallinity reduces the 

molecular free volume for chain entanglements in the amorphous phase and increases brittleness. 

The degree of crystallinity governs the magnitude of secondary inter-intra chain bonding, which in 

turn influences the strength of thermoplastics. In fact, the degree of crystallinity has more influence 

over the mechanical properties of HDPE than the MW.126  

 

Although Ciplas does not fit the trend, the viscosity of HDPE grades also increases with crystallinity 

(Appendix 7.1.2). Viscosity is measured above the melt temperature of the polymer, Tm, therefore 

HDPE is amorphous and not semi-crystalline in the molten state. However, a correlation is still seen 

between the molten and solid state of HDPE. The proposed explanation for this is that grades with 

more % crystallinity have a higher fraction of high MW chains, and increases the viscosity of the 

material in the molten state due to chain entanglement. As such, this also reflects on to the mechanical 

properties (Figure 3. 7). Flexural and Young’s modulus increase with viscosity due to the similar effects 

of high MW chains in the molten and solid state, and has been shown that chain entanglement in the 

melt is largely preserved upon solidifying.127  

The relationship between properties in the melt and solid phase are seen due to mutual 

interpenetration of MW and entanglement effects on different properties. Although this is expected, 

this data effectively highlights these correlations and shows that properties in the melt phase also 

transcend into the solid phase due to the MW relationship.  

Overall, these results partially support the hypotheses and show that low MFI grades have greater 

mechanical properties, and whether the mechanical properties are retained after recycling is analysed 

in the next sections (Section 3.3). The correlations between the properties of HDPE grades would 

mean one property can be sufficient to estimate how the material will behave, saving experimental 

costs and energy for plastic manufacturers. These correlations are not novel, but by highlighting these 

relationships in a straightforward manner, as shown in the graphs above, it will be less time consuming 

and enable easier selection of HDPE grades for its intended use and recycling. This means that DSC, 

rheology and tensile testing will not be required at such extensive rates to predict material properties. 

For example, by only knowing the MFI, we can estimate the MW and viscosity of the material, and in 

turn the crystallinity and strength of the plastic through means of a multiple linear regression model. 
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However, complications arise when comparing grades from different manufacturers, therefore, this 

theory only applies to polymer grades from the same supplier as they are more likely to use the same 

catalysts and similar additives.  

 

One of the main drawbacks is the lack of clarity on the synthesis of the chosen HDPE grades. 

Understanding the influence of catalytic polymerisation routes on mechanical, thermal, and 

rheological behaviour will aid the design of HDPE and better tailor its properties. Additionally, 5 

variables are not enough to make a definitive conclusion regarding grade-based properties. More data 

and inclusion of a greater range of HDPE grades would give a solid foundation of information which 

could be correlated to map different characteristics.  

 

3.1.2 FTIR Analysis 

FTIR analysis was conducted to analyse structural differences between polymer grades. This would 

improve understanding between structure and property relationships.  

Characteristic HDPE bands are located at 2916 cm-1 (asymmetric C-H stretch), 2848 cm-1 (symmetric C-

H stretch), 1473 cm-1 (C=C vibration) and 730 cm-1 (C-H bend) (Figure 3. 8). Varying degrees of 

branching in polyethylene commonly results in small, but significant differences in the 1300-1400 cm-

1 region and are due to methyl bending deformations of branched chain ends.128 Minor discrepancies 

can be seen in the 1300-1400 cm-1 region for the ExxonMobil grades, which could be an indicator of 

chain branching. Additionally, the high MFI grades (HMA016 and HMA018) show similar patterns in 

the 1100 cm-1 and 800 cm-1 region. Short-chain ethyl branching has been previously identified around 

770 cm-1 by other authors.129 However, due to distorted baselines in the spectra, it is not possible to 

conclude the branching effects.  The FTIR measurements were run on HDPE pellets which are too thick 

for transmission mode analysis which may be why the baseline is distorted. Reflective mode analysis 

on polymer pellets, or preferably transmission mode analysis on thin films (<50 µm) with increased 

number of scans are likely to improve the signal-to-noise ratio. 130 

 

Overall, the relationships between mechanical, thermal, and rheological properties of HDPE grades 

have been confirmed, and has been found that correlations are stronger in grades from the same 

manufacturers (i.e. ExxonMobil) opposed to different suppliers (Sibur and Ciplas). This is likely due to 

similar additives and polymerisation routes using the same catalyst. Further understanding of additive 

content will help understand the influence of stabilisers on polymer properties. 
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3.2 Soxhlet Extraction of Additives 
 

Soxhlet extraction is an efficient technique for extracting partially soluble impurities from an insoluble 

sample. However, it requires long extraction times and large volumes of solvent are needed.131 

Although other solvent extraction methods, such as supercritical fluid and microwave assisted 

extraction have shown better recovery rates in less time, soxhlet extraction has the advantage of being 

inexpensive and requiring minimal equipment.132,133  

 

Preliminary soxhlet extraction experiments were performed to identify additives in HDPE grades and 

technique drawbacks to improve extraction parameters for forthcoming experiments. The method 

was partially adapted from Lehotay et al.134 The total amount of extracts and their descriptions are 

shown in (Table 3. 2).  

ExxonMobil was contacted to find out the type and concentration of additive formulations in their 

HDPE grades, however, this information was not disclosed. The concentration of additives in the HDPE 

grades are therefore unknown, and a yield could not be calculated.  

During the first two runs, a colour difference between the two different solvents extractions was 

noticed. The chloroform extracts displayed a red/pink hue, meanwhile the hexane solutions were 

colourless (Figure 3. 9). However, during the second run, the stop-corks were changed from red rubber 

 

Figure 3. 8 FTIR spectra of HDPE grades HMA018 (green), HMA016 (grey), HMA014 (red), Ciplas (blue), and Sibur (pink). 
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suba-seals to glass stoppers. Once this change was made the red colouring was no longer visible after 

extraction, meaning chloroform was likely degrading the rubber and extracting the pigments. Later, 

methanol was added to the initial pink CHCl3 solution and precipitation was observed alongside 

turning colourless. 

 

 

The quantity of extracted products was minimal, especially following filtration. HDPE pellets are 

commonly ground up into powder to maximise the molecular interface.135,132,134 This is largely due to 

the small surface area of HDPE pellets which limits solvent penetration and diffusion. The crystallinity 

and linear structure of HDPE hinders the solvent from penetrating the matrix.131 In this case, extraction 

was performed on pellets. As a result, low recovery rates were obtained. Additionally, the filtration 

method used limited the yield due to multiple sample transfers. Which could have been simplified by 

filtering the solvent first, and then evaporating via rotavap which minimises intermediate steps. 

Additionally, at temperatures below 110 oC there was not enough heat to initiate reflux, causing the 

solvent (CHCl3) to be stuck in the main chamber of the soxhlet apparatus and not cycle through the 

Table 3. 2 Total amount of samples/impurities extracted in grams from different HDPE grades via soxhlet extraction using 

chloroform and hexane consecutively at 110 oC and 250 RPM. 

HDPE 

Grade 

Chloroform 

Extraction 

(g) 

Hexane 

Extraction (g) 

Total 

extracts (g) 
Comments/Notes 

HMA014 0.327 0.161 0.448 

Formation of white ring on bottom 
of round bottom flask (RBF) 
following CHCl3 extraction. 
Small specs of white residue were in 
RBF following hexane extraction. 

HMA016 0.048 0.159 0.207 Small volume of clear liquid residue 
in RBFs after both extractions. 

HMA018 0.338 0.180 0.518 

Colourless liquid present after CHCl3 
extraction. 
Oily residue was present following 
the hexane extraction and rotavap. 

Sibur 0.213 0.117 0.330 

White crystalline residue formed 
after CHCl3 extraction (Figure 3. 9a). 
Oily residue left in RBF following 
hexane extraction and rotavap. 

Ciplas 0.206 0.215 0.421 

No visible product in RBF after CHCl3 
extraction. 
Colourless liquid following hexane 
extraction. 
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siphon. Temperatures higher than 110 oC with greater RPM (>200) increased the kinetic energy of the 

system and allowed faster extraction cycles. 

 

 

As HMA018 had the highest extraction yield, the resulting products were analysed using FTIR to 

investigate the presence of additives. No peaks were seen in the products from hexane extraction, 

however an FTIR spectra was obtained for products from chloroform extractions (Figure 3. 10). The 

resulting spectrum showed evidence of residual HDPE, demonstrated by the peaks at around 2900 cm-

1 (C-H stretch), 1400 cm-1 (C=C vibration) and 700 cm-1 (C-H bend). The peak around 1300 cm-1 could 

likely be due to methyl side chains, which was also seen in the spectra of HDPE grades (Figure 3. 8) 

but could not be resolved due to baseline distortion. Future work will focus on analysing these samples 

using high-pressure liquid chromatography (HPLC) coupled with mass spectroscopy (MS) as it is a more 

sensitive technique.136 FTIR has limitations for materials with weak infrared absorption or overlapping 

spectral bands of the trace material with the major component, in this case the overlap of additive 

bands with HDPE oligomers. 

  

 

Figure 3. 9 Images of (a) white crystallised residue after soxhlet extraction at 110oC and 250 RPM of Sibur using chloroform 

and (b) HMA018 extract re-dissolved in chloroform (left) and hexane (right) following soxhlet extraction. 
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To increase the surface area and reduce particle size of the HDPE pellets, the HDPE samples were 

cryomilled for Soxhlet extraction. At cryogenic temperatures below Tg of HDPE, the polymer pellets 

become brittle with a uniform particle size during milling.137 At elevated temperatures the pellets are 

bent and cannot be fractured due to the amorphous phases. Following cryogenic milling, the surface 

area of HDPE was successfully increased and the HDPE pellets were reduced to a powder (Figure 3. 

11). It is hypothesised that higher extraction yields will be obtained with smaller particle size due to 

shorter diffusion distances. However, due to time limitations the powdered HDPE could not be utilised 

for soxhlet extraction. 

 

Considering that the concentrations of the additives are less than 0.2 wt. % (with respect to the 

polymer matrix), high extraction yields remain elusive. Therefore, longer extraction time, larger 

sample and smaller particle size are required to achieve detectable concentrations of additives. Even 

so, protocols for these techniques have been established and optimised for future studies. This data 

can be utilised to improve reaction conditions and extraction yields of additives to determine the 

influence of stabilisers on the mechanical recycling of HDPE. 

 

 

Figure 3. 10 FTIR absorbance spectrum of impurities extracted from HDPE grade HMA018, obtained under soxhlet 
extraction using chloroform at 110 oC and 250 RPM. 

 

Figure 3. 11 White virgin HDPE pellets of HMA018 before (left) and after (right) cryogenic milling at 25 Hz. 
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3.3  Mechanical Recycling of HDPE  

Mechanical recycling was simulated through 5 extrusion cycles of HDPE grades from ExxonMobil 

(HMA014, HMA016 and HMA018). The extrusion conditions required to successfully process HDPE 

varied between grades, and the lowest possible temperatures and RPM were used to minimise 

thermo-mechanical degradation. HMA014 required a temperature range of 180-230oC through the 

extruder barrel to obtain a continuous flow of extrudate without air bubbles. The RPM was set to 300 

and the torque response ranged from 2.5-3.8 Nm. Meanwhile, a temperature range of 150-200oC was 

sufficient for HMA016, with an RPM of 200 and a lower torque response range of 2.1-2.7 Nm. HMA018 

required slightly lower temperatures ranging from 150-180oC with the same RPM and similar torque 

response as HMA016. The torque response was directly proportional to the RPM and feed rate. At 

higher feed rates and lower RPM the torque response increased due to more volume and less shear 

in the barrel. The higher torque response and RPM required to process HMA014, opposed to HMA016 

and HMA016 support that polymer grades with low MFI have higher SME (Equation 1. 2) and consume 

more mechanical energy for processing during recycling. This is because low MFI grades have higher 

viscosity, requiring more shear force to enable flow in the extruder barrel. Higher temperatures can 

lower viscosity, but this also increases thermal degradation. Meanwhile RPM could be increased to 

improve material flow, but this may increase mechanical degradation due to high shear rates. 

Alternatively, lubricants could be used to increase the MFI and increase extruder throughput, yet this 

could impact the melt strength of the polymer.138  

 

3.3.1 Colour Measurements 

After the first recycling cycle the polymers began to discolour (Figure 3. 12). Discolouration is an 

inevitable outcome of extrusion due to oxidative degradation, particularly due to phenolic antioxidant 

or flame retardants in the material.139 Although phenolic antioxidants are crucial for scavenging radical 

peroxides, it also results in discolouration due to the reaction products from phenolic antioxidants and 

OH groups.140,141 During such oxidation reactions quinones are formed which gives a yellow tint to the 

polymer.142 As such, a linear correlation should be seen between the yellowness index (YI) and 

concentration of stabilisers that react during processing. 143,96,109,140 
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The YI for all 3 HDPE grades increase with extrusion cycles and is most pronounced in HMA016 (Figure 

3. 13). Note that negative YI values denote blue discolouration.144 Therefore, the departure of YI 

towards more positive values indicates that the polymers are becoming more yellow and less blue 

with each recycling cycle. Both HMA014 and HMA018 have large deviations on cycle 2 which affects 

the linearity of the trend.  

 

The colour change, ΔE, is greater for HMA016 (19.22), followed by HMA014 (11.49) and HMA018 

(1.78). Although HMA014 was processed under higher temperatures and shear, these results may 

indicate that colour change and YI is irrespective of processing conditions and MFI of HDPE. These 

results do not support the hypothesis of high shear rates and temperatures causing more 

discolouration, and may suggest that temperature and shear rates do not influence the rate of 

stabiliser reactions with oxygen that form chromophores such as quinones. However, the data is not 

conclusive enough. Measurements of YI were only carried out once due to time limitations, therefore 

further repeats are necessary to confirm results and reduce errors.  

 

 

Figure 3. 12 Colour change with respect to extrusion cycles (virgin to cycle 5 from left to right) of HMA018 (top), HMA016 

(middle) and HMA014 (bottom). The colour change is represented with pellets on the left half, and injection moulded 

dumbbells on the right half of the figure. 
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3.3.2 Rheological Properties 

Understanding rheological behaviour of HDPE provides insights into change in material topology as a 

result of recycling. Small changes in the polymer structure such as MW and branching have a 

significant impact on processing and recycling of the polymer melt.145  

 

Complex viscosity of recycled HDPE grades decrease with increasing angular frequency (Figure 3. 14). 

The non-Newtonian behaviour i.e. shear thinning properties are seen due to the disentanglement of 

polymer chains under shear stress. At rest, the molecular chains are entangled and randomly 

orientated, but with increasing shear rate the polymer chains disentangle and align along the direction 

of shear.146 This gives rise to greater free volume and less molecular interactions, therefore polymer 

chains can move more freely and viscosity decreases.  

 

The viscosity of the material at the extruder speed was estimated using the equation below:                     

 

                                                            Rad s−1  =
RPM

60
× 2π (3. 2) 

 

Therefore, at 200 RPM the angular frequency will be 20.9 ≈ 25 rad/s. Understanding the melt 

behaviour of HDPE at 25 rad/s will reflect the impact of processing conditions in the extruder.  

 

 

Figure 3. 13 The change in yellowness index of HDPE grades with respect to extrusion cycles. The R2 values for HMA014, 

HMA016 and HMA018 are 0.57, 0.82 and 0.56, respectively.  
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Figure 3. 14 Decrease in complex viscosity (η*) with angular frequency (ω) for HDPE grades (a) HMA014, (b) HMA016, and 

(c) HMA018. Viscosity measurements were conducted on HDPE pellets through a frequency sweep at 180  oC. 
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Polymers with a broad MWD tend to thin more at lower shear rates.75 Additionally, for polymers with 

long relaxation times shear thinning also occurs at low shear rates.147 As seen in Figure 3. 1 and Figure 

3. 14, HMA014 has a more rapid onset in shear thinning properties than the other HDPE grades. This 

could suggest that HMA014 may have a broader MWD and longer relaxation time than the higher MFI 

grades, however SEC and further rheology measurements are required to confirm this.  

The intensity of shear thinning can be calculated by obtaining the ratio of frequencies. In this case, the 

ratio between 0.1 and 100 rad/s was used to give a trend in shear thinning properties (Figure 3. 15). 

There is no change in shear thinning index for HMA016, a marginal increase for HMA018 (R2 = 0.88) 

and a significant decrease for HMA014 (R2 = 0.84). This means that HMA018 is becoming more shear 

thinning, whereas HMA014 is becoming shear thickening when recycled. The amount of energy 

required to process a polymer at a constant MW is proportional to its shear thinning properties.75 The 

degree and onset of shear thinning differs between the polymer grades and are qualitatively related 

to MWD.  

As expected, HMA014 has the highest complex viscosity, followed by HMA016 and then HMA018 

(Figure 3. 16). This is consistent with their MFI, in which HMA014 has the lowest flow rate (4.0 

g/10min) followed by HMA016 (20 g/10min) and HMA018 (30 g/10min), supporting the expectations 

that greater MW polymers have higher viscosities.  

HMA014 has a large increase in complex viscosity between recycling cycles when analysed at high 

angular frequencies (25 rad/s). However, at low angular frequency (0.1 rad/s) there is a significant 

 

Figure 3. 15 The variations in shear thinning index with respect to extrusion cycles. The shear thinning index decreases for 
HMA014 (R2 = 0.84), does not change for HMA016 (R2 ≈ 0) and increases for HMA018 (R2 = 0.88) over 5 recycling cycles. 
The shear thinning index was calculated by taking the ratio of complex viscosities at 0.1 rad/s and 100 rad/s. Viscosity was 
measured on HDPE pellets through frequency sweeps at 180 oC. 
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decrease in viscosity (Figure 3. 16). This is unusual and could indicate that the chain structure is 

behaving differently when measured under different shear rates.  

This is hypothesised to be influenced by the polymer relaxation times and elasticity, or perhaps due 

to simultaneous cross-linking alongside chain scission of the recycled samples. During standard 

extrusion, oxygen present in the air can react with the polymer chains to form macro-radicals, which 

in turn react with terminal double bonds present in other HDPE polymer chains to form cross-links.91 

At high shear rates the cross-links are maybe becoming more entangled and are inhibiting alignment 

in direction of shear. Further analysis of relaxation times using rheology may bring more clarification. 

 

    

Figure 3. 16 The changes in complex viscosity (Pa.s) of HDPE grades at (a) 0.1 rad/s and (b) 25 rad/s over five extrusion 
cycles. Viscosity, η*, was obtained through rheology measurements on HDPE pellets at 180 oC. The R2 values for figure (a) 
are 0.65, 0.75 and 0.91 for HMA014, HMA016 and HMA018, respectively. For figure (b) the R2 values are 0.88, 0.35 and 
0.48 for HMA014, HMA016 and HMA018, respectively. Standard errors for η* were calculated over three tests. 
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When the data from Figure 3. 16 is magnified (Appendix 7.1.1), the viscosities between recycling 

cycles are fluctuating. This may confirm that chain scission and branching are happening 

simultaneously. However, these fluctuations are minimal (<9 %) with large error bars. On a larger 

graphical scale, there is an overall increase in viscosity for HMA018 which is more prominent at low 

shear rates. As mentioned previously (Section 1.6.1.3), the MW is proportional to the viscosity at low 

shear rates. The data can suggest that chain branching is becoming more pronounced for HMA018 

with each recycling cycle. Shorter chains are less susceptible to shear stress during mechanical 

processing and more prone to chain branching due to readily accessible terminal groups. With more 

chain branching, the viscosity increases as bulky polymer chains have reduced ability to flow past each 

other. Contrarily, HMA016 shows decreasing viscosity with recycling at low shear rates (Figure 3. 16). 

This could suggest that chain scission is more pronounced. With the increasing number of shorter 

chains, plasticizing effects can be seen because shorter chains are more mobile which decreases the 

viscosity. At high shear rates (25 rad/s), there is no evident change in viscosity for HMA016 or 

HMA018.  

 

An indicator of the change in material elasticity is the loss angle, tan δ, which can be described using 

the ratio between storage (G’), loss (G”) and complex modulus (G*) as shown in Figure 3. 17. This 

relationship can be illustrated using Pythagoras theorem: 

                                                

                                              Where (G*)2 = (G’)2 + (G”)2,  therefore, 𝑇𝑎𝑛 𝛿 =
𝐺"

𝐺′
 (3. 3) 

 

Figure 3. 17 Illustration of the relationship between storage (G’), loss (G”) and complex modulus (G*) through a right angle 

triangle representing Pythagoras theorem.  
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This ratio is useful for identifying the overall viscoelasticity of the polymer. If tan δ is < 1, then the 

material is more elastic than viscous, and if tan δ is > 1, the material is more viscous than elastic .148  

The greater the tan δ, the more energy dissipation potential of the material. The mechanical 

characteristics of viscoelastic polymeric materials are in between those of a viscous liquid and elastic 

solid.149  

All three HDPE grades display viscoelastic behaviour. HMA018 (R2 = 0.93) and HMA014 (R2 = 0.84) 

shows a decrease in tan δ meaning that it is becoming more elastic, whereas there is nominal change 

in viscoelasticity for HMA016 (Figure 3. 18). It can be assumed that overall, the material elasticity for 

HMA014 and HMA018 increases with recycling, which can be a result of cross-linking interactions that 

can overcome mechanical perturbation. HMA014 is the most elastic out of the three grades, meaning 

it can more readily return to its original structure once load/stress is removed. The high MW chains 

and entanglement kinetics may have influence over this property, as the entangled chains can stretch 

and return to their original configuration more readily without the breakage of intermolecular bonds. 

 

 

 

3.3.3 Thermal properties and Crystallinity  

From the technical data sheet provided by the polymer manufacturer, the glass transition 

temperature of HMA018 is approximately -130 oC. Consequently, the Tg could not be obtained as the 

 

Figure 3. 18  The change in tan δ values over five extrusion cycles. Tan δ decreases for HMA014 (R2 = 0.84), does not 

change for HMA016 (R2 = 0.23) and decreases for HMA018 (0.93). Tan δ was obtained through the ratio of loss (G”) and 

storage (G’) modulus calculated at 25 rad/s through rheology measurements at 180 oC. Standard errors were calculated 

over three tests. 

1

2

3

4

5

6

7

0 1 2 3 4 5

Ta
n

 δ

Extrusion Cycle

Viscoelasticity HMA016
HMA014
HMA018



 
58 

 

DSC was limited to -80 oC.150 The Tg is dependent on the amorphous regions of the polymer, and 

therefore HDPE has very low Tg due to its high crystallinity.  

There are no significant changes in crystallisation and melting temperature for the HDPE grades when 

recycled 5 times (Figure 3. 19). However, there is a slight increase in Tm for HMA018 which can be 

attributed to its increasing crystallinity (Figure 3. 20). This is because more energy is required to 

overcome the intermolecular bonds to transition from an ordered crystalline phase to a disordered 

amorphous phase. HMA014 has the greatest Tm and TC, followed by HMA016 and HMA018. This trend 

is also observed in their degrees of crystallinity and MFI, with HMA014 being the most crystalline 

(lowest MFI), followed by HMA016 and HMA018 (Figure 3. 20). The changes in % crystallinity are 

minimal with fluctuations of less than ± 1.5 % between cycles, and by cycle 5 both HMA016 and 

HMA018 have similar crystallinities.  

 

 

Figure 3. 19 The (a) melting, Tm and (b) crystallisation temperatures, TC, over five extrusion cycles of HDPE grades showing 

negligible variability. The R2 values for Tm are 0.064, 0.057 and 0.68 for HMA014, HMA016 and HMA018 respectively. The 

R2 values for Tc are 0.29, 0.025 and 0.11 for HMA014, HMA016 and HMA018, respectively. Standard errors for Tm and Tc 

were calculated over three tests. 
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The slight increase in % crystallinity for HMA018 is tentatively attributed to chain scission. As the MW 

decreases, chain mobility increases and crystalline growth is promoted. This is because the amorphous 

phase of the polymer is attacked more readily during thermo-oxidative degradation, leaving behind 

crystalline domains which act as nucleation points. As such, growth of the crystalline phase is observed 

with increasing recycling cycles. The low MFI grades (HMA014 and HMA016) have better crystallinity 

retention opposed to the high MFI grade, HMA018. This partially supports the hypothesis, showing 

that low MFI grades have less variations in properties when recycled. However, with large error bars 

there is overlap between % crystallinity values for HMA016 and HMA018. Some literature report and 

increase in crystallinity for HDPE with recycling cycles, whereas others report a decrease or no 

change.70,97 With seemingly similar methodologies, the variations in literature are likely due to 

differences in HDPE grades. The different MWDs of the grades will influence the rate and frequency 

of chain scission and cross-linking, which in turn will affect the orientation and packing density of 

polymer chains. Consequently, mechanical properties are also likely to be affected because 

intermolecular bonding is more prominent in the crystalline phase.151  

 

 

3.3.4 Mechanical Properties 

Mechanical properties of the HDPE grades with respect to extrusion cycles were measured, and values 

for Young’s Modulus (E), Yield Strength (σm) and Strain at Break (ɛb) were obtained. The specimens 

 
Figure 3. 20 Change in crystallinity of HDPE grades obtained through DSC measurements as a function of five extrusion 

cycles. The % crystallinity does not change for HMA014 (R2 = 0.059) and HMA016 (R2 = 0.0017), but increases for HMA018 

(R2 = 0.82). Standard errors for % crystallinity were calculated over three tests. 
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measured were prepared by injection moulding (Section 2.2.2). This process involves both heat and 

shear, therefore is likely to result in further degradation of the materials. 

 

Both E and σm exhibited similar trends (Figure 3. 21). There is no significant change in E for HMA014, 

a marginal decrease for HMA016 and an increase for HMA018. Between recycling cycles 0-5, ɛb is 

greatest for HMA016 (~800-1000%), followed by HMA018 (~500-900%) and HMA014 (~220-420%).  

 

An increase in Young’s Modulus (YM) indicates the material is becoming more brittle (Figure 3. 21a), 

which in turn translates to a decrease in elasticity. This is mirrored by the decrease in ɛb for HMA018 

in (Figure 3. 22). The patterns in strength and YM are similar to the % crystallinity of the grades. The 

  

Figure 3. 21 Young’s Modulus, E (a) and tensile strength, σm (b) as a function of five extrusion cycles, obtained through 

tensile testing on injection moulded dumbbells at a rate of 50 mm/min. The R2 values for Young’s Modulus are 0.16, 0.15 

and 0.64 for HMA014, HMA016 and HMA018, respectively. The R2 values for tensile strength are 0.38, 0.29 and 0.57 for 

HMA014, HMA016 and HMA018, respectively. Standard errors for E and σm were calculated over five tests.  
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YM of HMA018 increases (5.2 %) because the crystallinity increases (Figure 3. 20). Higher % 

crystallinity results in greater density of the polymer, therefore, the lack of voids and pores in the 

polymer matrix gives a close-packed structure, increasing secondary bonding interactions and 

material stiffness. Meanwhile, the strain at break, ɛb decreases (52 %) as a result of increasing stiffness 

and % crystallinity. Due to chain entanglement taking place in the amorphous phase, the increasing 

crystallinity limits the degree of entanglement, resulting in less extension before the breaking strain 

is reached. Therefore, ɛb decreases with each recycling cycle of HMA018 as chain lengths become 

shorter and the magnitude of secondary bonding chain interactions decrease. 

There are nominal changes in ɛb for HMA016 and HMA014 (Figure 3. 22). Considering the large error 

bars for HMA016, it could be said that ɛb stays relatively constant. Overall, HMA014 shows the least 

change in mechanical properties during repetitive recycling cycles. These results support the 

hypothesis and show that low MFI grades are better at retaining mechanical properties when recycled. 

This could be attributed to the strong intermolecular interactions and entanglement kinetics of long 

chain polymers.  

There is a direct relationship between MW and mechanical properties. The tensile strength is related 

to the MW using the following equation: 

                                                                

                                                                     𝜎 =  𝜎∞ −
𝐴

𝑀
 (3. 4) 

                                                    

 

Figure 3. 22 Strain at break, ɛb (%) as a function of five extrusion cycles, obtained through tensile testing on injection 
moulded dumbbells at a rate of 50mm/min. ɛb shows minimal changes for HMA014 (R2 = 0.11), a very small decrease for 
HMA016 (R2 = 0.5) and a significant decrease for HMA018 (R2 = 0.82). The standard errors for ɛb were calculated over five 
tests. 
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Where σ∞ is the tensile strength of the polymer with a molecular weight of infinity. A is a constant and 

M is the MW of the polymer.151 At low MW, the chains can move more readily due to weak Van der 

Waals forces, resulting in low strength irrespective of crystallinity. In the case of higher MW (lower 

MFI) grades, the long chains are entangled and intermolecular bonding becomes more significant. 

Tensile testing on further grades including Sabir and Ciplas would further support the hypothesis and 

improve reliability. 

Values for YM have relatively large error bars. The variability in YM during tensile testing could be a 

result of fluctuations in dwelling and temperature during injection moulding. The probability of 

thermo-oxidative degradation is increased when the polymers are exposed to high temperatures for 

long time periods. As such, it will be preferable to improve consistency between HDPE samples 

through directly extruding into blown films without intermediate processing steps for mechanical 

testing.    

 

3.3.5 FTIR Analysis 

FTIR was conducted to analyse the effects of degradation and variations in structure change between 

HDPE grades. The characteristic FT-IR HDPE bands are located at 2916 cm-1 (asymmetric C-H stretch), 

2848 cm-1 (symmetric C-H stretch), 1473 cm-1 (C=C vibration) and 730 cm-1 (C-H bend). The FTIR spectra 

of recycled HDPE grades (Figure 3. 23) do not show significant differences with consecutive recycles. 

Additionally, carbonyl peaks were expected in the 1700 cm-1 region due to oxidative degradation, but 

such peaks were not present. This is likely because the sensitivity of FTIR is not high enough to detect 

carbonyls and degradation products in the HDPE matrix.152 Although minor discrepancies can be seen 

in the 1300-1400 cm-1 region which could suggest chain branching, this may be due to baseline 

distortion. As mentioned previously (Section 3.1.2) Improved resolutions can be obtained by 

increasing the number of scans, using reflective mode measurements on pellets or transmission mode 

on thin films (<50 µm). The FTIR measurements were run on HDPE pellets which are too thick for 

transmission mode analysis.130 Alternatively, attenuated total reflection (ATR) FTIR could be used. The 

carbonyl index (CI) can be calculated through the ratio of the band area attributed to carbonyl (C=O) 

group and the area of the band of the methylene group (CH2).130 The relative CI between recycling 

cycles will indicate the degree of oxidative degradation.  
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Figure 3. 23 FTIR spectra of recycled HMA014 (a), HMA016 (b) and HMA018 (b). Five recycling cycles are shown on the 

spectra, from virgin to cycle 5. 

(a) 

(b) 

(c) 
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4 Conclusions 

A foundation of data has been built on the property response of different HDPE grades (HMA014, 

HMA016, HMA018, Ciplas and Sibur) during mechanical recycling. The change in mechanical, thermal 

and rheological properties of three HDPE grades from ExxonMobil during mechanical recycling was 

explored and the degradation process was analysed. This research could be used in future to tailor 

HDPE materials to improve their recycling efficiency or predict the cycle after which HDPE will fail to 

recycle. Various trends and correlations between certain properties and the HDPE grades were 

confirmed. These results could mean that the behaviour of unknown HDPE grades during recycling 

could be predicted by knowing a single property such as the MFI. Through this, it can possible to 

predict whether a certain HDPE grade is suitable for recycling. However, it was found that correlations 

in properties are more significant between grades from the same manufacturers (ExxonMobil), and 

deviations were often presented when compared to different company grades (Sibur and Ciplas), 

bringing limitations to this theory.  

Discolouration was significant during recycling and the yellowness index increased with each recycling 

cycle. The colour change was most pronounced for HMA016 (ΔE = 19.22), followed by HMA014 and 

HMA018, which does not correlate with their MFIs, meaning that discolouration is unlikely to be 

influenced by processing conditions such as shear rate and temperature. It was found that mechanical 

recycling through five extrusion cycles had little effect on the thermal properties for all three grades 

of HDPE tested, although a slight increase (1.2 %) in % crystallinity for HMA018 was observed. 

Rheological measurements showed small fluctuations in viscosity between recycling cycles, 

supporting that simultaneous chain scission and branching of HDPE may be taking place.98,92,91 

However, these fluctuations were less than 9 %. On average, there were minimal changes in 

rheological properties for the high MFI grades (HMA016 and HMA018). Yet, the grade with the lowest 

MFI (HMA014) displayed unusual rheological properties when recycled. At high shear rates the 

viscosity increased between extrusion cycles, whereas at low shear rates the viscosity decreased. This 

suggests that the inherent chain structure is behaving differently when recycled under different shear 

rates.  

On average, the tensile properties of HDPE grades were well retained when recycled. There was 

nominal changes in mechanical properties for HMA014. HMA018 showed a slight increase in Young’s 

Modulus (5.6 %) and tensile strength (3.3 %), but a significant decrease in elongation at break (52 %). 

Meaning that recycling made the material more brittle and less ductile. A minimal decrease in YM and 

tensile strength was seen for HMA016, whereas the strain at break remained relatively constant. 

Overall, HMA014 displayed the least degradation during recycling cycles, which can be attributed to 
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having a lower MFI, higher MW and therefore stronger chain entanglement kinetics. The significant 

variations in viscosity for HMA014 may indicate branching and cross-linking effects during recycling. If 

this is the case, then it may be possible to improve the recycling quality of HDPE by incorporating chain 

extenders and cross-linkers during reactive extrusion, although this may affect the desired MFI of the 

material. 

The correlation between mechanical, thermal and rheological behaviours of different MFI grades is 

not novel, but rather confirms the importance of such properties. It was examined that grades with 

lower MFI were likely to have improved mechanical behaviour. Furthermore, high crystallinity and 

density values corresponded to greater mechanical properties and viscosity. Although strong 

correlations were seen, Ciplas and Sibur don’t follow the same MFI-dependent trends because they 

were synthesised by different manufacturers - likely to have been polymerised using different 

catalysts and co-monomers. The choice of catalysts and co-monomers will affect the MWD and chain 

structure of HDPE, which in turn will affect the degradation kinetics during recycling. 

In order to achieve a greater understanding of the degradation behaviour of HDPE grades, soxhlet 

extraction was carried out to analyse the influence of additives on recycling. However, additives could 

not be detected from FT-IR and only oligomers could be seen. Low additive concentrations (< 0.2 wt. 

% with respect to the polymer matrix) and the dense linear structure of HDPE inhibits efficient soxhlet 

extraction. Solvent penetration was restricted due to the low surface area and high diffusion distances 

of the large HDPE pellets. Extraction efficiency would be improved by reducing particle size and it was 

shown that this could be achieved through cryogenic milling. 

Overall, lower MFI grades performed better during recycling – suggested to be due to stronger chain 

entanglement kinetics. Further understanding of the behaviour of different HDPE grades under 

multiple extrusion cycles will elaborate the influence of MFI on degradation. This research could be 

expanded by exploring the influence of different Ziegler-Natta, metallocene or Phillips catalysts on the 

quality of HDPE recyclate due to their strong control over polymer MWD. This could also be expanded 

to a larger number of HDPE grades with the aim to develop a mapping system using a linear regression 

model, where the recycling prospects of unknown HDPE grades could be predicted. This area of 

research is necessary to enable and facilitate the development of a circular plastic economy. 
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5 Future work 

The ultimate objective for facilitating a circular plastic economy is to mitigate degradation of plastic 

materials whilst extending lifetime as much as possible. Through analysing the degradation kinetics of 

different HDPE grades and the quality of recyclate, one can pinpoint advantages in properties which 

facilitate efficient recycling with minimal property loss. A baseline of research has successfully been 

developed, and it has been shown that low MFI grades are more suitable for recycling. To further 

support these findings, more HDPE grades need to be recycled and analysed. Although five recycling 

cycles of HMA014 showed good preservation of thermal and mechanical properties, the extrusion 

cycles need to be extended further to see when the material reaches its recycling limit. Further 

experiments and characterisations should entail thermogravimetric analysis to understand how 

thermal stability of HDPE grades are retained when recycled. Additionally, SEC such as gel permeation 

chromatography can determine the influence of MWD and dispersity on the degradation kinetics of 

HDPE to understand the MW influence on mechanical properties and processability. The 

processability and flow behaviour can be characterised through MFI testing. The FTIR spectra obtained 

in this project was not sufficient to observe degradation products or additives in virgin and recycled 

HDPE grades. This can be improved by using ATR-FTIR spectroscopy to observe the degree of oxidative 

degradation through measuring the carbonyl index. Alternatively, surface-enhanced Raman 

spectroscopy can be utilised to measure crystallinity and changes in intrinsic polymer structure. 

However, a fundamental understanding of the influence of polymerisation routes and catalysts on the 

recycling behaviour of different polymer grades is important. Through this, it could be possible to 

design or utilise specialised catalysts which yield favourable recycling qualities, such as bi-modal MWD 

with large MW fractions and low MFI. As such, future work in this field should entail the synthesis of 

HDPE using metallocene, Ziegler-Natta and Phillips catalysts, and then to analyse the degradation 

behaviour during mechanical recycling. The results could further aid catalyst selection and design for 

intended recycling use. However, a minimum yield of 1 kg of HDPE would be required to have a 

sufficient amount for five extrusion cycles, analysis, sample loss and compensation for errors.  

Preliminary work has aided the design of an efficient soxhlet extraction experiment. Future work 

should entail cryogenic milling of HDPE pellets, followed by soxhlet extraction at 110 oC or higher for 

24-48 hours with minimal sample transfer to increase yields. The additives can then be analysed 

through FTIR and nuclear magnetic resonance (NMR) to identify characteristic functional groups, and 

HPLC-MS for selective separation of extraction components such as oligomers, impurities and 

additives, followed by quantitative gradient analysis of retention times using additive standards. 

However, due to the possibility of a vast number of additives, it may be difficult to identify additives 
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through retention times of standards. Therefore, efficiency can be achieved by first identifying 

common functional groups through FTIR and NMR, and then selecting additive standards for HPLC 

which include similar chemical structures. This can narrow down the number of additive possibilities.  

Additionally, to develop an effective mapping system of HDPE properties, further grades need to be 

analysed and recycled. Although correlation in thermal, rheological and mechanical properties is not 

novel, it could be beneficial and efficient to develop a mathematical model such as a multiple linear 

regression to predict the properties and potential degradation kinetics of a certain HDPE grade. The 

main drawback found is grades from different companies such as ExxonMobil and Ciplas do not follow 

similar trends. Therefore, independent models can be developed which can be categorised in to 

different suppliers. For example, by gathering a large database of HDPE grades from a specific supplier, 

and then mechanically processing a number of times, followed by processing analytical data and 

creating a linear regression model, the properties and recycling prospects of an unknown grade can 

potentially be obtained. Considering the proceeding plastic packaging tax, this could save valuable 

time and resources for companies and manufacturers on decision making, and choosing an effective 

HDPE grade which is recyclable and profitable. 

Overall, this project has provided a fundamental insight to the recycling prospects of HDPE, 

contributing to the growing research in polymer processing to facilitate the adaptation of a circular 

plastic economy. 
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7 Appendices 

7.1 Rheology 

7.1.1 Viscosity Measurements of Recycling Cycles of ExxonMobil grades (Magnified) 

  

Complex Viscosity with respect to extrusion cycles at 25 rad/s. HMA018 (Blue) HMA016 (Orange) HMA014 
(Black). HMA014 shows an overall increase in viscosity with extrusion cycles, yet the fluctuations for HMA016 
and HMA018 may indicate simultaneous chain scission and branching.  

 

Complex Viscosity with respect to extrusion cycles at 25 rad/s. HMA018 (Blue) HMA016 (Orange) HMA014 (Black). 

 

Complex Viscosity with respect to extrusion cycles at 25 rad/s. HMA018 (Blue) HMA016 (Orange) HMA014 (Black). 

 

Complex Viscosity with respect to extrusion cycles at 25 rad/s. HMA018 (Blue) HMA016 (Orange) HMA014 (Black). 
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7.1.2 Viscosity Measurements of Virgin HDPE Grades at 25 rad/s 
 

 

 

 

 

 

Correlation between complex viscosity, η*, at 25 rad/s and crystallinity of different HDPE grades 

(R2 = 0.50). The η* increases with % crystallinity, however Ciplas does not fit the trend.  

Complex viscosity (η*) measured at 25 rad/s and MFI of different HDPE grades. At 0.1 rad/s the 

correlation between MFI and η* is more linear, where η* increases with decreasing MFI. However, 

at 25 rad/s this trend is disrupted as shown below. 
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