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The plastic waste is considered as one of the dangerous waste for the environment because 

the plastics are non-biodegradable and emits harmful gaseous on burning so, the recycling 

is the best option for management of waste plastics. The plastic waste contains different 

plastic types and recycling them individually is costly. The easier way to recycle is by mixing 

plastics together to make polymer blend and recycling the blend. Due to immiscibility of 

plastics, the polymer blend possess degraded properties as compared to individual waste 

plastic properties. The compatibilizer is used for improving properties of polymer blend. 

 

This thesis work studies the effect of compatibilizing on polymer blends made with the 

recycled plastics from Municipal Solid Waste (MSW). The composition amount of types of 

plastic waste used in preparing polymer blends are similar to their composition amount on 

total sorted plastic waste. The plastic wastes were sorted, cleaned, granulated, and injection 

molded for manufacturing of test pieces. The plastics waste were sorted with Near Infrared 

Spectroscopy which identified 52 % of total plastic waste remaining were unidentified. The 

test material groups or blends prepared for experimental work are S1 (all plastics), S2 

(unidentified plastics), S3 (S1 + 3 % compatibilizer), and S4 (S2 + 3 % compatibilizer).  

 

The Compatibilization process has resulted in an increase on melt flow and tensile 

properties. The scanning electron microscope (SEM) and Energy dispersive spectroscopy 

(EDS) showed that the material groups or blends possess a high amount of impurities and 

foreign elements however, no RoHS restricted harmful elements were found on the polymer 

blends. The 3% of compatibilizer have worked well on polymer blends and have improved 

the properties but with the proper cleaning of waste plastics the properties can be improved 

further with the same amount of compatibilizer. 
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1 INTRODUCTION 

 

 

The increase in population is leading to the development of new cities, towns, and industries 

leading to high amount of waste. The waste contains dangerous or hazardous substances, 

which affects the environment, eco-system and causes health problems, so the proper 

management of waste is important. The high amount of waste have resulted on waste 

management issues. In developed countries, different waste management policies such as 

recycling and energy recovery are implemented, however, in developing countries most of 

the waste are landfilled or burned. Regardless of the implementation of waste management 

policies, some percentage of waste ends up on landfill.  

 

Meinander et al. (2012) have categorized waste chain in five groups according to their place 

of origin i.e. Construction and demolition waste (C&D), Commercial and industrial waste 

(C&I), Municipal solid waste (MSW), Waste electrical and electronic equipment (WEEE), 

and End-of-life vehicles (ELV). The waste chains are analyzed with the use of different 

methods such as literature review, data collection, interviews, material flow analysis, waste-

to-energy technologies, life cycle assessment, and environmental life cycle cost. All these 

types of waste are different in nature and each of these waste types has different waste 

management policies and legislation. (Meinander et al. 2012, p.18-20.)  

 

According to Official statistics of Finland (OSF), municipal solid waste refers to waste 

handled by the municipal waste management system and consists of waste generated in the 

consumption of final products in communities (OSF, 2018a). MSW includes waste collected 

from household, street litter, municipal parks, garden and civic amenity (a facility where 

public dispose waste) (Ambrose et al. 2002, p.311). Municipal solid waste consists of 

materials such as plastic, metal, glass, paper, wood, and food. It may also consist of inert 

materials, heavy metals (mercury, cadmium, lead, arsenic, zinc, copper, and nickel), soil, 

and organic matters. (Cheremisinoff 2003, p.41; Vilar & Carvalho 2004, p.1.) The 

composition and amount of municipal solid waste generated differ according to living 

standards, lifestyles, and the developmental state of the nation.  
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According to Eurostat (2017), 477 kg per head municipal waste has been generated inside 

European Union in 2015 from which 29% recycled, 28% landfilled, 26% incinerated, and 

17% composted. Figure 1 below shows the amount of municipal waste generated in kilogram 

per person in 2015 around different countries in European Union member states. The Figure 

1 also shows the amount of waste treated according to different treatment methods such as 

recycled, landfilled, incinerated, and others. In 2015, Finland recycled 41%, landfilled 11%, 

and incinerated 48% of total municipal waste generated (Eurostat, 2017).  

 

 

Figure 1. Amount of municipal waste generated and treated in EU member states in 2015 

(Eurostat, 2017). 

 

Municipal solid waste (MSW) consists of a high percentage of synthetic polymers or 

plastics. According to Bajracharya et al. (2014, p.3), MSW consists of 10-16% of plastic 

waste by weight, within it, the packaging plastic wastes contributes to the highest share.  

According to Eurostat (2018a), on average in the European Union (EU), a person produces 

31kg of plastic packaging waste per year which leads to 15.8 million tons of plastic 

packaging waster per year in the EU. Over the past decades, the amount of plastic waste 

generated in the EU has been increasing steadily. Around 40% of plastic packaging waste 

generated was recycled inside the EU. The highest plastic packaging waste recycling country 

within the EU is Slovenia with a recycling rate of 63% and lowest is Finland with a recycling 

rate of 24%. (Eurostat, 2018a.)  
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Plastic is a type of polymer and is also known as a synthetic polymer. Polymers are defined 

as a long chained molecular structure composed of a repeated main base unit known as a 

monomer. The polymerization process is a process used to combine monomers together to 

form a polymer.  According to the usage of raw material in the manufacturing of polymer, it 

is divided into two categories i.e. natural polymers and synthetic polymers or plastics. 

Natural polymers are polymers available in nature freely such as plant fibers, starch silk, 

starch, and cellulose. Synthetic polymers or plastics are polymers manufactured in a 

laboratory. Synthetic polymers are categorized as thermoplastic polymers and thermoset 

polymers. The molecular structure of thermoplastic polymer consists of individual polymer 

chains not linked with each other whereas thermoset polymers are those consisting of 

polymer chains linked with each other by a chemical bond or cross-link as shown in Figure 

2 below. Thermoset polymers have superior strength and heat resistivity as compared to 

thermoplastics, so thermoset polymers are used in a specific desired application which 

requires high strength and heat resistivity. (Kutz 2011, p.3; Kutz 2011, p.145.) Plastics are 

non-biodegradable and are harmful to the environment in case of landfilled or incinerated, 

so recycling is the best option.  

 

 

Figure 2. (a) Thermoplastic polymer (b) Thermoset polymer (Liu, Zwingmann and Schlaich, 

p.2081.) 

 

The recycling of material is defined as the reintroduction of waste material as a raw material 

for the manufacturing of new material. Municipal solid waste consists of different types of 

materials mixed together which results in commingled waste blends. The recycling of 

plastics from municipal solid waste is a complicated process which follows steps such as 

sorting, crushing, washing, granulation, drying, and extrusion. The recycling of plastics 
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commingled together in municipal solid waste is difficult due to variance in physical and 

mechanical properties, so the plastics should be sorted according to type and should be 

recycled individually. The cost of manpower and technology needed for the recycling 

process is huge and the resulting recycled plastic material lack its original properties or the 

properties of recycled plastic varies with virgin plastic.  (Koltzenburg, Maskos & Nuyken 

2017, p.536.) The degraded property of plastic is enhanced through the use of reinforcement 

and chemical compatibilizing agents or chemical additives (Bajracharya, Manalo, 

Karunasena & Lau 2014, p.5). The recycling of commingled polymer waste is made easier 

with the introduction of polymer blends. 

 

Polymer blends are defined as the mixture of two or more than two polymer materials. The 

commingled polymer wastes are combined together without sorting and the resulted polymer 

blend is used as the raw material. The properties of polymer blends are superior as compared 

to properties of individual polymer material. The specific or overall property of polymer 

blend can be modified according to the requirement, with the addition of different types of 

polymers or compatibilizing agents. The polymer blending has helped on ease recycling of 

commingled polymer waste. The polymer waste does not have to go through a complex 

sorting process, the commingled polymer waste can be directly mixed together for 

manufacturing of polymer blends.  The polymers commingled together in polymer wastes 

have different properties, phases, and morphologies. The combining and stabilizing 

properties, morphology, and phase of different polymers on polymer blend requires the use 

of a compatibilizing agent. (Utracki and Wilkie 2014, p.18-21.) 

 

Compatibilizing agents or compatibilizers are defined as the secondary material used for 

enhancing or improving the properties of recycled polymers. The compatibilizing agent 

improves the properties by stabilizing the morphology, stabilizing the polymer phase, and 

improving the interfacial adhesion between polymer blend phases, which boosts the 

mechanical properties of polymers. (Chen et al. 2014, p.944.) Several researchers have 

successfully studied different types of compatibilizing agents for enhancing the properties 

of recycled polymers. The compatibilizing agents such as wood, fibers, polymer, copolymer, 

and chemicals are used for enhancing properties of recycled polymers. (Utracki 2002, p.1008.) 
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1.1 Research Questions 

The main research question for this Thesis work is: 

• Does the addition of compatibilizing agent on plastic blends from Municipal solid 

waste improves the mechanical performance? 

The sub-research questions for this thesis work are: 

• What types of polymers are found commingled on Municipal solid waste in Finland? 

• What differences are found in the composition of polymer waste in municipal solid 

waste as compared between Finland and the rest of the world average? 

• What differences can be found on the recyclability of polymer waste as compared 

between Finland and the rest of the world? 

• What difference does the addition of compatibilizing agent have on the polymer 

waste blend properties? 

 

1.2 Outline 

Chapter 2 describes the background information or literature review of Waste and waste 

management strategies. The chapter also describes different types of waste generated and 

different waste recycling strategies. Chapter 3 light up on the aim of this thesis work. Chapter 

4 describes the experimental work steps followed during this thesis work. The detail 

procedure’s and equipment’s used in the experiment work are described. Chapter 5 describes 

the results obtained from the experimental work. Chapter 6 analyzes and discusses about the 

obtained results. Chapter 7 concludes the thesis work. Chapter 8 suggests on the further 

research topics raised during the completion of this thesis work.  
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2 LITERATURE REVIEW 

 

 

2.1 Waste  

According to Official statistics of Finland (OSF 2018a), Waste can be defined as ¨any 

substance or object which the holder discards, or intends or is obliged to discard¨. The 

amount of waste is increasing day by day due to industrialization and population growth. 

The improper disposal of waste can lead to harmful diseases and environmental pollution 

so, the proper management of waste is a most concerned topic in recent decades.  

 

Meinander et al. (2012) have categorized waste into five different categories according to 

the waste management chains implemented in Finland. The five categories are Construction 

and demolition waste (C&D), Commercial and industrial waste (C&I), Municipal solid 

waste (MSW), Waste electrical and electronic equipment (WEEE), and End-of-life vehicles 

(ELV). 

 

2.1.1 Construction and demolition waste (C & D)  

Construction and demolition waste (C & D) waste is defined as the waste generated in the 

construction site during the construction, renovation or demolition of structures. C & D 

waste includes metals, glass, plastics, paper, stone, mortar, gypsum, and woods. C & D 

wastes are heaviest and most voluminous waste. The C & D waste accounts 25 – 30% of 

total waste generated in the European Union. (European commission 2016.) 

 

The estimation of C & D waste is around 180 million tons per year in Europe. The increase 

in C & D waste is due to the increase in population which leads to an increase in the 

construction of structures such as building, bridges, and roadbeds. The natural aggregates 

used in the construction of structures are depleting day by day and high amount of C & D 

waste is resulting on disposal issue. (Shahidan et al. 2017. p.1029.) The C & D waste 

materials are recycled, landfilled, and recovered as other means. The C & D waste materials 

are mixed with each other resulting in complicated material recovery and recycling process. 

(Meinander et al. 2012, p.23.) 
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2.1.2 Commercial and Industrial waste (C & I) 

Commercial and Industrial waste (C & I) waste is defined as the waste generated by 

commercial and industrial sectors such as shopping centers, warehouses, logistics, retail 

outlets, educational institutes, hospitals, and governmental offices (Nasrullah et al. 2014, 

p.1399). C & I waste does not include wastes produced during production and processing.  

C & I waste is collected and treated together with Municipal solid waste (MSW). C & I 

waste includes materials such as paper, cardboard, bio-waste, glass, metals, plastic, wood, 

and hazardous waste. The composition of C & I waste is similar to MSW. (Meinander et al. 

2012, p.27-29.) The C & I waste is mixed with MSW and recycled alongside with MSW. 

 

2.1.3 Waste electrical and electronic equipment (WEEE) 

Waste electrical and electronic equipment (WEEE) waste is generated from households and 

industries. The rapid development of new technologies and equipment’s are leading to an 

increase in electrical and electronic waste. The WEEE waste is a mixture of various types of 

materials and scarce resources. The electrical and electronic components contain harmful 

chemicals, which affects the environment and living beings. (European Commission 2018.) 

The examples of WEEE are household appliances, IT, telecommunication, and lighting 

equipment, medical devices, monitoring instruments, automatic dispensers, and electrical 

tools. Finland has collected 62.5 thousand tons of WEEE, whereas the EU-28 have collected 

3.9 million tons of WEEE in 2015.  (Eurostat 2018b.) 

 

The WEEE wastes contain materials such as plastic, composites, ferrous metals, non-ferrous 

metals, heavy metals, battery, rare metals, and hazardous substance. The improper disposal 

of WEEE waste can lead to environmental and health issues. The European Union have 

implemented WEEE waste management systems which describes the framework for the 

collection, processing, dismantling, cleaning, inspection, and recycling of WEEE waste. The 

materials in good condition are remanufactured and waste materials end up in recycling 

plants. The 2012/19/EU directive is followed in the management of WEEE waste. 

(Nowakowski 2018, p.2696-2699.)  
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2.1.4 End of life vehicles (ELV) 

End of life vehicles (ELV) waste is defined as waste automotive products whose lifetime 

have ended and are no more used. The automobile or vehicles are composed of materials 

such as glass, ceramics, plastic, composites, metals, batteries, rubber, electronics, and 

textiles. (Giannouli et al. 2006, p.1170.) Different legislation and directive are published for 

proper recycling of ELV waste. In EU, 2000/53/EC directive is followed for the recycling 

and reuse of automotive products. According to directive 2000/53EC, EU member states 

must meet reuse and recycling rate of more than 85% with reuse and recovery rate of more 

than 95%. In Finland, 107 thousand tons of ELV waste was collected with recycling and 

reuse rate of 83% of total vehicle weight, however, In the EU-28, 6.2 million tons of ELV 

waste was collected in 2015. (Eurostat 2018c.) 

 

2.1.5 Municipal Solid Waste (MSW) 

Municipal can be defined as the city or town governed by a local government. Solid waste 

is the waste that is solid in nature or is insoluble. Municipal solid waste is a solid waste 

produced inside a certain municipal and waste management is covered by municipal waste 

management systems. Municipal Solid Waste (MSW) usually consists of all types of wastes 

collected from household, trade, industries, commercials, public institutions, and private 

institutions inherited inside a certain municipal.  (Pippo 2013, p.5.) Municipal solid waste 

consists of materials such as plastic, metal, glass, paper, wood, and food. It may also consist 

of inert materials, soil, and organic matters. (Vilar & Carvalho 2004, p.1.) Municipal solid 

waste accounts for about 10 % of the total waste generated. Figure 3 below shows the 

municipal waste generation rate (kg per capita) in the European Union -28 and countries 

affiliated to the European Union. (Eurostat, 2018b.) 
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Figure 3. Municipal waste generated kg per capita in the European Union during the years 

2005 and 2016 (Eurostat, 2018d). 

 

Figure 3 above shows that the municipal waste generation (kg per capita) rate in countries 

of European Union on years 2005 and 2016. The Figure 3 shows that, in 2005, Slovakia has 

the lowest municipal waste generation rate of 273 kg per capita whereas, in 2016, Romania 

has the lowest municipal waste generation rate of 261 kg per capita. In 2005 and 2016, 

Denmark has the highest municipal waste generation rate of 736 kg per capita and 777 kg 

per capita respectively. In 2005, the municipal waste generation rate in Finland was 478 kg 

per capita and in 2016, the municipal waste generation rate raised to 504 kg per capita. 

(Eurostat, 2018d.) 

 

The waste composition on Municipal solid waste varies according to the lifestyle of people 

living in, technical advancement, living standard, and consumer patterns of specific 

municipal. The solid waste is used in energy production. The composition of municipal solid 

waste varies according to municipal and countries which leads on varying of resulted 

recycled material and energy production. (Cheremisinoff, 2003, p.35.). The difference in a 

municipal waste generation is related to consumption patterns, economic wealth, and the 

developmental stage of the country. Figure 4 below shows global MSW composition and 

Figure 5 shows the average MSW composition in Finland. 
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Figure 4. Global MSW composition in 2016 (Statista 2018). 

 

 

Figure 5. Average MSW composition in Finland (Sahimaa 2017, p.34). 

 

The global MSW composition includes wastes such as organic, paper, plastic, glass, and 

metal. In global waste composition, the organic waste contributes 46%, paper waste 17%, 

Plastic waste 10%, glass waste 5%, metal waste 4%, and other waste contributes 18% of 

total MSW waste. In the case of Finland, the MSW composition is different than global 

composition. In Finland, MSW composition includes wastes such as Organic, Paper, Wood, 

plastic, metal, chemicals, WEEE and batteries, Textiles, clothes, and other. The composition 

amount of different waste types in MSW is also different as compared to global MSW 

composition amount. In Finland, the contribution of plastic waste on municipal waste is more 

than 1.6 times as compared to the contribution of plastic waste on global municipal waste. 

The Table 1 below shows the sources of MSW compositions. 
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Table 1. Sources of different types of wastes. (Hoornweg and Bhada 2012, p.16; Sahimaa 

2017, p.31-32). 

Types of Waste Sources 

Organic/ 

Biowaste 

Kitchen waste, Food scraps, leaves, grass, sticks, branches, process 

residues 

Paper Paper scraps, newspaper, magazines, bags, cardboard boxes, books, 

beverage cups. Paper is organic material but if it is contaminated by 

food waste, it is not classified as organic waste. 

Wood Packaging wood, Non-packaging wood 

Plastic Bottles, packaging, bags, cups, containers 

Glass Bottles, glassware, bulbs 

Metal Cans, foils, appliances, railings, bicycles 

Textiles, shoes, 

and bags 

Bags, clothes, textiles, and shoes. After the use, these materials are 

dumped in Municipal wastebaskets. 

WEEE and 

batteries 

Bulbs, tubes, LEDs, batteries, small broken Equipment 

Hazardous 

chemicals 

Medicines, chemicals used in households  

Other Textiles, rubber, leather, e-waste, ash, inert materials 

 

2.2 Waste Management 

The waste generated, if not properly managed leads to pollution, greenhouse emissions and 

leads to climate change so, proper waste management is important which can reduce 

negative impacts on the environment and human. The waste management policies and waste 

framework directive have been implemented in the European Union (EU) countries for the 

prevention and management of waste. The waste framework directive proposes a waste 

hierarchy for waste management as shown in Figure 6 below. The hierarchy introduces 

preparation, re-use, recycle, recovery, and disposal. According to hierarchy, waste 

prevention is the best option in waste management and disposal of waste is worst. (EU 2018, 

p.4.) 
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Figure 6. Waste Hierarchy (EU 2018, p.5). 

 

Waste prevention is the best option for waste management since, if there is no waste then 

there is no need for waste management (EU 2018, p.13). Waste prevention can be 

implemented during manufacturing and use. The proper product design and manufacturing 

process results on production of low amount of waste. The raw material used in production 

processes should be eco-friendly and the final product should have a long lifetime. The 

consumers play key roles in waste prevention, consumers should use greener products and 

should think before they buy. (Goel 2017, p.7.) 

 

Preparing for reuse is another option in the hierarchy. Preparing for reuse is described as 

using the same product for the same purpose several times before discarding it as a waste. 

For example use of clothes, cardboard boxes, and furnitures. (Goel 2017, p.7.)  

 

Recycling can be defined as the modification of waste product into a useful product. 

Materials such as plastic, metal, glass, paper, and electrical appliances can be easily recycled 

to produce a new product. (Goel 2017, p.7.) Recycling of waste results on reduction of 

landfilled waste and recycled waste material can be used as raw material for the new product. 

The recycling of a waste is a complex process, however, technologies are developed to make 

a recycling process easier and faster. (EU 2018, p.9.) 
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The recovery of energy from waste is another waste management framework. The waste 

incineration plants burns the waste to generate energy such as electricity, biogas, steam, and 

heat from the waste. (Goel 2017, p.7.) The incineration process produces harmful gaseous 

and the process cost is too high. There are different legislation and policies, which should be 

followed during the incineration process. (EU 2018, p.8.) 

 

The final option of the waste management hierarchy is landfilling or disposal. The landfilling 

is the oldest process of waste management but due to its several disadvantages, it is less 

preferred waste management process. The landfilling produces harmful gaseous, chemicals 

and liquids resulting in environmental pollution. The amount of waste landfilled are reduced 

in recent years and different legislation are implemented on proper landfilling of waste. (EU 

2018, p.7.) 

 

In the case of Finland, the waste management hierarchy is followed strictly. The landfilling 

or disposal is the last option implemented after the material recovery and energy recovery 

options. In Finland, the amount of municipal waste landfilled is decreased in recent years. 

In 2016, 3 % of total municipal waste is landfilled. Figure 7 below shows the amount of 

municipal waste treated with different waste treatment methods between 2002 and 2016. 

(OSF, 2018b.) 

 

 

Figure 7. Municipal waste treated with different waste treatment methods from 2002 to 

2016 in Finland (OSF, 2018b). 
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2.3 Plastic waste in MSW 

Plastics are widely used materials due to their unique properties. Plastics are used in different 

fields such as packaging, electronics, transport, medicine, and toys. In Europe, plastic 

production has increased from 55 million tons in 2009 to 59 million tons in 2014.  In 2015, 

the packaging industry has used 39.9% of total plastic share, most of the packaging plastics 

are used in consumer markets. The plastics are discarded after use and most of the packaging 

plastic waste ends in MSW. Most of the plastics in MSW are packaging plastic, plastic film, 

and grocery bags which are mostly thermoplastics. In 2014, 86 000 – 117 000 tons of post-

consumer plastic packaging waste was generated in Finland. The 84% of post-consumer 

plastic packaging waste was collected from MSW. (Dahlbo et. al 2018, p.53-56.)  Table 2 

below, shows the typical plastic waste composition according to plastic type within MSW. 

 

Table 2. Typical plastic waste composition within MSW. (Bodzay & Bánhegyi 2016, p.111) 

Plastic Type Amount (%) Plastic Type Amount (%) 

PE LDPE 23 PS 9 

HDPE 19 PET 10 

PP 14 PVC 6 

Others 19   

 

Polyethylene (PE) is the world’s largest commercially produced thermoplastic polymer and 

also constitute on the highest amount by percentage in MSW. Polyethylene is semi-

crystalline in nature. PE is commercially available in different grades such as low-density 

polyethylene (LDPE), linear low-density polyethylene (LLDPE), High-density polyethylene 

(HDPE), and Ultra high molecular weight polyethylene (UHMWPE) among them HDPE, 

LDPE, and LLDPE are widely used.  (Tai, Li and Ng 2000, p.144.) Polyethylene is 

manufactured with the application of heat and pressure. The structure or PE is the chain of 

– (CH2-CH2) n –, manufactured with polymerization of ethylene (C2H4). Figure 8 (a) shows 

the structure of PE. The value of ‘n’ and the addition of copolymer substitute’s results on 

the variation of mechanical and physical properties such as melt index and density resulting 

on different grades of PE.  (Hegberg, Brenniman and Hallenbeck 1992, p.98.) 
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Polypropylene (PP) is 2nd highest polymer waste found on MSW after PE. PP has better 

properties such as excellent chemical resistance, high melting point, strength, and stiffness 

as compared to PE but has lower crystallinity percentage as compared to PE. The basic 

structure of PP is the chain of propylene (C3H6) monomer and manufactured with an addition 

polymerization process. (Kutz 2011, p.4.) Figure 8 (b) shows the structure of PP. 

 

The basic structure of Polyvinyl Chloride (PVC) is the chain of vinyl chloride (C2H3CL) 

manufactured with the addition polymerization process. Figure 8 (d) shows the structure of 

PVC. PVC contains chlorine content of 56.7 percentage by weight. PVC is a rigid polymer 

but can be made flexible with the addition of plasticizer. The plasticizer is defined as the 

additive used to promote flexibility and plasticity of the material. (Koltzenburg, Maskos & 

Nuyken 2017, p.394; Kutz 2011p.4.) 

 

The basic structure of Polystyrene (PS) is the chain of styrene (C8H8) monomer and is 

manufactured through addition polymerization process. Figure 8 (f) shows the structure of 

PS. PS is amorphous thermoplastic and is used in the manufacturing of rigid, brittle, 

transparent and non-conducting polymers. PS has excellent resistance against acids, bases, 

and burns. (Koltzenburg, Maskos & Nuyken 2017, p.394.) 

 

Polyethylene Terephthalate (PET) is thermoplastic polyester manufactured with the 

chemical reaction between ethylene and terephthalic acid. PET is a polymer chain of 

ethylene terephthalate (C10H8O4) monomer. Figure 8 (g) shows the structure of a PET. PET 

crystallizes very slowly, so, it can be crystalline or amorphous depending on processing 

conditions and time. PET has excellent chemical resistance and possesses good mechanical, 

thermal and electrical properties so, it can be widely used in electrical and mechanical 

components. (Koltzenburg, Maskos & Nuyken 2017, p.187.) 

 

Others include polymers such as Polyamides (PA), Polycarbonate (PC), Styrene 

Acrylonitrile (SAN), polyurethanes and Acrylonitrile Butadiene-styrene (ABS). These are 

mostly engineering polymers and are not that widely used in the commercial market but a 

few amounts of products manufactured with these polymers end up on MSW in some way. 

(Bodzay & Bánhegyi 2016, p.110.) Figure 8 below shows the structure of different plastics.  
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Figure 8. Structure of polymers (a) PE (b) PP (c) PTFE (d) PVC (e) PVDC (f) PS (g) PET  

(Reddy et al. 2015, p.76.) 

 

Other polymers are manufactured similarly with polymerization or chemical reaction 

processes. The monomers and chemicals used during the manufacturing differ according to 

polymer types that results on the difference in thermal and mechanical properties. The 

properties of different polymer materials are presented in Appendix I. 

 

2.4 Polymer  Blend 

The polymer blend can be defined as the mixture of two or more than two macromolecular 

substances, copolymers or polymers together (Utracki 2002, p.1008). Polymer blending can 

be defined as the process of developing a new type of polymer material which combines the 

excellent properties of different polymers together. The vast range of material properties can 

be obtained with the use of different polymer types and composition amount during the 

manufacturing of polymer blend. The polymer blending process is a cheap and fast process 

of manufacturing of new polymer material, since, it uses the already existing polymers as a 

raw material to manufacture a new type of polymer material.  (Koning et al. 1998, p.710.) 
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The polymer blend can be divided into two categories, that is, miscible and immiscible 

polymer blends. The miscible polymer blend is a blend where the polymers or copolymers 

in the blend are mixed in molecular level and are homogenous in nature. The miscible 

polymer blend possesses single glass transition temperature, single phase and properties are 

averages of individual polymer components. The immiscible polymer blend is a blend where 

the polymers or copolymers in the blend are not mixed in molecular level and are 

heterogeneous in nature. The immiscible blend possesses phase separated and two glass 

transition temperature of individual polymer components. (Thoms, Grohens and 

Jyotishkumar 2015, p; 2Utracki and Wilkie 2014, p.294.)  

 

The highest amount of polymer blends are immiscible in nature and displays a variety of 

phase morphologies. The macromolecular substances, copolymers or polymers used in the 

manufacturing of polymer blends have a difference in properties, phase morphology, and 

crystalline structure that can lead to the immiscible polymer blend. The compatibilizing 

process is used for stabilizing and implementing integration between the properties, phase 

morphology and crystalline structure to the polymer blend. Different types of 

compatibilizing agents are used during the compatibilizing process. Different 

compatibilizing agents have their own advantages and disadvantages. The specific 

compatibilizing agent can enhance some properties, however, there is a possibility that it 

may degrade some other properties. (Singh et al. 2016, p.10; Utracki and Wilkie 2014, 

p.294.) 

 

2.5 Plastic waste recycling 

Plastic waste is mostly post-consumer packaging waste. The recycling of post-consumer 

plastic packaging waste started on the early 1980s as a state level bottle deposit programs. 

The recycling of post-consumer plastic waste has steadily grown after the 1980s. (Kim and 

Pal 2010, p.21.) According to Epro, EU 28+2 has recycled 40.9 percentage of its total plastic 

packaging waste i.e. 16.7m tones in 2016. All the European countries have fixed European 

target of plastic waste recycling and energy recovery based on EU directive on packaging 

and packaging waste (94/62/EU). (Epro 2018.)  

 

 



24 

 

The plastics in MSW are dirty and are commingled with other organic and non-organic 

wastes, resulting in a complex stream of the recycling process. International Standard ISO 

15270:2008 describes different approaches of waste plastic recycling or recovery, that is, 

material recovery and energy recovery. Material recovery includes mechanical recycling, 

chemical recycling or feedstock recycling, and biological or organic recycling. Figure 9 

below shows approaches to plastic waste recycling as stated on International Standard ISO 

15270:2008. (ISO 2008) 

 

 

Figure 9. Plastic waste recycling or recovery options (ISO 2008, p.11). 

 

Material recovery is described as the recovering of plastic material from waste with or 

without significant change in chemical structure. Material recovery includes mechanical 

recycling, feedstock recycling, and biological recycling. Energy recovery is defined as the 

recovery of energy such as heat or steam or electricity with the use of waste plastic as a raw 

material. (Schönmayr 2017, p.46.)  
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2.5.1 Mechanical Recycling 

Mechanical recycling refers to the process of re-using plastic waste as a raw material with 

the application of mechanical means. The mechanical recycling was promoted and 

commercialized around the 1970s. The contamination of plastic waste is directly 

proportional to the complexity of mechanical recycling. (Al-Salem, Lettieri & Baeyens 

2009, p.2628.)  Mechanical recycling can be accomplished with two types of the recycling 

process, that is, closed-loop recycling and Open loop recycling.  

 

Closed-loop recycling is a recycling process where the waste plastic is used to manufacture 

the products having properties near or same as virgin material (Singh et al 2016, p.8). The 

closed-loop recycling is mostly enforced by the manufacturer. The wastes such as production 

scraps and defect parts are mostly recycled with closed-loop recycling by directly added it 

to the extrusion cycle with the virgin material to manufacture parts. (Maris et al. 2018, 

p.247.)  The closed-loop recycled wastes possess same properties as virgin material or are 

not contaminated and adding it to the virgin material during manufacturing does not reduce 

properties of the virgin material, however, in some cases the closed-loop recycling materials 

may need some manual sorting, grinding, shredding, crushing, and cleaning. (Ignatyev et al 

2014, p.3.) 

 

The plastic recycled from open loop recycling process possess inferior properties as 

compared to virgin materials and are mostly used as a new raw material for the new product 

manufacturing process. Open loop recycling process is recycling of waste plastic following 

different recycling steps such as separation and sorting, washing and drying, grinding or 

cutting or shredding, compounding, re-granulation, and extrusion. The steps can be alternate 

and the steps may repeat multiple time throughout the process. (Ragaert et al. 2017, p.29.) 

 

Separation and sorting process is used to separate the polymer materials from the mixture of 

waste and sorting process sorts polymers according to type. Technologies such as Fourier-

transform infrared spectroscopy (FTIR), near-infrared spectroscopy (NIR), laser sorting, and 

electrostatic detection are used to separate and sort polymers according to type. The clear 

and colorful polymers are separated by the popular technology named as optical color 

recognition camera. (Ignatyev et al 2014, p.4.) 
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Washing and Drying process is used to clean and remove contaminated and commingled 

unwanted wastes such as paper, dust, and organic waste from the plastic wastes. The pre-

washing of plastic waste is executed with water. In some cases, chemical washing with 

caustic soda and surfactants are implemented for glue removal from plastic waste. The 

washing process is executed in big rotating drum washer and is dried with mechanical drier. 

The washing and drying process can also be implemented after cutting or shredding of plastic 

waste. (Al-Salem, Lettieri & Baeyens 2009, p.2629.)  

 

Grinding or Cutting or Shredding is a process of reducing the big sized plastic waste into 

small flakes. The waste plastics are shredded by shearing or sawing process. The shredding 

or cutting are executed with two processes i.e. dry shredding and wet shredding. The dry 

shredding cannot be performed because during cutting the blades get overheated and melt 

the plastic waste resulting on commingling of shredded plastics. For the dry shredding 

special machines are required with blade cooling facilities or the blades made of special 

material are needed. The wet shredding is recommended for waste plastic cutting since water 

works as a cooling agent and also flushes the contaminations. (Briassoulis, Hiskakis & 

Babou 2013, p.1519.) 

 

Compounding is defined as melting of plastic flakes with a foreign component. During the 

compounding process new components such as virgin polymers, chemical compatibilizers, 

fillers, fibers, and additives can be added to melted plastic waste to improve their properties 

or to provide it with a desired properties or characteristics. The compounding process can be 

used to make a compound of the desired mixture of different polymers. (Maris et al. 2018, 

p.247.) 

 

Re-granulation is a process of forming granules or small particles. During the re-granulation 

process, melt filtration technique is used to remove non-melting contaminations such wood, 

rubber, and higher-melting point polymers present on melt resulting in the high quality of 

granules. The slag formed during the melting process is also removed. The resulting granules 

are used as raw material for the extrusion process. (Ragaert et al 2017, p.32) 
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Extrusion is mostly used manufacturing process to produce a polymer product. The desired 

shape of a product is extruded through a die in the extrusion process. The granules obtained 

through the re-granulation process are fed on an extrusion machine to manufacture polymer 

parts. Single screw extrusion and double screw extrusion are two types of extrusion process 

used in the manufacturing of polymer parts. (Kutz 2011, p.198.) In the extrusion process, 

granules are fed from a hopper and the screw mixes the granules together in the presence of 

heat. The screw forces molten granules into the mold pressed by a die resulting in a final 

product with the shape of the mold. Different polymer processing techniques can be used in 

the extrusion process such as injection molding, blow molding, thermoforming, and 

rotational molding. (Kutz 2011, p.199.) 

 

2.5.2 Feedstock Recycling or Chemical Recycling 

Chemical recycling or feedstock recycling is a polymer recycling process where chemical 

processes are used to degrade polymers to smaller molecules usually monomers, liquids, and 

gases. The molecules can be used as raw materials on the production of fuels, polymers or 

chemicals. (Ignatyev et al 2014, p.6.) The chemical recycling process used in the recycling 

of polymer materials are depolymerization and thermolysis.  

 

Depolymerization is a process where polymers are broken down into monomers in presence 

of chemicals or catalysts. Depolymerization processes such as glycolysis, methanolysis, 

hydrolysis, and alcoholysis are used in the recycling of polymers. (Maris et al. 2018, p.247.) 

Glycolysis and methanolysis uses liquid ethylene glycols and methanol respectively, as a 

catalyst for depolymerization of polymers. Hydrolysis and alcoholysis are a 

depolymerization process where a polymer is reacted with water and alcohol respectively, 

in high temperature and pressure. (Goto 2009, p.509.) Figure 10 below shows the example 

of a depolymerization process where PET is depolymerized with methanolysis process. PET 

is reacted with methanol at high temperature and pressure, which results in Dimethyl 

terephthalate (DMT) and Ethylene glycol (EG). The conversion of DMT to terephthalate 

acid (TPA) is costly, which results in costly methanolysis process. (Al-Sabaghand et al. 

2016, p.58) 
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Figure 10. Depolymerization of PET with Methanolysis (Al-Sabaghand et al. 2016, p.59). 

 

Thermolysis is a process where the polymers are heated at high temperatures resulting in the 

breakdown of polymer molecules. Some of the thermolysis processes are pyrolysis, 

hydrocracking or hydrogenation and gasification. (Maris et al. 2018, p.247.) Thermolysis 

process uses high heat and temperature in absence of catalysts to break down polymer 

molecules. The pyrolysis process is executed in absence of oxygen at high temperature and 

pressure. The macrostructure of polymers is broken down to solid, liquid, or gas, which 

differs according to the nature of the polymer. Hydrocracking or hydrogenation is a plastic 

waste recycling process executed with high temperature and pressure in presence of high 

amount of hydrogen. The gasification is thermolysis process, which uses a mixture of 

oxidation agents such as pure oxygen, air, and steam to break down polymers into the 

gaseous mixture and light hydrocarbons. Figure 11 below shows an example of Thermolysis 

process i.e. pyrolysis. Figure 11 below also shows a flowchart of pyrolysis plant with a novel 

vortex reactor technology and a conventional sorting section. The pyrolysis of waste plastic 

results on carbon char and petroleum oil. (Ragaert et al 2017, p.42-50.) 
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Figure 11. Flow diagram of the pyrolysis process (Ragaert et al 2017, p.43). 

 

2.5.3 Biological or organic recycling 

Biological or organic recycling is a recycling process for specific types of plastic waste. 

Organic recycling needs the removal of non-bio degradable contaminations from plastic 

waste before recycling. The organic recycling of plastic waste is accomplished through 

aerobic and anaerobic decomposition process. In the aerobic decomposition process, the 

living organisms feed on plastic waste in presence of oxygen. In anaerobic decomposition 

process, the microorganisms feed on plastic waste in absence of oxygen. The plastic waste 

and contaminations that follows the specific biodegradability and compostability 

requirements according to standards such as ISO 17088, ASTM D 6400, ASTM D 6868 or 

EN 13432 are only suitable for Biological or organic recycling. The product remained after 

the decomposition process is used as a compost. (ISO 2008, p.8.) 
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2.5.4 Energy recovery 

Energy recovery is a plastic waste recycling process where plastic waste is incinerated or 

burned to produce energy in the form of heat and/or electricity and/or other forms of energy. 

Energy recovery with incineration is a commonly used process around the world. The plastic 

waste that is hard to recycle with other recycling processes due to high contamination is 

recycled with quaternary recycling or energy recovery process. In 2015, 39.5 % of plastic 

waste was recycled with the energy recovery process across the EU. (Maris et al. 2018, 

p.247.) Plastic wastes have high calorific value and can generate a high amount of energy as 

compared to heating oil or coal. The heating oil generates the energy of 42.6 MJ/l, whereas 

plastic waste can generate the energy of 443.5 MJ/kg thus, plastic waste can be used as a 

cheap raw material for energy generation. (Ragaert et al 2017, p.28.) The byproduct 

produced after the burning of plastic waste is around 1% by volume of total plastic waste 

(Ignatyev et al 2014, p.7). 

 

The incineration of plastic waste results on the emission of harmful products such as soot, 

hydrocarbons, and dioxins resulting on environmental pollution, human health hazards and 

global warming (Ignatyev et al 2014, p.8). In the EU, Directive 2000/76/EC should be 

followed during the incineration of plastic waste. The aim of the Directive is to prevent or 

limit pollution and negative effects on the environment and human health caused by the 

incineration and co-incineration of waste. (Maris et al. 2018, p.247.)  

 

As described above, the treatment process such as recycling, energy recovery, and landfilling 

are implemented on plastic waste however, the landfilling of plastic waste is not 

recommended due to non-bio degradability property of plastic. Some countries such as 

Switzerland, Finland, Norway, and Belgium have restricted the landfilling of plastic waste. 

The energy recovery by incineration of plastic waste is easy to process as compared to the 

complicated recycling process. Due to complicated recycling process, the high amount of 

plastic waste is landfilled and incinerated for energy recovery. Figure 12 below shows the 

amount of post-consumer plastic waste treated on EU28 + Norway and Switzerland in the 

year 2016. (Plasticseurope 2018.) 
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Figure 12. The amount of post-consumer plastic waste treatment processes implemented on 

EU28 + Norway and Switzerland in 2016 (Plasticseurope 2018, p.33). 

 

Figure 12 above describes that Switzerland landfills almost 0% of post-consumer plastic 

waste and Malta landfills 89% of post-consumer plastic waste. Norway recycled the highest 

amount of plastic waste, that is, 43 % and Bulgaria recycled the lowest amount of plastic 

waste, that is, 19%. Finland recycled 22%, used for energy recovery 71% and landfilled 7% 

of total post-consumer plastic waste in 2016.  

 

2.6 Compatibilization 

The end-of-life or waste materials, whenever undergoes a recycling process it loses some of 

its properties such as wear properties, tensile strength, melt proeprties, stiffness, ductility, 

and impact resistance etc. The recycling process results on the material, which possess 

inferior physical and mechanical properties as compared to virgin material. The demand for 

improving the properties of the recycled material has resulted in the development of polymer 

mixtures or blends. (Fainleib and Grigoryeva 2011, p.187.) 
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The polymer blend is manufactured through the mixing of two or more than two different 

types of polymers with the difference in morphologies and phases. The resulting polymer 

blend posses inferior properties due to poor interaction between morphologies and phases of 

polymers. The properties of polymer blend are improved with compatibilization process or 

technique. (Miskolczi 2013, p.3028.) 

 

The compatibilization is a process or technique used to boost the interaction between the 

polymer morphologies and phases. The compatibilizing process converts the polymer blend 

into a single material of desired phase and morphology. The compatibilization process uses 

compatibilizing agents such as wood, fibers, polymer, copolymer, and chemical. (Utracki 

2002, p.1008.) There are three main aspects of compatibilization, that is, Reduction of 

interfacial tension between the molecules of polymer blends, stabilization of morphology, 

and enhancing the adhesion between different phases of the polymer blend. ( Ajji 2014, 

p.449.) Table 3 below shows some examples of compatibilizing agent used in Polymer blend 

with results obtained after the experiment.  

 

Table 3. Examples of compatibilizing process. 

Blend Compatibilizing 

agent 

  Results Reference 

PP/PS poly(styrene-b-

butadiene-b-styrene) 

(SBS) 

triblock copolymer 

The agent works effectively with PP/PS 

blend and also helps on the crystallization 

process in the PP matrix. It improves 

interfacial adhesion and lowers interfacial 

tension. 

Radonjic 

et al. 1998 

PE/PP Ethylene-octene 

copolymer (EOC) 

Improvement in deformability. The blend 

was contaminated with Nano-sized 

particles such as metals, copper, 

phosphorus, and oxygen. The author 

believed that the contamination may have 

resulted in improved deformability and 

the separation technique was not enough. 

Kazemi et 

al. 2015 
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Table 3 continues. Examples of compatibilizing process. 

Blend Compatibilizing 

agent 

  Results Reference 

LDPE/ 

LLDPE/ 

Nylon 6 

Surlyn ionomer or 

Polyethylene-graft-

maleic anhydride 

(PE-g-MA) 

The addition of compatibilizing agent has 

increased the mechanical properties of 

blend remarkably. The compatibilizing 

agent has increased interfacial adhesion 

and has stabilized thermal properties.  

Choudhury 

et al. 2006 

PET/PP Styrene-ethylene-

butylene-styrene-g-

maleic anhydride 

(SEBS-g-MAH) 

The compatibilizing agent has improved 

interfacial adhesion and also stabilized the 

thermal property. 

 

Inuwa et 

al. 2015 

PET/PP Maleic anhydride 

grafted 

polyethylene-octene 

elastomer (POE-g-

MA) 

Enhanced mechanical properties such as 

elongation to break, impact strength, and 

toughness.  

The decrease in some properties such as 

tensile strength, flexural strength, and 

modulus of the blend.  

Chiu and 

Hsiao 

2005 

 

The various types of compatibilizing agents are used for Compatibilization of polymer 

blends. In most of the past studies, maleated polymers are used as the compatibilizing agent 

in the recycling of polymer waste blends and the results shows that the use of maleated 

polymer as a compatibilizing agent is the most promising method to enhance the properties 

of the waste polymer blend. The maleated polymers can be defined as the polymers 

interacted with maleic anhydride (MAH) functional group. The MAH functional group is 

highly reactive with the polymers and can form stronger bonds with the polymer backbone 

and end groups. The reaction of MAH functional group with polymer results on graft 

copolymers. The formed graft copolymer is mostly located on the interface between the 

polymers in the polymer blend. The graft copolymer reduces interfacial tension, reduces 

coalescence rate, increases surface energy, increases molecular mass, and enhances 

interfacial adhesion improving the overall mechanical performance of polymer blend. 

(Rzayev 2011; Sánchez-Valdes et al. 1998, p.127.) 
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The polymer waste undergoes through different processes before advancing to the recycling 

process which results in the degradation of polymer properties. The mechanical performance 

and properties of polymer blends differ according to the types of polymers used in the 

manufacturing of blends. The analysis of polymer blend properties before and after 

Compatibilization process is important for observing the convenience or profitability of a 

compatibilizing agent. The analysis of polymer blend properties and mechanical 

performance is also crucial for determining the application area.  

 

 

3 AIMS 

 

 

The aim or objective of this thesis work is to evaluate the usability of mixed plastic flows 

found in Municipal Solid Waste and to investigate opportunities for improving the 

performance of commingled MSW plastics by using different chemical compatibilizing 

agents. The effect on the mechanical performance of commingled MSW plastics with the 

reinforcement of different chemical compatibilizing agents was studied and compared. 
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4 EXPERIMENTAL WORK 

 

 

4.1 Separation of waste plastic blends from MSW 

The municipal solid waste was provided by a company named as Riikinvoima Oy and 

Savonia University of Applied Sciences has carried out analysis of mass and moisture 

content.  The moisture content analysis was carried out following SFS-EN ISO 18134-2 and 

CEN/TS 15414-2 standards. The further analysis of the mechanical performance of waste 

polymers and Compatibilization of waste polymers to improve mechanical performance was 

conducted on fiber composite laboratory of the Lappeenranta University of Technology. 

 

Municipal Solid Waste (MSW) provided for experimental work was spread out on the canvas 

as shown in Figure 13 (a) and the plastic wastes were separated manually. Figure 13 (b) 

shows manually separated plastic waste from MSW.  

 

 

Figure 13. (a) Municipal Solid Waste. (b) Manually sorted plastic waste. 

 

4.2 Sorting plastic according to type 

Portable NIR spectroscopy equipment named as microPHAZIR Analyzer manufactured by 

Thermo Scientific Company was used for determining the plastic waste types. The 

microPHAZIR Analyzer uses Near-Infrared (NIR) spectroscopy to determine the type of 
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plastic.  The working principle of microPHAZIR Analyzer was, each piece of plastic should 

be manually placed on tip of the equipment and trigger should be pressed for some seconds. 

The tip of the equipment disperses light on the workpiece placed on tip of the equipment. 

Some of the light is absorbed and reflected, the equipment reads the reflected spectrum 

identifying the polymer type. Figure 14 below shows the Portable NIR spectroscopy 

equipment used in the experiment. 

 

 

Figure 14. Portable NIR spectroscopy equipment. 

 

The various types of polymers were identified with NIR spectroscopy. The identified types 

of polymers were Polyethylene (PE), Polypropylene (PP), Polyethylene Terephthalate 

(PET), Polyvinyl Chloride (PVC), Polystyrene (PS), Polyamides (PA), Acrylonitrile 

Butadiene-styrene (ABS), Polycarbonate (PC), Polyoxymethylene (POM), Polyethylene 

Terephthalate Glycol (PETG), Polybutylene (PB), and Styrene Acrylonitrile (SAN). NIR 

spectroscopy was only able to distinguish polyethylene but was unable to distinguish specific 

polyethylene grades such as linear low-density polyethylene or Low-density polyethylene 

(LDPE) or High-density polyethylene (HDPE).  

 

The high amount of plastic waste was unidentified, NIR spectroscopy was not able to 

identify the type of plastic. Most of the unidentified plastics type were black, transparent, 

commingled, and contaminated plastics as shown in Figure 15 (h).  

 

Majority of PE plastics were soft packaging plastics and grocery bags. PP and PA plastic 

consist of both soft and hard packaging plastics. PET was mostly hard plastic packaging. PS 

plastic consists of mostly dairy products packaging. PVC was mostly medical gloves and 

medical equipment. Other plastics such as ABS, PC, POM, PETG, PB, and SAN were 

unclassified parts. Figure 15 below shows sorted type of plastics. 
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Figure 15. (a) PE (b) PP (c) PET (d) PVC (e) PA (f) PS (g) Others i.e. ABS, PC, POM, 

PETG, PB, and SAN (h) Unidentified. 
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4.3 Cleaning and Drying 

The cleaning of polymer waste was accomplished manually due to the limitation on washing 

equipment. Detergent was used for cleaning of polymer waste. The polymer waste was 

collected on the bucket and was washed with detergent and water as shown in Figure 16 (a). 

The washed polymer waste was then rinsed several times with water and then was sprayed 

on canvas for drying. Figure 16 (b) shows the leftover water after rinsing of polymer waste 

and Figure 16 (c) shows the drying process of polymer waste executed by spreading polymer 

waste on canvas. The polymer waste left on canvas for some days for air drying and the 

drying process was finalized with mechanical drying as shown in Figure 16 (d) below.  

 

 

Figure 16. (a) Washing with detergent and water. (b) Water remained after rinsing of 

polymer waste. (c) Drying of polymer waste on canvas. (d) Mechanical dryer. 
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4.4 Granulation  

The cleaned and dried polymer waste was granulated with the low-speed granulator. The 

granulator used for the granulation process is SG - 1635N granulator manufactured by a 

company named Shini. The working principle of granulator is, the polymer wastes were fed 

to staggered blades through the hopper. The staggered blades cut the polymers to small 

pieces resulting on granules. The granules were then collected on the collection box. The 

plastics were granulated individually according to type and the equipment was cleaned after 

each granulation process to make sure that the different plastic types do not mix together. 

Figure 17 below shows the low-speed granulator.  

  

 

Figure 17. Low-speed Granulator (Shini 2018). 

 

4.5 Compatibilization and Test piece manufacturing 

The granules of individual plastic type are mixed as per their contribution on total polymer 

waste. The Compatibilization process was executed with the manual addition and mixing of 

Fusabond M603 compatibilizer on the mixture of plastic granules. Fusabond M603 

compatibilizer is a polyethylene copolymer with a high amount of maleic anhydride (MAH). 

There were a total of 4 test material groups or blends prepared for the experimental work 

from which 2 test material groups or blends were manufactured with the addition of 

compatibilizer. The amount of compatibilizer added on each blend is 3% by weight.  
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Injection molding process is used for the manufacturing of test pieces. The injection molding 

machine used was BOY 30. The working principle of the injection molding process is 

described in Figure 18 below.  

 

 

Figure 18. Single Screw injection molding process (GCSE 2018). 

 

The plastic granules or plastic granules with compatibilizer are fed into the injection molding 

machine through a hopper. The hopper takes the granules into the heated chamber with a 

rotating screw. The granules are melted and mixed thoroughly with a rotating screw. The 

molten raw material is then injected into the mold resulting in the final workpiece. Figure 19 

below shows the workpiece manufactured with an injection molding process. The same 

parameters were used for manufacturing of all test pieces and the parameters used in the 

manufacturing of workpieces with the injection molding process are: 

Pressure  - 69 bars  

Pump pressure - 138 bars 

Mold Pressure - 112 bars 

Melt Temperature - 170°C 

Stroke Length - 60 mm 

Nozzle Temperature - 170°C 

Injection Time - 3 seconds 
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Figure 19. Work Piece manufactured with Injection Molding process. 

 

4.6 Property analysis 

The total of 4 test material groups or blends were manufactured for the property analysis. 

The plastic granules are mixed together according to their contribution on the total plastic 

waste found on MSW. The plastics found on MSW such as ABS, PC, PETG, PB, POM, and 

SAN were neglected because their contribution on total plastic MSW was negligible. The 

compatibilizer used in the manufacturing of workpiece is Fusabond M603. The composition 

of individual types of plastic used in the manufacturing of different test material groups or 

blends are shown in Table 4 below. 

 

Table 4. Material ID and their composition. 

 Test Material ID PE 

(%) 

PP 

(%) 

PET 

(%) 

PA 

(%) 

PS 

(%) 

PVC 

(%) 

U/I 

(%) 

M603 

(%) 

S1 (All plastics) 29.97 12.09 6.22 0.52 0.81 2.93 47.46 - 

S2 (Unidentified 

plastics) 

- - - - - - 100 - 

S3 (S1 + 

Compatibilizer) 

29.06 11.73 6.03 0.50 0.79 2.85 46.04 3 

S4 (S2 + 

Compatibilizer) 

- - - - - - 97 3 
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The Table 4 describes that the test material group 1 or S1 includes all types of plastic and 

test material group 2 or S2 includes only unidentified plastics. The test material group 3 or 

S3 includes all plastic types and compatibilizer Fusabond M603. The test material group 4 

or S4 includes unidentified plastic and compatibilizer Fusabond M603.  

 

4.6.1 Melt properties 

The melt properties of different material groups or blends are determined according to ISO 

1133-1 standard. The equipment used for the analysis of melt properties is Dynisco LMI500 

series Melt Indexer. The melt property analysis is important because it gives the information 

about the density and flow rate of the polymer blend. The density describes the molecular 

weight and flow rate describes the viscosity of the polymer blend. Viscosity can be described 

as the property to deform under shear stress. These properties are important during the 

manufacturing and use of the polymers. (Kažys and Rekuvienė 2011, p.20.) The Figure 20 

below shows the equipment used for the analysis of melt properties.  

 

 

Figure 20. Dynisco LMI500 series Melt Indexer. 
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The working principle of Dynisco LMI500 series melt indexer is, the die is placed in the 

bottom of the cylinder and the temperature is set before starting the work. The diameter of 

die follows the standard ISO 1133-1 which results on the standard extruded filament. The 

melt temperature set for the experimental work was 200° C. The granules are fed from the 

top of the cylinder and a packing rod with the piston is used to press the granules to fill the 

cylinder as per requirement. The granules are left on the cylinder for some time so, that they 

will melt. The rod with the piston and weight support is placed inside the cylinder. The 

weight of 10 kg is placed on the top of the rod and the encoder is raised. The weight forces 

the molten granules to move through die forming a filament. The extruded filament is cut 

manually after specific time i.e. 30 seconds as per standard and the resulted filament is 

weighted. The resulting weight is recorded in the equipment, which gives MFR (Melt mass-

flow rate), MVR (Melt volume-flow rate), and Density. The number of experiments or 

samples executed for each material group or blend is 4 and the average of results from 4 

experiments or samples was noted.  

 

4.6.2 Tensile Properties 

The tensile properties i.e. tensile modulus, tensile strength, and strain at break of blends are 

tested according to standard DIN EN ISO 527-1 and the equipment used for testing is 

Zwick/Roell Z020. The test specimen for determining tensile properties follows the standard 

EN 527-2/1BA. The tensile properties help to manufacture safe polymer components and 

structures. The tensile properties tell, how much force and load the polymer structure can 

withstand before failure. It will help in determining the specific application for the polymer 

material.  Figure 21 below shows the dimension of the specimen manufactured with injection 

molding process and used for analysis of tensile properties.  

 

 

Figure 21. Specimen for Tensile properties analysis. 
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The work specimens or samples for tensile testing are manufactured with injection molding 

process and 20 - 22 test pieces or samples are manufactured for each material group or blend 

i.e. S1, S2, S3, and S4. The samples were placed on a conditioning chamber for more than 

24 hours before testing their tensile properties. The temperature and humidity set on the 

conditioning chamber were 23 °C and 50 % RH respectively.  

 

The working principle of Zwick/Roell Z020 tensile testing equipment is, the test specimen 

is stretched along the major longitudinal axis with a constant force until the specimen breaks 

or the elongation reaches the specific standard value. The equipment collects the force as per 

elongation of specimen resulting on stress/strain curve and tensile properties values.  The 

tests are repeated for all the test specimen and the tensile properties of specimens are 

collected.  

 

4.6.3 SEM (Scanning Electron Microscope) 

The SEM (Scanning Electron Microscope) equipment used for the experimental work was 

Hitachi SU3500 and the software Thermoscientific pathfinder 1.2 was used for the 

microanalysis. The SEM helps to obtain information about the samples surface topography 

and elemental composition. The information about the elemental composition was obtained 

with EDS (Energy Dispersive Spectroscopy), which is a part of SEM. The EDS identifies 

the element types and their proportion on the specific specimen based on X-rays radiated 

during the SEM process.  

 

The working principle of equipment SU 3500 is, the samples are glued in specimen stub and 

are placed inside the specimen chamber. The specimen chamber is then vacuumed to a 

specific amount to create an inert atmosphere because the electrons emitted during SEM may 

collide with air and gases inside the chamber resulting on the low accuracy of results. The 

beam of electrons is focused to the specimen by the electron gun. The beam of electrons 

passes through different lenses before reaching the specimen surface. The electrons are 

accelerated towards the specimen with certain accelerating voltage. The working distance is 

between specimen and focus point of the electron gun. The working distance is varied during 

the SEM test according to requirement. The images of the specimen are collected with the 

help of BSE (Back Scattered electrons) detected with a specific type of BSE detector. The 
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software is used to operate and gather images of the specimens. The controller is used to 

move the focused beam into a convenient location of the specimen. The amount of 

magnification is varied to get a clear picture of samples topography. The constant parameters 

used in the experimental work are 15 kilovolts of accelerating voltage, 90Pa of Vacuum 

pressure and Backscattered electrons (BSE) detector. The variable parameters are 

magnification and working distance. Figure 22 shows the schematic diagram with different 

components of SEM.  

 

 

Figure 22. Schematic diagram with different components of SEM (Inkson 2016, p.26).  
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5 RESULTS 

 

 

5.1 Plastic blends sorted from MSW 

There were a total of 27 pouches of MSW provided for experimental work. The weight and 

moisture percentage by weight of each pouch were given by Savonia University of Applied 

sciences. The weight of moisture was calculated according to the given moisture percentage.  

The weight of pouches vary with each other and the mass of waste was calculated reducing 

the moisture amount.  

 

The total mass of MSW was 219 kilogram including moisture mass percentage, which ranges 

from 25 to 55 % by mass. The total mass of moisture was calculated to be 85 kilograms i.e. 

38.8 percentage of total mass which results on 134 kilograms i.e. 61.2 percentage of solid 

waste excluding moisture. The mass excluding the moisture was taken as the total mass of 

MSW i.e. 134 kilograms. The total amount of plastic waste sorted from the solid waste was 

27 kilograms i.e. 20.14 % of total mass of MSW excluding moisture. The remaining 107 

kilograms are waste excluding plastic waste which includes paper, wood, wood dust, sand, 

card boxes, and organic wastes.  

 

5.2 Plastic-type sorted from plastic blends 

Near-Infrared (NIR) spectroscopy was used for identifying the plastics according to type. 

Total of 12 plastic types was obtained or identified by NIR spectroscopy in Municipal solid 

waste. The amount of identified plastics were 14 kilograms and the unidentified plastic 

amount was 12 kilogram. Table 5 below shows identified plastic types and amount sorted in 

grams.  

 

Table 5. Sorted Plastic amount according to type. 

Serial Number Plastic type Amount (gram) 

1 Polyethylene (PE) 8 107.3 

2 Polypropylene (PP)  3 271.1 

3 Polyethylene Terephthalate (PET) 1 681.6 

4 Polyvinyl Chloride (PVC) 793.5 
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Table 5 continues. Sorted Plastic amount according to type. 

Serial Number Plastic type Amount (gram) 

5 Polystyrene (PS) 219.2 

6 Polyamides (PA) 140.6 

7 Acrylonitrile Butadiene styrene (ABS) 48.2 

8 Polycarbonate (PC) 47 

9 Polyoxymethylene (POM) 7.7 

10 Polyethylene Terephthalate Glycol (PETG) 2.8 

11 Polybutylene (PB) 3.6 

12 Styrene Acrylonitrile (SAN) 0.4 

13 UNIDENTIFIED 11 614.2 

Total  25 937.2 

Error Missing weight  1 224.6 

Total + error  27 161.8 

 

The total amount of plastic sorted was 27 kilogram, however, the total amount of identified 

and unidentified plastic amount weights 26 kilograms. The missing weight of 1 kilogram 

can be due to cumulative human and weighing equipment error.  

 

The weight of identified plastics i.e. ABS, PC, PETG, PB, POM, and SAN were too low, so 

they are altogether categorized with Unidentified (U/I) plastic type. Figure 23 below shows 

a pie chart with the percentage of each plastic type distinguished on MSW. 
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Figure 23. Percentage of different plastic types found on MSW. 

 

There was a total of 7 plastic types identified and collected from MSW. From the total MSW, 

47.67 % of plastics were unidentified and 52.33 % of plastics were identified. The plastic 

types identified were PE, PP, PET, PVC, PS, and PA each contributing 29.85, 12.04, 6.19, 

2.92, 0.81, and 0.52 % on total MSW respectively.  

 

5.3 Cleaning and Drying 

The cleaning and drying process has removed contaminated materials such as organic waste, 

sand, and dirt. The cleaning process was successful, however, the cleaning was not enough 

to remove the glued labels, stickers, and some waste accumulated or stuck inside the plastic 

bottles. The raw materials are firstly air dried and then mechanically dried before 

granulating.  The two-way drying process was successful in removing water and wetness 

from waste plastics.   

 

5.4 Granulation 

The granulation process was executed according to the plastic type and the granulating 

process was a success. The amount of granules resulting from the granulation process was 

low as compared to the amount of raw material used because some amount of granules were 

stuck on the machine and machine components. Figure 24 below shows the resulting 

granules after the granulation process according to plastic type. 
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Figure 24. Granules of different plastic types (a) PE; (b) PP; (c) PVC; (d) PET; (e) PA; (f) 

PS; (g) U/I (Unidentified); (h) Re-granulated. 
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5.5 Compatibilization and Test piece manufacturing 

The Compatibilization process was accomplished with 2 test material groups i.e. S3 and S4. 

The compatibilizer Fusabond M603 was added and mixed manually with the plastics. The 

test pieces for material group S3 and S4 were manufactured with injection molding following 

the Compatibilization process. The workpieces for material group S3 and S4 were re-

granulated after the 1st injection molding and were re-injection molded for ensuring the 

proper mixing of a compatibilizer.  

 

The parameters used for the injection molded process were favorable for manufacturing of 

test pieces or samples for all material groups or blends i.e. S1, S2, S3, and S4. No 

complications were observed during the manufacturing process and there were no defects on 

the manufactured test pieces.  

 

5.6 Mechanical properties 

The mechanical properties of each sample are obtained through the experimental work. The 

total of 4 test material groups or blends are manufactured for determining the properties of 

waste plastics. The 1st test material group or S1 was a mixture of all plastic types found on 

MSW. 2nd test material group or S2 was only unidentified plastics. 3rd test material group or 

S3 was a mixture of all plastics and 3% Fusabond M603 compatibilizer. 4th test material 

group or S4 was a mixture of unidentified plastic and 3% Fusabond M603 compatibilizer. 

 

5.6.1 Melt properties 

The melt properties obtained with equipment Dynisco LMI500 series Melt indexer are MFR 

(Melt flow rate), MVR (Melt volume flow rate) and Density. The melt properties are 

determined according to the standard ISO 1133-1. The fixed melt temperature of 200°C and 

a load of 10 Kg was used for all the experiments. The total of 16 experiments were conducted 

with 4 experiments or samples for each test material group or blend type i.e. S1, S2, S3, S4. 

The average and standard deviation of the density obtained from experiments are shown in 

Figure 25 below. 
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Figure 25. Density with Standard Deviation denoted by error bars. 

 

Figure 25 describes that with the addition of compatibilizer the density decreases slightly. 

The higher density is obtained on S1 followed by S3, S2, and S4 respectively. The density 

is directly proportional to mass so, the reduction of density can be a reduction on molecular 

mass. The average and standard deviation of the MFR and MVR obtained from experiments 

are shown in Figure 26 below. 

 

 

  Figure 26. Melt properties with Standard Deviation denoted with error bars. 
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The results show that with the addition of compatibilizer the values of MFR and MVR have 

decreased. The flow rate is inversely proportional to viscosity. The decrease in flow rate 

resulted increase on viscosity of test material groups or blends. With the addition of 

compatibilizer the viscosity of the blends increased.  

 

5.6.2 Tensile Properties 

The tensile properties of the specimen are tested following the standard DIN EN ISO 527-1 

and the specimen type used was EN527-2/1BA. The total of 72 specimens were used to test 

tensile properties, 18 specimens for each test material groups S1, S2, S3, and S4. The average 

and standard deviation of resulted tensile properties are shown in Figure 27 below.  

 

 

 

Figure 27. Tensile Properties with Standard Deviation denoted by error bars. 
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The addition of compatibilizer resulted in the increase of tensile strength and tensile modulus 

on test material group S1. The Compatibilization process led to the increase of tensile 

strength but led to a slight reduction of tensile modulus on test material group S2. The 

addition of compatibilizer has stabilized the tensile modulus and tensile strength properties 

by decreasing the deviation between the results obtained from the different material group. 

Figure 28 below shows the elongation at break for test material groups. 

 

 

Figure 28. Elongation at break Properties with Standard Deviation denoted by error bars. 

 

The results show that the tensile property i.e. elongation at break is increased with the 

addition of compatibilizer. The compatibilizer has also stabilized the elongation at break 

results by reducing the standard deviation in the results.  
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5.6.3 SEM (Scanning Electron Microscope) 

The images of surface topography obtained for the different material groups or blends with 

Scanning Electron Microscope (SEM) are shown in Figure 29 below.  

 

 

Figure 29. SEM surface topography of S1 (a), (b), (c) and (d); S3 (e), (f), (g) and (h); S2 (i), 

(j), (k) and (l); and S4 (m), (n), (o) and (p). 

 

The surface topography of each material group is obtained with SEM as shown in Figure 29 

above. The results show different inclusions, impurities, and foreign materials in the 

specimens obtained with recycled plastics. The SEM results also show the cracks which 
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separated the immiscible plastics.  The elemental composition of different test material 

groups obtained from Energy Dispersive Spectroscopy (EDS) is shown in Table 6 below. 

 

Table 6. Elemental composition of Different test material group or blend obtained with EDS.  

Elements S1 (% by wt.) S3 (% by wt.) S2 (% by wt.) S4 (% by wt.) 

Carbon (C) 79.39 – 97.62  79.15 – 92.84  80.54 – 92.32  89.89 – 90.63 

Oxygen (O) 0 – 5.48 2.73 – 4.01  3.49 – 3.79 4.29 – 5.13 

Aluminium 

(Al) 0.76 – 2.6 1.68 – 2.96  1.35 – 1.92 0.99 – 1.72 

Chlorine (Cl) 1.12 – 1.5 1.02 – 1.31 1.07 – 1.27 1.28 – 1.35 

Calcium (Ca) 0.49 – 1.02 0.47 – 0.76 0.58 – 0.73 0.69 – 0.77 

Titanium (Ti) 0.36 – 0.78  0.45 – 0.8 0.39 – 0.6 0.44 – 0.67 

Nitrogen (N) 0 – 11.39 0 – 14.02 0 – 12.35 - 

Sodium (Na) 0 – 0.23 0 – 0.18 0.15 – 0.24 0.16 – 0.3 

Magnesium 

(Mg) 0 – 0.07 0 – 0.16 0.1 – 0.19 0.08 – 0.14 

Silicon (Si) 0 – 0.22 0.17 – 0.21 0.2 – 0.28 0.22 – 0.28 

Sulphur (S) 0 – 0.06 0 – 0.05 0 – 0.06 - 

Potassium (K) 0 – 0.22 0 – 0.15  0.1 – 0.17 0.13 – 0.18  

Barium (Ba) - 0 – 0.25 - - 

Molybdenum 

(Mo) - - - 0 – 0.15 

Iron (Fe) - - - 0.16 – 0.29  

 

The Table 6 above describes the typical elemental composition of a material group or blend 

obtained with EDS. The SEM analysis as in Figure 29 above shows the foreign elements and 

impurities in different material groups and the Table 6 shows the type and amount of foreign 

element present on those material groups or blends.   
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6 ANALYSIS AND DISCUSSION 

 

 

The results obtained from the experimental work shows that the Municipal Solid Waste 

(MSW) consists of high amount of other solid wastes such as paper, wood, wood dust, sand, 

card boxes, and organic wastes as compared to polymer waste. The results show that plastic 

waste accounts for 20 % of total MSW in Finland whereas plastic waste accounts for 12 % 

on global MSW composition (Statista 2018.) The amount of plastic waste generated is 1.67 

times higher in Finland as compared to Global average production of plastic waste.  The 

high amount of plastics gathered were grocery bags and food packaging plastics. The amount 

of plastic waste can be reduced with the use of biodegradable plastics and using different 

waste bins for plastics so, that the plastics can be recycled differently. 

 

The results show that the amount of identified and unidentified plastics with the use of NIR 

spectroscopy within manually sorted plastics are 52.33 and 47.67 % respectively in the case 

of Finland. The most of the unidentified plastics were black and transparent thin plastics. 

The addition of colorants especially black on the base plastic matrix complicates the plastic 

detection process with NIR spectroscopy (Vázquez-Guardado et al., 2015, p.7398). Becker 

et al. (2017, p.7) have used photon up-conversion system or LITRAN (from Light 

Transformation) for distinguishing black plastics and have concluded that, the soot or black 

master batch are added to commercially used plastics such as PE, PP, ABS, PBT, and PC to 

manufacture black plastics. Becker et al. (2017, p.7) have also concluded that among black 

plastics, PP contributes on the largest share. The transparent thin plastics are used in food 

packaging and types of plastics used in the manufacturing of thin packaging plastics are PET, 

PE, and PA (Kirwan and Strawbridge 2003, p.186).  

 

During the sorting of plastic waste, it was seen that the unidentified plastics possess almost 

80 % of black plastics, 10 % of transparent plastics, and 10% of contaminated and 

unguessable plastics.  The rough speculation can be made for the composition of different 

types of plastics on unidentified plastics. Within the 80 % of black plastics, PE accounts for 

49 - 60, PP accounts for 20 – 30 and ABS / PC/ PBT combined accounts for 0 – 3 % by 

weight. Within the 10% of transparent plastics, PE accounts 4 – 10, PET accounts 0 – 6 and 

PA accounts 0 – 1 % by weight.  
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The total of 4 material groups are used in experiment i.e. S1 (All plastics), S2 (Unidentified 

plastics), S3 (S1 + 3% compatibilizer), and S4 (S2 + 3% compatibilizer). The mechanical 

properties of those material groups are obtained experimentally and the obtained results are 

analyzed.  

 

 The addition of compatibilizer has resulted in the slight reduction of density on both material 

groups S1 and S2 as shown in Figure 25. The variation in density results with the addition 

of compatibilizer is low. The variation of density is due to variation on the molecular mass 

of the polymer blend within a fixed volume since the density is directly proportional to mass. 

The recycled polymer blend possesses different types of polymer material with different 

density. The variation on the density of polymer blend is due to improper inheritance of 

different densities of polymers and impurities on a polymer matrix which was due to an 

improper or unequal localization of different polymer molecules in a polymer blend (Ajji 

and Utracki 1996, p.1579). 

 

The melt flow rate (MFR) and melt volume flow rate (MVR) are the amount or weight of 

sample that will flow through a specific diameter hole while heating with specific 

temperature and loading with some weight. The MFR and MVR have reduced with the 

addition of compatibilizer on material groups S1 and S2. The compatibilizer added on 

immiscible polymer blends works as an interface between immiscible polymers blend phases 

increasing the interfacial width and improving interfacial stress transfer as well as adhesion 

between different polymer phases (Genzer and Composto 1998, p.870). The increase in 

interfacial adhesion between different polymer phases and improving of interfacial stress 

transfer led on requiring of more load or force to shear between the polymer phases so, the 

melt flow properties reduced with the addition of compatibilizer on material groups S1 and 

S2. The melt flow properties are inversely proportional to viscosity (Baijal and Sturm 1970, 

p.1652). The decrease on melt flow properties lead to increase on viscosity which means that 

the material will flow slowly.  

  

Figure 27 shows that with the addition of compatibilizers, the tensile strength has increased 

and the deviation between the results decreased for both test material groups i.e. S1 and S2. 

The Figure 27 also shows that the Compatibilization process has led to increase in tensile 

modulus of test material group S1 (All plastics) but the tensile modulus of S2 (Unidentified 
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plastics) have decreased slightly, however, the deviation in tensile modulus results for both 

material groups have stabilized. The elongation at break of test material group S1, has 

increased from 15.88 to 20.48 % with the addition of compatibilizer as shown in Figure 28. 

On test material group S2, Although the Compatibilization process has slightly reduced the 

tensile modulus, the elongation at break have increased from 18.32 to 20.13 % as shown in 

Figure 28. Other researcher have also obtained similar results. Imamura et al. (2014) have 

researched on the effectiveness of ethylene based copolymer as a compatibilizer on recycled 

PET blend containing PE, PP, and PS. The result they obtained was, with the increase in 

amount of compatibilizer on polymer blend the tensile modulus decreases but the elongation 

at break increased.  

 

The Compatibilization process improves interfacial tension and increases interfacial width. 

The interfacial tension have effect on phase morphology of polymers. The compatibilizer 

reduces the interfacial tension between the polymer molecules resulting on fine dispersion 

of polymer phases, improving polymer morphology. The increase on interfacial width 

improves interfacial stress transfer between the polymer phases, interfacial adhesion, and 

fracture toughness. (Genzer and Composto 1998, p.870.) The improve on interfacial 

adhesion, fracture toughness, and stress transfer due to compatibilizer have led to an increase 

in tensile properties. The compatibilizer has also stabilized the polymer phase and 

morphology b reducing the interfacial tension which led to stabilizing of tensile properties 

or led to less deviation on tensile and elongation at break results. The addition of 

compatibilizer on material type S2 (Unidentified plastics) have slightly reduced tensile 

modulus but the elongation at break increased, it explains that the compatibilizer has 

increased the fracture toughness. The improvement of tensile properties on test material type 

S2 is less, which suggests that the effect of the compatibilizer is low as compared to material 

type S1. The low improvement on properties can be due to the high amount of impurities 

and foreign elements, which can be seen in SEM results. The SEM results as on Figure 29 

show that surface morphology of the material groups.   
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The Figure 29 (a), (b), (c), and (d) shows the SEM pictures of S1 (All plastics) and Figure 

29 (e) , (f), (g), and (h) shows the SEM pictures of S3 (S1 + compatibilizer). Figure 29(b) 

shows the brittle fracture of experimental samples during tensile testing, however, after the 

addition of compatibilizer Figure 29 (f) shows the tearing due to high load. Figure 29 (c) and 

(d) shows different unmixed phases of polymers and rough surface. Figure 29 (g) and (h) 

shows mixed polymers and impurities stuck in between the polymer chains or phases. 

 

The Figure 29 (i), (j), (k), and (l) shows the SEM pictures of S2 (Unidentified plastics) and 

Figure 29 (m), (n), (o), and (p) shows the SEM pictures of S4 (S2 + compatibilizer). Figure 

29 (k) and (o) shows the surface topography of S2 before and after the Compatibilization 

process respectively, the Figures are hard to compare and analyze. Figure 29 (l) and (p) 

shows the surface of material groups S2 and S4 respectively, the Figures shows a high 

amount of impurities and foreign elements on the samples.  

 

The SEM results also suggest that the proper cleaning of the material groups before 

experimenting is needed. The manual cleaning was not enough for removal of impurities. 

The EDS results as on Table 6 show the elemental composition of the material groups. 

 

The plastic materials include additives such as modifiers, stabilizers, flame retardants, 

antioxidants pigments, additives, and aromatics. The additives have a positive impact on 

plastics such as boosting the performance, enhancing the properties, giving the colorful 

appearance, and giving resistance against insects. (Hahladakis at el. 2018, p. 184.) The 

additives such as Sodium chloride (NaCl), Calcium carbonate (CaCO3), Silicon dioxide 

(SiO2), Wollastonite (CaSiO3), Talc (Mg3Si4O10(OH)2), magnetite (Fe3O4), and Titanium 

carbide are used in the plastic material. (TiC). (Liço 2011, p. 233 – 236.) The additives used 

in PP are Aluminum hydroxide (Al (OH)3) and Magnesium hydroxide (Mg(OH)2). These 

additives on PP are used as a flame retardant, filler, and smoke suppressant. (Liang, Chen, 

and Jiang 2012, p.439.)  
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Table 6 shows the elements and their amount of samples of different material groups 

obtained through EDS. EDS cannot identify H, He, and Li elements, which is a major 

limitation of EDS (Newbury and Ritchie 2013, p.141). EDS showed the elements such as 

Carbon (C), Oxygen (O), Aluminium (Al), Chlorine (Cl), Calcium (Ca), Titanium (Ti), 

Nitrogen (N) , Sodium (Na), Magnesium (Mg), Silicon (Si), Sulphur (S), Potassium (K), 

Barium (Ba), Molybdenum (Mo), and Iron (Fe). The highest amount is element Carbon (C) 

because it is the main component of plastic. The 2nd highest amount of element found is 

Oxygen (O), which is due to additives and the presence of a PET, PA, PC, and POM plastics. 

The EDS shows the presence of N, which is due to Nitrogen based plastics such as ABS, 

PA, and SAN. The presence of Cl is due to the presence of PVC plastic, food salt from 

organic waste and additive NaCl. The other elements are presence in low amount, which 

could be due to different additives and impurities. The EDS shows, that the recycled plastics 

do not contain any hazardous or harmful elements. The RoHS (Restriction of hazardous 

substances), restricts the use of hazardous substances such as Lead, Mercury, Cadmium, 

Hexavalent chromium, Polybrominated biphenyls (PBB), Polybrominated diphenyl ethers 

(PBDE), Bis(2-ethylhexyl) phthalate (DEHP), Butyl benzyl phthalate (BBP), Dibutyl 

phthalate (DBP), and Diisobutyl phthalate (DIBP) more than 1% (EUR-Lex 2015, ANNEX 

II). 
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7 CONCLUSION 

 

 

In this study, the mechanical performance of plastic waste blends from Municipal Solid 

Waste (MSW) was studied before and after Compatibilization process. The plastic waste 

was manually sorted from MSW and are mechanically recycled. Different types of plastics 

on plastic solid waste were sorted with the use of Near-Infrared (NIR) Spectroscopy. More 

than half of the plastic waste were identified and remaining were unidentified. The 

composition of identified and unidentified plastic waste was calculated with respect to total 

plastic waste. The total of four material groups or blends are made as per the composition of 

plastics for Compatibilization process. The material groups or blends are S1 including all 

plastics, S2 including only unidentified plastics, S2 including all plastics + compatibilizer, 

and S4 including unidentified plastics + compatibilizer. The compatibilizer used was 

Fusabond M603 and the amount used was 3% by weight. The workpieces for material groups 

or blends are cleaned, granulated and manufactured with Injection molding process. 

 

The melt flow properties and tensile properties of test material groups or blends S1 and S2 

have improved with the addition of compatibilizer. The Compatibilization process has 

increased viscosity and fracture toughness of the blends. The SEM and EDS show that the 

blends possess impurities and foreign elements on them. The SEM shows that the impurities 

and foreign elements are stuck on between the polymer phases resulting on less effective 

Compatibilization process.  

 

The blends or test material groups are made according to the composition of waste plastics 

on Finland. The global plastic waste composition is different as compared to Finland so, the 

results may vary with respect to the plastic composition. In Finland, almost half of the plastic 

waste were unidentified so, the identification of plastic types on unidentified plastic can 

change the plastic waste composition. The unidentified plastics are mostly black colored or 

thin films of identified plastics so, the speculation can be made that, that composition of 

different plastic types on plastic waste, in case of Finland, is similar to the world average 

composition of plastic waste on MSW. With the similarity on plastic waste composition 

between Finland and world average, the results analyzed with this thesis work can be used 

for the recycling of plastic waste around the world.  
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8 FURTHER RESEARCH 

 

 

The addition of 3% compatibilizer on recycled plastics has a positive impact on mechanical 

properties. The addition of 3% compatibilizer have worked well and there is a chance that 

the addition of compatibilizer more or less than 3% might also improve the mechanical 

properties of the recycled plastic wastes. The further research can be made by increasing and 

decreasing the amount of compatibilizer from 3%. The high amount of impurities are seen 

on the samples of different material groups or blends, so the proper cleaning can also 

improve the mechanical performance of waste plastics. The topics for further research could 

be: 

• Improving the mechanical performance of commingled plastic waste from municipal 

solid waste with the addition of less than 3% of Fusabond M603 compatibilizer. 

• Improving the mechanical performance of commingled plastic waste from municipal 

solid waste with the addition of more than 3% of Fusabond M603 compatibilizer. 

• Mechanical performance of commingled plastic waste from municipal solid waste 

with the addition of compatibilizer and cleaning plastic waste thoroughly i.e. 

removing labels, glues, and other stuck wastes. 
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APPENDIX I, 1 

 

Appendix I: Properties of Polymer Materials (Ashby 2013, p.492 - 507). 

Polymer type Properties Unit Amount 

PE Density Kg/m^3 939 - 960 

 Young’s Modulus GPa 0.62 - 0.86 

 Yield Strength MPa 18 - 29 

 Tensile strength MPa 21 - 45 

 Melting Point °C 125 - 132 

 Specific Heat Capacity J/kg*K 1 810 - 1 880 

PP Density Kg/m^3 890 - 910 

 Young’s Modulus GPa 0.9 – 1.55 

 Yield Strength MPa 21 - 37 

 Tensile strength MPa 28 - 41 

 Melting Point °C 150 - 175 

 Specific Heat Capacity J/kg*K 1 870 – 1 960 

PET Density Kg/m^3 1 290 – 1 400 

 Young’s Modulus GPa 2.76 – 4.14 

 Yield Strength MPa 56.5 – 62.3 

 Tensile strength MPa 48.3 – 72.4 

 Melting Point °C 255 - 265 

 Specific Heat Capacity J/kg*K 1 420 – 1 470 

PVC Density Kg/m^3 1 300 – 1 580 

 Young’s Modulus GPa 2.14 – 4.14 

 Yield Strength MPa 35.4 – 52.1 

 Tensile strength MPa 40.7 – 65.1 

 Glass transition Temperature °C 74.9 - 105 

 Specific Heat Capacity J/kg*K 1 360 – 1 440 

PS Density Kg/m^3 1 040 – 1 050 

 Young’s Modulus GPa 1.2 – 2.6 

 Yield Strength MPa 28.7 – 56.2 
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 APPENDIX I, 2 

 Tensile strength MPa 35.9 – 56.5 

 Glass transition Temperature °C 73.9 - 110 

 Specific Heat Capacity J/kg*K 1 690 – 1 760 

PA Density Kg/m^3 1 120 – 1 140 

 Young’s Modulus GPa 2.62 – 3.2 

 Yield Strength MPa 50 – 94.8 

 Tensile strength MPa 90 - 165 

 Melting point °C 210 - 220 

 Specific Heat Capacity J/kg*K 1 600 – 1 660 

PC Density Kg/m^3 1 140 - 1210 

 Young’s Modulus GPa 2 – 2.44 

 Yield Strength MPa 59 - 70 

 Tensile strength MPa 60 – 72.4 

 Glass transition Temperature °C 142 - 205 

 Specific Heat Capacity J/kg*K 1 530 – 1 630 

ABS Density Kg/m^3 1 010 - 1 210 

 Young’s Modulus GPa 1.1 - 2.9 

 Yield Strength MPa 18.5 - 51 

 Tensile strength MPa 27.6 - 55.2 

 Glass transition Temperature °C 88 - 128 

 Specific Heat Capacity J/kg*K 1 390 - 1 920 

 
 

 


