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The thesis aim was to experiment with recycled polymers ABS, PS and PVC obtained from 

industrial waste, and compare the mechanical, thermal properties results of it with virgin 

technical plastics and others investigation obtained through the literature search. The properties 

tensile strength, elongation, glass transition temperature and melt flow index of recycled 

polymers and different kinds of additives, impurities or blends in industrial plastics, the market, 

and economic analysis of recycled plastic are the key things to understand.  

 

All the experiment are carried as per the industrial standards, results achieved are directly used 

and compared. The ultimate feature of these recycled materials is to convert the experimented 

material into the real-time product or use them as composite materials, and also for further 

research purpose. The literature review was intensely done to understand the core of recycled 

plastics such as types, methods, impurities, market and economic situation. 
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CO2                        Carbon dioxide  

kN                          Kilo newton’s 
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MPa                       Mega pascal 
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uV/mg                   Digital scanning calorimetry units  

                               Co-efficient of data variation 
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N/mm2                             Netwons per milli meters square 
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ISO                        International standard organization 
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NAPCOR              National Association for PET container resources 

PAHs                     Polycyclic aromatic hydrocarbons  

PC                          Polycarbonates  

PE                          Polyethylene  

PET                       Polyethylene terephthalate  
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SEM                      Scanning electronic microscopic  
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1 INTRODUCTION 

 

 

Recycling of plastics is the method towards retaining waste or scrap and making the same 

materials formed through scrap into functional and useful products. Its ultimate role is to 

minimize the use of virgin plastics formed through chemical techniques, which basically leads 

to plastic pollution rate (LeBlanc 2017). Apart from this recycling of the used plastics have 

positive impacts on other sources such as emission control, usage of oil to make virgin polymers 

and also the ratio of fresh plastic and recycled plastic will share inverse proportionality ratio, 

ultimately resulting in the reduction of virgin plastic usage. (Hopewell 2009) Also, the life cycle 

trade-off analysis between accumulating resin recycling and virgin resin proportionality is 

complex. Product life cycle and lifecycle assessment are most commonly used tools to weight 

the product trade-off, similarly towards inspecting the quantity of virgin materials and reused 

plastics too (Kuswanti 2002).  

 

The process of plastic recycling mostly ends up in form of landfills or incinerators (termed into 

municipal solid waste) around the world but again this is threating to the environment as plastics 

have non degradable properties. Due to increase in disposal of plastics in terms of landfills, 

incinerators (space constraints) around the world has fortunately resulted in rapid increase in 

plastic recycling (Dalen 2010). 

 

Plastics in general of two types thermoplastics and thermosetting in which thermoplastics are 

reformable at any stage, whereas thermosetting cannot as they remain stable and thus 

thermoplastic such as polyethylene, polystyrene, polyvinyl chloride, some other types are 

recyclable. It used to be quiet hard to identify the type of plastic, but after various test and 

identification marks has resulted in ease to know the kind of plastics and sort them affordably 

during recycling time (Beyene 2014). There are several methods, processes involved in various 

types of plastics recycling, which are also previewed in this topic: Four common approaches 

primary, mechanical, chemical and energy recovery are considered around the globe, and further 

research is also carried to improvise these approaches (Achilias 2012). 
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Overall statistical data also plays a vital role in knowing the recycling of plastics, control, and 

approaches to it, which will also be discussed in this paper. According to Statista website overall 

plastic production between years, 1950 to 2017 is 8.3k million metric tons and in which 79% is 

still dispersed as landfills, 12% is incinerated, and only 9% rest is recycled (Statista 2018). 

Countries like America, European countries such as Austria, Germany have been with recycling 

process for many years, whereas developing countries have proper methods to collect the trash 

(Planetaid 2015).   

 

Another hurdle is the separation cost, which influences the purity level of the recycled plastic 

products. Each or different purity level results in varying separation cost and each of the recycled 

product with a degree of purity results in separate or other type of application. Presence of 

impurities is leading factor towards a fine recycled product. (Liang & Gupta 2001) Plastics as a 

material has chances of containing various types of chemical content in it, of which some are 

hazardous if not identified. The certain type of chemical presence is termed to be phthalic acid 

esters, polycyclic aromatic hydrocarbons (PAHs), mostly hazardous materials and many more 

(Pivnenko 2016). Presence of impurities is not desirable, recovering of polyols is done from 

polyurethane through the chemical recycling process, and sometimes the presence of 

contaminants leads to negative impact on the recovered polyols, which is applicable for flexible 

foam formation (Molero 2008). Mechanical Properties of recycled ABS and polycarbonates 

(PC) gets affected due to the involvement of incompatible polymers such as HIPS, POMS. 

(Liang & Gupta 2001) 

 

1.1 Importance of study  

Recycling of as much as plastics is needed soon or the later. There are many methods, processes 

but still, there is a lot of research necessary to increase the percentage of plastic recycling 

globally as discussed in the earlier paragraph. Here in this study, it is mostly to know the 

properties and behavior of the recycled ABS, PVC and PS flakes after extrusion and under 

testing conditions. 

 

1.2 Overall view on Engineering Plastics 

All the plastics such as polyethylene, polyester, polyethylene terephthalate and so on discussed 

here falls under the category of synthetic polymers, these synthetic plastics are subcategorized 
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as thermoplastic materials (commodity and engineering plastics) which includes polyethylene, 

polypropylene, polyvinyl chloride, and other are thermoset plastics( Strong 2006). Since plastics 

are of different type’s recognition of the kinds of plastics during separation is hard, and that 

makes recycling process quite time taking. To avoid it, there are communities/associates, which 

have implemented consumer plastics recycling list this, in the end, makes to separate it the low 

grade to high grade. Below Figure 1 which gives plastic identification codes. (Robinson 2016.) 

 

 
 

Figure 1. Identification codes of different plastics such as PET, PVC, PS (Robinson 2016). 

 

Polyethylene Terephthalate (PET) utilized since its development in 1941 recognized as one of 

the good material for domestic purpose especially in making beverages bottles and also its 

diverse end-user properties for making clothing and carpets and engineering plastics for 

precision-molded parts (Dodbiba 2004). Polyvinyl chloride (PVC) can be said as oldest plastic 

materials widely used in pipes, fittings, wires, and cables. Rigid PVC its tough and hard 

properties used in the construction sector, whereas flexible one for footwear, gaskets, ATM 

cards. Global demand for this material exceeds more than 35 million and the second one after 

polyethylene in consumptions and also rapid growth in waste resulting in recycling character 

(Sadat 2011). Polystyrene recognized for its insulating properties towards storage of food, safety 
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items have been consistently developed for proper utilization and recycling methods to avoid 

waste diversion (EPS Industry Alliance 2017).  

 

Polyurethane waste obtained during the industrial extraction and waste dump has the drawback 

as it covers vast area. With some good percentage of waste shattered into powder is considered 

as filler to bond fresh material of polyurethane and if not affecting its properties polyurethanes 

can be utilized to make products of elastomers, energy absorption foams and insulation kits 

(Yang 2012). ABS one of the thermoplastic resin widely used in injection molding application, 

which produces high-quality parts with high accuracy. It is used in industrial application-

automotive, instrumentation, and domestic appliances (García 2016). The Figure 2 taken from 

a source gives information about the plastics as per the recycling code and its application in 

various industry. (Plastics Europe 2015.) 

 

 

 
 

Figure 2. Different plastics for different purpose. The barometric representation of main       

plastics usage categorized based on their application. (Plastics Europe 2015.) 
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1.3 Different Methods of Plastic Recycling and Processing 

Recycling reduces the waste disposal and the plastic end product later as a scrap can be made, 

reused, structured to make a new product or it can be transformed to make another new product 

(Frosch & Gallopoulos 1989). Before getting into much details of different recycling process it 

is also important to know the disposal ways. Most of the plastic is disposed of in form of 

municipal waste stream/management, where local municipal authorities dump the plastics as 

landfills or incineration & energy recovery, down-gauging, re-use of plastic packaging, plastic 

recycling and alternative methods. Globally there is waste management strategy being followed 

in various industries commonly known as reduce, reuse, recycle, recovery and disposal, that 

also fits plastic recycling industry (Hopewell 2009). It is same as the landfill process. However, 

this is the most common strategy, which is not briefly discussed here.  

 

1.3.1 Landfills  

It is one of the uncomplicated technique for getting rid of plastics, but it has a considerable risk 

of contamination of soil, toxicities of groundwater, wildlife, and aqua-life due to the molecular 

breakdown of plastics after reacting underground soil (Oehlmann 2009). In landfills, all kind of 

waste including plastic waste is disposed between 30 to 45 feet’s and decomposed to recovery 

a leachate liquid through plastic perforated HDPE pipes (Advanceddisposal 2018). 

 

1.3.2 Thermal Processing for Plastics  

Incineration process similar to landfill, where the disposed waste is burnt to recover energy, 

however, there are chances of more CO2 emission (PhysOrg 2009). Also, some plastics such as 

Poly Vinyl Chloride (PVC) produces toxic gases these are dioxins (Verma 2016). There is also 

another process so-called gasification in which the carbon-based waste is attributed to air or 

oxygen and termed as syngas (Gershman 2018). These gasifiers are designed in different type’s 

updraft, downdraft, fluidized bed and entrained bed as illustrated in the Figure 3. 
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Figure 3. The different types of gasifiers used in producing energy through plastic and other 

waste disposals (Biorootenergy 2017). 

 

1.3.3 Mechanical Recycling Process 

This process includes the collection of waste plastics, sorting them, washing and later grating or 

crushing of the material, the process could vary from machine to machine but all follow the 

same steps: (Ragaert 2017).  

• Separation and sorting based on size, shape, identification code etc. 

• Baling is done if the process is not done at the separation and sorting place. 

• Washing is done thoroughly to remove/get rid of contaminations 

• Grinding or crushing of the waste products  to flakes  

• Forming granules for ease purpose.  

The below Figure 4 shows the mechanical recycling equipment used normally for separation 

and formation of granules or flakes formation: 
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Figure 4. Mechanical Process of plastic recycling from shredder the plastic flows to washer, 

refine shredder and then it gets separated and final steps involves Extruder/Granulation 

(Biophysics 2018).  

 

1.3.4 Chemical Recycling  

Chemical recycling of plastics is entirely different in comparison to mechanical recycling. It is 

done through the gasification process, reduction in furnace process, pyrolysis process, polymer 

hydrogenation, solvolysis of polymers and particular other process are involved in recycling of 

polymers through chemical method (Sasse 1998). 

 

1.3.5 Injection molding of raw recycled polymers 

The injection molding process primarily used for polymer consists of plasticizers or granules 

fed to the hopper and from there it is injected in molten form into a mold. This mold has a cavity, 

making the molt form of plastic to a desired solid shape, later this solid plastic is squeezed out 

by some external energy.  The Figure 5 shows the injection molding machine and parts involved 

in it. (Madan et al. 2013.)  
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Figure 5. Injection molding process machine (Madan et al. 2013) 

 

1.3.6 Extrusion Process  

It is quite similar to the injection molding only difference is in the material exit way. In this 

material is pushed through a two-dimensional exit, as shown in the Figure 6, mostly typical 

engineering plastics are extruded through this process. The plastic granules are fed at hopper 

from there are pass to the barrel with support of continuous rotating screw and this result in 

melting of granules and passed through a die at the end resulting in a desired material. (Polymer 

Academy 2018.) 

 

 
 

Figure 6. Extrusion Processing Machine (Polymer Academy 2018). 
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1.4 Market and Economic Analysis of the studied Polymers 

1.4.1 Statistics Data for different polymer share use and recycle 

Below Figure 7 illustrates information of different world polymers percentage demand around 

the world till the year 2006 and its claim might have increased even after a decade too. 

According to the chart, 49.5 millions of plastics were in demand till the year 2006 and its market 

undoubtedly might have raised to at least 7-8%. PE resins followed by 13-14% is in need for 

production of plastic in injection and blow molded products. (Andrady 2009.) 

 

 
 

Figure 7. Different plastic type’s percentage wise share or demand till the year 2006 (Andrady 

2009). 

 

1.4.2 Plastic demand industry wise  

Abundant process availability for plastic has good demand in various industries that is one kind 

of positive trait for recycled plastics. Just packaging application makes use of 39% of plastic 

followed with it are construction and automobile industry. The Figure 8 shows plastic demand 

by the segment of European region till the year 2013. Other sectors such as household, furniture, 

shoes, and sports make 21.7% of plastic use. (Plastics Europe 2015.) 
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Figure 8. Plastic demand industry wise, packaging industry has the highest share following it 

building and construction & other consumer goods (Plastics Europe 2015). 

 

Most of the plastic products get poorer quality after recycling, which cannot be used in hygiene 

areas (Maaseutu.fi 2018). Below Figure 9 taken from a source, which gives information about 

the overall percentage of recycled plastic industry wise in Europe and United States (U.S) 

between the year 2012 and 2013.(Gourmelon 2015.)  
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Figure 9. Plastic Use Sectors in Europe and the United States (Gourmelon 2015). 

 

 

1.5 Recycling rate of studied polymers   

1.5.1 Polyvinyl Chloride (PVC), 

PVC is still in their first phase of life cycle this leads to slow recycling rate compare to the 

production. PVC with a life cycle 100 years can be recycled 6-7 time and this results in overall 

life cycle expectancy for PVC even after recycled once will be a couple of centuries more. 

However, this material has been the talk of the town due to the issues related to the toxicity of 

it such as plasticizers eases the formation of dioxins if it’s burnt in landfills. Recycling of PVC 

has the same quality as original, and its application is endless. However, recycled PVC is 

produced from mixed color PVC, leads to a brownish color and not suitable for various forms. 

PVC each color indicated its exclusive use. Example, electrical PVC-orange, water-blue, storm 

water pipes-white (Edge Environment 2012).    

 

According to norms of EN-ISO 1452 water pipes cannot be made with any recycled PVC, 50% 

of recycled PVC can be in foam core pipe. PVC recycled until the year 2011 is very low 

approximately 60k tons compare to use of virgin PVC and wastage of PVC. Due to price 
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difference PVC recycled is used instead of the original one without affecting the quality 

(Vinidex 2016).  

 

Every year consumption of PVC is getting increased, Figure 10 presents the global index 

towards plastics use like PE, PPD and PVC during the year 2014 of some developing and 

developed countries. The US was leading in consumption of these polymers with 68 kg/per 

person, followed to it Europe 50 kg/per person and the end was India with 8kg/person. (Team 

2016.)  

 

 
 

 Figure 10. Global per capita towards consumptions of certain polymers in year 2014 (Team     

 2016).    

 

Price variation of mineral oil in the market decides the stay of plastic recyclers in the business. 

As per data collected from plasticker.de between the year, September 2014 to February 2015 

plastic recyclers has to face the crisis due to falling prices for recyclates and increase in price 

listings for processing input as waste plastics. The Figure 11 shows the recycling of PVC data 

within Vinylplus, considered as voluntary sustainable development program of the European 

PVC industry. And from the source it is get to know that around 568,969 tons of PVC was 

recycled from various industries during the year 2016. (Vinylplus 2018.) 
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Figure 11. Recycled volume per application of PVC in industry. (Vinylplus 2018.) 

 

Industrial PVC recycled is mainly from cables, rigid PVC films, pipes and fitting, flexible PVC 

application such as roofing/waterproofing, membranes, flooring and coated fabrics and window 

profile & related products. Below Figure12 & 13 gives the share of PVC. According to the data 

provided by British plastics federation (Inovyn-an INEOS company), PVC recycling lead to 

these benefits. (Vinylplus 2018.) 

 
 

Figure 12. PVC recycled volumes per application in 2016. (Vinylplus 2018.) 
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Figure 13. Historical data of PVC between years 2006-2016 obtained from Recovinyl 

(Vinylplus 2018). 

 

Example of recycled PVC product-bus boarders in Europe, which is an urban furniture element 

that is made out of the plastic scrap from electric cables, window blind and piping (100% 

recycled PVC). This design was mainly made to compares the carbon footprint product from 

original plastic and recycled plastic, calculated its difference. Below Figure 14 the bus boarder 

installed on the platform. (Zicla 2013.)  

 

 

Figure 14. Bus boarder pavements made from recycled PVC materials (Zicla 2013). 
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1.5.2 Polyethylene terephthalate (PET)  

Europe, North America and China shares largest economy of PET production just in the year 

2015 it was 27.8 million tons, according to the report extracted from plastics insight. The Figure 

15 below shows the overall PET production region wise during the year 2015. (Team 2016.)   

 

 

Figure 15. Global PET Resin Production Capacity worldwide in 2015 (Team 2016). 

 

Advantages of most of the polymer are they can be recycled and reused again for commercial 

purpose. Virgin polymers, when used in consumer product after recycling can be used in 

different industries. The Figure 16 gives the end use of R-PET in Europe. Most of the PET after 

recycling, go into the making of fiber products, following it is for making bottles for consumer 

purpose and then for making PET sheets. (Petcore Europe 2017.)  
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Figure 16.  End use of R-PET in Europe. (Petcore Europe 2017.) 

 

The following Figure 17 taken from a study, shows the share of PET in various industry of 

United States. It states that the around 29% of recovered PET ends up in process of new bottles 

consumed in food and non-food areas, where as 38% used in Fiber industry. (Napcor 2017.) 

 

Figure 17. Source extracted from NAPCOR 2015 report on Postconsumer PET (Napcor 2017). 

 

Example of recycled PET material obtained from post-consumer and industrial sector used for 

the external materials of photo copying machine C658 series (Figure 18) from the Konica 

Company. (Konicaminolta 2018.) 
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Figure 18. Konica Minolta C658 machine-exterior material from recycled polymers                                           

(Konicaminolta 2018). 

1.5.3 Polyurethane  

Polyurethane is available in different forms such as Flexible PUF, Rigid PUF, elastomers and 

others, widely used in different application due to its varying physical, chemical and mechanical 

properties. Some of the applications are as followed automobile industry, footwear adhesives 

and carpets. The Figure 19 is thermal insulation from polyurethane and other additive in it. 

(American Chemical Society 2017.) 

 

 

 

Figure 19. Thermal insulation made from recycled polyurethane with other additive sources. 

(American Chemical Society 2017.) 
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Refit and reclaim of polyurethane scrap in upholstery is one of the good example for 

polyurethane recycling type. Mattresses-around 800 pounds of polyurethane foam extracted just 

in a recycling facility in alameda country, CA. Recycled content raw materials- 70% of raw 

materials from Polyurethane (polyols) are provided by a manufacturer in Michigan (American 

Chemical Society 2017). Polyurethane foam form as scrap exhibited from development process 

of Jaguar Land Rover is re-obtained to make surfboards and paddle boards. The polyurethane 

armatures used in proto types of new vehicles, later when dumped as waste is used to make 

wave surfboards. (Robinson 2017.) 

 

 
 

                

 Figure 20. Flexible Polyurethane Foam recycled in U.S Annually (Robinson 2017). 

 

1.5.4 Polystyrene (PS) 

It has been one of the demanding material, the material properties have not much variation even 

after recycling for certain times. Polystyrene a very versatile polymers used in industry for 

multiple purpose in certain industries like packing industry and consumer goods. The interesting 

factor of this polymers is it is used in solid form or expanded form. The former one is used to 

make products such as coffee cups, trays and other products. The latter one expanded 

polystyrene foam used in construction industry, electronic packing purpose (Maharana 2007).    

 

There is a prediction that the polystyrene value may go up to 28 billion dollars within next year 

that too at 5.1% of CAGR. Packaging, electronics and consumers are typical applications of 

recovered polystyrene (Marketsandmarkets 2015). Polystyrene is 100% recyclable only concern 

with it is bulkiness and hard to collect from indoor areas to factories due to the presence of 90% 
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air content.  Most of the recycled polystyrene are made into useful domestic products such as 

frames, sheets and penholders. (Canadian Plastic Industry Association 2018.) 

 

The expanded polystyrene recovered was 25 to 37 million pounds between the years 2004 to 

2010 respectively. The recovery of EPS is highest in comparison to others types of plastics. The 

aftermarket industries were able to recover around 19 and 25 percent of consumer and industrial 

EPS (Leblanc 2018). Below Figure 21 gives sample products made out of recycled polystyrene.  

 

 
 

Figure 21. Recycled polystyrene into other plastic items (Canadian Plastic Industry      

Association 2018). 

 

1.5.5 Other category Polymers (ABS, Polycarbonate)      

Polycarbonates with combination of ABS are typical polymers used in telecom industry with 

requirement of certain qualities like fillers, retardants (Digitaleurope 2016). Below Figure 22 

eco tacker products from Rapesco has 75% recycled ABS. (Rapesco 2018.), the typical ABS is 

used automotive industry, electrical, electronics, construction and other industry. The use of 

ABS globally may reach 12 billion by 2020 in various domestic and industrial application. 

While the ABS in automotive market to reach around 2k tons by 2024 (Global Market Insights 

2017).  

 



25 

 

 

  Figure 22. Eco tacker stapler for commercial and domestic use (Rapesco 2018). 

       

1.6 Presence of Additives and its effect on new products 

The intensity of blended grades reflects recovered material standard. Less the content of blend 

used, high is the quality of the content (Perrin 2016). Most of the impurities in recycling exist 

from post-consumer waste and thus results in landfills, these impurities may be as both internal 

and external to the material (Brennan 2018). Chain scission reaction occurs due to the existence 

of moisture and chemical impurities leads to molecular weight reduction of the recycled resin, 

and this results in deterioration of product properties in each phase. Poly Vinyl Chloride waste 

disintegration results in hydro chloride generation and but neutralized if  exposed to hot gas and 

solid lime absorbent, which later form into the CaCl2 ending in the landfill. This decomposition 

is due to cracking of recycled plastics into hydrocarbons in the reactor, which operates around 

500oC by letting fluidized gases out. The unusable fluid forms 20-25% of oligomers along with 

organic and inorganic compounds as impurities during recovery of caprolactam (Achilias 2014). 

 

PET polymers drawback is the mechanical impurities in it, which are mostly left in terephthalic 

acid (PTA) and considered to be of less pure than other products (Grigore 2017). Segregation 

of plastic is difficult as well as expensive and in that identifying hazardous waste is quite hard 

and for this manufacturer has to take appropriate step to avoid any presence of it in new products. 

(Stenmarck et al. 2017.) 

 

The hazardous substances such as heavy metal based colorants, stabilizers, retardants such as 

BFRs, plasticizers like short-chained chlorinated paraffin (SCCP), cross-linkers, monomers, etc. 
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are present in most of the plastics, and these plastics are used in domestic purpose, industrial 

purposes, and consumers goods. Below Table 1 taken from sources gives information about the 

hazardous substances involved in different plastic types and their use in products. These 

dangerous substances sometimes lead to impurities or unintentional additions. Similarly, 

another Table 2 extracted from same sources gives information about the number of hazardous 

substances potentially utilized in plastic type and their rating. (Stenmarck et al. 2017.)   

 

Table 1. Hazardous substances utilization in some of the studied plastics adapted from a source 

of article for reference purpose only. (Mod. Stenmarck et al. 2017.)    

Some of the Plastic Types Hazardous Substances Product examples 

 

HIPS, ABS, ABS-PC, PPO-

PS 

Catalyst such as cadmium lead 

and their compounds, colorants 

and stabilizers of heavy based 

metals   

 Electronic goods-TV and 

PC casings 

ABS, HIPS, ABS-PC, PPO-

PS   

Flame retardants -BFRs  Scanners and casings for 

TVs and video devices   

(Soft) PVC Plasticizers such as short-

chained chlorinated paraffin’s 

(SCCP) 

Kitchen appliances and 

game controllers 

PUR, EPS, PUR foam Flame retardants such as 

BFRs,hexabromocyclododecane 

(HBCDD) and 

organo phosphates   

Upholstery and filling in 

bean bags 

Soft PVC Catalyst such as cadmium lead 

and their compounds, colorants 

and stabilizers of heavy based 

metals   

Soft PVC-packaging for 

toys 

 

The Table 1 hazardous substances in form of blends, retardants, plasticizers, catalyst and similar 

kind of them acts or present in the different plastics direct individual plastics or mixed plastics 
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such as ABS-PC, PPO-PS and most of them are the products for construction, electric and 

electronic, consumer industries. 

 

Table 1 continues. Hazardous substances utilization in some of the studied plastics adapted 

from a source of article for reference purpose only. (Mod. Stenmarck et al. 2017)    

Some of the Plastic Types Hazardous Substances Product examples 

 

PUR Foams Flame retardents-BFRS, 

organo-phosphates 

Baby products and toys 

 

PVC Plastic floors and buildings Plastic floors and 

buildings 

Recycled from: PET, PP, 

ABS PVC, possibly HIPS 

Recycled WEEE plastic Recycled WEEE plastic 

Recycled from: PET, PP, 

ABS PVC, possibly HIPS 

 

Flame retardants such as BFRs 

Recycled from: PET, PP, 

ABS PVC, possibly HIPS 

 

Similarly the Table 2 is taken from same sources gives wider understanding of number of 

hazardous substance utilized in plastics such as PVC, PET, PS. If it is briefly observed PVC has 

highest combinations of hazardous substances and the demand for it is 10% with low recycled 

rate. These plastics with hazardous substances are products used in construction, electric and 

electronic waste and bulky waste. 
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Table 2. Some of the studied plastics, number of hazardous involves and rate of recycling. In 

the rate of recycling column single x is low, double xx is medium and xxx is high source of article 

for reference purpose only (Mod. Stenmarck et al. 2017). 

Type of Plastic No. of 

hazardous 

substances 

utilized 

Product example Rate of 

recycling 

Demand of plastic 

type 

PET 2 Bulky Waste 

Packaging(bottles) 

xx 

xxx 

 

7-10% 

 

PVC 
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Bulky waste 

Construction material 

WEE 

ELV 

 

x 

xx 

x 

x 

 

 

 

10% 

PS/PS-E 6 Construction material 

 

WEEE 

x 

 

x 

 

7% 

 

 

Lead, which is banned by European Union in 2015 was in general used as a stabilizer in PVC. 

The softness of PVC is due to plasticizers, which are added between 1 to 30% of quantity. 

Similarly, Di-2-ethyl hexyl phthalate (DEHP) commonly used in polymers has been added to 

REACH regulations (EU chemical evaluation forum) and considered to be toxic. PVC gets 

stabilized due to cadmium (Cd) additives and makes it better resistant to heat and weather due 

to UV radiation. However, REACH regulations put a condition that Cd content in PVC should 

not exceed 0.01 percentage by weight (Janssen et al. 2016).  

 

Presence of contaminant and high molecular weight impurities are usual in polymers, and these 

are termed to be obstacles in the recycling industry as they relate to the end performance of 

materials certain mechanical properties and also effects the polymers sorting price. The most 

commonly produced polymers are acrylonitrile-butadiene-styrene (ABS) and polycarbonate 
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(PC) used for making the electronic appliances such as computers and electronic housings 

through injection molding. (Liang & Gupta 2001.) 

 

It is necessary to understand the performance of the recovered products during the presence of 

the different polymers as the purity of output is expected to be higher in result it leads to increase 

in the cost of the material. ABS gets effected due to presence of polypropylene or modified 

polystyrene, when they are taken for recovery, and this is due to full of this material in durable 

items such as automobile equipment, machinery housing & certain domestic appliances. 

Floatation process is used to separate the unfilled PP from ABS but the main difficulty is the 

density of ABS and PP are similar resulting in separation process hard (Tall 2000). 

 

The presence of hazardous impurities and additives above regulatory limits alarms the global 

manufacturers towards the quality of recycled materials, and this is mostly due to the mechanical 

properties of the materials. Omitting PVC from two mixed polymers such as PVC/PET, PVC/PS 

has an impact on properties of the materials as PVC molecular weight decreases (Carey 2017).     

 

1.7 Rheological properties of Polymers 

1.7.1 Tensile Properties  

The stretching and deformation of molecular bonds lead to deformation in polymers, and these 

deformations in it are reflected in the form of brittleness, ductility, necking and elastomeric 

behavior. The stress-strain curve of the polymers is affected by the factors such as strain rate 

and temperature as shown in the Figure 23 the polymers are in visco-elastic in nature, and the 

stress-strain is dependent on time and inversely proportional. The stress and strain have direct 

proportionality, so increasing strain rate results in higher stress level with lower strain values. 
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Figure.23 The behavior of polymer under stress (left), stress-strain curve with temperature and 

strain rate (right) 

 

Tensile properties for most polymers are obtained for quality purpose and are needed for new 

material development and processing. They are used to know the behavior of the material under 

tensile loading. The strength of the material is the main character in the material and it could be 

obtained through stress, which causes deformation or the maximum stress material can 

withstand. Tensile tests are carried on the machine, which is either hydraulic or 

electromechanical. The Figure 24 below taken from course material as study purpose shows the 

tensile strength (MPa) of various materials. The Strength of polymers falls between the ceramics 

and composite fiber materials with a range of 8Mpa to 100 MPa lowest when compared to metals 

and ceramics materials. (Redwing 2018.)  

 

    

Figure 24. Tensile Strength of polymers shown in between other materials (Redwing 2018.).  
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1.7.2 Melt Flow Index 

Melt flow index gives the plastic material property flow with respect to shear stress. This MFI 

test is the sometimes complicated test as the test if it is conducted on the same material in two 

different lab leads to different test results. Usually, test standards are performed either by ASTM 

D1238 or ISO1133 manual (Procedure A or Method A) or automated (Procedure B or Method 

B). Procedure A useful for companies to test the inadequate range of materials (virgin or 

recycled). To follow with procedure B one requires density value and it can be used continuously 

as a single quantity.  To ensure relevant results testing machine be appropriately verified before 

in use. The diameter of the instrument should be checked with go/no-go gage and materials for 

the test should be free of moisture (Yohn 2011).  

 

If melt flow index of a recycled PET is compared with the virgin PET, the former has lower 

MFI and higher macromolecular than virgin, this could be due to degradation of recycled PET 

and could overcome with temperature and shear at that time of processing. The Figure 25 below 

shows temperature and heat flow analysis of three variants PET- A as blue post-consumer 

bottles, PET-B- heterogeneous deposit of colored bottles, PET-C-fiber grade virgin PET through 

differential scanning calorimetry analysis of Virgin and recycled PET. (Elamri et al. 2007.) This 

was taken from an investigation for reference purpose only: 

 

 

Figure 25. Results of a Test taken from a investigation for reference purpose only shows the 

temperature and heat flow rate of PVC variant (Elamri et al. 2007). 
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1.7.3 Glass Transistion Temperature(Tg) 

It is one of the important property, which is supposed to be considered during the study of any 

polymer thermal properties. Polymers if cooled below glass transition temperature results in the 

reduction in flexibility and making it soft, there will be no direction or path changes too. 

(Grigore 2017). Melting of thermoplastics resin has occurred at high temperature, higher than 

the melting point they have and later the stage of liquidity results in rubbery state and at the end 

it gets hard. Through glass transition temperature it is easy to estimate the time interval of the 

molten part of the polymers in the cavity. The Figure 26 gives the transformation phase of the 

material after the result. (Misumi-techcentral 2011.)   

 

 

Figure 26. Left side chain reactions at different temperature index, right side effect on modulus 

of polymers due to temperature change (Misumi-techcentral 2011).   

 

Most of the polymers are thermally analyzed through the digital scanning calorimetry (DSC) 

technique, which helps to achieve the temperature and heat flow values, transition in material 

as the function of time or temperature as shown in the Figure 27. The glass transition 

temperature, melting point, latent heat of melting, latent heat of crystallization, phase changes, 

specific heat capacity and endothermic & exothermic natures of transitions could be measured 

or obtained.  
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Figure 27. A schematic of a DSC heat flow vs temperature graph 

 

1.8 Properties of virgin ABS, PS, PVC plastics 

Polymers during recycling and after recycling undergo mechanical changes and this leads to 

decrease in chain length and also changes in chain forming and crystallinity, depending on 

molecular weight. Stresses, thermal changes, oxygen presence and, condensation, water 

absorption are few of the properties explained here are also responsible for changes in polymers 

behavior after recycling. The incompatibility is one of the concerns in heterogeneous plastic 

waste, a rise in brittleness of the materials due lack of adhesion also results in poor mechanical 

properties. Below Figure 28 shows the elongation at break (%) and impact strength (J/m) of 

PET/PP blend tuned and attuned to maleic-anhydride-functionalized SEBS rubber. (La Mantia 

1999.) 
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Figure 28. Variations of PET/PP blend properties, Elongation break (◊, %) and Impact Strength 

(□, J/m) (La Mantia 1999). 

 

The Table 3 gives information and comparison of virgin and recycled polymers properties, 

which are obtained from experimental sources and company product data sheets. Its purpose 

was to analyze and compare the results obtained from experiment, which is carried on the 

recycled polymers. Most of the materials are either extrusion or injection molded. Virgin 

polymers termed here as generic polymers such as PET, PVC, ABS, PU were obtained from 

website, which provides technical information of various materials used in the industries. 

(Ulprospector 2017; Sigmaaldrich 2018.) 
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Table 3. Mechanical Properties of Virgin Polymers for comparison purpose (mod. Ulprospector 

2017; mod. Sigmaaldrich 2018). 

Properties 

Polymers 

Type 

Tensile 

Strength 

 

Hardness Glass 

Transition 

Temp(Tg) 

MFI(mass) Melting 

Temperature 

(processing) 

ABS 

45-

53MPa(any 

method) 

R110 97-105 oC 
.49 to 

36 g/10min 
201-260oC 

Polyvinyl 

Chloride(PVC)

(rigid) 

25-70MPa R115 95 oC 1.4-60 g/10 min 165-180oC 

Polystyrene(P

S) 
30-55MPa R54-101 100 oC 

12.0-16.0 g/10 

min 
197-225oC 

 

 

1.9 Objectives of the Study 

The penultimate objective of this study is to know the methods involved in recycling of post-

consumer and industrial polymers, market and economic analysis of the studied polymers, 

presence of additives, impurities in recycled polymers, rheology and few properties of recycled 

polymers, which are briefly covered in literature review as introduction. The processing and 

experimentation of recycled granules of ABS, PVC, PS is the ultimate objective of this research 

work, which is covered in section 2 and 3. Thereupon, this study will yield to know about the 

properties and behavior of three recycled polymer flakes of ABS, PVC and PS through extrusion 

of flakes, tensile test, scanning electronic microscopic (SEM) test, melt flow index (MFI) and 

digital scanning calorimetry(DSC). A flow chart as shown in the Figure 29 has been assigned 

to the whole process of this work, which gives clear idea towards the steps involved.  
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          Figure 29. Flowchart of research methodology for this project. 
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2  MATERIALS AND METHODS  

 

 

2.1 Materials selection 

Out of the studied materials, three recycled materials ABS, PVC, and PS were considered for 

testing and experimented to check its behavior under different mechanical and thermal 

conditions. The initial process was started with extrusion of flakes using extruder filabot EX2 

and ended with thermal analysis through digital scanning calorimetry (DSC). All the materials 

as shown in the Figure 30 were extracted and acquired from company Etelä-Karjalan Jätehuolto 

Oy (local waste management company in Lappeenranta area, Finland). Later these materials 

were crushed, and small flakes obtained from it were utilized for the experimental purpose. 

 

 
 

 Figure 30. Tested materials before crushed (a) PS waste, (b) ABS waste and (c) PVC waste 

 

2.1.1 Extrusion of selected material flakes 

Through this process, the values of operating temperature of the recycled polymer materials 

(amorphous) of ABS, Polystyrene (PS), Poly Ethylene Terephthalate (PET), Polyvinylchloride 

and Polycarbonate were obtained. This resulted in further investigation on melt flow index, 

tensile strength values, and DSC values. The main challenge during this extrusion process was 

temperature during the flow and quality of the extruded material. The exact temperature range 

of virgin materials cannot be directly utilized during the process, but trial and error method 

resulted in approximate values with little variations in diameter. Extrusion process of ABS, 

PVC, PS were successful with some lumps or air traps, process with Polyethylene Terephthalate 

(PET) was  only the failure and could not be processed further due to certain conditions like 

temperature, flake size, and speed of the extruder. Figure. 31 shows the Filabot EX2 used for 

the extrusion process. This device has a hopper, material operating temperature and speed 
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controlling screen, augment screw through which flakes/granules pass through and exits in the 

form of molded filament wire. There is also an extended coolers to control the heat of the 

filament after extrusion. The Figure 33 Polyethylene Terephthalate failure due to issue of speed, 

temperature, and real background. 

 

 
Figure 31.  (a) & (b) Material extrusion from Filabot EX2, (c)extruding failure of PET due to 

temperature, flakes and speed difference. 

 

2.2 Experimental Methods  

2.2.1 Tensile testing for chosen materials 

The second part of the work was to characterize the mechanical behavior of the studied recycled 

materials of ABS, PVC and PS, then tested materials were later utilized for further analysis. 

Sources used for the experiment.  

• Specimen samples of 12cm, which were extruded previously using Filabot EX2  

• Mechanical/tensile testing machine 

• Digital caliper for specimen diameters 

• Attached extensometer for testing elongation of the specimen 

 

Zwick Roell X020 equipment was used to test the specimens as shown in Figure 32. The 

equipment withstands the forces of up to 20kN. Total 12 samples taken for each studied 

materials. Initial work was to check the diameter of the specimen using vernier calipers as the 

recycled content was not smooth at the time of extrusion resulting in diameter variations. 

However, the dimensions were not too much varying and to get the correct variations mean 

value of ±.02mm of the different diameter was considered during the testing time. Installation 

of the specimen to the grippers was supposed to be appropriate if not chances of varying results. 
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An extensometer is attached during the notification from the software and detached later through 

software instructions and with the inbuilt software of the equipment, the mechanical behavior is 

extracted. Extensometer is needed as it measures the elongation to characteristics strain. The 

time difference for each specimen varied between 10-15 minutes. Total 12 individual specimens 

were tested to know the material behavior and average was default values provided by the 

system. Below Figure 34 illustrates an idea how the experiment is carried away and the samples 

after the test. The properties such as young's modulus (MPa), modulus of elasticity (MPa), 

ultimate tensile (N/mm2), elongation at break (mm), maximum force (N), plastic strain were 

obtained. Before tensile test, the specimens were preconditioned for a couple of days and tested 

at room temperature with nominal humid. 

 

        

Figure 32. Material tested under Tensile Test Apparatus from Zwick Roel 
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2.2.2 Scanning Electron Microscopy Testing (SEM) 

The microscopy test of the tested tensile samples performed on Hitachi, SU 3500 with an 

accelerating voltage of 10kV to identify the microanalysis and failure analysis of the samples. 

Two specimens of each material were analyzed at 1 millimeter and ended at 20 micrometers due 

to the visibility of unspecified and unknown changes in each sample. Since the material 

extrusion was through recycled material flakes there are chances of presence of additives such 

as color, blends or other material specific impurities. 

 

2.2.3 Melt Flow Index Test for the flakes (MFI) 

The melt flow index, mostly known as melt flow rate (MFR) carried using the instrument 

Dynisco LMI 5000. The molecular weights of the recycled material ABS, PVC, and PS were 

obtained during the test. Total three pairs of specimen samples were tested to get the results of 

molecular weight. The samples were tested using the test method A/B. This test takes both A-

type and B-type results to assess melt density. Measurement is validated in grams per cubic 

centimeters. 

 

 

Figure 33. Dynisco LMI 5000series device used for MFI test 

 

Before starting the test, the device needs to be checked on leveling gauge to avoid inaccurate 

results. The parts used during the test are the capillary, weights, piston to push the material and 

the capillary remover as shown in the Figure 33 The encoder arm is attached or touched to the 
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first leveling mark on the piston as per the software instructions. There are some other parts 

also, but those are needed while undergoing the process.  Polystyrene was the first material, 

which was processed under 200oC temperature with mixture timing of the 60 seconds and 

weight used on it was 5 kilograms. After the pre-heating process about 15 minutes, the material 

is added to the barrel, and later piston or the weight of 5 kilograms is added that resulted in 

material/sample extrusion. This sample is removed as per the instruction from the device, and 

the obtained sample is measured on measuring equipment then the obtained value is entered into 

the screen pop up, which in result delivers the values of melt flow index, series count, density, 

specimen obtained time, flow rate, volumetric flow rate. The same process is carried out with 

ABS and PVC. The material PVC was not successful regarding this it is discussed in the results 

part. For the ABS the set temperature was also between 200-220oC with a load of 10 kilograms, 

and for PVC the set temperature was around 190-200oC. 

 

2.2.4 Differential Scanning Calorimetry (DSC) Testing 

The DSC test was carried to know glass transition temperature (Tg) of the studied recycled 

polymers with respect to the rate of heat flow. The device used to the test the sample was 

NETZSCH DSC 204F1. In the test 10 micrograms of polymers samples of each were taken for 

the analysis. The samples were heated from 25 to 200 oC with a controlled rate of 0.01o C/min 

and cooling processes under 30oC to 50oC/min with nitrogen and air usage for both.  To make 

accurate measurement overall mass of the polymers were considered after weighing the crucible 

and lid. This was one of the crucial tests during the process, and it takes at least two hours of 

time for each sample to undergo the procedure. The thermal properties such as flow rate, 

transition temperature at three stages (onset, mid and end), melting point, cooling rate are 

obtained during this process. The primary purpose of this test was to achieve the glass transition 

temperature (Tg). 
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3 RESULTS AND DISCUSSION  

 

 

3.1 Extrusion results 

Recycled ABS flakes shared a minimum temperature of around 180oC, whereas PET was 

processed till 255oC. However, PET flakes not considered for further process due to its failure 

as a recycled material. The results in the Table 4 column reflects the quality of the content after 

extrusion. The results column was made to understand the behavior of the flakes after extrusion 

with varying temperature such that a smooth flow of the filament obtained without any lumps 

or breakages. The color green with ‘+’ in the Table 4 indication of material were in good 

condition and used for experiment purpose, whereas  ‘+’ and ‘-‘ sign  with white background 

indicates the material were not used after extrusion due to problem such as lumps, uneven 

diameters, over smoothness or breakage of material while still in the process. 

 

Table 4.  Extruded materials behavior at different temperatures 

Material Temperature Quality rate  

ABS (amorphous) 180oC +++ 

PVC(mixed) 

180oC _ _ _ 

186oC _ 

190oC + + 

196oC +++  

Polystyrene 

220oC _ 

200oC ++ 

<200oC _ _ 
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Table 4 continues. Extruded materials behavior at different temperatures 

Material Temperature Quality rate  

 

PET Flakes 

 

 

 

220oC _ _ 

230oC _ _ _ 

240oC _ _ _ _ 

226oC _ _ _ 

234oC _ _  

189oC _ _ _ _ 

235oC-240oC + 

250oC ++ 

254oC _ _ _ _ 

 

From the Figure 34 the operating temperatures values obtained during extrusion process are 

compared with the virgin material melting temperature values (given in Table 3 of clause 1.8). 

The graph shows initial and maximum operating temperature of virgin polymers and extruded 

polymers. After observation ABS virgin material initial melting temperature and the 

experimental temperature values are far different. Even the PET faced the same scenario. The 

processing temperature of the recycled PET till 255-260oC resulted in the hard flow of the PET 

flakes from the device Filabot X2. The other materials PVC and polystyrene temperatures were 

close enough to the virgin material temperature. The graph is just a comparison, which for 

foresee the quality of the three materials during the mechanical and thermal tests. 
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Figure 34. Operating temperature comparison of virgin polymers and experimental values 

obtained through literature review and experiments 

 

3.2 Tensile Test, SEM, DSC and MFI results    

3.2.1 Description of recycled PVC test results  

The properties obtained during the process are the tensile strength (MPa), modulus of elasticity 

(GPa), force at plastic strain (N), elongation at break (N) and maximum force (N), cross section 

of specimen(So) in mm2. This tensile test reflects the material durability under stresses. The 

Table 5 illustrates the achieved values of recycled PVC material after the test. The first specimen 

tested was considered with the diameter of 3.66mm after measuring it with vernier from top to 

bottom. The variable x from the Table gives the average of the overall specimen results 

concerning tensile strength, modulus of elasticity, force at 0.2 plastic strain, maximum force, 

elongation, elongation at break, s in the Table is standard deviation obtained from tested samples 

and  as the coefficient of data variation.   
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Table 5. Tensile Properties of extruded recycled PVC 

Series d0 Tensile 

Strength 

Emod F at 0.2% 

plastic strain 

Fmax dL at 

Fmax 

FBreak dL at 

break 

So 

n=12 mm N/mm² GPa N N mm N mm mm² 

x 3,57 16,89 2,85 207 422 1,40 284,63 8,04 
10,0

4 

s 0,13 1,23 0,13 15,63 30 1,12 91,96 7,23 0,74 

 3,78 7,32 4,76 7,55 7,32 80,22 32,30 89,93 7,43 

 

The graph from Figure 35 showing the stress-strain relationship(y axis and x-axis from graph), 

from it can be seen the elongation was smooth. The tensile strength was consistently good with 

varied elongation of the specimen at breakage. The maximum force was above 400 N, the 

material started deforming and then it had breakage after specific strain. The first specimen 

behaved well as the maximum force acquired before the breakpoint was 453.1N for the 

specimen diameter 3.67mm and the minimum force received for the different specimen diameter 

of around 3.3mm and the maximums force was 365.76N. The Figure 37 shows the specimen 

behaviors at varying width. In the most of the stages, material behaved tight and hard with 

varying elongation and breakage between the strain behaviors of 10%-80%. Higher the tensile 

strength lower the elongation percentage. This breakage resulted in the tensile strength values. 

There may be some water molecules, which might have degraded the polymers that caused the 

failure in later stages. 
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Figure 35. Strain-stress curves for 12 specimen samples of PVC  

 

It is noted from the Graph and Table, that the material obtained a maximum force of above 400 

N at 25-30% deformation. Whereas tensile strength at peak was 16.89 N/mm2 or 16.89MPa and 

the same value if compared with the collected data of rigid virgin PVC and recycled PVC it falls 

in the minimum range, the PVC maximum tensile strength is considered to be approximately 

55Mpa.  The other values from the Table gives an idea about the elongation at maximum force, 

break and plastic strain 0.2% acted on forces.  

 

After the tensile test, the elongated sample after breakage considered for the microscopic 

analysis to check for the impurities that may be stressing towards the fracture and also helping 

to know the surface structure’s relationship with mechanical properties. The scanning performed 

between the ranges of 1 millimeter to 20 millimeters. It was hard to judge from the Figure 36, 

what kind of impurities it had or behavior it enacts. The zooming of the lens at 50 to 20 

micrometers resulted in the identification of some minor cracks and some bright voids with 

spots. Most probably these may be due to the waste obtained by the company from construction 
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and industrial area as the most of the PVC obtained from industries contains certain plasticizers 

or additives. 

 

          

Figure 36. Microscopic view of recycled PVC with white spots and voids through a lens of 1.00 

mm to 20.0 micrometer 

 

Similarly, the tensile test further helped to process with melt flow index of the samples and glass 

transition temperature through DSC. The melt flow index values of only one series were 

considered whereas the rest had no output while processing. During the series processing density 

obtained was 1.89g/cc, melt flow rate obtained 2.1, melt volumetric percentage was 1.347 and 

melt flow index was 2.1 grams per 10 minutes.  
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The DSC test carried for the sample weight of 10 micrograms resulted in a glass transition 

temperature cycle with an average value of 87.45oC at average flow rate of 0.228 J/ (g*K). This 

temperature meets the glass temperature range of virgin PVC of 100oC from the collection of 

data during literature review. From the results, it could be initiated that the resultant PVC has a 

nominal molecular weight based on the values of virgin PVC. Below Figure 37 illustrates the 

temperature phase of recycled PVC obtained during DSC test.   

 

 
 

Figure 37. Glass transition temperature (Tg) from soft and hard recycled PVC.  

 

3.2.2 Description of recycled ABS test results  

ABS behaved well externally in comparison to the two other materials PVC or PS. The internal 

material behavior seems good after values were compared with some collected data. It could be 

the factor of smooth extrusion and did not contain many lumps. Breakage of each specimen was 

very quiet without much elongation of material; this could be due to continuous and hard 

external surface. From the graph shown in the Figure 38, it could be noted that breakage point 

was immediate and the force at the plastic strain of 0.2% had not much difference. 
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Table 6. Tensile Properties of extruded recycled ABS 

Series d0 Tensile 

Strength 

Emod F at 0.2% 

plastic 

strain 

Fmax dL at 

Fmax 

FBreak dL at 

break 

S0 

n=12 mm N/mm² GPa N N mm N Mm mm² 

x 3,81 14,47 2,70 192,4 361,9 0,86 264,04 2,12 11,4 

s 0,12 1,03 2,82 38,85 25,8 0,175 36,29 1,88 0,76 

 3,37 7,14 104,3 20,18 7,14 20,39 13,74 88,78 6,66 

 

The Table 6 shows obtained properties of ABS during tensile test. It has attained a maximum 

force of 361N and 192N force at 0.2% plastic strain, whereas elongation was 0,86mm. The 

overall results shows the elongation was long for two specimen in comparison to all other 

specimens as shown in the Figure 38.   

 

 
Figure 38. Strain-stress curves for 12 specimen samples of ABS, color in the figure indicates 

individual specimen. 
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The microscopic test was done to check the brittleness, hardness and other physical conditions 

that resulted in the further investigation. Cracks are hard to identify or judge whether those are 

formed due to tensile test or due to material nature. However, when the lens was magnified to 

20, and 10 micrometer as shown in the Figure 39 white spots were identified in the specimen 

these could be due to yielding. The microscopic observations are supposed to be good as per the 

results obtained in tensile test. These white spots are caused if the material surface is subjected 

to external force causing a damage and resulting formation of voids and micro-crazing. This 

also attributes to the effect on elastomeric phase of the polybutadiene and chances of lower 

elongation at break and leading to material (but this is hard to expect as the material was 

obtained from local recycling industry). 

 

 
 

Figure 39. Microscopic view of recycled ABS with white spots and voids at 20 and 10  

micrometers (120x magnification, accelerating voltage: 10kV). 
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After getting to know about the mechanical properties of the ABS thermal properties especially 

glass transition temperature was also obtained through the DSC. ABS onset glass temperature 

was 106oC at the flow rate of 0.395 J/ (g*K), which if compared with virgin ABS is quite close 

105oC. The 10.6 micrograms of ABS has concluded through measurement prior the DSC test. 

The graph flow rate versus glass temperature shown in the Figure 40 gives temperature variation 

of ABS at onset, inflection and at the end. These results will help further if the tested material 

is used as blend, recyclates or additives for any other compatible material.        

 

Figure 40. Transition temperature of ABS obtained through DSC. 

 

The melt flow index results were compared with an investigation carried by Liang & Gupta 

(2001), their investigation (termed as  refer 1) main aim was to check with the purity level and 

nature of impurities or additives on the properties of recycled polycarbonate (PC) and recycled 

ABS, thermal behavior of the polymers blends were also tested. The glass transition temperature 

of the ABS from their experiment was 90 and 103oC for the material they used and tested. If the 

same compared with the virgin materials it was wider. From the analysis, it was determined the 
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glass transition temperature (Tg) has no relation with the purity level as the recycled ABS, which 

was compared has high purity with low glass transition temperature (Tg) (Liang & Gupta 2001). 

 

The melt flow index(MFI) values remain close for each series, which were obtained between 

the factor of 29-30 seconds and resultant minimum weight of 0.385 grams and maximum weight 

was 0.475 grams(average of two samples in each series) as shown in the Table. 7  The results if 

compared with the virgin MFI .49 to 36 grams/10mins as it falls under the virgin MFI values, 

obtained values can be used for further processing either as supporting material in blends, 

recyclates, additives. 

 

Table 7. Obtained values of ABS through MFI Dynisco LMI 5000 

Series 

Count 

Density(g/cc) MFR MVR Average 

MFI(g/10min) 

Resultant 

weight 

1 .921 7.770 8.358 7.700 .385 

2 1.005 8.852 8.810 8.851 .435 

3 1.002 9.500 9.485 9.500 .475 

4 .946 9.400 9.940 9.400 .470 

 

3.2.3 Description of recycled PS test results  

Tensile tests for polystyrene carried on the Zwick Roell device that has the capacity of 0-20 kN. 

The polystyrene obtained during extrusion was of the thinnest material, which measured with 

diameter 2.4 to 2.9 millimeters varying thickness.  The tensile strength 4.2 N/mm2 was received 

at the force of 107 N as shown in the Figure 41 and the material is pulled at the elongation of 

.88mm, had a break at 1.16mm with the small difference of force at 0.2% of the plastic strain of 

78.8N as shown in Table 8. These samples had quick elongation and break in comparison to the 

other material only one sample had long elongation and break.    

 

 

 

 

 

 

 

 



53 

 

Table 8. Mechanical Properties of extruded recycled PS  

Series d0 Tensile 

Strength 

Emod F at 0.2% 

plastic strain 

Fmax dL at 

Fmax 

FBreak dL at 

break 

S0 

n=12 mm N/mm² GPa N N mm N mm mm² 

x 2,98     4,28 1,85 67,14 107,2 0,88 86,89 1,16 6,99 

s 0,08 0,35 0,40 11,32 8,77 1,12 8,56 1,14 0,37 

 2,77    8,18 21,71 18,23 8,18 126,4 9,84 97,9 5,40 

 

 

 

Figure 41. Strain-stress curves for 12 specimen samples of PS 
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Later microscopic test was also carried as shown in the Figure 42. At 20-micrometer 

magnification voids and white spots were identified with little presence of fractures and some 

roughness. The polystyrene mostly used in the electronic and electrical device could come 

across hazardous substance or additives/impurities such as cadmium lead, colorants or 

stabilizers. 

 

 
 

Figure 42. Polystyrene sample under microscopic test with lens view between 1.00mm   

to 20.0 micrometer(120x magnification:, accelerating voltage: 10kV). 
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Through melt flow index and DSC test the thermal properties and flow index were obtained. 

The glass transition temperature for 10 micrograms of PS occurs at onset, mid inflection and 

end were between 86oC to 92oC with a flow rate of J/(g*K).This can be same seen in the graph 

shown in the Figure 43 extracted from the DSC test results. Whereas, the melt flow index reflects 

a smooth and lump free PS from the barrel, whose thickness looked similar to the extruded 

material.  

 

 

Figure 43. Transition temperature of polystyrene obtained through DSC. 

 

3.3 Discussion 

From all results and value obtained through the test, it could be seen that virgin polymer 

properties and the recycled polymer properties are closer to their values or fall under its range 

or some of them does not match at all. Below Table 9 gives the comparison values for studied 

polymers and virgin polymers obtained through the literature study. There is some variations 

with the properties of tested materials and virgin materials if values are observed. 

 

 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 20 40 60 80 100 120 140 160 180 200 220

D
S

C
(u

V
/m

g
)

Transition Temperature 

Glass Transition Temperature(oC)

Onset-87.45oC

Mid-89.85oC

End-93.3oC

Delta Cp -

0.295J/(g*K)



56 

 

Table 9. Comparison of results with virgin polymers 

Properties Tested 

ABS 

Virgin ABS Tested 

PVC 

Virgin 

PVC 

Tested 

PS 

Virgin PS 

Tensile 

 Strength(MPa) 
14.4 45 16 25 to 70 4.2 30 to 55 

Glass 

Transition 

Temperature(oC) 

105oC 97 to 105 87.45 85 to 100 90 90 to 100 

 

Melt Flow Index 
9g/10min 

.49 to 

36g/10min 

2.1 

g/10min 

1.4 to 

60g/10 

min 

11.5 

g/10min 

12 to 16 

g/10min 

  

 

 
         

Figure 44. The resultant values of experimented polymers and virgin polymers obtained from  

literature review and through experiment 

 

The Figure 44 show melts flow index graph to compare the tested materials with natural 

polymers. The tested results fall under the virgin MFI range, but they do not look as high values 

as understood. This figure is done to understand the behavior of the recycled material. 
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3.3.1 PVC comparison  

The PVC properties obtained were compared with experiment carried by Garcia (2006) on 

mechanically recycled PVC blends with styrene polymers and these were elaborated from 

blends made of recycled PVC obtained from credit cards. According to their experiment (termed 

here as refer 2) mechanical properties of recycled PVC has strong variation in mechanical 

properties if it incorporated with styrene polymers, which they used as blends. Similarly, glass 

transition temperature (Tg) without blending proved the presence of partial miscibility between 

the components, which in turn has decisive repercussions. PVC properties enhancement is 

possible by combining it with other polymers for good performance. PVC flakes, which were 

tested had no blends or other polymer properties and for good performance it supposed to be 

combined with some blends of ABS or Sterile Acrylonitrile (SAN). The morphology obtained 

from our and others investigation (termed as refer 2) shows some similarity of fractures, voids 

but the results obtained from our experiments could be termed as assumptions since the plastics 

are from mixed waste.  

 

 
 

Figure 45. Comparison of tensile strength values of experimented PVC with Virgin PVC.The 

Refer 1 and Refer 2 in the graph indicates values which are obtained from others investigation 
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applications purpose such as carpet, sewage, window profiles, and water proofing, automotive 

applications as well. The blends of each PVB/PVC ratio were prepared using continual BUSS 

extruder. From their investigation, the young modulus of plasticized PVC without PVB was 

31.4 MPa, while the PVB without PVC was 6.9MPa only.  The tensile strength values of tested 

PVC, virgin PVC and others investigation (refer 1, refer 2) are represented in graphical form as 

shown in Figure 45 for better analysis. From the clause 1.8 in literature review the tensile 

strength of virgin PVC is in the range of 25-75MPa, from our experiment it is 16.89MPa and 

the others investigation it is 31.4 MPa and 32.16 MPa. The varied values also puts a question 

on the presence of blends/additives/impurities towards individual recycled polymer properties. 

 

3.3.2 ABS comparison  

From our experiment we get to see ABS was showing good behavior, for proper investigation 

the results were compared with couple of others investigations. Though most of the experiments 

from others were some or the other blends, additives or mixed plastics but the comparison was 

mainly to check the properties results variation, material behavior changes and impurities 

effects.  

 

The results obtained were compared with an investigation on recycled Acrylonitrile Butadiene 

Styrene (ABS) carried out by Hamarat et al. (2017). Their study was to investigate the properties 

of ABS with different recycling content. Here the investigation(termed as refer 3) was carried 

out with injection molding of ABS granules, which had density of 1.04g/cc and dried at 80oC 

however the dimension of the samples were 175mm×20mm×4mm. The tensile strength for the 

tested samples were between the ranges of 38.11-41.76MPa lower than virgin ABS (from Table 

3). The MFI for the ABS with repeated recycling had an increase 26.53%. During their process 

tensile strength showed decreased from 41.79 MPa to 38.13MPa and then further recycling 

process resulted in not much variation 38.13-39.02MPa. The results were lower in comparison 

to the virgin ABS. 

 

Similar properties  checked and compared with other investigation of Mantaux et al. (2004), 

where the properties of ABS after service and reprocessing was focused. During the process the 
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transition temperature of 106.0oC was observed through DSC (termed as refer 4), while the 

stress for the investigated material was between the ranges of 30 to 35MPa.  

 

There was another experiment based on ABS reinforced(termed as refer 5) with Organo-

Montmorillonite (OMMT) formed by FDM 3D printing process and injection molding to see 

the thermal and mechanical behavioral changes in the ABS filaments. The tensile strength and 

elastic modulus were observed prepared through injection molding and the material had increase 

in mechanical strength due to addition of OMMT content. Here we are considering only tensile 

properties obtained through printed process from their investigation. The tensile strength for 

controlled ABS was 27.59, whereas addition of OMMT in three stages resulted in increase of 

tensile strength (MPa) with values of 31.49, 36.33 and 39.48(Weng et al. 2016). 

 

 
 

Figure 46. Comparison of tensile strength values of experimented ABS with Virgin ABS, Refer 

3, 4 & 5 are from others investigation. 

 

For better understanding the tensile strength of the experiment where compared in form of graph 

as shown in Figure 46 with the virgin ABS and investigations carried by other. The result or 
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results show that the recycled ABS with and without additives, blends impurities do not reach 

the maximum value or close to the value of virgin ABS. 

 

In the same way these results were compared with one more investigation on recycled 

Acrylonitrile Butadiene Styrene (ABS) carried out by Mohammed et al. (2017). The study 

(termed as refer 6) was based on utilization of the 100% recycled ABS in Fused Deposition 

Modelling (FMD) of 3D printings. As per their investigation and observation through tensile 

test and melt flow, the polymer undergone degradation in mechanical properties. In their 

preliminary extrusion process the filament was obtained at 180oC at speed of 17.5 rpm the result 

was taken as baseline lower limit for extrusion and maximum temperature was 220oC. These 

results were compared with an investigation carried by Liang & Gupta (2001), their 

investigation (termed as refer 7) was based on impurities effect on properties of polymers 

separated from mixed plastics. In the investigation two materials polycarbonate and ABS 

properties were checked under impurities. The later results shows the recycled ABS and Virgin 

ABS has glass transition temperature of about 90oC. If the same is compared to the experiment 

carried from this project the glass transition of recycled ABS was 106oC. 

 

3.3.3 PS comparison  

Recycled polystyrene, whose tensile properties, MFI, glass transition obtained during the 

experiments were compared with others investigation. It is quite interesting that the glass 

temperature of our measured values was closure to the study done by Schmidt et al. (2011). 

Their investigation (termed here as refer 8) was to know the flexural strength of polystyrene and 

also evaluated the properties such as TGA and glass transition through DSC. The glass 

temperature for the recycled polystyrene after extrusion was 101.1oC. Through their observation 

the materials Tg had 5oC decrease. For the further understanding study on expanded polystyrene 

was made, the investigation on it was carried by Samper et al. (2010). As per their analysis 

expanded polystyrene which is used in package and packing sector has resulted in MFI of 11.3 

g/min and 10 g/10 min for their other tested material raw polystyrene STYRONTM 678e. The 

glass temperature of the recycled EPS was 100oC, whereas tensile strength was 32.57 MPa. 
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3.3.4 Properties comparison   

From the overall results and discussion, it is identified that the tested materials, other 

investigations properties of materials do not reach a limit of the virgin material properties. They 

have been exposed to other elements in the form of blends, additives or impurities. However, 

this assumption does not fail the tested materials. Below Figure 47 gives the overall picture of 

glass transition temperature, where the experimented elements stand if compared with virgin 

materials. The materials ABS PVC, PS of others are termed as refer2, refer 7, and refer 8 

respectively. This comparison will mainly lead to further understanding of recycled polymers 

nature during virgin condition and with any additional state. 

 

          

Figure 47. Glass Transition Temperature comparison for studied polymers, refer 2, 7 & 8 values 

are from others investigation 

 

To get more understanding of all three polymers mechanical behavior, nominal force with 

respect to nominal strain values of single specimen values obtained during the tensile test are 

taken as sample and plotted on graph. PVC had the longest elongation as shown in the Figure 

48 whereas PS has shown smallest elongation. If overall performance of the material is studied 

ABS performance was naturally good compare to PVC and PS with maximum force of 422.2N 

90

105

95
87

106
101

90 90

101

0

20

40

60

80

100

120

T
em

p
er

a
tu

re
 o

C

Material

Glass Transition Temperature(oC) of Studied Polymers 

Glass Transition Temperature



62 

 

other had force of 361.9 N and 107.2 N. The PVC could also be considered as a good material 

here but it results during melt flow index process makes it hard for understanding as the material 

failed to extrude smoothly.  

 

 

Figure 48. The graph gives the comparison of three experimented material as samples to show 

the difference in elongation for three materials 

 

As earlier said glass transition temperature plays a prominent role for most polymers, 

idealistically it reflects the material nature to cope up with temperature in different conditions. 

The below Table 10 gives the average glass transition phase at onset, mid, inflection, end and 

flow rate of the three experimented polymers.  

 

Table 10. Glass transition temperature and heat flow average of ABS, PVC, PS 

Temperature(oC) and 

heat flow rate 

PVC ABS PS 

Onset 81 106.35 87.45 

Mid 84.75 108.5 89.95 

Inflection 85.3 111.9 93.4 

Delta Cp J/(g*K) 0.2995 .395 0.225 

 

 

-100

0

100

200

300

400

500

-2 0 2 4 6 8 10 12 14 16 18

S
ta

n
d

a
r 

F
o
rc

e(
N

)

Nominal Strain(%)

Standard Force vs Nominal Strain -Single Specimen 

 PVC ABS PS Fracture point Ultimate strength



63 

 

4 CONCLUSION 

 

 

The prioritized work was recycling of the technical plastics in the form of flakes from the local 

industrial waste, find the properties of it by undergoing the different test, compare the results of 

it with others investigation and virgin polymers was the primary goal of this project. The 

literature review played important aspect as the study was not just on the methods, process, 

properties, and impurities in various polymers but also the market share of recycled polymer in 

the industrial zone. The literature review on the presence of rheological, morphology properties, 

additive, impurities or blends were thoroughly studied such that the methods and results 

obtained could be adequately compared, analyzed and understood.  

 

The materials utilized during the experimental method were Poly Vinyl Chloride (PVC), 

Polyethylene Terephthalate (PET), Polystyrene (PS) and Acrylonitrile Butadiene Styrene 

(ABS). All the experiments were carried as per the International standards at the Lappeenranta 

Fiber Composites Laboratory, Lappeenranta University, Finland (2018). The results from others 

investigation were also used in discussion part for comparison purpose, which was necessary as 

it helped to know thoroughly the experimented polymers ABS, PVC and PS behavior.  The 

conclusion is elaborated based on the objective of research questions and experimental process 

involved and also further study through comparisons in results and discussion part. 

 

Through literature, it can be known that the thermoplastics are reformable at any stage. During 

earlier times most plastics have been involved with the process of incinerators or landfill, 

although this is the conventional method the threat due to this process is much higher especially 

the space constraint. The mechanical process is one of the easiest way, which does not involve 

many steps through the separation cost is higher but at later stages the new materials has to face 

the impurities, additives or blends effect that in later stages results either in failure of the product 

or changes in the properties in comparison to the parent material. The other methods such as 

chemical and energy recovery method are also widely used, but it has its own advantages and 

disadvantages. The use of extrusion or injection molding is the standard way to the obtained 

new product from recycled material. This does not make any changes in material properties 

however the injection molding are used for the larger purpose in comparison to extrusion. 
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Market and economic analysis were needed to understand during the literature study. The share 

of recycled plastic is entirely dependent on industry, demand, purpose, ease of use, quality and 

possibility of multiple times recycling. The studied plastics have quiet demand in the industry 

other than post-consumer purpose. PVC recycling and consumption in the construction industry 

is as higher as polypropylene and polyethylene (here these were not much discussed but the 

chart in literature shows). 

  

For the proper understanding of the polymers quality, the study on material impurities, additives 

was necessary in the literature review. Through it is identified PVC, ABS, PS and other materials 

extracted from construction industry, post-consumer waste and other industries (some product 

examples- Electronic items, kitchen appliances, PVC packages, plastic floor and buildings, 

WEEE plastic) have mixed blends in form of oligomers along with organic and inorganic 

compounds, plasticizers such as paraffin’s, catalyst, colorants and stabilizers, flame retardants, 

other polymeric materials like HIPPS. These may act as hazardous substances threatening the 

material after recycled and affecting the use of the material as the end product. 

 

The another important part of the study was the investigating the recycling material flakes of 

individual PVC, PET, ABS, and PS which concludes that after recycling the material extrusion 

is not a simple process as the material quality outcome is dependent on the temperature, rate of 

cooling, extruder outlet dimensions. The interesting fact is the temperature zone during 

extrusion process either it was less or more in comparison to virgin polymers temperature. The 

rheological, morphological, material properties determined the performance of the individual 

extruded material. It is concluded from the three materials that the values of PVC were optimal 

in comparison to ABS and PS. 

 

ABS here has the upper hand due to smooth extrusion throughout, the melt flow index of ABS 

0.395 J/(g*K) glass transition temperature of 106oC through DSC reciprocates with the values 

of virgin ABS obtained from the literature review. The tensile strength derived from it was less 

compared to the virgin polymer and also other investigations on recycled ABS from industrial 

waste. The recycled ABS does not reach the properties of virgin ABS, but from others 

investigation, it can understand that the properties could be improved or varied if recycling is 

repeated for the same waste product. ABS has In the initial impression towards recycled PVC 
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was good due to its broader application in the industry, but most of the discarded PVC holds 

good percentage share of additives, stabilizers and other materials like titanium oxide, calcium 

carbonate, HCL due to incinerator process or use in construction sector results pop up of 

chemicals. The results obtained for recycled PVC statistically does not differ with virgin PVC, 

but the processing temperature for the experimented material during melt flow index affected 

the material processing that stills remains unclear. By comparing it with others investigations, 

it could be analyzed that blends such as ABS, SAN brings the changes in material properties. 

 

Another interesting thing is polystyrene, which falls under recycling number-6 category. The 

results of polystyrene after the extrusion given an assumption that it was not so strong material 

due to its least properties in comparison to ABS and PVC. The results of polystyrene when 

compared with virgin polystyrene shown very poor tensile strength but the melt flow index and 

glass transition temperature has shown closure values. It also gives a hint that low tensile 

behavior does not affect the thermal properties of the recycled polystyrene. From the study, it is 

observed that polystyrene has good use not just in the construction industry in the form of 

expanded foam but also other application like windows and electronic devices due to its 

brittleness. 

 

The time to time economic and statistical data is very much needed as it helps the researcher to 

know the recycling rate or phase of individual technical polymers and also makes it easy to 

understand why particular polymers recycling rate differs from another. It also widens the 

researchers to identify if properties have any considerable effect on the performance of the 

recycled polymers. The material PVC, which is broadly used in different industries has the good 

lifetime as per literature study the PVC has most extended lifecycle but does this reduce the use 

of virgin PVC similarly with ABS and PS, which are used as blends for certain polymers. The 

main challenging thing is how the impurities through mechanical recycling can be identified or 

do the material which has overcome mechanical recycling should undergo other recycling 

techniques like chemical or energy recovery. The future research can also focus on adding 

additives in the current recycled material or use these materials as blends to form a stable 

material with functional properties. This research opens the source for experimenting on 

composites materials used in automotive, construction, aerospace industries. 
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