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Abstract 

In this study thermal and mechanical properties and chemical structure of four different 
polymers (PE, PP, polyASA and PVC) were investigated to find out if the recycled polymers 
had the same properties and can be used in the same applications as the virgins or not. 
FT-IR was used for investigation of chemical structure. TGA, DSC and thermal stability were 
used to compare the thermal properties. Tensile test also used to examine the mechanical 
properties.  
 
All the tests showed the recycling process is not done completely well. The differences in 
results for virgins and recycled samples are the reasons which verified this claim. 
The results obtained from this study clarifying that the amount of stabilizer in the recycled 
polymers were considerably less than the amount in virgins, means that the company had not 
added enough stabilizer during the recycling process.  
 
 
Keywords: Polymers, Recycling, Stabilizer, FT-IR, TGA, DSC, Tensile test, Thermal 
stability, PE, PP, PVC, PolyASA 
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1. Introduction 

1.1  Definition of plastics 

 
Plastics are generally defined as "Material containing an organic substance of large molecular 
weight that is solid in its final condition and that, at some earlier time, was shaped by 
flow"[1]. 
 
Plastic is a general term which is called to a material made of very large molecules (polymers) 
that are synthetically produced from small molecules (monomer)[2]. 
 
The term plastic comes from a Greek word which means “to form.” Plastic is one kind of 
polymeric materials. Polymers are made by repetition of monomers. They can be made of 
natural or synthetic substances. Plastics are usually made by synthetic monomers. Toughness 
and plasticity are the most common physical properties of plastics. In practice, the produced 
plastics can be completely pliable such as rubbers or can be intensively solid such as high 
performance plastics. In addition to this range of physical properties, plastic has a wide 
variety of types which is the result of multifarious additives, fillers and reinforcements types 
used for plastic manufacturing[3]. 
 

1.2  History of plastics 

 

Middle of nineteenth century is the time when growth of polymers has been started. First kind 
of polymeric materials was not completely synthetic but some naturally improved cellulosic 
materials[4]. 
 
In the early twentieth century, synthetic polymers commercially evolved [4]. Mixing phenol, 
formaldehyde, and wood flour chemically and using the reaction product in electrical 
insulators structure by Leo Baekeland in 1908, was a motivation for other specialized 
products to be progressed. High demand of advanced military technology during the World 
War II forced U.S and Germany to develop and investigate new types of polymers, 
manufactured plastics and rubbers to support their militaries. By the end of the war these 
modern technologies were used for civil purposes. Some examples of these polymers are: 
polyvinyl chloride, polystyrene, polyethylene, polypropylene, polyesters, and polyurethanes 
[5]. Expansion of the petrochemical industry in the twentieth century gave a rise to the many 
plastics types, and their many applications [4]. 
 
Development of plastic industry influenced human life in different aspects. Packaging growth, 
advanced textiles, innovation in automotive and electrical industries are some of these 
observable influences. Another change in our live has occurred in the medical sector. 
Nowadays the doctors can use plastics as medical delivery system and artificial implants; they 
can replace the damaged issue with a polymeric one [6, 7].  
 
Despite some disposal problems  caused by plastic wastes, plastics are the most all-round and 
energy saving materials which are used today[7]. 
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1.3  Properties of plastics 

 

As a result of having properties such as environment resistance, low density, high strength, 
user friendly design, etc., plastics are very functional [6, 8].  
 
Plastic manufacturing cost is not so high because of its simple mass production. Due to their 
corrosion resistance, plastics usage in our life, in volume, is much higher than that of 
aluminum and other metals [8]. 
 
Some main reasons which make plastics valuable are: 
 
- A wide range of additives, fillers and reinforcements, copolymerization, compounding and 
adjusted operating condition causes each plastic to be tailored for a specific use. 
-Several processing methods lead to have various kinds of plastic products from very small 
ones to very large ones. 
-Diverse manufacturing systems make it possible to produce plastic products with the lowest 
cost range[3, 8]. 

 

1.4  Plastic waste 

 

Usage of plastics is growing severely day by day; facing countries, especially industrialized 
ones with the big trouble of plastic waste. "The world’s annual consumption of plastic 
materials has increased around 20 times from a few million tonnes in 1950s to almost 100 
million tonnes in 2004 [9]" 
 
Proper disposal of the waste has made social and environmental arguments [10, 11]. Increased 
use of plastics is due to good surface characteristics and appearance, light weight, strength 
and low cost of them [8]. 
 

1.4.1 Plastic waste classification and types 

Materials which have reached their end of life, and must therefore be discharged and materials 
which remain from production consist as waste. One part of this term is plastic waste. Plastic 
wastes are divided into two groups; municipal plastic wastes (MPW) and industrial plastic 
wastes [11].  
 
Five major types of plastic are the most constitutive parts of the municipal waste volume in 
Europe. These types are: polyethylene (as low and high density polyethylene, (HDPE and 
LDPE)), polypropylene (PP), polystyrene (PS) polyethylene terephthalate (PET) and 
polyvinyl chloride (PVC). [12] Besides PET and PVC, POM (polyoxymethylene) are also 
categorized in the engineering plastic waste [9]. 
 

1.4.2 Integrated waste management concept 

No doubt that an integrated waste management approach is needed to handle Plastic wastes 
that are so big in volume, being mixtures of various types of plastics and also contains some 
kinds of contamination. Efficient disposal, recycling and use of material, energy and 
environment considerations must be determined carefully. Therefore different steps of plastics 
background such as manufacturing processes, co-existing raw materials, design and 
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fabrication of the finished products, possible reuse of each item, and the proper disposal of the 
wastes have been studied to build up this waste management model. Such model comprises 
of: 
 

• Source reduction, 
• Reuse, 
• Recycling, 
• Landfill, 
• Waste-to-energy [6] 

 
Recycling and incineration (waste-to-energy) are the usual focused aspects of recovery 
methods [10, 11]. 
 
Heat recovery method for plastics waste incineration comes along with production of toxic 
gases (due to the existence of PVC) and toxic fly; and residue ash contains lead and cadmium. 
Also form energy saving point of view, plastic incineration is a low efficient technique [9, 13, 
14].  
 
Recycling is a choice to deal with such problems, to manage the plastic wastes, to reduce the 
environmental problems as much as possible and to save the resources [9, 15]. 
 
Ideally the best way to minimize the amount of wastes and reduce the consumption of fossil 
fuels is recycling; that also saves both material and energy since recycling of the plastics uses 
less energy rather than new virgin resin production and the recycled plastics strongly compete 
with the virgin resins [9, 14]. 
 
Recycling of plastics consists of four steps: 
 

• Collection 
• Separation 
• Processing (manufacturing)  
• Marketing [13]. 

 
To have a better quality of the recycled plastic, different types of polymers have to be 
separated from each other in the collected plastics waste. The material which is made by a 
mixed plastic waste recycling has a low quality (such as low mechanical stability) in 
comparison with the new virgin resins. So, an efficient system for mixed post-consumer 
plastic waste separation is needed [14, 16, 17]. 
 

1.4.3 Plastic waste application 

There are a lot of applications for plastic waste materials. Some of them are listed below: 
 

• Plastic fences 
• Industrial plastic pallets 
• Traffic cones 
• Playground equipment and garden furniture  
• Damp-proof membranes,  
• Plastic lumber  [12] 
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1.5   Plastic waste separation 

 

Several techniques can be used to separate mixed plastic wastes based on their 
physicochemical properties. But some of them have their own limitations [13, 18].  
 
Some of the separation methods are mentioned below with a brief explanation: 
 

• Gravity separation; that is based on plastic types and density. therefore separation of 
close density plastics (such as mixture of PVC, PET and POM) could be very difficult 
[9, 13]. 

• Contact charging (triboelectrification); where separation is mainly carried out upon the 
difference in dielectric constant of plastics [18]. 

• Hydrocyclones and centrifuges, this is another method based on the differences in 
plastic density [18, 19]. 

• Froth flotation; this technique is one of the techniques widely used in mineral industry 
but is either adopted for industrial applications. Froth flotation is the main and the 
most efficient method for separation which is based on the surface properties of 
plastics [9, 13, 18]. 
 

Manual sorting can be used besides the all above separation methods suffering some major 
disadvantages such as being very labour-intensive and their high cost. Also it would be 
hazardous for the labours [9, 16, 20]. 
  

1.6  Recycling, types and process 

 

Two methods of recycling are used commonly, mechanical recycling and chemical recycling 
[18]. 
 
Plastic recycling process consists of two essential and necessary steps. One is an automatic 
identification tool for sorting the plastics and the other is characterization of the regenerated 
products. The former is due to the fact that recycling of a mixed plastic waste makes a product 
with inadequate and poor properties. And the later is due to information about the quality of 
the regenerated product which has to be delivered to the end user.  
 
In the near future the plastic waste recycling processes will be expanded to approach the 
theory of  “inverse manufacturing”[21], which means waste and used materials will be used to 
produce  end products instead of virgin materials. 
 

1.6.1 Mechanical recycling 

Mechanical recycling is a physical method, in which the plastic wastes will be formed into 
flakes, granulates or pellets of appropriate quality for manufacturing, where they would be 
melted to make the new product by extrusion [12, 22]. The best results would be for plastic 
wastes which contain just one kind of polymer, mechanical recycling is the better method for 
recycling [22]. 
 

The process usually consists of contaminants removal, grinding or conversion into flakes and 
pellets, washing, drying and melting [22, 23]. 
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1.6.2 Chemical recycling 

The other recycling method, chemical or feedstock recycling can be used with mechanical 
recycling as a complementation [6, 22]. 
 
In this procedure the polymers are chemically converted to monomers through a chemical 
reaction. These monomers then can be used for new polymerizations to reproduce the original 
or a related polymeric product [19, 22, 24].  
 

Chemical recycling is a burdensome method that needs a lot of investment and expert 
personnel; so it is not developed completely yet and only a few companies work on it [22]. 
Some chemical reactions used for decomposition of polymers into monomers are: [6, 19, 22, 
25, 26] 

 
• Glycolysis 
• Pyrolysis  
• Ammonolysis  
• Hydrogenation 
• Hydrolysis 
• Gasification 
• Cracking  
• Methanolysis 

 
2. Review of the literature 
 
In 2008 Nguyen Tri Phuong et al., worked on polypropylene recycling process aiming to find 
the effect of recycling process on the mechanical, rheological and thermal characterizations 
for pure polypropylene. They also studied the behavior of polypropylene degradation by the 
help of a twin screw extruder to be able to make the polymer reinforced and ready for new 
applications [27].  
 
Thermal properties of the samples had been measured by differential scanning calorimetry 
and the used polypropylene was supplied by Total Petrochemicals1 [27].  
 
In recycling process, a twin screw extruder has been used in two temperature ranges, one in 
low temperature 175-190oC and the other in high temperature 195-230oC. The two processing 
temperature ranges, are shown in Table 1. Injection molding was then applied for the recycled 
materials [27]. 
 

      Table 1. Configuration of the screw and the barrel temperature profile for recycling process at low     

      temperature and high temperature [27]. 

190oC 190oC 190oC 190oC 190oC 185oC 175oC The low temperature profile 
230oC 230oC 230oC 230oC 230oC 225oC 195oC The high temperature profile 

 
The tensile was done regarding to ISO 527-2 for mechanical testing.  
For DSC analyzing 5mg samples tested with a steady heating and cooling rate (10oC/min) and 
the initial and ending temperature were 15oC and 200oC respectively and the purge gas was 
nitrogen with 30ml/min flow [27]. 

                                                
1 http://www.totalpetrochemicals.com/ 
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The scanning range for FT-IR was 400-4000 cm-1 .In the range of 1500-1800cm-1 no 
carbonyl peak has been found that means no oxidative degradation has been occurred during 
the extruding process [27]. 
 
Tri Phuong et al. concluded that the structure and the characterizations of polypropylene are 
so influenced by the extrusion condition and the temperature of recycling. And the recycled 
polypropylene did not only have the same properties of the virgin polypropylene, it was even 
worst! They also offered some reinforcement to improve the properties or in some cases  to 
make a better  recycled materials   than the virgin material [27]. 
 
Dietrich Braun and Stefan Kömmerling used a suspension-PVC as a sample to find the 
thermal degradation of it by differential scanning calorimetry (DSC). Glass transition 
temperature (Tg) has been increased by more degradation because of cross linking. In this 
work blends of PVC and other polymers also have been tested for the thermal degradation, 
but they are out of the scope of our study [28]. 
 
DSC calibration has been done by indium reference. The samples used in the work were all 
about 10 mg, the heating rate was 10oC/min, the ending temperature was 200oC and the used 
purge gas was nitrogen. After holding the sample for 10 min in the same temperature (200oC), 
the sample has been cooled to the room temperature [28].  
 
Thermal degradation of both stabilized and unstabilized PVC has been studied in the work by 
using DSC and annealing the samples at 200oC for 200 min [28]. Figure 1 shows the diagram 
of Tg vs. annealing time for both stabilized and unstabilized PVC at 200oC. 
 

 
Figure 1. Dependence of Tg on annealing time at 200

o
C.  

o:unstabilized PVC, x:stabilized PVC[28]. 

 
As the curves show, Tg of unstabilized samples increases with the time meanwhile for the 
stabilized samples Tg has a lower initial value because of the existence of stabilizer. As the 
time gores by during the annealing this value increases rather fast. Totally Tg in unstabilized 
samples is higher than stabilized samples [28]. 
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Regarding the work of Dietrich Braun (2002) on the recycling of PVC, PVC needs more heat 
stabilizer during the recycling process to be protected against dehydrochlorination. 
PVC is not so resistant to UV and temperature (rather low temperature, about 100oC), so these 
two factors have the most important role in decomposition of PVC. Figure 2 shows the 
reaction [19]. 
 

 
Figure 2. Scheme of dehydrochlorination of PVC[19]. 

 

To study the amount of HCl which will be produced by influence of heat, a method with a 
good reproducibility, high accuracy and a low detection limit is needed [19]. One instrument 
with these conditions is shown in Figure 3.  
 

 
Figure 3. PVC degradation measuring apparatus. (a) Rotameter, 

(b) degradation vessel with PVC sample, (c) thermostat, (d) conductivity cell, (e) conductivity meter, (f) 

computer[19]. 

 
Around 0.1g samples were located in the degradation vessel in isothermal condition (~ 
180oC). The produced HCl gas then carried by air or nitrogen to the conductivity cell which 
was filled with distilled water. HCl measurement was done continuously by the 
conductometer [19]. A typical curve of results is shown in Figure 4. 
 

 
Figure 4. Schematic degradation curve of stabilized PVC.[19] 

 



6 
 

Where ti is the induction time in which no HCl is produced yet while the stabilizer id 
degrading. The rise in the curve after ti is due to HCl production. The parameter (ti) is very 
important as informs us about the stability of the PVC and if more stabilizer is required to be 
added during the recycling process or not[19]. 
Gonzalez et al. 2005, worked on pure PVC and studied the thermal stability with the help of 
high resolution thermogravimetry. Five samples, different in their polymerization 
temperature, were selected to undergo thermal degradation to find the effect of PVC 
microstructure on it. A high resolution method would be able to distinguish between two 
weight loss steps in dehydrochlorination [29]. 
 
As thermogravimetry analysis show, PVC undergoes a two-step thermal degradation, the first 
one, dehydrochlorination, is HCl release which is followed by polyene chain formation 
(condensation and fragmentation step). Heating rate and sample mass will influence on the 
start of degradation, but these factors will not affect the numbers of steps [29]. 
 
In this work the five samples were tested by TGA and the purge gas was nitrogen with the 
flow of 75ml/min. The procedure started from room temperature till. According to the results 
dehydrochlorination happened between 200oC and 350oC [29]. 

 

3. Experiments 

 

3.1.  Goal and strategy 

As there are two types of recycling, primary2 and secondary3 [30], so it is preferred the 
materials be  recycled in primary process. This leads the producers to use the recycled 
polymer in the applications same as virgin polymers, and there would be no force to use them 
to produce a lower quality product. 
 
As a reason the main goal of this study is investigating of the recycling process for the 
polymers that done in the supplying companies and to compare the quality of virgin and 
recycled polymers. To achieve the goal the mechanical and thermal properties and the 
chemical structure of the virgin and recycled polymers had to be compared. 
 
To compare the thermal properties TGA was used, to find out decomposition temperatures 
and types of fillers. DSC was used to compare the time which PE and PP will resist against 
temperature and to compare Tg that is related to amount of stabilizer in the PVC. 
 
To investigate the mechanical properties tensile testing was used to be able to compare the 
tensile strength at yield. 
 
To study the chemical structure of the materials, FT-IR was the best device shows the 
materials functional groups. 
 
To find out more about the thermal properties of PVC, a supplementary test called thermal 
stability was done. 
 

                                                
2 The material is converted back into same or similar quality product. 
3 The material is reprocessed into a product of lower quality. 
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DSC is some how related to TGA because the ending temperature for standard ramp method 
in DSC is indentified from the first onset , shows the start of degradation in the material, in 
TGA, so doing DSC testes had to be conducted after TGA. 
 
To do tensile testing some kinds of specimens showed in Figure 5 had to be available. These 
specimens can be produced by injection molding. Therefore injection molding is not a test but 
it is a process to prepare samples for tensile testing. 
 
 

 
Figure 5. Typical tensile testing specimen [31] 

 

3.2.  Waste type 

 

Polymers tested in this thesis work were both virgin and recycled taken from three different 
plastic processing companies. Polymer recycling process has been done in supplying 
companies, so is not included in this work. The samples were categorized as two PE (high 
density) samples produced with about 2% carbon black to be resistant against UV [32] and 
two PP samples from Uponor4, two other PE (high density) samples polymerized in gas 
phase with hexane as co-monomer [33] and two polyacrylonitrile-styrene-
acryloelastomer (polyASA) samples from Primo5 and the other eight samples were PVC with 
mineral fillers (Table 3) from Nexans6. These polymers have different functions. PE and PP 
are used in pipe industry; Other PE, from Primo, has application in packaging of motor oil, 
powder and non-tensioactive liquids, polyASA is used in telecom industry and PVC is used 
for cable industry. 
 
All the recycled materials were produced form post-industrial recycling, a process which 
includes production wastes polymers [34]. The material codes, sample numbers, company 
name, polymer type and the applications are listed in Table 2. In all cases V stands for virgin 
material and R stands for recycled one. 
 
            Table 2. Sample numbers, codes and applications 

Sample 

No. 

Company 

Code 

Company 

Name 
Polymer Type Application 

1 V-PEHD Uponor high density PE 
Water pressure pipe 

2 R-PEHD Uponor high density PE 
3 V-PP Uponor PP Underground sewage 

draining pipe 4 R-PP Uponor PP 
5 V-Primo 1 Primo polyASA Telecom industry 

 6 R-Primo-1 Primo polyASA 
 

                                                
4 http://www.uponor.com 
5 http://www.primo.se 
6 http://www.nexans.se 
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            Table 3 (continue).Sample numbers, codes and applications 

7 V-Primo-2 Primo high density PE Packaging of motor 
oil, powder and non-
tensioactive liquids 8 R-Primo-2 Primo high density PE 

9 V-H-49 Nexans PVC 
Cable jacketing 

10 R-H-49 Nexans PVC 
11 V-H-51 Nexans PVC Telecommunication 

jacketing and Power 
cable 12 R-H-51 Nexans PVC 

13 V-H-75 Nexans PVC Energy cables 
jacketing 14 R-H-75 Nexans PVC 

15 V-F-100 Nexans PVC 
Power cable filling 

16 R-F-100 Nexans PVC 
 

          Table 4. Fillers and plasticizers for PVC samples 

S. 

No 

Company 

Code 

Fillers Plasticizer 

9 V-H-49 
calcium carbonate CaCO3 

phthalate 
10 R-H-49 
11 V-H-51 

calcium carbonate CaCO3 
phthalate 

12 R-H-51 
13 V-H-75 aluminum trihydroxide Al(OH)3, calcium 

carbonate CaCO3, antimony trioxide SbO3, 
titanium dioxide TiO2 

phthalate 

14 R-H-75 
15 V-F-100 

calcium carbonate CaCO3 
phthalate 

16 R-F-100 
 

3.3.  Production and recycling methods 

 

There was an opportunity to visit the production site in Uponor. Uponor Industrial 
Applications is a department of Uponor, one of the world's largest manufacturers of plastic 
pipe. The produced pipes have various applications such as pressure water, double wall pipes 
for house drainage, insulating pipes for cables and underground pipes for sewage draining. 
They also produce some septic tanks for sewage storage. 
 
The high density PE produced according to En 12201 is used for water pressure pipe 
producing. The other material (PP) applied for underground sewage draining pipe is produced 
according to En 14758 standard [35]. 
 
Production wastes are re-grinded into small parts with a big grinder machine. PE wastes are 
just re-grinded but PP wastes will be combined with 1% color master batch and re-
compounded. In both cases there is neither copolymer nor additive blended with the recycled 
granules, therefore they are considered as pure PE and PP [35]. 
 
In two other companies recycling is done first by regrinding the wastes and then 
recompounding them [33, 36]. 
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3.4.  Sample preparation 

 

In this work sample granules were turned into thin film by a BUCHER - GUYER press unit 
consists of two flat steel plates in which the samples could be heated to the desired 
temperature. About 3-5 grams of granule-shaped material was located between two aluminum 
foils of the press unit. The forming pressure range was 20 weight ton. Two steel plates were 
heated up to 175°C or 200°C depends on the polymer type. Samples were just heated for one 
minute followed by another minute of both heating and applying pressure. Then the freshly 
made films were located between two cold steel plates to cool down under pressure while it is 
still covered will aluminum foils. This pressure applied to keep film flat during the cooling 
process. 
 
PE samples (from Uponor) were pressed in 175oC [37], but this temperature was not enough 
for the PP samples. So the temperature was raised to 180oC, but it still was not enough. 
Therefore, finally they were pressed in 183oC. 
 
For poly ASA and PE (from Primo) 186oC [37] was applied and a good quality film was 
obtained. Although the datasheet for PE [59] indicates the melting point as 135oC, the 
previous processing for PE (from Uponor) showed that temperature below 175oC was too 
low. 
 
The pressing procedure, for PVCs, was done in 186oC [37], and in 200oC for  R-H-51 and R-
F-100 . Other related data are demonstrated in Table 4. 
 
    Table 5. Pressing conditions 

S. No Code Material 
First 

Minute 

Second 

Minute 
Comments 

1 V-PEHD HDPE T=175°C T=175°C 
+ P=20ton 

NO 

2 R-PEHD HDPE T=175°C T=175°C 
+ P=20ton 

NO 

3 V-PP PP T=183°C 
T=183°C 
+ P=20ton 

175°C & 180°C were tried , 
but the made film was not 

satisfying 

4 R-PP PP T=183°C 
T=183°C 
+ P=20ton 

175°C was tried , but the 
made film was not 

satisfying 

5 V-Primo-1 polyASA T=186°C 
T=186°C 
+ P=20ton 

NO 

6 R-Primo-1 polyASA T=186°C 
T=186°C 
+ P=20ton 

NO 

7 V-Primo-2 HDPE T=186°C 
T=186°C 
+ P=20ton 

NO 

8 R-Primo-2 HDPE T=186°C 
T=186°C 
+ P=20ton 

NO 

9 V-H-49 PVC T=186°C 
T=186°C 
+ P=20ton 

NO 

10 R-H-49 PVC T=186°C 
T=186°C 
+ P=20ton 

NO 
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    Table 6 (continue). Pressing conditions 

11 V-H-51 PVC T=186°C T=186°C + 
P=20ton 

NO 

12 R-H-51 PVC T=200°C 
T=200°C + 

P=20ton 

186°C was not enough 
and sample not melted, 

just pressed! 

13 V-H-75 PVC T=186°C 
T=186°C + 

P=20ton 
NO 

14 R-H-75 PVC T=186°C 
T=186°C + 

P=20ton 
NO 

15 V-F-100 PVC T=186°C 
T=186°C + 

P=20ton 
NO 

16 R-F-100 PVC T=200°C 
T=200°C + 

P=20ton 

186°C was not enough 
and sample not melted, 

just pressed! 
 
3.5.      FT-IR 

 

Both virgin and recycled samples were tested with Thermo Electron Corp., NICOLET 6700 
FT-IR7 ; scanning from 400cm-1 to 4000cm-1 for 2 to 4 times depending on the differences in 
observed peaks and the most similar two curves had been considered for analyzing. The 
characteristic peaks for each material can be used for the identification of the polymer type. 
There are four types of polymers in this study; high density polyethylene, polypropylene, 
polyASA and PVC. For PE and PP all the peaks are related to C–H bonds. For polyASA the 
important peaks are related to aromatic C–H and aliphatic C–H, also C–C in ring and C≡N. 
For PVC the typical peaks are related to CH3, CH2, CH2–Cl, C=O, C–O and aromatic bands 
(for phthalate as plasticizer), calcium carbonate (as filler) and C=C for the degraded samples 
[37-39]. Table 5 shows all the functional groups which are related to analysis of FT-IR curves 
in this study.  
 

     Table 7. Typical peaks 

Bond Wavelength Bond Wavelength Bond Wavelength 

C−H stretch         
(PE, PP, 

poly ASA) 

3000 - 2850 C–C stretch 
(in–ring) 

(polyASA) 

1400 - 1600 CH2−Cl 1428 

R−C−H 
bend        

(PE, PP) 

1480 - 1350 C−H bend 
(polyASA) 

1350 - 1470 C−O 
(phthalate, 

PVC) 

1286 - 1124 

C−H stretch       
(PE, PP) 

725 - 720 CH3 (PVC) 2953 phthalate 
aromatic 

bands (PVC) 

745 - 1040 

C−H stretch 
aromatic 

(polyASA) 

3100 - 3000 CH2 (PVC) 2925 C=C 
(degraded 

PVC) 

1650 

C≡N 
(polyASA) 

2260 - 2220 C=O 
(phthalate, 

PVC) 

1725 calcium 
carbonate 

(PVC) 

1430 

                                                
7 http://www.thermo.com 
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Figure 6 shows a typical FT-IR curve related to calcium carbonate which is the filler in 
sample 9-16. Figure I- IV in Appendix 2 show the reference curves which are found in the 
library of software and Figure V- VIII in Appendix 2 show the curves related to samples 
containing both virgin and recycle material. 
 

 
Figure 6. calcium carbonat FT-IR curve 

 
3.6.      TGA 

 
A thermogravimetric analyzer was used to find the changes in weight related to changes in 
temperature (thermal stability), residues percentage, numbers of existing components in the 
polymer, and the percentage of inorganics if they exist in the sample. To find the exact point 
at which weight loss is most apparent, it was better to use the derivative curve. 
 
The method used in this work is a high resolution dynamic method with resolution number 4 
since the accuracy is higher than standard ramps. The initial purge gas was nitrogen with flow 
90 ml/min for sample and 10 ml/min for balance, but at 600oC the instrument was switched to 
oxygen purge gas with a flow of 90 ml/min. 
 
Switching to oxygen at 600oC was due to the existence of CaCO3 in the samples. As PVC 
samples have CaCO3 as filler and the range of calcium carbonate decomposition is around 
680oC - 875oC [40], oxygen was applied in order to be able to see the stage of calcium 
carbonate decomposition. Calcium carbonate decomposition reaction in presence of oxygen is 
CaCO3� CaO + CO2 
 
Figure 7 shows a typical TGA thermogram for polymers with CaCO3 as filler, but without 
calcium carbonate decomposition stage. 
 
As the samples were plastics and the main element was carbon, the TGA pan was burned for 
3-4 minutes before each run to be sure it is not contaminated with any kind of carbonic 
compound. 
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Figure 7. Schematic TGA curve for a polymer with calcium Carbonate as filler [41]. 

 
 
The method parameters are as below: 
 
-Ramp to 600oC with 50oC/min heating rate 
-Switch to gas 2 (oxygen) 
-Isothermal for 2 minutes 
-Raise temperature to 1000oC 
 
All the organic materials usually burn until 550oC and all the PVC samples had calcium 
carbonate as filler and this compound decomposed in range of 680oC-875oC so the ending 
temperature had to be at least 875oC, but 1000oC was chosen to be sure the pan was 
completely free of organics or fillers [37, 40]. 
 

 
Figure 8. A typical TGA cure which shows weight changes in each step [42]. 
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The used instrument was a TGA Q500, TA instruments8, the used pan was made of platinum. 
For every sample, two TGA runs were done and the average of these two was used for 
comparison of virgin material and the recycled one. Figure 8 shows weight changes in each 
step. Some TGA thermograms are shown in Figures IX, X in Appendix 2. 
 
3.7.      DSC 

 
Differential scanning calorimetry was found to be the most appropriate method for 
determination of oxidative stability and glass transition temperature (Tg) where glass 
transitions may occur as an amorphous solid, such as PVC, due to changes in heat capacity 
when the temperature is increasing. For crystalline polymers such as PE and PP Tg is not 
applicable.  
 
As PE and PP are degraded gradually by oxygen absorption and the presence of an stabilizer 
is needed as an antioxidant [43], OIT (oxygen induction time) method  was run to compare 
the virgin and recycled PE and PP. OIT measures the time a sample takes to be oxidized in 
isothermal condition and in an oxidizing atmosphere and shows how long a sample can resist 
against oxidation. Sufficient stabilizer makes the sample resistant to oxygen. So OIT used to 
investigate the amount of stabilizer in material composition.  
 
The purge gas for all samples was nitrogen with flow 50ml/min and in OIT method the 
instrument switched to the oxygen after reaching the ending temperature. The flow of oxygen 
was the same.  
 
After changing the purge gas from nitrogen to oxygen an exothermic peak due to oxidation 
will appear. Induction time must be measured from the point that the purge gas has changed 
[43]. Figure 9, shows the induction time in a schematic diagram [44]. 
 
The higher OIT values, the better performance of material. OIT test can be used for many 
applications, one of them is tubes and pipes, as one of PE materials in this work are used these 
application [45]. 
 
 

 
Figure 9. Schematic diagram for the determination of OIT as the time[44]. 

                                                
8 http://www.tainstruments.com 
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The method steps were the following: 
 
-To equilibrate the temperature at 50oC 
-To heat the sample under a nitrogen purge from 50oC to 190oC at the rate of 20oC /min  
-To hold the sample under the nitrogen purge at 190oC for a 3 min to let the sample and DSC 
cell to thermally equilibrate at the end temperature 
-To select gas 2 (oxygen) 
- Hold the sample under the oxygen purge at 190oC for a 50 min [37, 45]. 
 
For each sample the method was run twice with ending temperatures 190oC and 220oC. For 
heating up to 190oC no exothermic peak appeared, and then the temperature increased to 
220oC. For PVC and polyASA just the simple ramp was applied two or three times for each. 
And just more similar two runs were considered for analyzing.  
 
Heating program started at -30oC or -50oC but the ending temperature differ based on data 
from TGA thermograms and Tg for virgin and recycled polymers were obtained. More 
stabilized polymer shows a higher Tg. So by comparing the Tg in virgin and recycled 
materials the amount of the stabilizer in recycled polymer was determined to be enough or 
not. Figure 10 shows a typical DSC curve. 
 

 
Figure 10. Schematic DSC curve[46]. 

 
Samples’ weights were about 9-18 mg. Q2000 differential scanning calorimeter; TA 
instruments and aluminum pans were used in this work. 
Table XI in Appendix 1 shows the weight, starting temperature and ending temperature.  
 
3.8.      Thermal stability 

 
To find the heat stability of PVC, this test can be done according to ISO 182-2. In this test, 
about 2g of PVC sample will be heated in an oil bath with temperature of 200oC. In this 
process PVC resist the heat, but when the stabilizer in the sample was totally removed, PVC 
started to degrade. Then HCl was produced which was led through a NaCl solution with pH 6. 
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A pH meter was used as a detective device for measuring the produced HCl. The test was 
ended when the solution pH becomes 3.8.  
 
This test was done as a supplementary method for virgin and recycled samples (V-F-100 and 
R-F-100) as they showed more differences in TGA and DSC curves in comparison to the 
other PVC samples. Figure XIII in Appendix 2 shows the graph for R-F-100. 
 
 

 
Figure 11. Thermal stability apparatus [47]. 

 
Figure 11 shows the apparatus and the items which are listed below [47]: 
 
1-Nitrogen cylinder 9-Thermometer 
2-Purification train 10-Silicon oil 
3-Ball flow meter 11-Magnetic stirrer 
4-Electronic temperature controller 12-Absorbing solution (NaCl) 
5-Temperature sensor 13-Measuring electrode 
6-Heating bath 14-pH meter 
7-PVC test portion 15-Recorder 
8-Dehydrochlorination cell 
 

 

3.9.      Injection molding 

 

To be able to compare some mechanical properties such as tensile modulus and tensile stress 
for the virgin and the recycled polymers, some specimens were made by injection moulding 
with DSM Xplore 15 ml micro-compounder9. 
 
To do the injection moulding, 2 samples (one virgin and one recycled) of each type of 
polymer have been selected and 5-6 specimens of each sample have been made. Melt 
temperature and mould temperature have been set according to the polymer type and the 
datasheets [32, 37, 48, 49]. In the cases when the force was more than 7000N and caused the 
machine to shut down, the temperature was increased to the desired temperature. The rpm was 
initially set to 50, but in some cases that the force was less than 5000N, the rpm was 
increased. 
 

                                                
9 http://www.xplore-together.com 
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For all samples pressure was set to 8 bars and the residence time was 3 minutes. All the data 
are summarised in Table 6. 
 
            Table 8. Injection molding 

S. No Code 

Melt 

Temp. 

Mold 

Temp. RPM 

Proc. 

Times Comment 

1 V-PEHD 205°C 75°C 50 

5 sec 
10 sec 
20 sec 

2 R-PEHD 205°C 75°C 50 

5 sec 
10 sec 
10 sec 

3 V-PP 210°C 75°C 50 

5 sec    
5 sec 

10 sec 

4 R-PP 210°C 75°C 
50   
70 

5 sec    
5 sec 

10 sec 
With RPM 50 the 
force was so low 

6 V-Primo-2 
190°C 
195°C 80°C 50 

5 sec 
10 sec 
10 sec 

Melt T 190°C 
increase the force 
more than 7000 N 

8 R-Primo-2 195°C 80°C 50 

5 sec 
10 sec 
10 sec 

12 V-F-100 

200°C 
190°C 
186°C 60°C 60 

5 sec    
5 sec 

10 sec 

T 200°C, 190°C 
were so high and the 

force was so low 

16 R-F-100 186°C 60°C 50 

5 sec    
5 sec 

10 sec 
pressure: 8bar, residence time: 3min 

 
3.10.    Tensile test 

 
All the tensile tests were done by a Tinius-Olsen10 H10K with 5000N load cell. 
As the specimens were so short (about 75mm) that the extensometer had to be removed and 
the test had to be done without it. 
 
Specifications of the specimens were as below: 
 
Whole length: 75mm 
Thickness: 2mm 
Neck length: 30mm 
Neck width: 4mm 
 
According to the datasheets, most of the materials had been tested according to ISO 572-2 
method. Thus all the materials were tested according to this method. 
 

                                                
10 http://www.tiniusolsen.com/ 
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For samples number 1-4 (PE and PP from Uponor) the tensile stress at yield was measured at 
50mm/min speed.  
 
For samples number 7 and 8 (PE from Primo) tensile strength at yield was measured 
according to ISO 572-2 with no changes. 
For samples number 15 and 16 the company has used method IEC 60811-1-1 to measure the 
tensile strength and elongation at break, but in this work the previous method ISO 527-2 was 
applied.  

4. Results and discussion 

 
In Tables I- V in Appendix 1, it can be seen that the FT-IR spectra show the chemical 
structure related to high density polyethylene (samples No.1 and No.2) and polypropylene 
(samples No.3 and No.4) are very similar in both virgin and recycled sample. This means the 
recycling process has miner effect to the structure of the material. This conclusion is 
applicable for samples No.7 and No.8, too. 
 
Decrease of the absorbance for 2 peaks around 1370cm-1 (related to C-H bend) and around 
3060cm-1 (related to C-H aromatic) and increase in the absorbance of carbonyl peak around 
1725cm-1 in polyASA (samples No.5 and No.6) show that the recycled material is more 
degraded rather than the virgin one, as more C-H bonds converted to C=O during the 
recycling process.  
 
For the PVC samples the same degradation was found just for samples No.15 and No.16. 
Absorbance of the peak around 2920cm-1 (related to CH2) is decreased and the absorbance of 
carbonyl peak is increased. But for the other PVC samples the chemical structure for the 
virgin and recycled materials are similar, as there is no difference in the important peaks and 
their strength. 
 
All samples, stages information, onsets temperature, weight parentages and average values for 
TGA are listed in Tables VI- X in Appendix 1. 
  
Results show the onset temperatures, the weight loss and the weight of residues are similar for 
both virgin and recycled PE samples, polyASA and PP. The only difference is related to 
weight of residues for virgin PP and recycled PP. Weight of residue in recycled PP is larger 
than the virgin PP that may be because of the 1% master batch colour which was added during 
the recycling process [35]. 
 
For the PVC samples the obtained results for all the virgin and recycled samples are similar, 
except samples No.15 and sample No.16 the differences in these results leads the thermal 
stability test to be done as a supplementary experiment. This will be explained later. 
In TGA thermograms for PVC there are 5 onsets related to plasticizer (phthalate), HCl 
releasing, polyene chain degradation and filler (CaCO3). 
 
The first onset is the maximum peak temperature between 240oC- 250oC. This is related to the 
phthalate [50]. Existence of phthalate is verified by the FT-IR (peaks between 745cm-1- 
1040cm-1). Second onset which is in the range of 270oC- 300oC is related to HCl release and 
polyene chain producing. The third and the fourth onsets are related to breaking of polyene 
chain which is started around 460oC- 470oC [51]. 
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The last onset is related to decomposition of CaCO3 that is in the range of 680oC-580oC. 
Although this temperature range is different compared to the temperatures mentioned in the 
articles, but as it is the last onset and the temperature is near the mentioned range it can be 
related to the CaCO3 decomposition [52]. 
 
The results for thermal stability test (heat resisting time) in Table 7 show that virgin samples 
have a better thermal stability than the recycled samples.  
The difference between the times is because of stabilizer amount in the material. The more 
stabilizer in the PVC, the more heat resistance and thermal satiability. 
 
In accordance with the results acquired from TGA and thermal stability, it is clear the both 
experiments confirmed each other and it shows the recycled sample (No.16) has not the same 
thermal properties as the virgin sample (No.15).  
                                                 

                                             Table 9. Thermal stability of samples 15, 16 

Thermal Stability (min) 

Sample Run 1 Run 2 Average 

S.No 15 220 202 211 
S.No 16 116.5 130 123.25 

 
The results obtained from DSC are divided in 2 sections, one is oxygen induction time for PE 
and PP and the other is Tg for polyASA and PVC. Tables 8-11 show the results. 
As clarified in Table 8 and 9, all the induction times for virgin samples are more than the 
induction times for the recycled ones. 
 
Although the time for V-PEHD (No.1) is matched with the datasheet [32], but the time for R-
PEHD (No.2) is obviously decreased. It means either the stabilizer added during the recycling 
process is not enough or the material has been degraded during the recycling process. The 
same conclusion is also applicable for samples No.3, No.4, No.7 and No.8. 
 
                                           Table 10. Oxygen induction time for samples 1-4 

  

Sample 

Induction time (min) 

Run 2 

S.No 1 V-PEHD  23.51 
S.No 2 R-PEHD  16.28 
S.No 3 V-PP  10.39 
S.No 4 R-PP  5.43 

 
                                           Table 11. Oxygen induction time for samples 7, 8 

  

Sample 

Induction time (min) 

Run 2 

S.No 7 V-Primo-2 6.13 
S.No 8 R-Primo-2 4.08 

 
According to the work by Braun and Kömmerling [28], Tg is increased by increasing 
degradation level. It means to compare two PVC samples; Tg for the one that is more 
degraded (or has less stabilizer) is higher than the Tg for the other sample.  
 
The average results in Tables 10, 11 show all the samples have the similar Tg except the 
samples No.15 and No.16. 
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The difference in results for samples No.15 and No.16 which is shown in all the experiments 
is also observable in DSC.      
                   
 

                        Table 12. Tg for samples 5, 6 

  

Sample 

Glass Transition Temperature, Tg (°C) 

Run 1 Run 2 Average 

S. No 5 V-Primo-1 99.85 104.39 102.12 
S. No 6 R-Primo-1 103.68 103.24 103.46 

                                                 

                        Table 13. Tg for samples 9-16 

Glass Transition Temperature, Tg (°C) 

Sample Run 1 Run 2 Average 

S. No 9 V-H-49 43.20 53.36 48.28 
S. No 10 R-H-49 44.29 52.15 48.22 
S. No 11 V-H-51 41.88 52.13 47.01 
S. No 12 R-H-51 43.36 52.35 47.86 
S. No 13 V-H-75 45.52 52.40 49.13 
S. No 14 R-H-75 44.54 53.90 49.22 
S. No 15 V-F-100 44.52 55.13 49.83 
S. No 16 R-F-100 52.81 53.99 53.40 

 
Last results are related to tensile test, Table 12. For PE and PP from Uponor obtained values 
are similar to the value mentioned in datasheet, but for PE from Primo and for PVC the values 
are different. But if the values in datasheet are not considered, the average values for each pair 
of virgin and recycles samples are similar except No.15 and No.16.  
 
Despite the values are not same as data sheet, the similarity in the results indicates the 
recycled materials have the same mechanical properties as the virgins. 
 
                 Table 14. Tensile at yield for samples 1, 2 

S. No Product 
Average Tensile 

strength MPa 

Value in 

Datasheet 
Standard 

1 V-PEHD 23.37 
25 ISO 527-2, 

Speed 
50mm/min 

2 R-PEHD 19.79 
3 V-PP 35.24 

31 
4 R-PP 33.08 
7 V-Primo-2 38.34 

28 
ISO 527-2 , 

Speed 1mm/min 
8 R-Primo-2 35.73 

15 V-F-100 5.55 
<4 

16 R-F-100 9.38 
 

5. Conclusion and recommendation 

 
By taking all the results into account, recycling process for 3 pairs of PVC is done well as the 
thermal and mechanical properties and chemical structure for virgin and recycled material are 
similar. But the other pair (No.15 and No.16) there are many differences in all the properties 
and also the chemical structures which show the amount stabilizer added during the recycling 
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process was not sufficient, as in FT-IR the carbonyl peak in recycled samples in stronger than 
in the virgin sample. In DSC Tg for recycled one is higher that Tg for virgin. In tensile test the 
value had to be less than 4MPa but the results showed 5.55MPa for virgin and 9.38MPa for 
recycled, which means the recycled sample has a tensile strength very different as both virgin 
and value in datasheet. 
 
For PE samples and PP samples, mechanical properties and chemical structures were 
preserved during the recycling process, but OIT test show the stabilizer in the recycled 
samples was less. 
 
About polyASA, although thermal and mechanical properties are similar, but FT-IR show 
more degradation in the recycled one. Because the carbonyl peak is more strong while the C-
H peaks are weaker.  
 
Totally it seems the amount of stabilizer added during the recycling process was not sufficient 
which results the recycles samples to be not same as the virgins. It is strongly recommended 
adding more stabilizers to make recycled polymers more usable in their previous applications. 
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Appendix 1.Tables 

 

1. FT-IR tables 

 
          Table.App. I. FT-IR peaks for samples 1, 2 (high density polyethylene) 

V-PEHD, S. No 1 
Wave number, cm-1 717 1471 2846 2912 
Absorbance W W M M 

R-PEHD, S. No 2 
Wave number, cm-1 717 1471 2846 2913 
Absorbance W W M M 

 
                                

 

         Table.App. II. FT-IR peaks for samples 3, 4 (polypropylene) 

V-PP, S. No 3 
Wave number, cm-1 840 1451 2900 
Absorbance M S S 

R-PP, S. No 4 
Wave number, cm-1 840 1453 2900 
Absorbance M S S 

 
       

 

          Table.App. III. FT-IR peaks for samples 5, 6 (poly ASA) 

V-Primo-1,          
S. No 5 

Wave number, 
cm-1 1374 1444 1725 2236 2900 3020 3061 
Absorbance M S M S S S S 

R-Primo-1,          
S. No 6 

Wave number, 
cm-1 1373 1448 1725 2236 2900 3020 3058 
Absorbance W S S S S S M 

 
                  

 

          Table.App. IV. FT-IR peaks for samples 7, 8 (high density polyethylene) 

V-Primo-2, S. No 7 
Wave number, cm-1 719 1467 2850 2900 
Absorbance S M S S 

R-Primo-2, S. No 9 
Wave number, cm-1 719 1466 2850 2900 
Absorbance S M S S 
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     Table.App. V. FT-IR peaks for samples 9-16 (PVC) 

V-H-49, S. No 9 

Wave 
number, cm-1 741 1124 1283 1428 1725 2909 2950 
Absorbance M M M S M S S 

R-H-49, S. No 10 

Wave 
number, cm-1 742 1126 1283 1428 1725 2910 2954 
Absorbance M S M S M S S 

V-H-51, S. No 11 

Wave 
number, cm-1 743 1124 1281 1428 1725 2920 2956 
Absorbance M M S S M S S 

R-H-51, S. No 12 

Wave 
number, cm-1 742 1124 1283 1430 1726 2922 2952 
Absorbance M M S S M S S 

V-H-75, S. No 13 

Wave 
number, cm-1 742 1126 1284 1430 1725 2920 2954 
Absorbance M M S S M S S 

R-H-75, S. No 14 

Wave 
number, cm-1 742 1124 1283 1430 1726 2925 2954 
Absorbance M M S S M S S 

V-F-100, S. No 
15 

Wave 
number, cm-1 742 1124 1284 1430 1725 2922 2952 
Absorbance M M M S M S S 

R-F-100, S. No 16 

Wave 
number, cm-1 742 1126 1280 1430 1725 2925 2953 
Absorbance M M M S S M S 
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2. TGA tables 

 
                     Table.App. VI. TGA temperatures and reasuts  for samples 1, 2 (Uponor) 

  
1st Stage 2nd Stage Res. 

Temp.°C Weight% Temp.°C Weight% Weight% 

S. No 1   445.77 97.43 595.23 2.24 0.09 
S. No 2   458.52 96.52 591.03 2.37 0.01 

 
                                       

 

                     Table.App. VII. TGA temperatures and reasuts for samples 3, 4 (Uponor) 

  
1st Stage Res 

Temp.°C Weight% Weight% 

S. No 3   425.59 98.72 0.46 
S. No 4   431.26 97.33 1.44 

 
 
 
                     Table.App. VIII. TGA temperatures and reasuts for samples 5, 6 (Primo) 

  
1st Stage 2nd Stage Res. 

Temp.°C Weight% Temp.°C Weight% Weight% 

S. No 5       387.11 92.73 579.46 2.12 3.22 
S. No 6          386.48 92.57 583.88 2.48 3.65 

 
                                      

 

                     Table.App. IX. TGA temperatures and reasuts for samples 7, 8 (Primo) 

  
1st Stage Res. 

Temp.°C Weight% Weight% 

S. No 7           456.49 99.66 0.00 
S. No 8      446.40 98.98 0.00 
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            Table.App. X. TGA temperatures and reasuts for samples 9-16 (Nexans) 

  
1st Stage 2nd Stage 3rd Stage 

Temp.°C Weight% Temp.°C Weight% Temp.°C Weight% 

S. No 9   238.91 13.44 270.44 39.05 467.21 9.91 
S. No 10  241.48 14.05 272.33 35.09 468.47 9.82 
S. No 11  249.00 23.51 282.42 19.19 310.17 12.25 
S .No 12  257.83 25.91 276.75 14.98 312.07 14.04 
S. No 13  243.32 8.97 268.55 40.39 468.47 9.70 
S. No 14  244.34 9.29 269.81 41.32 466.58 9.67 
S. No 15  265.40 20.23 300.08 6.51 469.73 3.80 
S. No 16  251.52 24.07 278.64 13.04 464.69 6.32 

  4th Stage 5th Stage Res. Weight% 

S. No 9   595.23 5.79 679.74 9.99 18.52 
S. No 10  599.65 5.76 685.42 11.29 18.86 
S. No 11  464.69 9.12 587.03 10.92 18.12 
S. No 12  467.21 8.75 591.45 10.84 18.12 
S. No 13  593.34 8.51 673.44 5.94 17.44 
S. No 14  590.82 6.01 684.15 9.52 18.45 
S. No 15  585.14 3.60 679.11 24.34 37.95 
S. No 16  588.29 5.46 668.39 19.04 28.41 
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3. DSC tables 

 
         Table.App. XI. DSC weights and temperatures 

S. No. Code Run 1 Run 2 Method 

1 V-PEHD 
11,5mg               
50°C-->190°C  

13,8mg               
50°C-->220°C  Oxygen induction time 

2 R-PEHD 
12,0mg               
50°C-->190°C  

10,6mg               
50°C-->220°C  Oxygen induction time 

3 V-PP 
10,0mg               
50C-->190°C  

11,0mg               
50°C-->220°C  Oxygen induction time 

4 R-PP 
11,1mg               
50°C-->190°C  

11,9mg               
50°C-->220°C  Oxygen induction time 

5 V-Primo-1 
11,8mg                       
-30°C--> 300°C  

12,1mg                       
-30°C--> 350°C  Standard ramp 

6 R-Primo-1 
11,8mg                       
-30°C-->350 °C  

13,2mg                       
-30°C-->300 °C  Standard ramp 

7 V-Primo-2 
11,0mg               
50°C-->190°C  

11,0mg               
50°C-->220°C  Oxygen induction time 

8 R-Primo-2 
10,3mg               
50°C-->190°C  

10,0mg               
50°C-->220°C  Oxygen induction time 

9 V-H-49 
13,2mg                     
-50°C-->200°C  

13,4mg                  
-30°C-->230°C  Standard ramp 

10 R-H-49 
19,5mg                       
-50°C-->200°C  

11,2mg                   
-30°C-->240°C  Standard ramp 

11 V-H-51 
15,8mg                        
-50°C-->200°C  

10,8mg                  
-30°C-->220°C  Standard ramp 

12 R-H-51 
11,8mg                        
-50°C-->200°C  

13,5mg                  
-30°C-->220°C  Standard ramp 

13 V-H-75 
17,5mg                       
-50°C-->200°C  

17,4mg                  
-30°C-->240°C  Standard ramp 

14 R-H-75 
17,6mg                        
-50°C-->200°C  

13,7mg                  
-30°C-->230°C  Standard ramp 

15 V-F-100 
17,4mg                       
-50°C-->200°C  

14,2mg                  
-30°C-->230°C  Standard ramp 

16 R-F-100 
13,1mg                           
-30°C-->230°C  

11,2mg               
-30°C-->230°C  Standard ramp 
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Appendix 2.Figures 

 

 
Figure.App. I. Reference FT-IR curve for polyethylene 

 
 
 
 
 
 
 

 
Figure.App. II. Reference FT-IR curve for polypropylene 
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Figure.App. III. Reference FT-IR curve for poly(acrylonitrile:styrene) 

 
 
 
 
 
 
 
 

 
Figure.App. IV. Reference FT-IR curve for PVC 
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Figure.App. V.FT-IR curve for PEHD 

 
 
 
 
 
 
 

 
Figure.App. VI.FT-IR curve for PP 

 



32 
 

 
 

 
Figure.App. VII.FT-IR curve for polyASA 

 
 
 
 
 
 
 

 
Figure.App. VIII.FT-IR curve for PVC 
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Figure.App. IX. TGA curve for high density polyethylene. Both virgin and recycled samples 

 
 
 

 
Figure.App. X. TGA curve forPVC. Both virgin and recycled samples 
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Figure.App. XI. DSC curve (OIT) for high density polyethylene. Both virgin and recycled samples 

 
 
 

 
Figure.App. XII. DSC curve for TGA curve for PVC. Both virgin and recycled samples. Both virgin and 

recycled samples 
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Figure.App. XIII. Thermal stability graph for R-F-100 
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