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Summary 
 

As a result of an increasing world population, increasing prosperity and the 

competitiveness of plastic materials regarding the replacement of other materials, the 

need for plastics has been growing exponentially in the last decades. The majority of 

the plastics used are derived from non-renewable fossil oil sources. In order to fulfill 

the future need for plastics, the plastics consumption should decrease, alternative 

feedstocks should be sought, and/or plastics should be recycled. The latter is the 

subject of this thesis. 

The largest plastics market is packaging and accounts for approx. 40 % of the 

total plastics production. Packaging materials are short-lived and are usually discarded 

within one year, in contrast to plastics used in e.g. automotive applications. The 

recycling of plastic packaging waste is therefore essential for a sustainable society. 

However, most of the plastic packaging waste is generated by consumers and will have 

to be recovered to allow for recycling. The so-called post-consumer plastic packaging 

waste is an extremely complex waste stream and consists of a potpourri of plastic 

products, types, and grades, all in contact with a different product, of which residuals 

may still adhere to the plastic. These product residues act as contaminants and limit 

further applicability of waste plastics in recycled products.  

Recycling of post-consumer plastic packaging waste is conducted in three 

steps: collection, sorting, and reprocessing. In the latter step bales of sorted plastic 

packages are converted in washed milled goods. These washed milled goods are 

compounded with other polymers, colorants and, potentially, compatiblizers to 

extruded recyclates, which in turn are sold to or directly used by plastic converters. 

The objective of this research is twofold: 1) to identify typical contaminants 

in sorted plastic packaging waste and 2) to investigate their influence on each 

individual step of the reprocessing chain. Moreover, adjustments of the process 

parameters are done to improve the mechanical properties of the recyclate, making it 

suitable for use in more demanding applications.  
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This thesis addresses the reprocessing chain of plastic packaging waste. The 

results obtained for waste materials are compared to model systems of virgin 

materials. This thesis strongly focuses on one of the main constituents of the plastic 

packaging waste stream, isotactic poly(propylene) (i-PP), which is a versatile polymer 

that is used in diverse applications.  

The first two steps of the recycling chain (collection and sorting) have a large 

impact on the yield of the overall chain and the quality in terms of contaminants 

present. Different post-consumer waste streams were collected at industrial sorting 

facilities and characterized for their composition and properties. The compositional 

analysis was performed after melt blending via differences in thermal and 

spectroscopic behavior, based on calibration lines of virgin polyolefin blends. It was 

observed that the contamination of sorted plastic packaging waste is mainly polymeric 

and in the order of 5 - 10 wt %, depending on the type of sorted plastic waste. 

Differential scanning calorimetry (DSC) and Fourier transform infrared (FT-IR) 

spectroscopy can be used to semi-quantitatively describe the composition of sorted 

polyolefin waste streams. Differences in sorting techniques tend to influence the 

purity and the mechanical properties of the sorted waste stream, although the latter 

was not evident for post-consumer i-PP samples that displayed undesired brittleness. 

The main polymeric contaminant in waste i-PP is poly(ethylene) (PE). PE and 

i-PP form an immiscible blend, which results in a typical matrix-droplet morphology 

for recyclates. Improved and finer dispersion of the minority phase was established by 

means of single- and twin-screw extrusion and the use of a static mixer during 

reprocessing. High-shear processes break up the PE droplets more efficiently, which 

reduce the inter-particle distance and delocalize the stress upon loading the material. 

As a result, the concomitant mechanical properties improved and a brittle-ductile 

transition was observed for recycled i-PP, while other properties such as crystallinity, 

crystallization temperature and viscoelastic properties were not affected significantly. 

Depending on the polymer processing method, different thermomechanical 

histories are used to solidify the polymer melt. The cooling rate and pressure proved 

to have a large effect on the crystal structure-development in virgin and recycled i-PP. 

By cooling under high pressure, the meta-stable γ-crystal phase can be obtained. 

Compared to the thermodynamically favorable α-crystal phase, i-PP crystallized in the 

γ-crystal phase has a lower yield stress and an improved elongation-at-break. The γ-

phase formation is favored in nucleated virgin i-PP and recycled i-PP. The 

mesomorphic phase can be formed under high cooling rates and pressures. This phase 

further reduces the yield stress and increases the elongation-at-break. The 

mesomorphic phase formation is suppressed in nucleated i-PP systems, both virgin 
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and recycled. Crystallization under high cooling rates and pressures showed a brittle-

ductile transition in recycled i-PP at standard measuring conditions. 

The plastic (intermediate) product is usually obtained after solidification. In 

the case of fiber or tape extrusion, a post-treatment can be applied. In this research, 

the solid-state drawing technique was used to orient polymer chains along the drawing 

direction. Here, the drawing was done in steps at well-regulated temperatures. Despite 

the given contamination, it was shown that this process is suitable to orient recycled i-

PP, thereby providing improved stiffness and strength. Different melt filter mesh sizes 

were used to filter out solid PET particles which negatively influence the drawing 

process. It was demonstrated that a finer mesh resulted in tapes which could be 

oriented more and possessed a higher stiffness and tensile strength. Moreover, the use 

of carbon black showed to be beneficial in terms of process stability and mechanical 

properties for recycled i-PP, whereas it negatively influenced the solid-state drawing of 

virgin i-PP. The strength of the oriented recycled i-PP tapes increased by a factor 15 

compared to the isotropic post-consumer material. With respect to oriented virgin i-

PP tapes, 70 % of the maximum tensile strength was reached for oriented recycled 

tapes. 

Improvements in the solid-state drawing of i-PP were investigated by the 

addition of a β-nucleating agent in combination with reinforcing fillers such as 

sepiolite and carbon black. Compared to the α-crystal phase, β-nucleated i-PP does 

not have a cross-hatched crystal structure which deforms more easily upon loading. It 

was shown that γ-quinacridone is an efficient β-nucleating agent for virgin i-PP, a 

crystal phase which transforms back to the α-crystal phase at intermediate draw ratios. 

Highly drawn tapes from β-nucleated virgin i-PP showed an increased stiffness 

compared to highly-oriented, non-nucleated α-crystal phase i-PP tapes. It was shown 

that the draw ratio at which the β-α transformation takes place is higher in the 

presence of carbon black and, especially, sepiolite. Concomitantly, sepiolite kept its 

reinforcing capabilities, while the reinforcing effect of carbon black was marginal. The 

β-nucleating effect of γ-quinacridone on recycled i-PP is negligible, due to 

contaminants, which generally tend to favor the α-crystal phase. 

In conclusion, this research showed the potential of post-consumer i-PP for 

industrial application in more demanding applications, provided that each element of 

the reprocessing chain is considered. It was shown that polymeric contaminants play a 

major role in determining the mechanical properties. These contaminants can be 

filtered out during the sorting steps prior to melt mixing or by filters during melt 

processing. However, a certain percentage of contamination in the form of PE will 

always end up in sorted i-PP waste. Dispersion of this minority phase during melt 

blending and consecutive (fast) cooling under elevated pressures are strategies to 
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obtain a material which is ductile rather than brittle. The orientation of polymer chains 

during solid-state drawing improved the properties of i-PP from post-consumer 

plastic packaging waste most significantly.  

 



 

 

 

 

 

Chapter 1  

Introduction 
 

 

 

1.1. Plastics 

A brief history 

Although plastics, i.e. polymers with additives, are widely applied in many 

products which we use in our daily lives, this class of materials would not have been 

so prominently present without the knowledge of making polymers and understanding 

their behavior. Naturally occurring polymers were already used by humans in 1600 

BC, when the Mesoamericans used natural rubber for balls, bands, and figurines.1 In 

1839, Charles Goodyear was the first to chemically modify natural rubber into 

thermosets, by a process better known as vulcanization.2 In that same year, the 

German apothecary Eduard Simon discovered poly(styrene) (PS) by isolating it from a 

natural resin, although he was unaware at that time that it was a polymer.3 Later, in 

1907, the Belgian chemist Leo Baekeland developed bakelite, which is considered to 

be the first fully synthetic thermoset.4 From that moment on, development of modern 

plastics really expanded in the first half of the 20th century. The industrially practical 

synthesis of poly(ethylene) (PE) was invented by Gibson and Fawcett from ICI in 

1933, while isotactic poly(propylene) (i-PP) was discovered by Giulio Natta and Carl 

Ziegler in 1954 and commercial production began in 1957.5 These plastics are two 

examples of commodity plastics in modern life, and their production, together with 

the development of other plastics, has increased exponentially. 

 

  



Introduction 

 

6 

 

1
 

Production 

In 2012, the world plastics production was 288 million tonnes which was an 

increase of 2.8 % compared to 2011.6 This means that on average over 39 kg of 

plastics is produced per capita per year. Traditional materials are increasingly replaced 

by plastics because of their specific advantages:3,7 

• low cost, 

• light weight, 

• durability, 

• freedom of shaping. 

 

Therefore, plastics are applied in various products. Figure 1.1 shows the 

European demand for commodity plastics of the resin type and some examples of 

commonly used applications. It is observed that PE (29.5 % by volume) and PP (18.8 

%) dominate the European market. 
 

Market segments 

The applicability of plastics can be categorized according to market segments. 

The biggest market segments in Europe are packaging (39 % in volume), building and 

construction (20 %), automotive (8 %), electrical and electronic (6 %), and agriculture 

(4 %). Other market segments include consumer and household appliances, furniture, 

sports, health and safety. Figure 1.2 further specifies the resin type per market 

segment in Europe.6 

 

 
Figure 1.1 European plastics demand for resin type in 2012, including poly(ethylene terephthalate) 

(PET), high-density poly(ethylene) (PE-HD or HDPE), poly(vinyl chloride) (PVC), (linear) low density 

poly(ethylene) (PE-LD or LDPE and PE-LLD or LLDPE, respectively), poly(propylene) (PP), 

poly(styrene) (PS), poly(urethane) (PUR), acrylonitrile-butadiene-styrene (ABS) and 

poly(tetrafluoroethylene) (PTFE).6 
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Figure 1.2 European plastics demand according to market segment and resin type in 2012.6 

 

Packaging dominates the European plastics market. The main resin types in this 

market segment are (linear) low-density poly(ethylene) ((L)LDPE), high-density 

poly(ethylene) (HDPE), PP and poly(ethylene terephthalate) (PET). A distinction is 

made between primary, secondary and tertiary packaging.8 Primary packaging is in 

direct contact with the contained product, e.g. a shampoo bottle. Secondary packaging 

contains a number of primary packages, such as the shrink foil in which shampoo 

bottles are often delivered to the retailers. Successively, tertiary packaging contains a 

number of secondary packages, such as a pallet that carries a number of foil-wrapped 

shampoo bottles. All three types of packaging serve the following purposes: 

• containment: ease of transportation and storage, 

• protection: preservation, mechanical impact, safety, 

• image: identification and labeling, 

• sustainability: reduction of environmental impact. 
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Plastic waste 

All packaging materials have one important thing in common: they are an 

accessory. Consumers buy products, not the package around it. Therefore, once the 

product is used or unpacked, the packaging material served its purpose and is 

discarded. Compared to other market segments, the life span of the materials in plastic 

packaging is short: all plastic packaging is discarded within approx. one year.9 The 

average European citizen discards over 49 kg (gross) plastic waste per year.10  

 
1.2. Plastic recycling 

Depletion of fossil oil 

Numerous studies predicted that supplies of oil, cracked into monomers for 

plastics production, will be depleted in either this or the next century.11 When 

resources become scarce, the need for alternative feedstock to produce plastics will be 

accute, especially as the plastics market is expected to grow continuously. Commodity 

plastics from biological resources and bioplastics are alternative options to meet our 

future needs. However, the demand for virgin plastics can be reduced by using less 

material per item (downgauging), and by applying recycled plastics instead of virgin 

plastics, where possible. In Europe, plastic (packaging) waste is either landfilled, 

incinerated for energy recovery, or recycled chemically or mechanically (Figure 1.3A). 

Figure 1.3Bs shows the evolution of the disposal options in time. The percentage of 

plastic waste that is landfilled has been decreasing over the years and is discouraged by 

the European Commission (EC).12 In some Northwestern European countries, such 

as in Germany, Norway, Sweden, Switzerland and the Netherlands, a ban on landfills 

exist already.6 The European Union (EU) has encouraged other member states to 

further ban landfilling of recoverable waste streams by 2030.13 

 

 
Figure 1.3 (A) Disposal, energy recovery and recycling in Europe in 2012 and (B) its evolution since 

2006.6 
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Table 1.1 Cradle-to-gate life cycle inventory data of commodity plastics14 

Resin type Energy 

(GJ tonne-1) 

Water 

(kL tonne-1) 

CO2-ea 

(-) 

Usageb 

(ktonne) 

PET 82.7 66 3.4 2160 

HDPE 76.7 32 1.9 5468 

PVC 56.7 46 1.9 6509 

LDPE 78.1 47 2.1 7899 

PP 73.4 43 2.0 7779 

PS 87.4 140 3.4 2600 

Recycled plastics 8-55 typical 3.5c typical 1.4 3130 

a CO2-e is global-warming potential (GWP), calculated as 100-yr equivalent to CO2 emissions. All LCI 

data are specific to European industry and cover the production process of the raw materials, 

intermediates and final polymer, but not further processing and logistics.15 
b Usage was for the aggregate EU-15 countries across all market sectors in 2002. 
c Typical values for water and greenhouse gas emissions from recycling activities to produce 1 kg PET 

from waste plastics.19 

 

Life cycle assessment (LCA) 

Research studies conducted in Germany,16,17 Italy18,19 and the Netherlands20 

measured the environmental impact of the different waste treatments. Although 

calculations are country specific, the conclusions of these investigations were basically 

the same: recycling of waste materials saves valuable virgin resources and is therefore 

considered the preferred treatment option in relation to landfill or energy recovery. 

Table 1.1 shows the energy and water needed for the production of commodity 

plastics from cradle to gate. It is observed that for plastic recycling, less energy and 

water is needed, which is beneficial in terms of LCA. Furthermore, the table lists the 

plastics market size in the EU (EU-15, 2002) and its contribution to global warming 

compared to an equivalent amount of CO2. These numbers underline the conclusions 

of other LCA studies that plastic recycling has higher environmental benefits than the 

other treatment options. 

However, the most preferred option lies in waste prevention. This can be 

accomplished by reusing the product or by using less material to manufacture a 

product, either by design or improved performance. The preferred order is visualized 

in the waste management hierarchy (Figure 1.4), where the least preferred option is 

located at the top of the pyramid.21 This hierarchy is often referred to when 

mentioning ‘reduce, reuse, recycle’ and is known as the ‘Ladder van Lansink’ in the 

Netherlands. Recent EC communications show plans towards a circular economy, 

proposing a packaging recycling rate of 80 % by 2030, with intermediate targets of 60 

% by 2020 and 70 % by 2025.13,22 
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Figure 1.4 Waste management hierarchy according to Directive 2008/98/EC.21 Most favorable option is 

to reuse a product and to prevent it from being discarded. Disposal of waste in landfills is the least 

favorable option. 

 

Chemical recycling of plastics 

In chemical or feedstock recycling, depolymerization of long polymer chains 

into monomers is triggered by heat in the presence of a catalyst. PET, for example, 

can be broken down to the intermediate monomer bis(2-hydroxyethyl)terephthalate 

(BHET) by microwave irradiation in the presence of (di)ethylene glycol and metal salt 

catalyst.23-26 BHET is used to produce PET with the release of ethylene glycol under 

high vacuum.27,28 Chemical recycling of PET is carried out commercially by companies 

such as Teijin (ECOPET®)29 or the non-profit trade association Petcore.30 Another 

class of plastics that can be depolymerized efficiently is poly(amides) (PA). Nylon-6 

(PA-6) can be converted to caprolactam with a conversion of 86 % after 6 hours at 

300 °C in the presence of a catalyst.31 This process is carried out commercially for 

post-consumer nylon-6 carpets at the Shaw Evergreen facility in Augusta, USA.32 

On laboratory scale, fluid catalytic cracking (FCC) is a commonly used 

technique to chemically recycle LDPE,33-37 HDPE35-38 and i-PP.34-37 Sometimes, 

solvents like toluene and phenol are used. At temperatures between 360 and 500 °C, 

the polymer chains break up into smaller chains which evaporate and fluidize the 

powdered catalyst, which in turn converts them into olefins within seconds. Selectivity 

has been improved by the use of a (zeolitic) catalyst, but still remains an issue. It was 

demonstrated that the chemical recycling of polyolefins on an industrial scale was not 

commercially viable in Germany due to the high price of the monomer obtained via 

this process.39 
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Plastics packaging waste collection 

Mechanical recycling of plastics is a multi-step process, which starts with 

collection, sorting, and ballistic separation into washed milled goods and, 

subsequently, the conversion into pellets or products. During collection a distinction 

is made between post-consumer and post-industrial waste. Post-consumer waste is 

produced by the consumer and is often collected together with other municipal solid 

residual waste (MSRW). In several countries initiatives have started to collect post-

consumer plastics packaging waste separately, such as ‘Der gelbe Sack’ in Germany 

and the ‘Plastic Heroes’ campaign in the Netherlands. Post-industrial plastic waste is 

produced by companies, such as off-spec products and cutting waste. Plastic waste is 

locally collected and transported by truck or train to regional or national sorting 

facilities. 

 

Plastic waste sorting 

In the sorting facilities various residual waste components are removed first, 

i.e. metals, glass, and organic residues. Subsequently, plastic films are removed with 

wind-sifters or ballistic separators. Finally, the rigid plastic objects flow through a 

cascade of near infrared (NIR) sorting machines to produce four major plastic 

products: PET, PE, PP and MP (mixed plastics).40 These sorted products have to 

comply with DKR (Deutsche Gesellschaft für Kreislaufwirtschaft und Rohstoffe 

mbH) specifications41 to allow transfer to mechanical recycling facilities and be legally 

registered as recycling. These DKR specifications describe the maximum contaminant 

levels allowed in the various sorted products. 

 

Current status mechanical recycling 

The sorted products are sold to certified mechanical recyclers. In general, they 

mill the material, wash it, perform a flotation separation, and dry it to produce washed 

milled goods. The mechanical recycling process for PET bottles waste is more 

complex and usually involves a solid-state condensation step. A large fraction of the 

film waste is not washed but mechanically processed into agglomerates in a dry state. 

Subsequently, these milled goods and agglomerates are often extruded into pellets 

and/or products. 

A recycling company converts the plastic flakes into granulate, which is either 

sold to other companies or used for in-house production of recycled products. In 

order to obtain an output stream with consistent composition and quality, the plastic 

flakes are often pre-mixed in silos before the extrusion step. Since sorting efficiency 

never reaches 100 % due to separation flaws and laminated products, the applicability 

of the final material is limited. Therefore, these materials are often applied in thick-
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walled products and lack mechanical strength. Examples of products made from 

recycled plastics include street furniture, nursery trays, plastic lumber and drain 

products. Some recycling companies, however, manage to produce higher quality thin-

walled products from sorted fractions of plastic packaging waste. These companies 

rely on strict input quality control (often by manual sorting at the input conveyor belt) 

in combination with several separation processes half-way the recycling process, such 

as flotation and NIR/color-based flake sorting. Other companies upgrade the 

material’s properties by blending the recyclate with virgin polymers. It was shown to 

be effective only for low concentrations of recyclate (< 10 %), and that the long-term 

stability of such blends is not improved if compared to a pure recyclate (Appendix A). 

 

1.3. State of the art 

The topic of mechanical recycling of plastic waste has been addressed in only 

a limited number of scientific publications. The challenges of processing post-

consumer plastic waste lie mainly in circumventing the degradation processes during 

the processing and the lifetime of the plastic product, the incompatibility between the 

polymers and the unknown composition of the recycled materials, including inorganic 

contaminants, organic molecular contaminants and polymeric contaminants. 

 

Polymer degradation 

There are two main mechanisms that simultaneously occur during mechanical 

recycling of polymers: mechano-oxidative and thermo-oxidative, which both affect the 

molecular weight, molecular weight distribution, crystallinity and chain flexibility.42,43 

The mechanical degradation is the result of shear forces applied during reprocessing, 

which cleave molecular chain segments in the presence of oxygen. The thermal 

degradation is the result of the combination of high temperatures and the presence of 

oxygen during melting and reprocessing. In both degradation mechanisms, free 

radicals are involved, causing chain scission and thereby introducing branching and/or 

cross-linking, depending on the type of polymer and the temperature. In oxidative 

chain reactions, these free radicals react with molecular oxygen (slow process) and 

form peroxides, which in turn decompose rapidly causing the formation of new 

radicals (Scheme 1.1).44 The degradation reactions are terminated upon recombination 

or disproportionation of the radicals. The degradation process can be interrupted by 

the addition of antioxidants. Phenolic antioxidants scavenge oxygen radicals, while 

phosphitic antioxidants neutralize peroxide decomposition. The classic commercial 

antioxidant package protects the materials during transport, storage and - most 

important - during processing, and consists of phenolic (e.g. Irganox 1010) and 

phosphitic (e.g. Irgafos 168) antioxidants in a ratio of 2:1.45 
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Scheme 1.1 The Ciba cycle for mechano-oxidative and thermo-oxidative degradation in polyolefins.46  

 

In PE, both chain scission and branching reactions occur (Scheme 1.2).44 

Whereas chain scission is dominant in HDPE, chain branching and cross-linking are 

the prevailing degradation processes in LDPE.47 Since the viscosity scales with Mw
3.4 , 

a small decrease in chain length already has a significant effect on the viscosity. On the 

other hand, long-chain branching rapidly increases the viscosity, while the molecular 

weight and molecular weight distribution respectively decrease and increase slightly.48 

Partial cross-linking limits the dissolution process. Therefore, proper molecular weight 

analysis with size exclusion chromatography (SEC) is difficult. As an effect of cross-

linking, the molecular weight and especially the viscosity can increase with the number 

of extrusion cycles, which was noticeable after 5 extrusion cycles.49 Other researchers 

observed insignificant changes in SEC results after re-extrusion, which were explained 

by the simultaneous occurrence of both cross-linking and chain scission.50,51 As a 

result of long chain branching and especially cross-linking, the crystallization of PE is 

hindered, which was noticeable in virgin LDPE after 40 extrusion cycles.49 However, 

the crystallinity of reprocessed post-consumer LDPE-LLDPE milk pouches decreased 

already after the first extrusion cycle, indicating the catalytic effect of contamination 

on the degradation process.52 
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Scheme 1.2 Generation of radicals and consequent recombination possibilities in PE.44 

 

Chain scission is the dominant degradation reaction occurring in i-PP 

(Scheme 1.3). Either secondary or tertiary radicals are formed in the first step. After 

reaction with oxygen and a cascade of reactions where intermediate, thermally 

unstable peroxides are formed, polymer chains with reduced length are obtained with 

functional groups such as ketone, aldehyde and hydroxyl groups. These functional 

groups are more sensitive to further degradation reactions and are also observed in the 

PE degradation process.52 

 
Scheme 1.3 Degradation reactions in poly(propylene).53  

 

The extent of chemical degradation can be investigated by different 

techniques and is a function of processing conditions, such as temperature, oxygen 

availability and, in the case of HDPE, the type of catalyst.54 Differential scanning 

calorimetry (DSC) showed no evident alteration of the oxidation temperature after 

reprocessing and thermal aging of both i-PP and HDPE. This indicates that the 

stabilization system used was not depleted and the radicals formed may still be 

neutralized.55  

The extent of degradation can be monitored with Fourier-transform infrared 

(FT-IR) spectroscopy, measured in attenuated total reflection (ATR) mode.55 Usually 

this is done via the carbonyl index, i.e. the ratio between the height of the C=O 
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stretching absorption peak (1742 cm-1 for i-PP, 1744 cm-1 for HDPE) and the height 

of the internal standard peak (1454 cm-1 for i-PP (asymmetric CH3 bending) and 1472 

cm-1 for HDPE (asymmetric CH2 bending)). The formation of oxygen-containing 

functional groups, such as ketones, aldehydes, and carboxylic acids, can be seen in the 

spectral range of 1550-1800 cm-1. 

The changes in molecular structure affect the mechanical properties of the 

material. In general, polymer degradation is heterogeneous, meaning that the rate of 

degradation is different at various positions and is due to physical factors such as 

morphology and structure of the material.56 This makes the interpretation of the 

analysis results difficult.57-60 Virgin i-PP exposed to accelerated thermal oxidation 

showed a slight increase in the Young’s modulus; a minor decrease in the strain at 

upper yield occurred. The elongation-at-break decreases substantially from 300 to 30 

%.55,61 The crystallinity of polyolefins changes due to thermo-oxidation. For PE, 

literature results are inconclusive. Thermo-oxidative degradation reactions cleave PE 

chains primarily in the amorphous part, releasing low molecular weight compounds. 

The remaining polymer is more prone to reorganization, and thus an increased 

crystallinity.62 However, the competing branching and cross-linking reactions were 

reported to decrease crystallinity in extensive mechanical recycling experiments, after 

50 extrusion cycles.49 Additional re-stabilization of PE prior to reprocessing showed 

that the degradation processes could be slowed down and that the mechanical 

properties could be retained.63 

A few studies focused on the effect of reprocessing on the mechanical 

properties of i-PP.64-66 The crystallinity of i-PP increases with the number of extrusion 

cycles. The increased crystallinity leads to an increased E-modulus and yield stress and 

a reduced tensile strength and elongation-at-break. 

 

Polymer incompatibility 

Studies showed that despite NIR-sorting and additional manual inspection, up 

to 10% of foreign materials can be found in sorted post-consumer i-PP.67 These 

foreign materials are mainly polymeric contaminants, which are often not compatible. 

Miscibility of polymer blends in the melt is determined by dispersive, polar and 

hydrogen-bonding interactions of the components, but is hard to predict. In general, 

two polymers are miscible when their free energy of mixing is negative, with entropic 

and enthalpic contributions.68 The entropic contribution is positive, since the entropy 

increases upon mixing. Therefore, the sign of the free energy is determined by the 

contribution from the mixing enthalpy. Despite their relatively similarity in chemical 

structure, a blend of PE and i-PP is considered immiscible in the melt.69 But even if a 

polymer blend would be miscible in the melt, crystallization could still lead to blend 
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immiscibility in the solid state. For PE and i-PP, this is caused by distinct differences 

in crystal structures of PE (orthorhombic) and i-PP (α-monoclinic), which do not co-

crystallize.70  

From earlier research, it is known that a small amount of HDPE 

detrimentally affects the elongation-at-break of the i-PP matrix.71 Whereas the pure 

materials showed yielding and stable neck formation and fractured in a ductile 

manner, the blends of HDPE and i-PP showed failure just before or after yielding, 

indicating incompatibility. For blends of LDPE and i-PP a similar trend was observed. 

The incompatibility between PE and i-PP results in poor interfacial adhesion between 

the phases, which are responsible for the reduced mechanical properties observed. 

The above-mentioned references consider virgin blends. However, recycled i-

PP and HDPE consist respectively of mixtures of i-PP and HDPE grades, each with 

varying properties. It can therefore be anticipated that real recyclates and their blends, 

demonstrate poorer properties than corresponding laboratory-modeled recycled 

samples based on virgin systems.55 

 
1.4. Research questions and choice of systems 

Research questions 

The research on mechanical recycling of plastic packaging waste aims to answer 

the following research questions: 

1) What is the role of typical contaminants present in waste plastics during 

mechanical recycling and how do these impurities affect the properties? 

2) How does each element of the plastic recycling chain influence the 

mechanical properties of mechanically recycled sorted plastic packaging waste 

and to what extent? 

In order to answer these questions, it is important to understand the position of 

this research project in the life-cycle of plastics (Figure 1.5). This cycle starts with 

choosing the constituents, i.e. (co)monomers that will form the backbone of the 

polymer. After polymerization using a certain reactor technology the intrinsic 

properties of the polymer are obtained. Depending on the final application, additives 

such as fillers, stabilizers, processing aids and/or pigments are blended in. The 

granulated material undergoes a heat treatment and is shaped into the final product by 

a specific processing technique with certain processing conditions, such as 

temperature, pressure and flow and cooling rate. The plastic product is either disposed 

or recycled chemically or mechanically. 
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Figure 1.5 The life cycle of plastics, which illustrates that the final product’s properties depend on all 

prior steps, intermediates, and monomers. These properties are the sum of the contributions from the 

monomeric building blocks, intrinsic polymer properties after polymerization, additives and processing 

conditions. In this approach, all elements need to be considered to obtain a plastic product with the 

desired properties. This thesis focuses on the product-to-plastic conversion. 

 

Whereas the chain-of-knowledge is often represented as a linear chain, it 

ideally forms a cycle in which waste products serve as starting materials.13,22 Since 

plastic products can be recycled into monomers or other plastic products, the loop 

can be closed. This circular representation matches with the cradle-to-cradle 

philosophy and the ideas on circular economies. 

This research focuses on the end of the chain-of-knowledge, mainly on the 

processing-structure-property relationships of the plastic packaging waste. In this 

research project, the final product is a sheet, (an oriented) tape, or ring, used for 

analytical purposes. In some aspects of this research, additives were included and the 

mixing process was investigated as well. Since the topic is mechanical recycling of 

plastic packaging waste, no attention was paid to the (de)polymerization of the starting 

materials. In all parts of this research project, the results obtained were compared to a 

model system based on virgin material(s). 
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Choice of systems 

The field of mechanical recycling of plastic waste is rather broad and therefore the 

research done on this topic can be diverse. In order to focus on some of the aspects 

of this research field, the following constraints have been applied: 

• The materials investigated in this research are LDPE, HDPE and, 

predominantly, i-PP. These systems were chosen since they account for the 

majority of the post-consumer plastic packaging waste stream. 

• Although the focus is on post-consumer waste, often the results on post-

industrial waste are reported for the sake of comparison. 

• Only mechanical recycling is considered, since this is the preferred treatment 

option for plastic waste. Chemical recycling of plastics is outside the scope of 

this thesis. 

• All elements of the reprocessing chain, i.e. collection, sorting and cleaning, 

processing, cooling, and post-treatment, are considered.  

• The starting materials of Chapter 2 are cleaned, sorted, shredded, post-

consumer waste fractions from Dutch households. Samples were taken on 

big-bag scale. For the other chapters the starting materials were pellets, 

prepared on an industrial scale to ensure quality consistency. 

• When additives are used, they are chosen because they 

o reinforce the materials, 

o change crystal structure and/or crystallization behavior, 

o are commonly used in the recycling industry. 

 

1.5. Scope and outline of thesis 

The aim of the thesis is to focus on the processing-structure-property 

relationships of mechanically recycled materials from sorted post-consumer plastic 

waste streams. To this purpose, the steps in the plastic reprocessing chain are treated 

consecutively in each chapter: from waste collection and sorting, to reprocessing, 

cooling and a post-treatment step such as solid-state drawing. In Chapter 2, the 

composition and properties of post-consumer polyolefin recyclates originating from 

both source separation and mechanical recovery from municipal solid refuse waste 

(MSRW) are discussed. The overall composition was determined by FTIR and DSC 

and was compared with the sorting results of the sorted fractions prior to the 

reprocessing into milled goods. This study shows that the collection method for the 

plastic packaging waste has hardly any influence on the final quality of the recyclate; 

however, the sorting and reprocessing steps do influence the final quality of the 

recyclate. Although the mechanical properties of recyclates are clearly different from 

those of virgin polymers, changes to the sorting and reprocessing steps can improve 
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the quality. Whereas ductility of recycled PE approaches virgin PE upon extensive 

sorting, recycled PP is found to be brittle. 

In Chapters 3-6, the brittle-to-ductile transition of recycled PP is investigated 

from various angles. In these chapters, representative virgin i-PP grades are used as a 

reference. 

In Chapter 3, the effect of mixing in the melt is addressed. Using standard 

polymer processing methods, such as compression molding, single- and twin-screw 

extrusion, in combination with static mixers, the effect of contaminant dispersion on 

the morphology and mechanical properties is investigated.  

The effect of cooling conditions on the structure development and 

mechanical properties is discussed in Chapter 4. Techniques such as differential fast 

scanning calorimetry (FDSC), dilatometry, wide-angle X-ray diffraction (WAXD), and 

tensile testing are used. In this chapter, a detailed structural and mechanical analysis is 

carried out. 

Chapters 5 and 6 discuss the solid-state drawing process of recycled i-PP 

(Chapter 5) and improvements of the stability of this process by the use of additives in 

virgin and recycled i-PP (Chapter 6). In Chapter 5, the effect of melt filtration and 

carbon black on the stability of the drawing process is discussed. Moreover, the 

orientation in combination with the mechanical properties of drawn tapes is 

addressed. In Chapter 6, the solid-state drawing process stability is improved by the 

addition of a β-nucleating agent. Here, i-PP crystallizes in the β-crystal phase that 

favors deformation upon loading, after which its structure changes back to the 

thermodynamically most favorable α-crystal phase, which was recorded via in-situ 2D-

WAXD experiments. 

The final chapter of the thesis deals with the main conclusions and a 

technology assessment. In this assessment, tools are provided to apply sorted waste 

materials on an industrial scale and opportunities and limitations of working with 

these materials are discussed. 
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Chapter 2  

Assessment of plastic packaging waste1 
 

Abstract 

The recycling processing chain consists of collecting, sorting, and processing 

plastic waste. In this chapter, the effects of collection schemes and sorting processes 

on the quality of the sorted product are discussed. Here, the quality of PE, PE Foil, i-

PP, polyolefin mix (PO Mix) and the remaining stream (Mixed Plastics) is determined 

by means of composition and mechanical properties of materials melt processed by an 

internal mixer and subsequently by compression molding. The composition of post-

consumer polyolefin recyclates originating from both source separation and 

mechanical recovery of municipal solid refuse waste (MSRW) was determined by 

Fourier-transform infrared (FT-IR) spectroscopy and differential scanning calorimetry 

(DSC) with help of calibration lines based on virgin polyolefin blends. The thus 

calculated compositions were compared with the macroscopic sorting results of the 

sorted fractions prior to their reprocessing into milled goods. This study shows that 

the collection method for the plastic packaging waste has hardly any influence on the 

final quality of the recyclate. However, the sorting and reprocessing steps do influence 

the final quality: the incorporation of a hot washing step, a centrifuge and/or a manual 

screening step showed a positive influence on the mechanical properties. 

Furthermore, it was shown that by thorough sorting, the mechanical properties of the 

PE recyclates approach virgin PE values for the elongation-at-break, while all sorted i-

PP waste fractions were brittle. 

  

                                                   
Adapted from: B. J. Luijsterburg, J. G. P. Goossens, Res. Cons. Rec. 2013, 85, 88-97. 
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2.1. Introduction 

Post-consumer plastic waste can be collected via different schemes. In the 

Netherlands, this is done either via source separation (SS) or commingled collection 

(CC) with municipal solid refuse waste (MSRW) and subsequent mechanical recovery. 

In the SS scheme, plastic packaging waste (PPW) is separated by consumers and put 

out for curbside collection services or deposited in drop-off containers. The collected 

PPW is subsequently transferred to sorting facilities, which yield the following 

fractions: poly(ethylene terephthalate) (PET), poly(ethylene) (PE), isotactic 

poly(propylene) (i-PP), Film, Mixed Plastics (MP) and rest. The sorting facilities use 

near-infrared (NIR) spectroscopy sorting machines, ballistic separators, wind sifters 

and drum sieves. Depending on the sorting facility, plastics sorting is done in different 

steps or sequence. Examples of the separation procedure of the sorting facilities 

related to this research are depicted in Figure 2.1. A more detailed description about 

the sorting and reprocessing procedure of the samples is given elsewhere.1  

Sorting technologies have developed substantially in the last decade and, as a 

result, the sorted plastics contain only small amounts of other plastics. One intrinsic 

limit of the sorting efficiency is that many plastic products consist of multiple 

polymers used to improve their properties, e.g. the mechanical, barrier and/or optical. 

Examples are multilayer films and blends. Therefore, some polymer contamination 

will always be present that will affect the ultimate properties of the recyclates. 

After the sorting step, the residual fraction is incinerated, while the other 

fractions are reprocessed into so-called milled goods and agglomerates. The various 

reprocessing industries involved in this mechanical recycling typically use shredders, 

washing drums, flotation separators, centrifuges and tumble dryers. In the CC scheme 

in Figure 2.1, the PPW is collected together with the MSRW and transported to 

material recovery facilities, which produce a few types of plastic concentrates, i.e. so-

called rigids and flexibles. Subsequently, these concentrates are sent to the above-

mentioned sorting facilities. The sorting and reprocessing are two subsequent steps in 

the chain of material recycling and are often carried out at different companies.  

It is unknown how the quality of recyclates depends on the different sorting 

and reprocessing technologies. This study aims to determine the relationship between 

the quality of the produced milled goods, as provided by the reprocessing industry, 

and the origin of the post-consumer PPW (SS vs. CC). The material quality can be 

assessed via an analysis of the composition and mechanical performance, which are 

correlated, as reviewed by Karlsson et al.2 (Semi-)quantitative methods were developed 

for the compositional analysis of polymer blends, which were obtained from recycled 

mixed plastic waste3 by using DSC, near- and mid-infrared spectroscopy for the 

compositional analysis with detecting limits of approx. 1 wt %. NIR was found to be 
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fast and precise over a large compositional range and can be used in-line. However, a 

drawback of NIR is that it cannot detect black materials, unlike Mid-IR. In this 

particular research, only transparent materials were used. According to the authors, 

Attenuated Total Reflection (ATR) spectroscopy can be a suitable method to provide 

information on thick materials, but quantitative analysis of non-homogeneous 

materials can be difficult due to the limited penetration depth of the evanescent wave 

(≈ 2-3 µm). Therefore, good sample preparation is critical.3 Besides the polymers 

other chemical components are present in plastic packaging waste, like additives and 

contaminants. The quality of recyclates can also be assessed by the determination of 

these components via extraction techniques.4 A large variety of low molecular weight 

contaminants was identified in recycled high-density PE (HDPE) and i-PP, such as 

alcohols, esters, and ketones. The majority of these compounds are not present in the 

virgin plastics. 

The mechanical performance of plastics is often analyzed by tensile testing. 

Earlier studies reported on the influence of blend composition of polyolefins in 

relation to the mechanical properties. An extensive review was published on PE/i-PP 

blends, the role of compatibilization and the mechanical performance in relation to 

the composition of post-consumer plastics of which the majority consists of 

polyolefins.5 The morphology that governs the mechanical properties is highly 

dependent on the blend composition and processing/compounding conditions.6 

Therefore, the mechanical properties of PE/i-PP blends are not easy to predict. 

A number of publications addressed synergism and antagonism in virgin 

PE/i-PP blends.4,5,7-10 As mentioned before, whether synergy exists, depends on a 

great number of parameters, which hinders a good comparison. Little is reported 

about actual plastic waste. In simulating a ternary commingled waste blend, 

Engelmann and coworkers blended either virgin or recycled PE, i-PP and 

poly(styrene) (PS) in various compositions and determined tensile and impact 

strengths of blends made at different extruder screw speeds.11 For all virgin blends, 

the impact strength was lower than one would expect based on the relative 

contributions of the pure materials. These negative deviations from the rule of 

mixtures were observed with the best results for low screw speeds, when little shear 

degradation occurred. For post-industrial recycled blends, additional negative effects 

for PE/i-PP and PE/PS were found, which were attributed to extensive delamination. 

For post-consumer blends, which were more contaminated, the rule of mixtures was 

obeyed for PE/PS blends. Another paper described the role of compatibilization on 

the mechanical properties of blends of post-consumer waste in comparison to virgin i-

PP/HDPE blends.12 The addition of small amounts of recyclate to virgin i-PP yielded 

a material with improved impact properties. However, the addition of recyclate to 
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virgin HDPE resulted in a material with poor impact and tensile properties. 

Compatibilization improved the results to some extent.  

For all the studies on mechanical properties of recycled polyolefin blends 

reported so far, no detailed information about the sorting or reprocessing 

technologies has been given. In this paper, two analytical techniques (DSC and FT-IR) 

were used for the analysis of the composition of recycled polyolefin fractions of 

different origin by using a calibration set of virgin PE/i-PP blends. The mechanical 

properties for the same recyclate samples are related to the origin of the recyclates. 

 

2.2. Experimental 

2.2.1. Materials 

The model blends of virgin materials were prepared in different ratios from 

HDPE (Sabic M40060S), i-PP (DSM Stamylan P 1UM10), and LDPE (LyondellBasell 

Lupolen 3020F). All materials were supplied in pellet form and used as received. 

Several milled goods originating from Dutch household waste - both SS and 

CC - were examined. The CC samples were collected and transported to industrial 

sorting facilities in the Netherlands and Germany (see Figure 2.1). Big bag-sized 

samples were further reprocessed at the sorting and reprocessing facilities at the 

Wageningen UR Food & Biobased Research. An overview of the samples is given in 

Table 2.1. In general, the following steps were applied: manual NIR-identification, 

shredding, manual screening (PE 5, Film 4, PP 5), cold washing, density separation, 

centrifugation, and drying at 90 °C. The recyclate samples were divided into five 

groups, i.e. film, PE, PP, PO Mix, and Mixed Plastics (MP). The film samples were 

separated by air classification of film fragments > 240 mm. The PE and PP samples 

were taken from the fractions of the first NIR identification step. The recognized 

polyolefins from the second NIR identification step with higher sensitivity are 

classified as PO, which was subdivided as rigid (PO 1,4,6) or flexible (PO 2,3,5). PO 3 

differs from PO 2 by an extra sorting centrifugation step.13 PO 2, 3, and 4 were cold 

washed, while PO 5 and 6 were hot washed (50-60 °C). The MP samples were 

collected from the float fraction of the density-separated remainder of the plastics, not 

having been identified by NIR sorting lines. Kilogram-sized samples were transported 

to the laboratories at Eindhoven University of Technology for further compounding 

and analysis. 
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Table 2.1 Overview of the recycled samples used in this study. 

 Source  Origin Main plastic type  Additional separation steps 

PE 1 CC Collector 1, Facility 1 PE  

PE 2 CC Collector 2, Facility 2 PE  

PE 3 CC Collector 3, Facility 3 PE  

PE 4 SS Collector 4 PE  

PE 5 SS Collector 5 PE Manual screening 

PE 6 SS Collector 5 PE  

     

Film 1 CC Collector 1, Facility 1 PE Extensive hand-NIR sorting 

Film 2 CC Collector 3, Facility 3 PE  

Film 3 SS Collector 4 PE  

Film 4 SS Collector 5 PE Manual screening 

Film 5 SS Collector 5 PE  

     

PP 1 CC Collector 1, Facility 1 i-PP  

PP 2 CC Collector 2, Facility 2 i-PP  

PP 3 CC Collector 3, Facility 3 i-PP  

PP 4 SS Collector 4 i-PP  

PP 5 SS Collector 5 i-PP Manual screening 

PP 6 SS Collector 5 i-PP  

     

PO 1 CC Collector 1, Facility 1 PE, i-PP (rigids)  

PO 2 CC Collector 3, Facility 3 PE, i-PP (flexibles)  

PO 3 CC Collector 3, Facility 3 PE, i-PP (flexibles) Centrifugation 

PO 4 CC Collector 3, Facility 3 PE, i-PP (rigids)  

PO 5 CC Collector 3, Facility 3 PE, i-PP (flexibles) Hot water washing 

PO 6 CC Collector 3, Facility 3 PE, i-PP (rigids) Hot water washing 

     

MP 1 CC Collector 1, Facility 1 PE, i-PP, PET  

MP 2 CC Collector 2, Facility 2 PE, i-PP, PET  

MP 3 CC Collector 3, Facility 3 PE, i-PP, PET  

MP 4 SS Collector 4 PE, i-PP, PET  

 

2.2.2. Processing techniques 

The model blends were extruded in ratios PE/i-PP 100/0, 97/3, 94/6, 90/10, 

80/20, 60/40, 50/50, 20/80, 10/90, 6/94, 3/97, and 0/100 in a Prism twin-screw 

extruder (25 L/D) at 200 °C. The extrudate was pelletized and compression molded 

(dimensions 15x12x0.1 cm) at 200 °C and 100 bar for 3 minutes.  

A representative sample of 50 grams was taken from a bag (200-2000 grams) 

of milled goods. It was mixed in a Haake batch mixer equipped with roller rotors 

operating at a temperature of 200 °C for 10 minutes at a speed of 50 rpm. Prior to 

mixing, the chamber was purged using nitrogen to minimize oxidative degradation. 

After discharging the material from the mixing chamber, the material was 
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compression molded as described above. The plaques obtained were used for further 

characterization. 

 

2.2.3. Characterization techniques 

Fourier-transform infrared spectroscopy (FT-IR) 

The blend compositions were studied by FT-IR spectroscopy. Spectra were 

obtained by placing the blends on the diamond crystal of a Specac Golden Gate 

attenuated total reflection (ATR) setup placed in a Varian FTS 6000 IR spectrometer. 

Fifty spectra at a spectral resolution of 1 cm-1 over a spectral range from 650 to 4000 

cm-1 with a scan speed of 5 kHz were signal-averaged and the resulting spectra were 

analyzed using the BioRad Merlin 3.0 software. For each calculation at least 3 spectra 

were used, obtained from different parts of the samples. 

 

Differential scanning calorimetry (DSC) 

A TA Instruments Q1000 DSC was used to record heat exchange during 

heating and cooling of the samples. The melting and crystallization behavior was used 

for compositional analysis. The samples with a mass between 3 and 10 mg were 

heated from 30 to 220 °C, kept isothermal for 5 minutes to remove the thermal 

history, cooled down to 30 °C, kept isothermal for 5 minutes, and heated up again to 

220 °C. For these experiments, a rate of 10 °C min-1 and Tzero hermetic DSC pans 

were used. The second heating run was used for analysis. 

 

Tensile testing 

A Zwick Z100 tensile tester with a 100 N load cell was used to determine the 

mechanical properties of all samples. A crosshead speed of 50 mm min-1 was used at a 

gauge length of 20 mm. A preload of 0.2 N was applied. Eight tensile specimens per 

sample were prepared according to ISO 527 (5B).  

 

2.3. Results and discussion 

First, a compositional analysis is discussed, using DSC to derive a calibration 

line for virgin model blends, after which recycled materials are analyzed to determine 

the composition of these blends. Secondly, a similar procedure is discussed for the 

FT-IR spectroscopy results. A comparison is made between the composition 

calculated by these methods and sorting data. Finally, an overview of the mechanical 

properties of recycled materials is presented and correlated with the origin of the 

recyclates.  
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2.3.1 Compositional analysis  

2.3.1.1 Compositional analysis based on thermal analysis 

In DSC, phase transitions of semi-crystalline polymers can be measured as a 

function of temperature. Glass transitions will result in a step-wise increase of the heat 

capacity in the thermogram. Endothermic melting peaks and exothermic 

crystallization peaks are visible either sharp or broad depending on the lamellar 

thickness distribution. In Figure 2.2, the melting and crystallization peaks for LDPE, 

HDPE and i-PP are displayed. It can be observed that the pure components show a 

distinctive behavior with respect to the melting temperature (Tm) and melting 

enthalpy, which correlates with the degree of crystallinity, thus enabling the semi-

quantitative characterization of the polyolefin blends. The degree of crystallinity can 

be calculated by the ratio of the melting enthalpy and the melting enthalpy of the 100 

% crystalline material, which can be found in the ATHAS Data Bank.14  
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Figure 2.2 DSC thermograms of LDPE, HDPE and i-PP. 

 

Table 2.2 Transition temperatures in polyolefins and their blends. 

Material Ratio Tm (°C) Type of peak Tc (°C) Type of peak 

LDPE  112 Sharp 99 Sharp 
HDPE  132 Sharp 120 Sharp 

i-PP  158, 164 Broad 112 Sharp 
LDPE/HDPE 70/30 109, 126 Overlapping 101, 115 Irregular 
HDPE/i-PP 50/50 132, 159 Sharp, broad 119 Sharp, shoulder 

 

An overview of the melting and crystallization temperatures (Tc) is given in 

Table 2.2. It has to be taken into account that melting temperature depression may 

occur with polyolefin blends due to a high compatibility that often coincides with a 

lower degree of crystallinity. For LDPE/HDPE blends the melting endotherms show 

strong overlap, because the melting temperatures of LDPE/HDPE shift a few 

degrees compared to the homopolymers to the above-mentioned melting temperature 
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depression. HDPE/i-PP blends show more separated melting endotherms with a 

minimal amount of overlap. 

In designing a method to characterize the composition of recycled polyolefin 

blends, the use of the melting enthalpy is preferred, while the melting temperature, i.e. 

maximum of the peak, can be used to distinguish between the different types of 

polymers. Severe peak overlap due to strong compatibility and/or similar chain 

microstructure may complicate the quantification. Therefore, this approach is not 

suitable for characterizing LDPE/HDPE or LLDPE/HDPE blends.  
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Figure 2.3 DSC thermograms of HDPE/i-PP blends: (A) second heating run and (B) cooling run.  

 

HDPE/i-PP model blends with known ratios of the virgin polymers were 

pre-mixed, compounded and characterized by DSC. The melting enthalpies were 

calculated using a linear peak integration and the results are shown in Figure 2.4. 

Linear trend lines were fitted. The statistical analysis on these lines showed that the 

residual sum of squares for the melting temperature of i-PP is lowest and the adjusted 

R2 value (0.99454) is comparable to the other peaks. Therefore, in HDPE/i-PP 

blends, the enthalpy of melting of i-PP was chosen for the compositional analysis of 

recyclates. 
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Peak R2 (-) Slope Incercept 

TC 0.9846 -97 ± 4.0 184 ± 2.5 
Tm,i-PP 0.9945 73 ± 1.8 -1.7 ± 1.1 

Tm,HDPE 0.9962 -196 ± 4.0 191 ± 2.5 

Figure 2.4 DSC peak areas for the HDPE/i-PP model blends and the statistics of the fitted lines.  
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Figure 2.5 Calculated i-PP content based on the calibration lines of HDPE and i-PP melting enthalpies 

and crystallization peak areas (Tc) in the used waste plastics (see Table 2.1).  

 

The composition of sorted household plastic waste was determined by using 

the DSC thermograms of the recyclates and the obtained calibration line from the 

model blend analysis. The results are shown in Figure 2.5. From this graph, it can be 

observed that the Tc calibration line gives an overshoot and no reliable composition 

data can be obtained. While the Tm, HDPE calibration line predicts i-PP contents up to 

30 % in sorted PE samples, the Tm, i-PP calibration line shows up to 10 % i-PP 

contamination. Furthermore, film samples (LDPE) are predicted to contain high 

amounts of i-PP according to the Tm, HDPE calibration line, compared to other PE 

samples, because of peak overlap in the DSC traces. In conclusion, based on thermal 

analysis the calibration line based on the Tm, i-PP is preferably used for compositional 

analysis of recyclates. 

 

2.3.1.2 Compositional analysis based on vibrational spectroscopy 

In FT-IR spectroscopy, energy in the form of electromagnetic radiation is 

used to track molecular translations, rotations, vibrations and electronic energy. Since 

the energy absorbed is specific for each chemical bond, a polymer-specific spectrum is 

obtained. The spectra of the different polyolefins are given in Figure 2.6. In this 

figure, it can be seen that there are distinctive peaks for both PE and i-PP. LDPE and 

HDPE yield similar spectra due to their identical chemical nature. A clear distinction 

between the types of poly(ethylene) can therefore not be made based on peak 

position. An overview of the peaks and their nature is given in Table 2.3. Some of the 

PE and i-PP peaks overlap, while others are easily ditinguishable. The relative 

intensities of the absorption bands depend on the penetration depth of the evanescent 



Assessment of plastic packaging waste 33 

 

2
 

wave which is sensitive to contact pressure applied while mounting the samples for 

the ATR measurements. The methylene asymmetric stretch peak at 2915 cm-1 is 

present in the spectra of both polymers and was chosen as a suitable reference peak to 

normalize the spectra. 
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Figure 2.6 FT-IR spectra of LDPE, HDPE and i-PP. The spectra are vertically shifted for clarity. 

 
Table 2.3 Characteristic peaks in FT-IR spectroscopy of PE and i-PP. 

PE (cm-1) Origin Amorphous/ 
Crystalline 

2935-2915 Methylene asym. stretch A 
2865-2845 Methylene sym. stretch  A+C 
1485-1445 Methylene C-H bend A+C 
750-720 Methylene rocking A 

 
i-PP (cm-1) 

 
 

 
 

2970-2950 Methyl C-H asym. stretch  A 
2880-2860 Methyl C-H sym. stretch A 
2935-2915 Methylene asym. stretch A 
2865-2845 Methylene sym. stretch  A 
1485-1445 Methylene C-H bend A 
1470-1430 Methyl C-H asym. bend  C 
1380-1370 Methyl C-H sym. bend A+C 
1300-700 Skeletal C-C vibrations C 

 

The relative absorbances of multiple, distinctive peaks were monitored as a 

function of blend composition. The results are displayed in Figure 2.7. From the data 

of the model blends, calibration lines were constructed by linear regression. The 

statistical analysis of these lines is presented in Table 2.4. A good calibration line 
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shows a low residual sum of squares and a high slope value, indicating an observable 

peak change with composition. For these reasons, the PE peak at 2848 cm-1 is 

preferred to the peaks at 2868 and 1463 cm-1. For i-PP, the peak at 1376 cm-1 was 

chosen. 
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Figure 2.7 FT-IR calibration lines based on the i-PP peaks at 2951 and 1376 cm-1, and on the PE peaks 

at 2868, 2848 and 1473 cm-1. 

 
Table 2.4 Fitting of FT-IR calibration lines. 

 PP 2951 PE 2868 PE 2848 PE 1463 PP 1376 

Residual Sum of squares 0.018 0.006 0.007 0.003 0.018 
Adjusted R2 0.977 0.944 0.988 0.959 0.982 
y = a + b*x      

Intercept 0.012 0.125 0.921 0.365 -0.029 
Intercept standard error 0.024 0.014 0.015 0.010 0.024 

Slope 0.740 0.277 -0.658 -0.238 0.845 
Slope standard error 0.038 0.022 0.024 0.016 0.039 

 

Several recycled samples were examined for their composition (PE/i-PP) 

using these calibration lines. Spectra of each sample were averaged based on 50 scans, 

recorded with a spectral resolution of 1 cm-1 and measured at least at two different 

positions. The composition was determined as the average of the calculated 

composition from each calibration line (Figure 2.8). Since some methods resulted in 

different compositions, the calibration lines yielding the highest and lowest 

composition were discarded. Sometimes, these values exceeded the physical limits, i.e. 

an i-PP content below zero or above 1. The results based on the three remaining 

calibration lines are plotted in Figure 2.8 and are considered more reliable. On 

average, the calibration lines of i-PP at 2951 cm-1 and especially the i-PP at 1376 cm-1 

yielded the most reliable results. 
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Figure 2.8 i-PP content calculated from the FT-IR calibration lines. Results presented are based on five 

or three calibration lines. 

 

2.3.1.3 Comparison between analysis methods 

PE/i-PP calibration lines based on virgin model blends were used to calculate 

the recyclate composition with DSC and FT-IR spectroscopy. These results were 

compared with the results from macroscopic NIR sorting. Here, the samples were 

weighed, from which a macroscopic composition could be calculated. An overview of 

these results is given in Table 2.5.  

The class of rigid PE samples contains on average 5 - 10 % i-PP, whereas for 

Films the i-PP content is a few percent higher. The amount of PET, as determined 

from the sorting experiments, is higher in Films than in rigid PE samples. The PE 

samples are quite consistent in composition. Pure samples come both from CC and SS 

for PE and Film.  

The i-PP samples investigated were quite pure and consistent in composition, 

containing approx. 96 % i-PP. The contamination of PET is similar to the 

contamination of PET in the PE samples. From the analytical compositional 

calculations, the amount of i-PP is comparable to the sorting composition and there 

are few differences between samples. The sorted i-PP waste contains a few percent 

less polymer contamination than the sorted PE waste.  

The PO Mix samples were not identified by the first NIR camera, but 

classified as polyolefin in a second line. This stream contains both rigid and flexible 

materials, which were manually sorted in a subsequent step. In terms of sorting and 

analytical composition, the majority of these samples consist of 80 % i-PP, 20 % PE 

and some residual PET. The spread in results of extensive manually sorted PO 



Assessment of plastic packaging waste 

 

2
 

36 

samples is rather low. The output composition originates from the difference in 

sorting processes of the sorting facility of PO 1.  

Mixed plastics (MP) are a residual stream and have a large variation in 

composition, which is different in each sorting facility. Mixed plastics contain a 

significant amount of PET that was not filtered out, as well as black products which 

are not recognized by NIR cameras. This could also be seen by visual inspection. The 

sorting and analytical compositions do not seem to match, because the presence of 

PET is significant and was not taken into account in the laboratory compositional 

analysis. 

 

2.3.1.4 Compositions of source separation versus commingled collection 

The analysis did not reveal significant differences in composition between SS 

and CC samples. The sorting process can handle both streams, although some 

additional separation steps may be necessary, such as manual screening. The 

composition of the plastic waste streams does not depend on the collection scheme. It 

has to be noted that this holds for the quality of the sorted plastics, but not for the 

yield.1 Manual screening was done after determination of the composition from 

sorting experiments. Visible improperly sorted plastics were manually picked out of a 

sorted stream. Screening of material (PE 5 vs. PE 6, Film 4 vs. Film 5, PP 5 vs. PP 6) 

does not seem to result in significant changes in composition as can be observed in 

Table 2.5.  

Comparing the results of both techniques, it can be observed that the i-PP 

content after melt mixing is generally higher than after sorting. This is probably due to 

the presence of multi-plastic products. With NIR sorting, products are identified by 

the dominant type of plastic. In the case of, for example, a shampoo bottle, NIR will 

identify it as PE, since the flask comprises the majority of the product. The cap is 

often made of i-PP, which will also end up in a sorted PE fraction. The weight of the 

cap is substantial, therefore resulting in an increased amount of measured i-PP from 

the laboratory analysis.  

In general, the i-PP content estimated by DSC is lower than the i-PP content 

estimated by FT-IR spectroscopy. This holds for all sample categories and might be 

due to movement of PP chains to the surface during compression molding. It was 

found that migration of i-PP to the surface is higher than HDPE and LDPE.5 As a 

result, a surface characterization technique such as ATR FT-IR will overestimate the i-

PP content. DSC renders information of the complete volume rather than just the 

surface, although the total volume is low.  

Furthermore, it has been observed that for the HDPE and LDPE samples, 

similar i-PP contaminations have been found. In i-PP-rich samples, an overshoot may 



Assessment of plastic packaging waste 37 

 

2
 

occur, which might be due to the fact that just one grade of i-PP was used in the 

model blends. Therefore, the value obtained is set as 100 %, while a different i-PP 

with different crystallinity or molecular weight may result in different data. For this 

reason, the results presented should be treated semi-quantitatively.  

 
 

Table 2.5 Comparison of calculated i-PP content from sorting data and analyzing techniques. 

 Source Composition after 
sorting (-) 

i-PP content after 
compounding (-) 

  PE i-PP PET FT-IR DSC 
PE 1 CC 0.84 0.10 0.05 0.11 0.07 
PE 2 CC 0.98 0.01 0.01 0.07 0.06 
PE 3 CC 0.96 0.02 0.02 0.08 0.14 
PE 4 SS 0.97 0.02 0.01 0.06 0.04 
PE 5 SS 0.91 0.07 0.02 0.16 0.04 
PE 6 SS 0.91 0.07 0.02 0.18 0.05 

PE average  0.93 0.05 0.02 0.11 0.10 
Film 1 CC 0.90 0.10 0.00 0.14 0.02 
Film 2 CC 0.89 0.06 0.05 0.22 0.04 
Film 3 SS 0.94 0.06 0.00 0.15 0.10 
Film 4 SS 0.89 0.05 0.06 0.17 0.08 
Film 5 SS 0.89 0.05 0.06 0.15 0.09 

Film average  0.90 0.07 0.04 0.17 0.07 
PP 1 CC 0.02 0.96 0.02 1.00 0.97 
PP 2 CC 0.01 0.93 0.06 0.96 0.97 
PP 3 CC 0.02 0.98 0.00 1.00 0.98 
PP 4 SS 0.02 0.95 0.03 0.96 0.96 
PP 5 SS 0.01 0.98 0.01 0.92 0.96 
PP 6 SS 0.01 0.98 0.01 0.91 0.96 

PP average  0.02 0.96 0.02 0.96 0.97 
PO 1 CC 0.47 0.48 0.04 0.97 0.67 
PO 2 CC 0.85 0.13 0.01 0.23 0.15 
PO 3 CC 0.85 0.13 0.01 0.19 0.17 
PO 4 CC 0.80 0.18 0.02 0.16 0.17 
PO 5 CC 0.79 0.20 0.02 0.19 0.12 
PO 6 CC 0.82 0.15 0.02 0.16 0.11 

PO average  0.76 0.21 0.02 0.32 0.20 
MP 1 CC 0.11 0.13 0.76 0.92 0.76 
MP 2 CC 0.15 0.14 0.70 0.44 0.24 
MP 3 CC 0.27 0.04 0.69 0.25 0.18 
MP 4 SS 0.44 0.28 0.29 0.26 0.23 

MP average  0.24 0.15 0.61 0.47 0.40 

 

Since the DSC measurements were performed with approx. 10 mg of 

material, one could beg the question whether a representative sample was taken. Some 

samples were measured in duplicate or triplicate, which resulted in similar outcomes. 

Therefore, the samples can be considered as homogeneous in terms of composition.  
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2.3.2 Mechanical properties 

In Figure 2.9, the mechanical properties of virgin HDPE/i-PP blends are 

given. It is observed that the tensile strength can be positively influence by only a 

small fraction (< 10 %) of the dispersed phase, although the standard deviations are 

large. For other blend compositions, the linear rule of mixtures has not been obeyed 

and the tensile strength and elongation-at-break are inferior to the homopolymers. 
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Figure 2.9 (A) Tensile strength and (B) elongation-at-break of virgin HDPE/i-PP blends. 

 
Table 2.6 Mechanical properties of PPW. 

 Source Tensile 

strength 

(MPa) 

εbreak 

(%) 

 Source Tensile 

strength 

(MPa) 

εbreak 

(%) 

PE 1 CC 21.8±1.6 80±100 PO 1 CC 17.9±1.3 8±3 

PE 2 CC 26.0±1.0 520±80 PO 2 CC 13.1±1.2 100±110 

PE 3 CC 24.1±2.5 190±230 PO 3 CC 14.7±0.9 180±150 

PE 4 SS 25.2±0.8 310±230 PO 4 CC 21.8±3.9 20±7 

PE 5 SS 25.1±0.2 150±200 PO 5 CC 12.0±0.6 60±60 

PE 6 SS 25.9±0.4 430±150 PO 6 CC 20.2±3.4 230±200 

PE average 24.7±1.1 280±160 PO average 16.6±1.9 100±90 

Film 1 CC 19.5±3.7 530±100 MP 1 CC 4.8±2.5 2±1 

Film 2 CC 10.7±1.8 40±20 MP 2 CC 15.1±2.4 5±1 

Film 3 SS 15.6±0.3 140±110 MP 3 CC 11.9±3.1 20±5 

Film 4 SS 12.4±1.9 130±170 MP 4 SS 10.9±2.6 30±6 

Film 5 SS 12.5±2.6 20±8     

Film average 14.1±2.1 170±80 MP average 10.7±2.6 10±4 

PP 1 CC 25.9±0.4 20±10     

PP 2 CC 6.1±1.9 3±1     

PP 3 CC 30.2±0.9 10±6     

PP 4 SS 25.0±1.5 10±10     

PP 5 SS 24.3±4.3 8±5     

PP 6 SS 26.5±1.6 10±8     

PP average 23.0±1.8 10±7     
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The results observed in Figure 2.9B are in agreement with earlier reported results (see 

also Figure 3.1).15 The PE/i-PP incompatibility is already obvious from virgin blends. 

The mechanical performance of the recyclates is given in Table 2.6. In terms 

of tensile strength, some differences are seen between SS and CC, although no clear 

trends are visible. For all categories, the tensile strengths of SS materials are similar, 

while for CC the results deviate significantly from the average. The different fractions 

and the effect of additional sorting steps on the mechanical properties will now be 

discussed. 

The tensile strength of post-consumer rigid PE is in general quite consistent, 

although the properties of the virgin materials cannot be reached. Manual screening of 

material (PE 5 vs. 6) leads to more reproducible results, as demonstrated by the 

reduced standard deviations (SD). However, an opposite trend can be deduced for the 

elongation-at-break. This may be related to a somewhat higher measured i-PP content 

in the unscreened PE 6. Less i-PP contaminated samples, such as PE 2, 3, and 4, give 

higher elongations-at-break, since less stress concentration zones of the contaminants 

are present. The standard deviation for elongations-at-break doesn’t vary substantially. 

The highest elongations-at-break within the PE category samples were observed for 

PE 2, which was obtained via commingled collection. 

Within the Film category, Film 1 showed a high tensile strength in 

combination with a high elongation-at-break. This material was additionally NIR 

sorted, while the other films were not. Manual screening of the film fractions (Film 4 

vs. Film 5) improved the tensile strength and the elongation-at-break; furthermore, 

lower standard deviations were obtained, although these results are not directly related 

to sample purity.  

Although the measured purity was high, very low elongations-at-break (~30 

%) were observed for recycled i-PP samples in comparison to the elongations-at-break 

of virgin i-PP samples (approx. 800 %). This difference originates partly from 

degradation of the i-PP samples by β-scission, while in PE both chain cleavage and 

crosslinking reactions may occur. Analysis of the tested tensile bars revealed the 

presence of solid particles, which points to the presence of PET. This was confirmed 

by examination of these particles by FT-IR analysis, which is shown in Figure 2.10, 

and clearly displays vibrational bands from the C=O stretching at about 1720 cm-1 and 

ring-ester in-plane modes at about 1250 cm-1 and 1150 cm-1.16 
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Figure 2.10 FT-IR spectrum of a solid particle at the fracture surface of recycled i-PP. 

 

The spread in tensile strength and elongation-at-break for the PO Mix 

samples is larger between samples than for the earlier discussed sample categories. In 

general, the mechanical properties are inferior and the samples are not homogeneous, 

which can be deduced from the large deviations in elongation-at-break. PO 4 and PO 

6 were purest and showed the highest tensile strength. PO 6 showed a high 

elongation-at-break, but compared to PE it has low uniformity. Hot washing of PO 

Mix samples (5 and 6) and a sorting centrifugation step (PO 3 versus PO 2) have a 

positive influence on the mechanical properties.  

The performance of Mixed Plastics (MP) samples is the lowest of all 

categories. Since these samples were very inhomogeneous and contained a significant 

amount of PET due to deficiencies in density separation, these were impossible to 

measure in tensile mode.  

 
2.4. Conclusions 

DSC and FT-IR are demonstrated here as suitable techniques for 

compositional analysis of polyolefin blends. The melting enthalpy of i-PP is a reliable 

parameter to characterize HDPE/i-PP blends composition with DSC. In FT-IR 

analysis of PE/i-PP blends, the PE peak at 2848 cm-1 and the i-PP peak at 1376 cm-1 

are most suitable for characterization, since these peaks are abundant and non-

overlapping. Both characterization methods can be applied to calculate the 

composition of a polyolefin blend of unknown composition. To eliminate the effect 

of differences in crystallinity, FT-IR is the preferred method since it also takes 

amorphous signals into account. Furthermore, this method is rapid and non-

destructive and thus can easily be used for compositional analysis of recyclates. Since 

ATR FT-IR is a surface technique, a small overestimation of the dispersed component 

has to be taken into account. 
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It can be concluded that extensive sorting leads to purer waste fractions with 

improved mechanical properties. Typically, the post-consumer i-PP recyclate samples 

were the purest waste fractions and contained about 96 % i-PP. The post-consumer 

PE recyclates contained about 90 % PE and the post-consumer film samples 

contained 80-85 % PE. No quality differences between source-separated and 

commingled-collected PPW were observed. Applying a hot washing step, additional 

manual screening and sorting centrifugation improved the purity and mechanical 

properties of the recyclate.  
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Chapter 3  

The effect of mixing on the dispersion of 

polymer contaminants in isotactic PP waste  1 
 

Abstract 

In the previous chapter, it can be concluded that despite proper sorting 

techniques, 5 - 10 % contamination is present in recyclates, predominantly in the form 

of a different polymer. It was also observed that recycled i-PP is brittle. A well and 

finely dispersed minority phase is desired to improve the mechanical properties of 

post-consumer i-PP by different melt processing strategies. Reprocessing the material 

via extrusion is the next step in the reprocessing chain of recycled plastics. This 

chapter compares the dispersion of the minority PE phase in i-PP obtained by using 

compression molding, single-screw and twin-screw extrusion, in combination with 

static mixers in the extrusion line. The extent of mixing is varied and concomitantly 

the dimensions of the dispersed phase change. Their effect on the morphology and 

mechanical properties will be discussed. It was observed that the diameter of the 

dispersed phase can be reduced by twin-screw extrusion and that the application of a 

static mixer further promotes the uniformity of the size of the minority phase. As a 

result, the mechanical properties improve considerably compared to compression-

molded materials. In tensile testing, a brittle-ductile transition is observed for better-

dispersed systems. 

  

                                                   
Adapted from:  

B. J. Luijsterburg, J. G. P. Goossens, 2014, submitted to Waste Management. 
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3.1. Introduction 

This chapter focuses on the improvement of the mechanical properties of 

post-consumer i-PP by controlling the state of dispersion of the contaminants by 

different mixing strategies. Given the typical composition of recycled i-PP of 95 % i-

PP and 5 % poly(ethylene) (PE), we are dealing with an immiscible polymer blend. In 

general, the properties of immiscible polymer blends depend on many factors that 

govern the properties of homogeneous polymer blends such as molecular weight, 

molecular weight distribution, and thermomechanical history. Additionally, the 

properties of immiscible blends are determined by morphology to a great extent, 

which in turn depends on the thermodynamic and viscoelastic properties and thermal 

and stress history. Important factors that determine the morphology are i.a. viscosity 

ratio, elasticity, interfacial tension, and composition. Using simplified systems, 

researchers were able to numerically describe the deformation of a viscoelastic droplet 

in a viscoelastic medium in shear flow1 and extensional flow,2,3 thereby varying the 

viscosity and elasticity ratio of the components. From other theories based on 

Newtonian systems, combined with experimental results on polymer blend 

morphologies, some statements can be used as guidelines. Droplet break-up is easier 

in elongational flow than in shear flow; droplet deformation and breakup in 

viscoelastic media is more difficult than in Newtonian systems; when the 

concentration of the minority phase exceeds a critical concentration of 0.5 vol %, the 

effect of droplet coalescence must be taken into account.4 This research focuses on 

obtaining different degrees of mixing by choosing different polymer processing 

methods with characteristic flow fields. The effect of the extent of mixing on the 

dispersion of PE and the concomitant mechanical properties will be considered. 

Two different types of mixing exist: dispersive mixing and distributive mixing. 

In single-screw extruders, dispersive mixing predominantly takes place, where shear is 

applied to the polymer by a rotating screw in a fixed screw barrel. In dispersive 

mixing, clusters of particles or droplets of an immiscible liquid break up. The shear 

stress is proportional to the distance between screw and barrel and the rotational 

speed. Distributive mixing reduces the system’s non-uniformity by chaotic mixing of 

the minor component in the blend and occurs in twin-screw extruders and static 

mixers. This type of mixing is based on the stretching and folding of e.g. polymer 

droplets in an emulsion around elliptical and hyperbolic points.5 At higher degrees of 

stretching and folding, the droplets will break up into smaller droplets, leading to 

smaller domain sizes of the dispersed phase. The extent of mixing obtained via 

distributive mixing is higher than via dispersive mixing. 

Based on their interactions, composition, and viscoelastic properties, binary 

polymer blends can form different morphologies, such as a co-continuous structure, a 
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particle-in-matrix dispersion or a homogeneous mixture. Co-continuity occurs at 

higher volume fractions of the minor phase and the phase inversion depends on the 

viscosities of both phases.6,7 

In blending PP and poly(styrene) (PS) by single-screw extrusion equipped 

with a static mixer and by twin-screw extrusion, it was found that the type of 

processing method had a profound influence on the state of dispersion, as verified by 

microscopy.8 

The effect of viscoelastic properties of the individual components on the 

morphology formation and concomitant properties was studied for blends of 

ethylene-propylene rubbers (EPR) and i-PP.9,10 It was concluded that a lower or equal 

melt viscosity of the minority component leads to a finer and more uniform 

dispersion than when the minority component has a higher melt viscosity than the 

majority component. Furthermore, annealing above the melting temperature of i-PP 

resulted in a substantial increase in the domain size of the dispersed phase. Higher 

shear rates during extrusion facilitate the breakdown process of the dispersed phase 

(droplets) oriented in the flow direction, thereby reducing the overall state of 

orientation of the dispersed domains. This explains the observed reduction of the E-

modulus and yield stress, and increased elastic recovery. 

The effect of mixing temperature and molecular weight was investigated for 

PE/PS blends.11 Here, an increase in shear rate resulted in a finer PS dispersion as 

well. Typical droplet dimensions were 1 - 5 µm, but a phase dimension of 0.6 µm 

could be obtained by applying high shear. Furthermore, a higher mixing temperature 

resulted in a smaller dispersed phase domain size.  

From literature, it is known that PE and i-PP are immiscible.12,13,14,15 A small 

amount of high-density poly(ethylene) (HDPE) is detrimental to the elongation-at-

break of the i-PP matrix (Figure 3.1).16 Whereas the pure materials showed yielding 

and stable neck formation and fractured in a ductile manner, the blends of HDPE and 

i-PP showed failure close to yielding. For blends of low-density poly(ethylene) 

(LDPE) and i-PP a similar trend was observed. The incompatibility between PE and i-

PP results in phase-separated blends with poor interfacial adhesion between the 

phases, which are responsible for the reduced mechanical properties observed. Clearly, 

the yielding process is highly sensitive to macroscopic defects and morphology of the 

blend, leading to stress concentration during deformation. 

Traces of poly(ethylene terephthalate) (PET) can also be present in sorted i-

PP waste. Based on virgin i-PP/PET blends, it is observed that the elongation-at-

break is negatively affected by the presence of PET particles (Appendix B). The PET  
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Figure 3.1 Elongation-at-break for blends of HDPE (DGDA) and i-PP (reproduced from reference 16). 

 

concentration was shown to have a greater influence on the elongation-at-break than 

the size of the PET particles. 

Whereas melt mixing has the largest effect, it was demonstrated that the state 

of dispersion of HDPE/i-PP blends also depends on the crystallization conditions.17 

The overall interfacial strength is related to this state of dispersion. By applying non-

isothermal crystallization conditions, the HDPE crystallizes first and forms a solid 

boundary with the i-PP melt. Since PE nucleates i-PP crystallization, i-PP crystals start 

to form not only inside the i-PP phase, but close to the PE boundary as well. Because 

of the volume contraction due to crystallization, the phase boundary might not be 

smooth but influxes may form instead, which cause the formation of additional 

interface and thus contribute to the interfacial strength. 

A way to improve the mechanical properties of PE/i-PP blends is to improve 

the interfacial adhesion by means of a compatibilizer.18-20 The use of an ethylene-

propylene (EP) copolymer as a compatibilizer for virgin PE/i-PP blends was reported 

extensively.16,21-23 It was found that the impact strength and the elongation-at-break 

improved, while the modulus and yield strength decreased as a result of the rubbery 

nature of the copolymer. For 80/20 recycled LDPE/i-PP blends,24 it was found that 

the EP compatibilizer reduced the domain size of the dispersed i-PP phase and that 

the interfacial adhesion was improved, resulting in improved impact strength and 

ductility. However, there was no effect of the compatibilizer on the properties of a 

80/20 HDPE/i-PP blend. All of this research indicate that compatibilizers only 

function in a well-defined system with known composition. 

Other researchers showed that the degree of mixing in immiscible polymer 

blends was improved by means of single- and twin-screw extrusion compared to an 

internal mixer.19 However, the concentration of the minority phase in these blends 

was 20 wt % or higher and thus not representative for a sorted fraction of polyolefinic 

nature from waste material. 
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In recycled materials, it is unclear whether stable yielding is governed by the 

morphology of the dispersed polymer phase, or by other contaminants that may act as 

defects. It is the objective of this chapter to investigate the effect of mixing on the PE 

dispersion in recycled i-PP and the concomitant mechanical properties. 

To explore this effect, the morphology of the dispersed PE phase in recycled 

i-PP has been altered by different melt processing strategies. For this reason different 

polymer processing techniques that are able to break up viscoelastic particles by 

different shear rates have been used: 

- compression molding (CM, no shear), 

- single-screw extrusion (SSE), 

- twin-screw extrusion (TSE), 

- incorporation of a static mixer (SM). 

In order to exclude the effect of degradation, the residence time was kept 

constant for all techniques used. Furthermore, it is known that the cooling rate affects 

the mechanical properties of (recycled) i-PP, discussed in Chapter 4 as well.25,26 

Therefore, the cooling rate was kept constant in all cases in this chapter. 

 

3.2. Experimental 

3.2.1. Materials 

Sorted Dutch post-consumer i-PP (code: PCPP80) was granulated at MTM 

Plastics (Niedergebra, Germany) and filtered at 80 µm at Ettlinger (Königsbrunn, 

Germany). DSC and FT-IR analysis showed that the main contaminant in PCPP80 

was 4 - 6 % of LLDPE (Chapter 2).  

 

Figure 3.2 Schematic representation of the different melt processing strategies used in this research. 
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Figure 3.3 Screw configuration of the twin-screw extruder, where 1: transport elements, 2: mixing 

elements with 30° offset, 3: mixing elements with 60° offset, 4: discharge elements. 

 

3.2.2. Processing techniques 

A schematic overview of the processing techniques used in this study is given 

in Figure 3.2. A Collin Presse 300G was used to mold rectangular specimens of 1 mm 

thickness at a temperature of 200 °C and a pressure of 100 bar. The single-screw 

extruder used was a Collin Teach-line E20T (25 L/D). The screw configuration of the 

Thermo Electron Rheomex OS PTW16 (25 L/D) twin-screw extruder is given in 

Figure 3.3. Additionally, a Sulzer SMB-H 17/6 melt blender was used as a static mixer. 

In extrusion, tapes of about 0.9 mm thickness were obtained after cooling with Collin 

CR72T chill-rolls. The isotropy of the tapes was confirmed by 2D-WAXD analysis 

(not reported here). In order to check the dispersion stability, the twin-screw-Sulzer 

extruded material (TSE-SM) was compression molded at 200 °C and 100 bar for 3 

minutes, after which it was cooled down rapidly by water-cooling. Here, the code 

TSE-SM-CM was used. The experimental settings per technique are given in Table 

3.1. 

 
Table 3.1 Overview of experimental settings. 

Entry T extruder 

(°C) 

N 

(rpm) 

Residence 

time (min) 

Tcoolant (°C) 

CM 200 - 10 15 (water-cooled) 

SSE 200 9 12 25 (oil-cooled) 

SSE-SM 200 12 12 25 (oil-cooled) 

TSE 200 80 5 15 (water-cooled) 

TSE-SM 200 80 10 15 (water-cooled) 

 

3.2.3. Characterization techniques 

The thermal properties were measured with a TA Instruments Q1000 

differential scanning calorimeter (DSC). 3 - 6 mg of material was transferred into 

Tzero hermetic pans, which were heated from 30 to 220 °C at a heating rate of 10 °C 

min-1 and cooled down to 30 °C at the same rate. The crystallinity (Xc) was calculated 

from the first heating run by dividing the measured melting enthalpy of i-PP by the 

melting enthalpy of 100 % crystalline i-PP (207.1 J g-1). 
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The mechanical properties were measured using a Zwick Z100 tensile tester, 

equipped with a 100 N load cell. A cross-head speed of 5 mm min-1 was used at a 

gauge length of 19 mm. A preload of 0.2 N was applied. For every processing 

technique eight tensile specimens were prepared according to ISO 527. 

The fracture surface of the materials was investigated with a Jeol JSM-5600 

scanning electron microscope (SEM), operating at 5 kV and a working distance of 10 

mm. An untested tensile specimen was cryogenically fractured and sputter-coated with 

chromium before SEM observation. 

Atomic force microscopy (AFM) was used to obtain information about the 

volume fraction of the dispersed phase. Samples were microtomed at -120 °C using a 

glass knife. After cutting away 100 µm, counterparts were trimmed at 1 µm per cut 

using an unused knife. The counterparts were placed in a NTegra Aura AFM (NT-

MDT). Height images of a surface of 20 x 20 µm2 were recorded in tapping mode 

with a resolution of 512 x 512 and scan speed of 16 µm s-1 using a NSG11 tip (NT-

MDT) with a typical resonance frequency of 150 kHz and a spring constant of 5.5 N 

m-1.  

 

3.3. Results and discussion 

In this section, the effect of different processing methods on the thermal 

properties will be discussed first. This is followed by a discussion on their effect on 

the mechanical properties, after which the morphology of the system will be treated.  

 

3.3.1 Thermal analysis 

In Figure 3.4 the (vertically shifted) thermograms of materials obtained from 

the first heating run with a different degree of mixing are displayed. The initially 

proposed hypothesis was that a high extent of mixing was to be favored for processes 

with high shear rates. A low degree of mixing was obtained for compression-molded 

(CM) material, while a high degree of mixing was obtained for twin-screw extruded 

material with an in-line static mixer (TSE-SM). 

 The stability of mixing is verified by compression molding the material with a 

high degree of mixing (TSE-SM-CM). In the heating runs, two melting peaks are 

visible: one endotherm with a peak temperature at approx. 126 °C, corresponding to 

the LLDPE phase, and another endotherm with a peak temperature around 163 °C, 

indicative for the i-PP. Whereas the shapes of the LLDPE melting endotherms are 

similar in the first and second heating run, the shapes of the i-PP melting endotherms 

are different. In Figure 3.4A, it is seen that the crystallinity of TSE-SM is 1-2 % higher 

than for the other materials. The higher crystallinity indicates that crystallization is 

promoted by the creation of more interface, acting as nucleation sites. The promoted 
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PE droplet break-up in TSE-SM supports this hypothesis, since PE forms a well-

known nucleation site for i-PP. The CM and TSE-SM-CM materials show a distinct 

shoulder in the lower temperature region close to the peak maximum, indicating a 

relatively high fraction of smaller crystals or crystals with defects. The total i-PP 

crystallinity, calculated from the area under the melting endotherm of the first heating 

run is however similar (Table 3.2). Figure 3.4B shows the crystallization of the 

materials during the cooling run. Again the higher crystallinity of TSE-SM is observed, 

although this does not result in an increase in crystallization temperature. The 

crystallization temperatures of approx. 124 °C indicate the nucleating effect of PE 

compared to virgin i-PP, which has a crystallization temperature of approx. 110 °C. 

The second heating run shows less differences between the materials as in Figure 

3.4A, although the slightly higher crystallinity of TSE-SM is still noticeable. These 

results indicate the thermal instability of the morphology as obtained via different melt 

mixing methods.  
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Figure 3.4 DSC thermograms of recycled i-PP processed via compression molding (CM), twin-screw 

extrusion with static mixer (TSE-SM) and subsequent compression molding (TSE-SM-CM): (A) 1st 

heating run, (B) cooling run, (C) 2nd heating run.  
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Table 3.2 Crystallinity and mechanical properties of PCPP80 obtained via different routes. 

Entry XC (%) E (MPa) σ
Y 

(MPa) ε
break

 (%) 

CM 31 1170±10 25.9±0.4 30±10 

SSE 31 1050±60 26.0±0.5 310±190 

SSE-SM 30 1040±40 26.0±0.5 380±110 

TSE 31 1140±30 27.3±0.6 320±130 

TSE-SM 32 1050±40 26.8±0.2 410±70 

TSE-SM-CM 30 1160±10 26.4±0.4 50±40 

 

3.3.2 Mechanical properties 

The results from DSC indicate changes in degree of crystallinity which lead to 

changes in mechanical properties as well. A higher melting temperature results in 

crystals with a larger lamellar thicknesses, which have an increased yield stress. The 

tensile curves are depicted in Figure 3.5 and the most important properties are given 

in Table 3.2. It can be observed that the desired ductility can be achieved by means of 

mixing. This indicates that the primary reason for the observed brittle behavior after 

compression molding is the dispersion of the minority phase, rather than the presence 

of solid (PET) particles. The effect of mixing is best seen when addressing differences 

in elongation-at-break (εbreak). It can be observed that εbreak increases with an improved 

degree of mixing (TSE ≥ SSE > CM). A reason for this is that the stress upon loading 

is less concentrated in well-dispersed systems, thereby stabilizing the yielding process, 

resulting in a higher elongation-at-break. The higher degree of mixing in TSE with 

respect to SSE does not necessarily improve the elongation-at-break, although the 

standard deviation (SD) is lower and thus a better homogeneity of the PE dispersion 

in different tensile samples is obtained. Incorporating a static mixer into the extrusion 

line leads to an even further improved εbreak and a further reduced SD. Analogous to 

the DSC results, the extra compression-molding step in TSE-SM-CM samples has a 

detrimental effect on the observed behavior. In tensile testing, TSE-SM-CM shows a 

detrimental decrease in εbreak compared to TSE and TSE-SM and is comparable to the 

CM sample. It seems that the obtained degree of mixing during twin-screw extrusion 

and in the static mixer is lost through the heat treatment without flow and that 

extensive coalescence occurs due to the long contact times between particles. Whereas 

the effect on the stiffness, represented by the E-modulus (E), is marginal, the effect 

on the yield stress (σy) is somewhat more pronounced. The higher yield stress of TSE-

SM observed with respect to CM can be considered a direct result of the melting 

behavior since the yield stress is governed by the lamellar thickness. A heat treatment 

reduces σy to values close to the εbreak values obtained for CM. 
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Figure 3.5 Tensile curves of recycled i-PP obtained via different processing routes. Eight samples were 

tested per material. Equal scaling was chosen to facilitate comparison. 

 

3.3.3 Morphology 

The differences observed in DSC and tensile testing strongly indicate that the 

domain size of the dispersed PE phase is smaller in processing methods where a high 

degree of mixing is obtained. The surfaces of cryogenically fractured materials were 

evaluated with SEM. With this technique, the volume fraction of the dispersed phase 

(VD) can be determined via: 
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where n is the number of particles with diameter D, and AT is the area of the 

micrograph region under analysis. The concentration of the dispersed phase is given 

by 

�	����� = 	
�������
�

�
	�∑���

	∑ �     (eq. 3.2) 

Here, the volume fractions and concentrations of the dispersed phase are 

overestimated due to a crack trajectory going through the equatorial planes. What is 

measured instead is the effective volume fraction of particles for crack propagation.27 

Another method to investigate domain sizes is looking at microtomed 

surfaces with SEM or AFM. In this research AFM was used to compare the results of 

different methods. The differences in measured diameters of the dispersed phase in 

microtomed polymer blends can be rather significant even for monodisperse droplets. 

The reason for this is that the cutting plane through the particles is random.28 

Therefore, the measured particle size distribution is incorrect, but it does give a 

correct estimation of the volume fraction of the dispersed phase: 

������� = 	
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      (eq. 3.3) 

The concentration of dispersed phase particles, important for stress propagation in a 

tensile specimen under load, is given by 

�	����, ���� =	
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  (eq. 3.4) 

The morphologies of selected materials characterized by SEM and AFM are 

given in Figure 3.6. Again, a sample with hardly any mixing (CM) and a sample that 

underwent extensive mixing (TSE-SM) were chosen. With both techniques the 

dispersed phase can easily be observed. As expected, the domain size of the dispersed 

phase in CM is largest, while in TSE-SM the dispersed phase domain size is small. As 

a consequence, the number of droplets in a specific area is higher. An overview of the 

measured diameters D is given in Table 3.3.   

 
Table 3.3 PE particle dimensions as measured by different techniques. 

 D (AFM) 

(µm) 

VD (AFM) 

(-) 

D (SEM) 

(µm) 

VD (SEM) 

(-) 

P (SEM) 

(-) 

P (SEM,AFM) 

(-) 

CM 0.80±0.39 0.073 0.65±0.26 0.035 0.159 0.335 

TSE-SM-CM 0.73±0.24 0.057 0.77±0.32 0.043 0.116 0.155 

TSE-SM 0.40±0.35 0.056 0.49±0.25 0.032 0.261 0.465 
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A) CM 

 

 

 
B) TSE-SM-CM 

 

 

 
C) TSE-SM 

 

 

 
Figure 3.6 AFM height images (left) and SEM fracture surfaces (right) of recycled i-PP prepared via: (A) 

compression molding, (B) twin-screw-Sulzer extrusion and subsequent compression molding and (C) 

twin-screw-Sulzer extrusion. The arrows indicate PE inclusions; the black lines in the AFM images 

indicate the cutting direction of microtoming. 
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The measured droplet size in SEM is generally larger than in the microtomed 

materials investigated with AFM. For all materials, the domain size distribution is 

large, indicating the dynamic character of both the processing methods and the 

droplet break-up and coalescence processes. The volume fraction as measured by 

AFM is about 6 %, which is in line with earlier DSC and FT-IR characterization. The 

volume fraction in CM seems somewhat overestimated and might be a result of non-

representative sampling. From Equation 3.4 it can be deduced that the concentration 

of dispersed phase particles P (SEM,AFM) is higher in more and finer droplets. The 

concentration of dispersed phase particles in TSE-SM is indeed highest: 0.465 

particles per µm with an average diameter of 0.49 µm. 

The properties of PE/i-PP blends are determined by the interfacial strength 

between the two phases as a result of their incompatible nature. For spherical 

dispersed phase particles, a reduction in diameter by a factor 2 results in an increase of 

the total surface area by a factor 4. Thus, the break-up of droplets leads to the 

generation of more particle-matrix interface. Since the total particle-matrix interface is 

larger, the crack trajectory upon mechanical deformation in a finely dispersed system 

is longer. Therefore, the total energy needed to break a tensile specimen is higher, 

resulting in an improved elongation-at-break. 

 

3.4. Conclusions 

Given the typical PE contamination of 5 - 10 % in recycled i-PP, it was 

demonstrated that the dispersion of PE had a substantial influence on the mechanical 

properties of the material. Different melt mixing strategies were applied to improve 

the mechanical properties of post-consumer i-PP. Droplet break-up is best promoted 

with twin-screw extrusion and additionally the use of a static mixer. Higher degrees of 

dispersive mixing effectively break up PE droplets and lead to better and finer 

dispersed PE domains in an i-PP matrix, which was measured by SEM and AFM. The 

total particle-matrix interface increases, which improves the desired ductility and 

results in a higher elongation-at-break and tensile strength, while the modulus and the 

yield stress are less affected by the processing method. The inconsistency of the 

extruded material, originating from continuous quality differences of the starting 

materials, is measured by the standard deviation of the elongation-at-break. A higher 

degree of mixing significantly reduces the inconsistency and promotes the stability of 

recycled plastics during processing. 
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Chapter 4  

The effect of cooling conditions on the 
structure-property relationships in recycled 
isotactic PP1 
 

Abstract 

So far, the effects of collection, sorting, and mixing on the composition, 
morphology and concomitant mechanical properties in i-PP were explored. The 
polymorphism of i-PP has not yet been addressed. In this study, the effect of 
processing parameters, i.e. the cooling rate and pressure, on the structure-property 
relationships for nucleated and non-nucleated i-PP from virgin and recycled sources 
will be discussed. Special attention will be given to the brittle-to-ductile transition of 
nucleated i-PP from plastic packaging waste. Differential fast scanning calorimetry and 
dilatometry are used to mimic industrial process conditions. From the calorimetric 
experiments, it is observed that under ambient pressure the mesomorphic phase is 
formed upon fast cooling, which is confirmed by WAXD analysis. The dilatometry 
results show that by applying pressure γ-phase crystals are also formed. Nucleated 
samples show an increased tendency toward the γ-phase formation and a decreased 
tendency toward mesomorphic phase formation. Up to now, recycled i-PP 
predominantly showed brittle behavior, but this study shows that by applying a 
sufficiently high cooling rate, the yield stress can be reduced and a stabilization of the 
deformation can be attained leading to ductile behavior in recycled i-PP. 
                                                   
Adapted from: B. J. Luijsterburg, G. W. de Kort, M. van Drongelen, L. E. Govaert, J. G. P. Goossens, 
Thermochimica Acta 2014, in press. 
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4.1. Introduction 

i-PP is a polymer which can partially crystallize upon cooling from the melt. It 
can crystallize in different crystal structures, depending on the processing conditions. 
All crystal structures have a three-fold helical conformation of the polymer chains, but 
differ in the packing density. The 31-helix has three monomers per turn and can be 
either right or left handed. A further distinction can be made based on the orientation 
of the methyl group with respect to the chain axis, which can be either up or down. 
The α-crystal phase is the thermodynamically most stable phase. The α-crystal phase 
has a monoclinic unit cell (a = 6.65 Å, b = 20.96 Å, c = 6.5 Å). A peculiar feature of 
the α-crystal phase is lamellar branching, also known as cross-hatching: one type of 
lamellae (parent lamellae) forms a nucleation site for daughter lamellae that grow at a 
specific angle. For i-PP, this angle between parent and daughter lamellae is 80°.1,2 
Despite the presence of contaminations, i-PP from waste materials normally 
crystallizes in the α-crystal phase, which has been investigated by differential scanning 
calorimetry (DSC) and wide-angle X-ray diffraction (WAXD).3 

The β-crystal phase in i-PP is only formed when specific nucleating agents, 
such as γ-quinacridone, are added to the polymer or under special crystallization 
conditions, e.g. crystallization under temperature gradients or from an oriented melt.2,4 
It was first detected by Padden and Keith in 1959.5 The β-crystal phase has a trigonal 
unit cell (a = b = 11.01 Å and c = 6.5 Å.) containing three isochiral helices. The 
lamellae in the β-crystal phase are not cross-hatched but parallel, thereby providing 
greater chain mobility within the lamellae under load.6 The β-crystal phase is a 
metastable phase and recrystallizes to the α-crystal phase when heated above 145 °C, a 
process which is known as the β-α transformation.7-9  

The γ-crystal phase is formed when crystallization takes place under high 
pressures and moderate cooling rates, or under shear. This crystal phase is typically 
formed more easily in lower molecular weight polymers10-12 or in the presence of an α-
olefin comonomer.13 The γ-crystal phase has an orthorhombic unit cell (a = 8.54 Å, b 
= 9.93 Å, c = 42.4 Å) containing layers of non-parallel organized chain segments. 
Lamellae of the γ-crystal phase generally nucleate on the α-lamellae by an epitaxial 
mechanism that is comparable with the cross-hatched structure within the α-crystal 
phase, but at an angle of 40°.1,2 

The mesomorphic phase is formed when i-PP is quenched to 0 - 40 °C from 
the melt at ambient or high pressures.14-16 It consists of parallel chains with a high 
degree of order in the longitudinal direction (the helical structure is preserved), but no 
crystallographic register in the lateral packing.17-22 The mesomorphic phase can be 
considered an intermediate, frozen-in state of order in the crystallization process. Fast 
cooling hampers the folding of polymer chains into lamellae. Its form is metastable 
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and undergoes a transformation to the α-crystal phase when the polymer is heated 
(typically between 40 and 80 °C). 

The mechanical properties of semi-crystalline polymers are strongly 
dependent on their crystallinity, lamellar thickness, and type of crystal structure, which 
in turn depend on the processing conditions.23 A higher cooling rate during 
crystallization leads to a lower yield stress24 and a higher strain-at-break. Lowering the 
yield stress of recycled i-PP could result in ductile instead of brittle behavior. Earlier 
results showed that, for the same crystallinity, the nodular mesomorphic phase was 
ductile with elongations-at-break up to 450 %, while brittle fracture was observed in a 
spherulitic α-crystal phase in the same i-PP.25 Another study showed that for i-PP’s 
with similar crystallinities the α-crystal phase was ductile with an elongation-at-break 
of 300 %, an elongation-at-break of over 600 % for the mesomorphic phase and an 
elongation-at-break of over 1000 % for the γ-crystal phase, which was explained in 
terms of a phase transition from the γ-crystal phase to the mesomorphic phase during 
deformation.26 A study on the effect of stereoregularity of i-PP on the crystal phase 
formation showed that the mechanical properties of i-PP can be altered using 
metallocene catalysts.27 The mesomorphic phase formation was favored for 
stereodefective i-PP. The cooling conditions were found to predetermine the 
morphology and shape of crystals, lamellae or nodules, while annealing offers 
additional options to modify the mechanical properties through the lamellar thickness, 
perfection, and crystallinity in slowly cooled samples. Annealing of quenched samples 
permits a precise adjustment of crystallinity and size of the nodular crystals without 
affecting the external habit of the crystals. Here, the modulus and tensile strength can 
be adjusted while maintaining the ductility of the mesomorphic phase.28,29 

These mechanical properties are often measured through tensile testing. The 
yield stress σy, i.e. the first maximum in the stress-strain curve, indicates the transition 
from elastic deformation at small deformations, described by Hooke’s law, to plastic 
deformation. Plastic deformation usually starts by the formation of a neck, initiated by 
lamellar slip due to local stress concentration. After the formation of a stable neck, the 
neck propagates throughout the sample. The draw ratio of the material in the stable 
neck is better known as the ‘natural draw ratio’ or λn. After this draw ratio, a material 
can show strain hardening. This process is mainly governed by the increase in stress 
due to deformation applied to the entanglements in the amorphous phase. The slope 
of this regime is called the strain hardening modulus GR. A higher entanglement 
density results in an increase in the strain hardening modulus. The relationship 
between yield stress σy, estimated draw ratio in the neck λn, and strain hardening 
modulus GR is well known for samples measured in compression.30,31 In tensile 
deformation, the quantitative determination of strain hardening modulus is difficult, 
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since geometrical factors have a large influence on the observed behavior after 
yielding of the material. However, qualitatively the following relation is valid 

�� 	 ∈ 	 �
��
�	

.       (eq. 4.1) 

This relation indicates that, for similar yield stresses, an increase in natural 
draw ratio must be accompanied by a decrease in strain hardening modulus. Critical in 
the stress-strain behavior of polymers in tensile testing is the formation of a stable 
neck. When σy/GR < 3, uniform (homogeneous) deformation will take place. If σy/GR 
> 3, necking is observed, and deformation can either be stable or unstable. When λn 
increases, the stress concentrates on a relatively small cross-sectional area and the 
smallest defect can cause failure. At high λn the material becomes brittle.32,33 
Furthermore, the neck stability is influenced by the presence of contaminants (failure 
by initiation). 

High pressures and cooling rates favor the formation of either α-crystals with 
a small lamellar thickness, the γ-crystal phase or the mesomorphic phase for i-PP. All 
contribute to a lower yield stress. On laboratory scale, the formation of these phases 
can be investigated by dilatometry and differential fast scanning calorimetry.16,24,34,35 
This type of DSC instrument allows the use of extremely high heating and cooling 
rates and is ideal for the investigation of metastable structures. Samples are placed 
directly on a micro-electro-mechanical systems (MEMS)-based sensor using a 
microscope and not in crucibles as in conventional DSC. Heating and cooling rates of 
1000 °C s-1 can easily be obtained. It was demonstrated that a non-isothermal 
crystallization model can be used to accurately describe the multi-phase crystalline 
evolution for the α-, β-, γ- and mesomorphic phase.16 The relative amounts of each 
crystal phase were calculated from X-ray analysis.36 With an increasing cooling rate, 
the i-PP crystal phase changed from the α- to the mesomorphic phase. Differential 
fast scanning calorimetry studies showed that this transition occurs at cooling rates 
between 200 - 500 °C s-1.37 The transition depends on the material characteristics such 
as molecular weight and molecular weight distribution, but an exact correlation has 
not yet been found.38  

When a polymer melt comes into contact with the cold wall of the mold in 
compression molding or injection molding, the material in close contact with the wall 
cools very rapidly, which can be investigated by using non-isothermal crystallization 
experiments in differential fast scanning calorimetry.39 The material cools down more 
slowly towards the center of the polymer product. Here, a gradient in the cooling rate 
can be observed, which can be investigated thoroughly with isothermal crystallization 
experiments in differential fast scanning calorimetry. To obtain a full picture of the 
cooling conditions in compression molding or injection molding, both types of 
experiments have to be considered. From non-isothermal crystallization results, 
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continuous cooling curve (CCC) diagrams were constructed which show characteristic 
bell-shaped curves for most materials. However, a clear transition is seen in the CCC 
of i-PP. This transition can be explained by the change in crystal structure from the α-
crystal phase to the nodular mesomorphic phase at higher undercooling in isothermal 
experiments or higher cooling rates in non-isothermal experiments. The addition of α-
olefin comonomer to i-PP resulted in a decreased ordering time for the mesomorphic 
phase, which decreased further by increasing bulkiness of the comonomer unit.13 The 
addition of nucleating agents facilitates crystallization, leading to faster crystal 
formation and a shift in the CCC diagram towards faster crystallization times. 

The objective of this research was to study the effect of cooling rate and pressure 
on the crystallization behavior of nucleated and non-nucleated i-PP and to use the 
alteration of these conditions to improve the mechanical properties of i-PP from 
plastic packaging waste. To get a better understanding of the effect of different fillers 
present in recycled i-PP on the cooling rate-dependent crystal phase formation and 
mechanical behavior, differential fast scanning calorimetry, dilatometry, and tensile 
tests were performed on various i-PP samples. These tests give valuable information 
about structure-property relationships in nucleated and non-nucleated i-PP, as well as 
for more complex systems such as recycled i-PP. As a reference, commercially 
available non-nucleated and α-phase nucleated PP grades used in the packaging 
industry were used. As ordinary day to day examples, recycled i-PP from both post-
consumer and post-industrial waste were used, which contain impurities. The 
isothermal crystallization kinetics are related to the i-PP crystal structure, which is 
measured with WAXD. Finally, differences in processing conditions, mimicked in a 
home-built dilatometer which can imitate realistic processing conditions, such as 
cooling rate and pressure, to the materials under investigation, are related to the 
corresponding mechanical properties in tensile mode. 
 
4.2. Experimental 

4.2.1. Materials 

The materials used in this study were a virgin i-PP, a nucleated virgin i-PP and 
two recycled i-PPs. The non-nucleated virgin i-PP was supplied by Borealis, Linz, 
Austria (HD234CF, code PP-1) and was used in earlier studies.16,24 The virgin 
nucleating agent-containing grade homopolymer 578N (PP-2), was supplied by Sabic 
Europe, Geleen, the Netherlands. Vision PPC black 2008 (PIPP, originating from 
industrial waste, filtered at 250 µm) was provided by AKG, Vroomshoop, the 
Netherlands. Dipolen PP (German post-consumer PP, PCPP, filtered at 80 µm) was 
provided by MTM Plastics, Niedergebra, Germany. All materials were received and 
used in pellet form. The recycled i-PP samples contain a significant amount of 
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poly(ethylene) (PE, 5 - 10 %), as was determined by DSC and Fourier-transform 
infrared spectroscopy (FT-IR) analysis in Chapter 2. 

 
4.2.2. Processing techniques 

The materials were compression molded at 200 °C and 100 bar for 3 minutes 
in a Collin Presse 300G and subsequently cooled with water. The average cooling rate 
is estimated to be in the order of 1 °C s-1. Five tensile specimens (Type 5B, ISO 527) 
were cut from the compression-molded plaque for mechanical analysis. 

Dilatometry was used to prepare tensile samples under elevated pressures, 
different cooling rates, and shear. A Pirouette pressure-volume-temperature (PVT) 
apparatus from IME Technologies was used in this study.40-43 Various cooling rates 
could be applied by varying the coolant. Without active cooling, the initial cooling 
rate, determined between 190 °C and 130 °C, was approximately 0.1 °C s-1; with 
forced-air cooling or water cooling 1 °C s-1 or 90 °C s-1 can be achieved, respectively. 
The pressure was varied from 100 to 1200 bar. In the shear experiments, a shear pulse 
of 180 s-1 was applied for 1 s at an undercooling of 30 °C. The experiments without 
shear were done in triplo, from which in total five specimens were taken for tensile 
testing and WAXD analysis. 
 
4.2.3. Characterization techniques 

To determine the molecular weight distribution, high-temperature size 
exclusion chromatography (HT-SEC) analysis was performed using a Polymer 
Laboratories PLGPC220 chromatograph equipped with four columns (four PLgel 
Olexis, 300 × 7.5 mm, Polymer Laboratories). Samples (2 mg mL−1) were eluted with 
trichlorobenzene at a flow rate of 1 mL min−1 at 160 °C. The molecular weights were 
calculated based on PE standards. Recycled samples were filtered before injection 
using a 1 µm mesh size filter at 150 °C. 

The mechanical properties were measured with a Zwick Z100 tensile tester 
equipped with a 100 N load cell. The specimens were measured according to ISO 527 
norms at a test speed of 10-3 s-1 and a gauge length of 15 mm. A pre-load of 2 N was 
applied for dilatometer rings and 0.2 N for compression-molded tensile specimens. 

WAXD patterns of the dilatometry rings were collected on a Rigaku 
Geigerflex Bragg-Brentano powder diffractometer, operating at 40 kV and 30 mA, 
using CuKα radiation (λ = 1.54 Å) filtered with a graphite monochromator. Scans 
were made with a step size of 0.02° and a dwell time of 2 seconds. The reflections 
were measured in the 2θ range from 5 to 30°. Baseline correction and peak 
deconvolution were done with the PeakFit analysis program. The γ- and meso-content 
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were calculated by using the ratio between the characteristic reflection peaks for both 
the γ-, α- and mesomorphic phase: 

�%� = ������
�������������

      (eq. 4.2) 

 

�%� = ������
�������������

      (eq. 4.3) 

where A is the area under the deconvoluted peak of the crystal reflection of interest, 
indicated as subscript, and meso1 is the diffraction peak of the mesomorphic phase 
observed in the low 2θ range.  

Differential scanning calorimetry was done to calculate the crystallinity of the 
materials as prepared with dilatometry and compression molding. A TA Instruments 
DSC Q1000 and standard aluminum pans were used. Samples with a mass between 1 
and 5 mg were heated from 30 to 220 °C at a rate of 10 °C min−1, kept isothermal for 
5 min and subsequently cooled down to 30 °C. The crystallinity was measured by 
dividing the melting enthalpy of the sample by the melting enthalpy of 100 % 
crystalline i-PP (207.1 J g-1). 

Differential fast scanning calorimetry was done to simulate high cooling rates 
during quenching. A Mettler Toledo Flash DSC 1 STARe system equipped with a 
Huber Intracooler T100 was used. The sample size used is typically 100 ng. Both 
isothermal and non-isothermal experiments were done to give a complete overview of 
i-PP crystallization. In non-isothermal experiments, specimens were heated at 1000 °C 
s-1 to 220 °C, kept isothermal for 0.1 s and were then cooled down. The heat flow was 
measured for all materials at several cooling rates in the range of 10 to 5000 °C s-1. 
From the non-isothermal data, continuous cooling curve (CCC) diagrams were 
constructed. Here, the crystallization temperature was taken from the peak maximum 
or, in case of a shoulder, from the maximum derivative of the curve. The time to cool 
down from 195 °C to the crystallization temperature was taken as the crystallization 
time.39 In isothermal experiments, specimens were heated at 1000 °C s-1 to 220 °C, 
kept isothermal for 0.1 s and were then cooled down at a rate of 2500 °C s-1 to the 
desired isothermal crystallization temperature (from 0 to 110 °C in steps of 2.5 °C). 
After crystallization the samples were further cooled down to -50 °C at a rate of 1000 
°C s-1. When cooling down from the melt, the time between 195 °C (thermodynamic 
melting point of i-PP) and the maximum of the crystallization peak was taken as the 
crystallization time.39  

Transmission electron microscopy (TEM) samples were trimmed at low 
temperature (-140 °C) and subsequently stained for 24 hrs with a RuO4-solution 
prepared according to information published.44 Ultrathin sections (70 nm) were 
obtained at -100 °C using a Leica Ultracut S/FCS microtome. The sections were put 
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on a 200 mesh copper grid with a carbon support layer. The sections were examined 
in a Tecnai 20 transmission electron microscope, operated at 200 kV. 
 

4.3. Results and discussion 

First, the materials were molecularly characterized by HT-SEC. Then, the 
effect of fillers on the critical cooling rate and crystal phase formation of i-PP is 
examined by applying different cooling rates in a differential fast scanning calorimeter. 
Additionally, the effect of pressure on i-PP crystal phase formation was described 
using results from dilatometry experiments and WAXD. From the dilatometer rings, 
tensile specimens are prepared for determination of mechanical properties, which will 
be discussed at the end of this chapter. 
 

4.3.1. Molecular characterization 

The molecular weights of the starting materials were determined with HT-
SEC. The results are presented in Table 4.1 and show that the virgin i-PP grade from 
Borealis (PP-1) is of high molecular weight (Mw). The nucleated virgin grade from 
Sabic (PP-2) is of lower molecular weight with a broader MWD. PIPP has a molecular 
weight comparable to PP-2, but a much smaller MWD. The post-consumer i-PP 
(PCPP) has the lowest molecular weight, but a moderate melt flow index (MFI). 

 
Table 4.1 HT-SEC analysis of i-PP grades. 

Material Mn 
(kg mole-1) 

Mw 
(kg mole-1) 

Mw/Mn 
(-) 

MFIa 
(g 10 min-1) 

PP-1 59 194 3.3 8 
PP-2 30 156 5.1 25 
PIPP 54 156 2.9 20 
PCPP 23 96 4.2 11 

a Data from product specifications 

 
4.3.2. Non-isothermal fast cooling of nucleated and non-nucleated i-PP  

Non-isothermal fast cooling experiments were performed for nucleated virgin 
and recycled i-PP to simulate cooling conditions throughout a compression-molded 
product. These results are given in Figure 4.1. For the virgin i-PP grade PP-1 (Figure 
4.1A), one single crystallization peak is seen at low cooling rates, which corresponds 
to the α-crystal phase. It can be observed that the crystallization temperature decreases 
with increasing cooling rate and that the crystallization peak broadens. In general, the 
crystallization enthalpy decreases with increasing cooling rate, hence the crystallinity 
decreases. At cooling rates ≥ 150 °C s-1 a shoulder at lower temperatures can be 
observed, which indicates a transition to the mesomorphic phase of i-PP. These 
results correspond with previous publications.34 At cooling rates higher than 800 C s-1 
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a fully amorphous polymer is obtained. At high cooling rates, the glass transition 
temperature is visible. At very high cooling rates ( > 1000 °C s-1), the signal becomes 
unstable at lower temperatures. For this reason, only data related to stable operation is 
plotted. For PP-2 (Figure 4.1B) similar results were obtained, with the difference that, 
in this case, no clear distinction between the α-crystal phase and the mesophase was 
seen. Compared to F. de Santis et al.,34 where cooling rates of 1000 °C s-1 were also 
applied and a complete amorphous i-PP was obtained, the nucleated i-PP grade used 
in this study shows faster crystallization kinetics. At a cooling rate of 2500 °C s-1, a 
fully amorphous polymer is obtained. For polymers the crystallization process is 
governed by nucleation and growth. The crystal growth of i-PP under quiescent 
conditions is independent of molecular weight or width of the molecular weight 
distribution.45 The presence of nuclei promotes polymer crystallization. Therefore, the 
critical cooling rate, where a fully amorphous polymer is obtained, is higher for a 
nucleated system (PP-2). This has also been observed elsewhere.37 Although the 
crystallization of i-PP can be suppressed by increasing the cooling rate, PE 
crystallization cannot be circumvented. Since PE crystals act as nuclei for i-PP,46,47 
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Figure 4.1 Non-isothermal crystallization of PP-1 (A), PP-2 (B), PIPP (C) and PCPP (D) at various 
cooling rates (exo up). The black lines are a guide to the eye.  
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crystallization of i-PP can even be observed at high cooling rates (3000 °C s-1 for 
PIPP). Figures 4.1C and 4.1D show the results of similar experiments for PIPP and 
PCPP, respectively. The i-PP crystallization peaks show a similar trend to that 
observed in virgin i-PP. A similar shoulder peak develops with an increasing cooling 
rate, but is already visible at lower cooling rates (250 °C s-1). An additional distinctive 
peak around 90 °C is observed that only shifts to somewhat lower temperatures with 
increasing cooling rate. This peak originates from the PE phase in recycled i-PP. 
Contradictory to the results obtained for virgin i-PP, the recycled i-PP grades used in 
this study are not fully amorphous at high cooling rates. PE crystallizes even at 
cooling rates of 5000 °C s-1. However, these results show that even in a complex 
system such as PCPP similar crystal phases as in i-PP are a function of the cooling 
rate.  

The crystallization time and temperature were calculated and organized in 
CCC diagrams, which are shown in Figure 4.2. The observed trend is similar to results 
heretofore published.39 Differences in results can be attributed to a better heat transfer 
in the equipment used in this research.  
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Figure 4.2 Continuous Cooling Curve (CCC)-diagrams of non-isothermal crystallized non-nucleated 
virgin i-PP (A), nucleated virgin i-PP (B), and recycled i-PP (C). Lines are added as a guide to the eye. 
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For non-nucleated material (Figure 4.2A), the α- and mesomorphic 
crystallization temperature are clearly shown. The difference in α- and mesomorphic 
crystallization temperature is significantly larger than for the nucleated system (Figure 
4.2B). In nucleated i-PP, the increase in crystallization temperature of the 
mesomorphic phase is more pronounced than in the α-crystallization temperature. 
Figure 4.2C displays the results obtained for continuous fast cooling of recycled i-PP. 
It can be seen that the complex systems from waste i-PP behave similar to virgin 
nucleated i-PP, with an additional PE crystallization peak at higher temperatures, 
which does not change significantly with the cooling rate. 
 

4.3.3. Isothermal fast cooling of nucleated and non-nucleated i-PP 

Differential fast scanning calorimetry experiments were done isothermally to 
simulate injection or compression molding cooling conditions near the mold wall. In 
Figures 4.3B and 4.3C, the heat flow curves of isothermally crystallized PP-1 and PP-2 
are displayed, respectively. Here, the shift in peak position as a function of isothermal 
crystallization temperature can be clearly observed. In Figure 4.3A, the crystallization 
half time t1/2, which is an expression of the overall crystallization rate, is plotted as a 
function of crystallization temperature. From Figure 4.3A, it can be observed that 
virgin i-PP shows the characteristic double bell-shaped curve. The observed kink at 40 
°C is attributed to a change from the α-crystal phase at higher crystallization 
temperatures to a combination of the α-crystal and mesomorphic structure at lower 
isothermal crystallization temperatures. The nucleated i-PP (PP-2) shows a similar 
trend, but the crystallization half time is somewhat lower at isothermal crystallization 
temperatures > 40 °C, which is due to the presence of the nucleating agent. One 
should be cautious when interpreting results for recycled materials. In non-isothermal 
experiments it was observed that crystallization of PE, and thereby crystallization of i-
PP,46,47 cannot be suppressed, not even at high cooling rates. At these cooling rates, 
the onset of PE crystallization starts at about 80 °C. Therefore, the crystallization 
process for isothermal crystallization temperatures below 80 °C already starts during 
the cooling step from the melt. The observed crystallization peak at these 
temperatures cannot clearly be assigned to either PE or i-PP. The resulting 
crystallization half times should therefore be considered with great care. At isothermal 
crystallization temperatures higher than 80 °C, both PIPP and PCPP show a reduced 
t1/2 compared to PP-1, indicating a higher number of nuclei in recycled materials. 
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Figure 4.3 Crystallization half time t1/2 as a function of crystallization temperature for isothermally 
crystallized i-PP (A). The heat flow curves of PP-1 and PP-2 at different isothermal crystallization 
temperatures are given in (B) resp. (C) (exo up).  
 

4.3.4. Structural analysis 

Differential fast scanning calorimetry was done on very small sample masses 
and under ambient pressure only. In order to measure some more representative 
quantities under higher pressures, dilatometry was used. The compression molding 
process was simulated by applying no active cooling and low pressures (0.1 °C s-1, 100 
bar), resulting in α-crystal phase formation. Moderate cooling rates and high pressures 
are known to result in a prevailing γ-crystal phase formation of i-PP (1 °C s-1, 1200 
bar), while rapid water cooling and high pressure (90 °C s-1, 1200 bar) promote the 
formation of the mesomorphic phase. It has to be noted that at these cooling rates the 
mesomorphic shoulder as presented in Figure 4.1 is not yet observable. The 
diffractograms for PP-2 under different cooling conditions are shown in Figure 4.4. 
The other materials showed similar diffractograms. It was confirmed that the cooling 
conditions applied in the dilatometer result in the desired crystal phase formations, 
despite limitations in the maximum attainable cooling rate. The fraction of each crystal 
phase was analyzed by peak deconvolution of the WAXD patterns (Table 4.2). The 
fraction of γ-crystal phase formed varied from 60 % in PP-1 to 75 % in PCPP. As 
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shown in other publications, the presence of nucleating agents promotes γ-crystal 
phase formation.48 On applying higher cooling rates, the mesomorphic phase i-PP is 
formed in quantities ranging from 17 % for PIPP to 53 % for PP-1. As documented 
heretofore, a higher molecular weight results in more mesomorphic phase 
formation.37 
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Figure 4.4 WAXD diffractograms of PP-2 under different cooling conditions. All diffractograms show 
the characteristic α-crystal phase reflections, while in some diffractograms reflections of the γ-crystal 
phase and the mesomorphic phase of i-PP can be observed. 

 
The crystallinity of a polymer is expected to be higher at lower cooling rates. 

Due to the reeling-in process a better crystal perfection is obtained. In Table 4.2, it 
can be seen that for all samples crystallized at a constant pressure of 100 bar the 
crystallinity at lower cooling rates is a few percent higher. Since the mesomorphic 
phase rearranges to the α-crystal phase upon heating, the crystallinity of the samples 
cooled down at 90 °C s-1 could not be determined. For similar cooling rates, the 
crystallinity decreases with increasing pressure. 
 
Shear-induced crystallization 

Besides high cooling rates and high pressures, shear forces are also an 
important factor in determining the properties of an injection-molded product. A 
previous study showed that for PP-2, shear can promote the formation of γ-phase 
crystals in virgin i-PP.49 An analogous experiment was carried out for PIPP and PCPP, 
to see whether the γ-crystal phase could also be formed in ill-defined systems. 

Figure 4.5 shows the WAXD diffractograms for PIPP and PCPP which were 
cooled down after shear. The results indicate that the γ-crystal phase is indeed formed 
in both materials, albeit in a lower concentration than in cooling experiments under 
similar conditions without shear. Whereas the area of the (117)γ peak does not change 
significantly, the (130)α reflection is more pronounced in shear experiments. 
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Therefore, in shear experiments, the γ-content decreases from 71 to 50 % for PIPP 
and from 75 to 46 % for PCPP.  
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Figure 4.5 WAXD diffractograms for (A) PIPP and (B) PCPP, with and without shear resp.. The arrow 
indicates the position of the (117)γ crystal reflection. 
 

 
Figure 4.6 TEM images for PIPP and PCPP, both cooled down after shearing for 1 s at 180 s-1.  

 
The γ-crystal phase formation is best visualized in transmission electron 

microscopy (TEM). In the images in Figure 4.6, α-crystal phase daughter lamellae can 
be observed, which grow at an angle of 80° from the α-parents. The γ-crystal phase 
can epitaxially crystallize on these daughter lamellae at an angle of 40° which is clearly 
demonstrated in the figure.  

 
4.3.5. Mechanical properties  

In this section, the effect of cooling conditions on the mechanical properties 
of i-PP will be discussed. Especially for recycled PP, it is interesting to see if changing 
these parameters can lead to the desired ductility. The mechanical properties of the 
compression-molded plaques and dilatometer rings were measured by tensile testing. 
An overview of the results of the dilatometer rings is given in Table 4.2 and Figure 
4.7. The modulus is mainly governed by the crystallinity, while the yield stress depends 
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on the crystallization conditions. The natural draw ratio, λn, is dependent on both the 
yield stress and the crystallization conditions. 

 
Table 4.2 Structural and mechanical properties of nucleated and non-nucleated i-PP under different 
cooling conditions. 

 Crystallization  
conditions 

XC, i-PP 
(%) 

Crystalline 
γ-/meso-

fraction (-) 

E- 
modulus 
(MPa) 

Yield 
stress 
(MPa) 

εbreak  
(%) 

λn  
(-) 

PP-1 0.1 °C s-1 100 bar 41  820 ± 110 30.3 ± 2.4 560± 60 4.0 
 1 °C s-1 1200 bar 36 0.60 (γ) 800 ± 30 28.7 ± 1.4 610± 30 3.9 
 90 °C s-1 1200 bar n.d. 0.53 (m) 550 ± 40 17.7 ± 1.1 990± 90 3.2 

PP-2 0.1 °C s-1 100 bar 47  800 ± 60 - 7± 1 p.y. 
 1 °C s-1 1200 bar 39 0.69 (γ) 700 ± 160 30.8 ± 0.7 600± 320 4.4 
 90 °C s-1 1200 bar n.d. 0.18 (m) 690 ± 40 25.6 ± 1.3 880± 200 4.2 

PIPP 0.1 °C s-1 100 bar 36  600 ± 20 - 10± 4 p.y. 
 1 °C s-1 1200 bar 30 0.71 (γ) 560 ± 10 21.1 ± 0.1 30± 10 p.y. 
 90 °C s-1 1200 bar n.d. 0.17 (m) 490 ± 30 18.6 ± 0.5 350± 130 3.6 

PCPP 0.1 °C s-1 100 bar 30  560 ± 40 - 20± 4 p.y. 
 1 °C s-1 1200 bar 25 0.75 (γ) 500 ± 20 21.0 ± 0.3 70± 50 p.y. 
 90 °C s-1 1200 bar n.d. 0.22 (m) 450 ± 30 18.0 ± 0.5 640± 410 3.7 

n.d.: not determined, p.y.: pre-yield failure. 
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Figure 4.7 Stress-strain curves which show the effect of the cooling rate on the yield stress and natural 
draw ratio for PP-1 (A) and on the yield stress and elongation-at-break for PCPP (B). 

 
For all materials, similar trends are observed under similar cooling conditions. 

It can be seen that the modulus of the γ-crystal phase and the mesomorphic phase 
materials is lower than for the α-crystal phase material, which was also observed in 
other studies.26 The reason for this is the reduced crystallinity. In agreement with other 
publications, the yield stress decreases with increasing cooling rate at constant 
pressure.25 As a result of this, the natural draw ratio decreases (see Figure 4.7A). A 
lower value of λn corresponds to a reduced stress localization in the neck, which 
improves the stability during deformation. As a result, the elongation-at-break 
increases. The highest elongation-at-break values are obtained for materials with a 
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reduced modulus and yield stress. Recycled materials can fail either because of 
initiation effects (impurities) or instabilities during neck propagation. A critical process 
for PIPP and PCPP during deformation is the formation of a neck after yielding. 
Impurities which act as stress concentrators can cause fracture when the neck 
propagates through the tensile specimen, before the material can display strain 
hardening. Compared to virgin i-PP, the yield stress of recycled i-PP is low, a result of 
the presence of PE, which affects the crystallinity. 
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Figure 4.8 Yield stress versus the natural draw ratio λn for non-nucleated virgin i-PP (A), nucleated virgin 
i-PP (B) and recycled i-PP (C) under different cooling rates. The gray areas indicate pre-yield failure. 

 
The cooling conditions have a significant influence on the entanglement density 

in the amorphous phase.23 In tensile testing, the differences are best shown when 
plotting the yield stress as a function of the natural draw ratio λn, i.e. the elongation 
between the end of the neck formation and the onset of the strain hardening regime. 
The results are given in Figure 4.8. The gray areas indicate pre-yield failure. Two 
distinct trends are seen, i.e. one related to non-nucleated i-PP (Figure 4.8A) and one to 
nucleated i-PP (Figures 4.8B and 4.8C). Slowly cooled non-nucleated PP-1 has a high 
yield stress and natural draw ratio. A high natural draw ratio indicates a large stress 
concentration acting on a very small cross-sectional area, which can give rise to 
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stability problems at larger deformations. Increasing the cooling rate lowers both the 
yield stress and the natural draw ratio, which improves the stability of the material 
during deformation in tensile testing, as observed by an increased elongation-at-break. 
In Figure 4.8A this trend is indicated by an arrow. Nucleated i-PP which is cooled 
down slowly from the melt is highly unstable due to pre-yield failure or unstable neck 
propagation. Here, failure is controlled by initiation effects. Strain hardening behavior 
has never been observed in any slowly cooled nucleated samples. When these 
materials are quenched from the melt, i.e. when high cooling rates are involved, the 
yield stress decreases. This behavior is similar to the behavior observed for non-
nucleated i-PP. In analogy to these materials, the nucleated i-PP materials shift from 
an unstable regime to a more stable regime, again indicated by the arrow. Remarkably, 
both nucleated and non-nucleated i-PP samples show similar values for yield stress 
and natural draw ratio upon fast cooling and a distinction between these materials can 
no longer be made. 

 

4.4. Conclusions 

In this chapter, the effect of cooling rate and pressure on the structure-
property relationships was studied for non-nucleated and nucleated i-PP by means of 
differential fast scanning calorimetry, dilatometry, WAXD and tensile testing. 
Conclusions were drawn for non-nucleated, nucleated, and recycled i-PP. 
 

Non-nucleated virgin i-PP 

From the non-isothermal fast scanning calorimetry experiments, it has been 
shwn that upon higher cooling rates, more mesomorphic phase was formed, which 
was confirmed by the WAXD analysis. The crystallization temperatures of both 
phases decrease with an increasing cooling rate. Isothermal fast scanning calorimetry 
experiments showed the existence of the mesomorphic phase at high undercooling 
temperatures, which results in a reduction in crystallization half time. The dilatometry 
experiments showed that by applying pressure the γ-crystal and mesomorphic phase 
can be formed on the macroscopic scale at different cooling rates. The mechanical 
tests on these samples showed that upon fast cooling the yield stress and the natural 
draw ratio of i-PP decrease. These effects result in an improved elongation-at-break 
and stability during uniaxial deformation. 
 
Nucleated virgin i-PP 

Compared to the conclusions drawn above, some differences in the behavior 
upon fast cooling have been observed for nucleated virgin i-PP. In non-isothermal 
fast scanning calorimetry, the crystallization temperature of the mesomorphic phase 
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was not clearly observable and appeared as a broad peak merging with the 
crystallization peak of the α-crystal phase. Furthermore, the critical cooling rate of 
nucleated i-PP to obtain a fully amorphous polymer is higher. In isothermal fast 
scanning calorimetry experiments, it has been shown that the crystallization half time 
of the α-crystal phase was reduced, while the crystallization of the mesomorphic phase 
occurred at the time scales as that of the non-nucleated systems. From the dilatometry 
experiments and WAXD analysis, it was seen that the γ-crystal phase formation is 
favored in nucleated i-PP, while the mesomorphic phase formation is suppressed. 
Slowly cooled nucleated i-PP showed brittle failure, but by increasing the cooling rate, 
the yield stress can be reduced and the natural draw ratio can be increased, which 
improves the stability of the material upon uniaxial deformation.  
 

Recycled i-PP 

Recycled i-PP behaves similar to nucleated virgin i-PP, which is explained by 
the presence of PE that has a nucleating effect on i-PP. However, some differences 
have been observed. In non-isothermal fast scanning calorimetry, the increase in 
mesomorphic phase crystallization temperature is not as high as for virgin nucleated i-
PP, but more prominent than for non-nucleated virgin i-PP. The crystallization of PE 
contaminant was observed for all cooling rates and could not be suppressed. From the 
dilatometry experiments and WAXD analysis, it was observed that the γ-crystal phase 
formation is preferred to the γ-crystal phase formation in nucleated virgin i-PP. From 
the uniaxial mechanical tests, it can also be concluded that upon fast cooling the 
deformation process of the otherwise brittle material is stabilized, which significantly 
improves the ductility. 
 

This study has shown that the cooling rate and pressure can be used to vary 
the yield stress in combination with the post-yield deformation behavior and 
concomitantly the brittle-to-ductile transition for nucleated i-PP, independently of the 
origin of the material, either virgin or recycled. 
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Chapter 5 

Solid-state drawing of recycled isotactic PP1 
 

Abstract 

Up to now we have discussed the pre-extrusion stage (collection, Chapter 2) and 

the extrusion stage (mixing, Chapter 3 and cooling, Chapter 4), which yield recycled i-

PP with a certain - isotropic - morphology. By applying a post-extrusion treatment, 

such as solid-state drawing (SSD), the polymer chains can be oriented, thereby 

improving the stiffness and tensile strength considerably. In this chapter, physical 

processes such as crystal break-up and chain orientation in these complex blends were 

monitored as a function of draw ratio. The melt filter mesh size – used to exclude 

rigid particles – and the concentration of carbon black – often added for coloration in 

the recycling industry – were varied to investigate their influence on the SSD process 

and concomitant material properties. This research shows that, despite the blend 

complexity, the basic mechanisms of the solid-state drawing process are comparable 

to virgin i-PP and that similar draw ratios can be obtained, albeit at reduced stiffness 

and strength as a result of the presence of heterogeneities in post-consumer i-PP. It 

has been observed that the process stability improves with decreasing mesh size and 

that higher draw ratios can be obtained. The addition of carbon black, which is 

contained in the dispersed PE phase, also stabilizes the SSD process. Compared to 

isotropic post-consumer i-PP, the stiffness can be improved by a factor 10, while the 

tensile strength can be improved by a factor 15.  

                                                   
Adapted from:   

B. J. Luijsterburg, J. G. P. Goossens, 2014, submitted to Waste Management. 
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5.1. Introduction 

In the drawing process, the material is plastically deformed and polymer chain 

segments are molecularly oriented in the drawing direction, thereby providing a high 

stiffness and strength. The extent of molecular orientation is limited by the presence 

of entanglements, which act as physical cross-links upon drawing and of which the 

number rapidly increases above a critical molecular weight.1 Drawing is sometimes 

done from the solution or gel state to reduce the entanglement density in order to 

obtain mechanical properties close to the theoretical E-modulus of the polymer.2-6 An 

example of a commercially available highly drawn polymer from linear poly(ethylene) 

(PE) is DSM’s Dyneema®. In this process environmentally unfriendly solvents are 

recovered. Teijin’s Endumax® is another example of drawn PE, which is made via an 

environmentally friendly, solvent-free process.7 In this process, the polymer is drawn 

from the solid state after crystallization.  

When the drawing step is carried out after crystallization of the polymer at 

temperatures between the glass transition temperature and the melting temperature, it 

is referred to as solid-state drawing (SSD). The simplest form of SSD is a uniaxial 

tensile test.8 The SSD of i-PP can also be carried out continuously in-line in 

combination with extrusion.9,10 The SSD technique can be considered as a dynamic 

tensile test where the temperature and strain rate can be varied systematically. In 

scientific literature, the effect of temperature and strain rate on the yield stress, 

marking the transition between elastic and plastic deformation, has been documented 

for i-PP (Figure 5.1).11,12 It was found that a higher drawing temperature and a lower 

strain rate will reduce the yield stress of the material, which in turn reduces the 

resistance to deformation during the initial stages of the solid-state deformation 

process. A reduced strain rate gives polymer chain segments more time to adjust to 

the applied stress, resulting in a temporary energetically more favourable state. 

 

 
Figure 5.1 Yield stress of i-PP as a function of the logarithm of the strain rate for different temperatures 

(reproduced from reference 12). 
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Similarly, an elevated temperature allows for a higher chain mobility and 

shorter relaxation times. The optimum drawing temperature of i-PP is situated above 

the α-relaxation temperature Tα, which marks an improved molecular mobility within 

the i-PP crystals.13,14  

The deformation of isotropic semi-crystalline polymers can be regarded as 

deformation of two interpenetrated networks of a hard crystalline skeleton and a soft 

amorphous entangled network.15-17 Upon drawing, spherulite-like crystals formed 

during the quenching step break-up and were rearranged in the drawing direction. 

This is schematically shown in Figure 5.2. In the elastic region, the hard inter-coupled 

crystalline phase is deformed (Figure 5.2B). The transition from elastic to plastic 

deformation (yield point) is governed by interlamellar and intralamellar slip processes 

(Figure 5.2C). In interlamellar slip, the friction between the lamellae results in the 

break-up of these lamellae. In intralamellar slip, the lamellae break up as a result of 

friction inside the lamellae due to deformation under load (Figure 5.2D). After 

yielding, the lamellae undergo stress-induced melting and recrystallization into smaller 

lamellae that orient towards the drawing direction (Figure 5.2E). At higher draw ratios, 

these smaller lamellae unravel ideally into chain-extended structures possessing the 

ultimate stiffness and strength.18,19 At these higher deformations, orientation of the 

amorphous chain segments occurs and further crystallization may take place. For i-PP, 

the crystalline phase orients to a draw ratio (λ) of 9, after which it levels off. The 

orientation of the amorphous phase increases gradually with draw ratio,20 but to a 

different extent.21 

 
Figure 5.2 The different steps in the deformation process of semi-crystalline polymers in the vertical 

direction (A): intralamellar slip during elastic deformation, (B) interlamellar slip, (C) increase of distance 

between lamellar crystals, (D) lamellar break-up and (E) further unraveling towards chain-extended 

structures at higher draw ratios (Reproduced from reference 22). 
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The exact mechanisms of elastic and plastic deformation in semi-crystalline 

polymers are still not fully understood. A possible explanation is that the force is 

transferred from the amorphous phase to the crystals through so-called tie molecules, 

polymer chains that are incorporated in multiple lamellae.23 However, tie molecules 

were reported to be of less importance in the local deformation process.15 If the force 

is sufficiently transferred from the amorphous to the crystalline phase, crystal 

deformation is facilitated which leads to an improved ductility. This is related to the 

number of tie molecules connected to the crystals, which in turn is related to the 

molecular weight of the polymer or - stated differently - the number of entanglements 

per chain. Melt-extruded polymers, such as i-PP, contain entanglements, which 

hamper the unravelling of polymer crystals into fully chain-extended structures upon 

drawing. For this reason, the stiffness of α-phase crystallized i-PP never reaches the 

theoretical modulus of i-PP of 49 GPa.22 

The mechanical properties of drawn tapes depend on a number of 

parameters, such as molecular weight (distribution),6,24 crystallinity, and drawing 

temperature.25 Furthermore, the initial crystal structure of i-PP has proved to 

influence the drawing process.26 As a result of less Van der Waals interactions, a lower 

molecular weight polymer can be drawn further, but the resulting mechanical 

properties are reduced when compared to a high molecular weight polymer.24 

Another possibility to improve the mechanical properties of polymers is the 

use of (nano)fillers.9 An example is carbon black (CB), which is applied widely in the 

recycling industry for coloring purposes and can have a different dimensionality 

dependent on the state of agglomeration and the concomitant hierarchical structure. 

When applied in polymer blends, nanoparticles can be selectively localized in a 

particular polymer phase or be located at the interface between two phases.27-29 This 

selective localization is governed by the physical interactions between the components 

as well as by the mixing process.30 In PE/i-PP blends, carbon black has a preference 

for the PE phase.31 In such blends, CB can therefore alter the viscoelastic properties, 

in particular the relaxation time of the PE phase. The existence of a dispersed phase 

gives rise to the development of a plateau in G’ at low frequencies.32 The distinction 

between different relaxation mechanisms in polymer blends is often represented by 

Cole-Cole plots,33-35 where a homogeneous system is characterized by one circular arc 

and a phase-separated system is characterized by the occurrence of a tail or a second 

circular arc because of a second relaxation mechanism. For the 20-80 HDPE/i-PP 

blend, the Cole-Cole plots shows a small tail, indicative of the relaxation mechanism 

of the dispersed HDPE phase.36 The addition of CB on a PE carrier to recycled i-PP 

could alter the viscoelastic properties of the PE phase and thereby promote stress 

transfer during tensile loading, leading to an improved ductility. 
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SSD can be considered as an interesting opportunity to improve the mechanical 

properties of recycled i-PP, thereby using the recycled i-PP in applications which 

would normally be suitable for virgin i-PP only. In this chapter, the possibilities of 

SSD for recycled i-PP will be investigated. The effect of melt filtration and carbon 

black on the crystallization behaviour, the maximum drawability at stable process 

operation and the concomitant mechanical properties of the oriented tapes will be 

discussed. 

 
5.2. Experimental 

5.2.1. Materials 

A fiber-grade virgin i-PP (H540-03Z, code: VPP) was provided by the Dow 

Chemical Company (Terneuzen, the Netherlands). Post-industrial (Vision PPC BL 

2008, code: PIPP250CB) and post-consumer (Vision PPC SK 3005, code: PCPP250) 

i-PP were provided by AKG Polymers (Vroomshoop, the Netherlands). Sorted Dutch 

post-consumer i-PP was granulated at MTM Plastics (Niedergebra, Germany) and 

filtered at Ettlinger (Königsbrunn, Germany, Codes PCPP80, PCPP180). Carbon 

black (Plasblak PE 4884, 50 % carbon black on a PE carrier, code: CB) was provided 

by Cabot (Rotterdam, the Netherlands). An overview of the materials and their key 

properties are given in Table 5.1. 

 

 
Figure 5.3 Experimental set-up: single-screw extruder and two-stage drawing line. 

 

5.2.2. Processing techniques 

All i-PP grades were processed using a Davis Standard single-screw extruder 

(model: HPE-075H, 25 L/D) connected to a melt pump and a tape die of 15 mm 

width and 1 mm height, with a die temperature of 220 °C. The tapes were quenched 

with Collin CR72T chill rolls. A Retech drawing line with four independently 

controllable induction-heated godet roller-sets and two induction-heated ovens were 

used. The oriented tapes were wound onto a bobbin and used for further 

characterization. A schematic representation of the experimental set-up is given in 

Figure 5.3. The draw ratio λ was calculated as follows: 

� �
��

��
        (eq. 5.1) 

where v1 and v4 are the respective speeds of the first and fourth godet roller-set.  
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5.2.3. Characterization techniques 

To determine the molecular weight distribution of the starting materials, high-

temperature size exclusion chromatography (HT-SEC) analysis was performed using a 

Polymer Laboratories PLGPC220 chromatograph equipped with four columns (four 

PLgel Olexis, 300 × 7.5 mm, Polymer Laboratories). Samples (2 mg mL−1) were eluted 

with trichlorobenzene at a flow rate of 1 mL min−1 at 160 °C. The molecular weights 

were calculated based on PE standards. Recycled samples were filtered at 150 °C 

before injection, using a 1 µm mesh-sized filter. 

The viscosity of the starting materials was measured with a TA Instruments 

AR-G2 rheometer. Samples were prepared as 25 x 1 mm discs by compression 

moulding (200 °C, 100 bar, 10 min) and used in a plate-plate geometry with a gap 

distance of approx. 1.0 mm. A frequency sweep at 220 °C and 1 % strain was 

performed to determine the viscoelastic properties.  

The crystallinity was measured on a TA Instruments Q1000 differential 

scanning calorimeter (DSC). Isotropic samples (3-6 mg) were placed in hermetic 

aluminium pans and heated from 30 to 220 °C at a heating rate of 10 °C min-1 and 

cooled down to 30 °C at the same rate. The first heating run was done to remove the 

thermomechanical history. The crystallinity (Xc) of i-PP was calculated from the 

second heating run by dividing the measured melting enthalpy of i-PP by the melting 

enthalpy of 100 % crystalline i-PP (207.1 J g-1). Oriented tapes were measured with 

standard aluminium pans, where contact between the lid and the tape sample was 

assured to prevent relaxation during heating. The crystallinity was measured from the 

first heating run, following the same test protocol.  

Transmission electron microscopy (TEM) samples were trimmed at low 

temperature (- 140 °C) and subsequently stained for 24 hours with a RuO4-solution 

prepared according to scientific literature.37 Ultrathin sections (70 nm) were obtained 

at - 100 °C using a Leica Ultracut S/FCS microtome. The sections were put on a 200 

mesh copper grid with a carbon support layer. The sections were examined in a 

Tecnai 20 transmission electron microscope, operated at 200 kV. 

The orientation of the drawn materials was investigated by Fourier-transform 

infrared spectroscopy (FT-IR), in attenuated total reflection mode equipped with a 

Germanium crystal and polarizers. 100 spectra were recorded and averaged on a 

Varian 670-IR spectrometer, connected to a Varian 610-IR microscope, in the range 

of 650-4000 cm-1 at a resolution of 2 cm-1, with a scan speed of 25 kHz. Spectra were 

collected of the samples in parallel and perpendicular direction relative to the drawing 

direction, after which the degree of orientation for the crystalline phase (fC) and the 

amorphous phase (fAM) was deduced from the dichroic ratio R.38,39  

� �
��	

�
�
	
�
�

��	
       (eq. 5.2) 
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���������

��������������
      (eq. 5.3) 

�� � 2cot
� �       (eq. 5.4) 

Where A is the absorbance of specific bands parallel or perpendicular to the drawing 

direction, R0 is the dichroic ratio of perfectly aligned chains parallel to the drawing 

direction, ψ is the angle between the polymer chain axis and the transition moment of 

the absorption bands, at 998 cm-1 (crystalline, rocking CH3) and 974 cm-1 (crystalline 

and amorphous, C-C asymmetric stretching). For these absorption bands, this angle is 

18°.40 

A Zwick Z100 tensile tester with a 10 kN loadcell was used to determine the 

mechanical properties of oriented tapes. A cross-head speed of 5 mm min-1 was used 

at a gauge length of 20 cm. A preload of 2 MPa was applied. Five tensile specimens 

per tape were prepared according to ISO 527. 

 

5.3. Results and discussion 

5.3.1. Molecular characterization 

The materials used in this study were characterized by HT-SEC, rheology, 

DSC and TEM before conducting any SSD experiment. The results for HT-SEC and 

rheology are given in Table 5.1. Different mesh sizes during melt filtration were used 

to filter out solid particles, such as PET. It has been seen that the recycled materials 

are of lower molecular weight and, hence, lower viscosity than the virgin i-PP (VPP). 

 
Table 5.1 Overview of the properties of the starting materials.  

Material Code Mesh 

size 

(µm) 

Carbon 

black 

(wt %) 

Mw 

(kg 

mole-1) 

Mw/Mn 

(-) 

Viscosity* 

(Pa s) 

XC 

(%) 

Virgin i-PP VPP 250  241 4.3 2580 42 

Virgin i-PP VPPCB 250 1.5   2280 38 

Post-consumer i-PP PCPP80 80  96 4.2 720 28 

Post-consumer i-PP PCPP80CB 80 1.5   870 29 

Post-consumer i-PP PCPP180 180  60 2.6 910 29 

Post-consumer i-PP PCPP180CB 180 1.5   880 28 

Post-consumer i-PP PCPP250 250  126 3.5 400 32 

Post-industrial i-PP PIPP250CB 250 1.5 156 2.9 680 33 

*: measured at 220 °C, 1 % strain, 5 rad s-1. 

 

The molecular weight is clearly not the only factor that determines the 

measured viscosity: PCPP180 has a lower molecular weight than PCPP250, but a 

higher viscosity. Possible reasons can be the presence of undefined fillers, the size of 
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the dispersed PE domains or enhanced degradation during dissolution and filtration 

for HT-SEC analysis (the trend in viscosity is in line with the melt flow index of the 

materials). The addition of carbon black to the materials results in a more or less equal 

(PCPP80CB) or lower (VPPCB, PCPP180CB) viscosity. 

The viscoelastic data are presented in Figure 5.4. In Figure 5.4A the storage 

modulus G’ is plotted as a function of the angular frequency ω. The results show that 

the trend in G’ is different for recycled materials compared to VPP. The terminal 

slope of G’ of both PCPP80 and PCPP180 is lower than observed for VPP due to the 

presence of the PE phase in the recycled materials, leading to a secondary plateau 

modulus at low frequencies. These long-time relaxation mechanisms are due to 

geometrical relaxation of the droplets of the dispersed phase.32 The addition of carbon 

black changes the absolute value of G’ to some extent, but does not influence the 

trend. 
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Figure 5.4 (A) Storage modulus, (B) complex viscosity η* as a function of frequency and (C) Cole-Cole 

plots for a selection of the starting materials. Lines are added as a guide for the eye. 
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Figure 5.5 (A) DSC cooling run and (B) second heating run. 

 

Figure 5.4B displays the complex viscosity η* as a function of ω. The lower 

viscosity of the recycled grades can be clearly observed. Furthermore, CB reduces the 

viscosity of VPP, while the viscosity of recycled materials is not affected significantly. 

The Cole-Cole plots in Figure 5.4C underline that CB has an effect: the diameter of 

the circular arc increases in recycled i-PP, meaning that the viscosity increases, 

whereas it decreases in VPP. The overall arc diameter of VPP is substantially larger, 

which is indicative for the higher viscosity of VPP as a result of a higher molecular 

weight.  

Another feature in these plots is the presence of a tail on the right hand side 

of the circular arc due to the additional relaxation mechanism of the PE phase in 

recycled i-PP. Furthermore, recycled i-PP shows a shift from the semicircle, which 

indicates the type of morphology.41 These deviations from a circular arc underline the 

blend incompatibility. 

The thermal properties of the starting materials are given in Figure 5.5. Figure 

5.5A shows the thermograms of the materials during cooling. In all cases, the 

crystallization exotherm of i-PP is clearly visible. Carbon black does not significantly 

shift the onset of the crystallization peak in comparison to the virgin material and thus 

does not act as a nucleating agent for i-PP. This might indicate that CB is 

preferentially located in the PE phase. The presence of other contaminants do affect 

the crystallization of recycled i-PP and shift the crystallization temperature from 117 

to 124 °C for PCPP grades and even to 127 °C for PIPP250CB. For the recycled 

grades a small crystallization peak around 115 °C is noticeable, which can be 

attributed to PE crystallization. In the presence of CB, this crystallization peak seems 

larger, although this was not observed in binary PE/CB blends.42 

In Figure 5.5B, the second heating run is reported. Here, the presence of PE - 

most likely LLDPE - is evidenced by the melting endotherm around 125 °C. Whereas 

the position of the i-PP melting peak remains fixed at approximately 160 °C, the 
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shape of the peak changes. A broader melting peak indicates a broader lamellar 

thickness distribution. 

The distribution of CB in the blend is important in order to understand the 

viscoelastic and mechanical properties. Hereto, a cross-section of PIPP250CB was 

made by microtoming and the morphology was evaluated by TEM (Figure 5.6). In 

these figures, the light gray area represents the i-PP phase, whereas the dark gray 

phase is the PE phase. As indicated by the arrows in Figure 5.6B, the carbon black 

particles (40 - 60 nm in diameter) are located in the PE phase only, which is in 

agreement with what has been published heretofore.31 The local concentration of CB 

in the PE phase is high. The TEM image indicates that CB is found both inside the 

PE phase and close to the PE/PP interface. 

 

 
Figure 5.6 TEM images of PIPP250CB: (A) overview and (B) detail of a PE inclusion. The arrows 

indicate CB particles. 

 

5.3.2. Effect of carbon black (CB) on maximum draw ratio and tape properties 

After extrusion, the isotropic tapes were quenched to room temperature by 

water-cooled chill rolls, after which the SSD process was performed (Figure 5.3). In 

order to keep the experimental settings constant, the cooling rate was kept constant.  

The drawing was done in two steps inside the ovens. The oven temperatures 

were varied between 90 - 100 °C and 120 - 130 °C, respectively, dependent on the 

material. The draw ratio λ obtained in the first drawing step was 6 - 10, while in the 

second step an overall λ of 7 - 20 was obtained. The temperatures of the individual 

godet rollers were slowly increased up to the second drawing stage, after which the 

temperature of the godet rollers were set close to room temperature to cool down the  
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Table 5.2 Effect of mesh size and carbon black on maximum attainable draw ratio. 

Code λmax (-) Code λmax (-) 

VPP 20 VPPCB 18 
PCPP80 18 PCPP80CB 20 
PCPP180 16 PCPP180CB 17 
PCPP250 12 PIPP250CB 18 

 

tape. The draw ratio was gradually built up and the experimental parameters were 

slightly adjusted for better operation. 

The maximum attainable draw ratios, λmax, are reported in Table 5.2. It can be 

observed that for VPP the addition of carbon black results in a reduced λmax. By the 

addition of CB (50 % on a PE carrier) PE is also added to the system. Since this acts 

as a contaminant, the maximum attainable draw ratio is lower. 

The crystallinity of the isotropic samples ranges from 28 % for PCPP80 and 

PCPP180CB to 42 % for VPP. Although the recycled i-PP grades are nucleated and of 

lower molecular weight, the final crystallinity of e.g. PCPP80 is lower than for VPP. It 

must be noted that the peak integration limits, which were equal for all materials, were 

taken rather close to each other in order to exclude the PE melting peak from 

calculations. The crystallinity increases with the draw ratio because of the increasing 

extent of molecular alignment. In Figure 5.7, the crystallinity Xc is given as a function 

of draw ratio λ for VPP and PCPP180, both with and without CB. For VPP, Xc 

linearly increases with λ, in line with earlier reports.9 VPPCB follows the same trend at 

lower crystallinity. The oriented tapes of PCPP180 and PCPP180CB show similar 

crystallinities. This was already observed in isotropic tapes. Moreover, it can be seen 

that the crystallinity stabilizes as a function of the draw ratio. A possible explanation 

for this is the occurrence of overdrawing, or voiding, that occurs at high draw ratios. 

In this process, fibrils are formed which influence the properties of the tape. The i-PP 

crystallinity is approx. 10 % lower than the crystallinity of VPP. 
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Figure 5.7 Crystallinity Xc as a function of draw ratio λ (DSC). 
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Figure 5.8 Hermans orientation function of the (A) crystalline and (B) amorphous phase as a function of 

the draw ratio λ. 

 

The degree of orientation f was calculated for the crystalline (fC) and the 

amorphous (fAM) phase. f=0 for random orientation and approaches f=1 for ultimate 

orientation along the drawing direction. The results for VPP, PIPP250CB and 

PCPP250 are presented in Figure 5.8. In line with previously reported results,20 the 

crystalline phase rapidly orients to λ=9, after which it levels off. It has to be noted that 

some orientation is already present directly after extrusion (λ=1). For PIPP250CB, fC 

has a different trend and shows a drop between λ=6-10, which might be due to the 

presence of carbon black in the PE phase. This influences the deformability and 

break-up of the PE-particles which concomitant influence the break-up process of the 

i-PP crystalline morphology. Figure 5.8B shows that the amorphous phase of i-PP 

orients gradually with increasing draw ratio. Differences between materials are 

negligible. Both the crystalline and amorphous phase orient during drawing and thus 

contribute to the mechanical properties of the tapes. 

The mechanical properties of the drawn tapes are given in Figures 5.9 

(unfilled) and 5.10 (filled with CB). A comparison of these figures indicates that CB 

has a positive effect on the stiffness of the tapes. The E-modulus is known to increase 

with draw ratio. The E-modulus of CB-filled recycled i-PP increases significantly 

(maximum value 11.4 GPa for PCPP80CB with λ=20) compared to the isotropic 

material (1.1 GPa). At λ=15, the E-modulus of PCPP80CB (9.8 GPa) approaches the 

value of CB-filled VPP (10.3 GPa). Moreover, the addition of CB to recycled i-PP has 

a positive effect on the consistency of the results, often referred to when judging 

standard deviations. In addition to the trend observed for the E-modulus, CB has a 

negative effect on the tensile strength of the oriented VPP tapes. Whereas the 

maximum average tensile strength for VPP is 547 MPa, it is 469 MPa for VPPCB, 

both at λ=14. For VPP, the tensile strength increases up to λ=12, after which it levels 

off. Again, this can be explained by overdrawing. As expected, the tensile strength of  
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Figure 5.9 Effect of mesh size for unfilled tapes on (A) the E-modulus and (B) tensile strength. 
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Figure 5.10 Effect of mesh size for CB-filled tapes on (A) E-modulus and (B) tensile strength. 

 

recycled i-PP is lower than that of VPP, based on the compositional complexity. 

Nevertheless, their tensile strength increases with the draw ratio up to λ=17. 

The CB-filled recycled i-PP tapes show a higher tensile strength, which is 

explained by the role of CB in the PE phase. Because of the relatively high CB 

concentration in the PE phase, the CB-PE interaction is high. Although it was shown 

that CB does not significantly affect the viscoelastic properties in the melt, it does in 

the solid state. The PE/i-PP interfacial strength is positively affected by carbon black 

particles at or near the interphase, resulting in a more efficient load transfer. 

Therefore, in the SSD process, it stabilizes recycled i-PP, which allows the material to 

be drawn further. As a consequence, the orientation of the (amorphous) chain 

(segments) is higher, which leads to a higher stiffness and tensile strength of the 

material. 
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5.3.3. Effect of filter mesh size on maximum draw ratio and tape properties 

Looking at the materials without carbon black in Table 5.2, it can be observed 

that the maximum attainable draw ratio decreases with increasing mesh size for 

recycled i-PP. It is clear that the presence of the solid particles, which act as stress 

concentrators, is the limiting factor in these experiments. A fine mesh contributes to a 

more stable process operation and a higher λmax, with concomitant enhanced 

mechanical properties. 

The effect of the melt filter mesh size on the mechanical properties is seen in 

Figures 5.9 and 5.10. For both the unfilled (Figure 5.9) and CB-filled materials (Figure 

5.10) the E-modulus and tensile strength are not directly affected by the size of the 

mesh, but they can be drawn further, yielding drawn tapes with enhanced properties. 

A maximum tensile strength of 385 MPa was obtained for PCPP80CB at λ=18, which 

is an improvement of 15x compared to the isotropic tensile strength of 26 MPa 

(Chapter 2) and approx. 70 % of the maximum strength observed in the virgin tape-

grade i-PP.  

Figure 5.11A shows the evolution of crystallinity for unfilled materials and 

Figure 5.11B for CB-filled materials, both as a function of draw ratio. As mentioned 

before, the crystallinity increases with increasing draw ratio and the crystallinity of 

recycled materials is lower than for virgin i-PP. Focusing on the differences between 

recycled materials, it is seen that the melt filter mesh size does not affect the 

crystallinity. This filter excludes solid particles, such as PET, which do not hamper the 

crystal formation. 
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Figure 5.11 Crystallinity as a function of draw ratio (DSC), where the effect of mesh size for (A) unfilled 

and (B) CB filled materials is seen. 
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5.4. Conclusions 

In this study the potential of the solid-state drawing process to significantly 

enhance the properties of recycled i-PP was investigated. Physical parameters such as 

crystallinity and chain orientation were monitored as a function of draw ratio. Similar 

to virgin i-PP, the crystallinity gradually increases with the draw ratio. Furthermore, 

the orientation of crystalline i-PP chain segments increases up to a draw ratio of 10, 

after which it levels off. On the other hand, the orientation of the amorphous chain 

segments increases over the whole draw ratio range. The complexity of the blend 

results in large differences in mechanical properties in isotropic materials. 

Nevertheless, the mechanical properties of oriented tapes obtained via the SSD 

process are more comparable to virgin i-PP tapes.  

In achieving these enhanced properties, a fine melt filter mesh size was 

shown to stabilize the drawing process by removing more solid contaminants that 

otherwise end up in the extrudate and act as stress concentrators upon deformation.  

Carbon black has a beneficial role in the stress transfer between the i-PP 

matrix and the PE contaminants. In PE/i-PP blends, CB resides in the PE phase 

without significantly affecting the viscoelastic or thermal properties of the blend. Its 

addition resulted in higher attainable maximum draw ratios for recycled i-PP and 

concomitant enhanced mechanical properties 
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Chapter 6  

Solid-state drawing of β-nucleated isotactic PP1 
 

Abstract 

In the previous chapter, we used the solid-state drawing (SSD) technique to 
orient the i-PP chains in the drawing direction, thereby providing significant 
improvements in stiffness and tensile strength. In this chapter, we explore the effect 
of additives in i-PP on the SSD process. The cross-hatched structure of 
thermodynamically most stable α-crystal phase in isotactic i-PP does not allow for 
perfect chain alignment during solid-state drawing. The β-phase i-PP, obtained by 
addition of the specific nucleating agents, crystallizes in a non-cross-hatched 
spherulitic structure and facilitates drawing. Upon drawing, the β-phase transforms 
back to the thermodynamically favored α-crystal phase. Sepiolite (1D) and carbon 
black (3D) fillers are added because of their reinforcing potential. Depending on the 
filler type, β-α transformation takes place at different draw ratios, as was observed by 
in-situ WAXD measurements. It was observed that β-nucleated i-PP has a lower yield 
stress and can be drawn further than i-PP crystallized in the α-crystal phase. If added 
in the right amount, both carbon black and sepiolite have a reinforcing effect on PP 
tapes. 
  

                                                   
Adapted from:  
B. J. Luijsterburg, P. S. Jobse, D. Hermida Merino, T. Peijs, J. G. P. Goossens, J. Polym. Sci. Part B: Polym. 

Phys. 2014, 52, 1071-1082. 
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6.1. Introduction 

The β-crystal phase in i-PP is only formed when specific nucleating agents, 
such as γ-quinacridone, are added or under special crystallization conditions, such as 
crystallization under temperature gradients or from an oriented melt,1,2 and was first 
observed by Padden and Keith in 1959.3 The β-crystal phase has a trigonal unit cell (a 
= b = 11.01 Å and c = 6.5 Å) containing three isochiral helices. The lamellae in the β-
crystal phase are not cross-hatched but parallel, thereby providing greater mobility of 
the lamellae under loading conditions.4 The β-crystal phase is a metastable phase and 
recrystallizes to the α-crystal phase when heated above 145 °C, a process which is 
known as the β-α transformation.5-8  

The advantage of i-PP in the β-crystal phase gives interesting mechanical 
properties, particularly the increased impact strength and toughness under tensile 
deformation, which exceed those of α-crystal phase i-PP.8,9 Since recycled i-PP is a 
complex mixture of different grades of i-PP, other polymers and additives, the 
elongation-at-break is lower due to stress concentrators that lead to brittleness. 

In the previous chapter, the temperature/strain rate dependency of the yield 
stress was pointed out. It was stated that a lower yield stress favors the solid-state 
drawing process. The temperature-strain rate dependency and the build-up of the 
lamellar stacks without cross-hatching trigger the use of the β-crystal phase for solid-
state drawing experiments in order to obtain highly oriented i-PP with increased 
stiffness and strength. Therefore, the β-modification of i-PP can be an interesting 
opportunity to further increase the mechanical properties of virgin and recycled 
materials. Since the β-crystal phase of i-PP has a different unit cell with lower Van der 
Waals interaction due to the larger distances between the helices, the intra-lamellar slip 
mechanism is more prone to occur, leading to a reduced yield stress. Furthermore, the 
parallel stacking of the lamellae favors inter-lamellar slip. For these reasons, β-crystal 
phase i-PP is expected to draw further in the solid state before it breaks compared to 
α-crystal phase i-PP, where the cross-hatched morphology hampers the molecular 
drawing process.10  

Another possibility of improving the mechanical properties of polymers is the 
use of (nano)fillers. Fillers can be classified according to their geometry in 0D, 1D, 
2D, or 3D. An example is carbon black, which can have a different dimensionality 
depending on the state of agglomeration and the concomitant hierarchical structure. 
Needle-like carbon nanotubes (CNT), sepiolite (1D) and graphene (2D) are other 
examples of fillers used. The reinforcing potential of carbon black and the rigidity, 
high-aspect ratio and potential nucleation effect of sepiolite are of particular interest in 
the solid-state drawing process.11 Sepiolite is a hydrated magnesium silicate and is part 
of the mineral family of phyllosilicate.11,12 Because of its fine particle size, fibrous 
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nature, and presence of channels and micro-pores it has a high surface area, about 200 
– 300 m2 g-1.13 The dimensions of the fibers vary between 0.2 – 4 mm in length, 10 – 
30 nm in width and 5 – 10 nm in thickness. It can orient in the drawing direction and 
thereby reinforce the material.14 So far, it is unknown what the effect of carbon black 
(CB) is on the molecular orientation and the morphology development during the 
drawing process and the concomitant properties of drawn i-PP tapes. 

In terms of sustainability, more i-PP is recovered after use nowadays, either 
via incineration or via mechanical or chemical recycling. Usually i-PP industrial waste 
is recycled in-house (post-industrial PP) or obtained after extensive sorting of a 
mixture of plastics from post-consumer plastic waste. It still contains a small fraction 
of unknown fillers, additives and other polymers. Generally, CB is added to recycled i-
PP to mask the color differences. Therefore, we systematically investigate the effect of 
the filler type/geometry. Like the majority of i-PP products, the i-PP from waste 
crystallizes predominantly in the α-phase.  

The dispersion of the (nano)fillers in a polymer matrix is crucial to achieving 
good final properties. Rheology is a powerful tool to characterize attractive interfacial 
interactions between filler and polymer chains and/or a better filler dispersion in the 
polymer matrix. For better dispersed fillers, the storage modulus G’ and the complex 
viscosity η* increase at low frequencies in an oscillatory frequency sweep 
measurement.15 This effect was observed in polyolefins with increasing carbon black 
concentration.16-18 Depending on the linearity of the aggregates and the specific 
surface area, carbon black can form different structures in the melt. A different study 
used halloysite nanotube composites and the same effect was observed.19 Besides 
acting as a reinforcing filler, halloysite nanotubes are also effective β-nucleating 
agents.20 

The objective of this study is to investigate the effect of the β-nucleating agent γ-
quinacridone on the drawability and tensile properties of virgin and recycled i-PP 
tapes. Furthermore, the effect of adding sepiolite (1D) and carbon black agglomerates 
(3D) on the tensile properties of β-crystal phase i-PP tapes will be investigated. One 
part of this study focuses on the question whether the agglomerates break up and 
align in the drawing direction. In this research project, fillers have been added to β-
crystal phase i-PP in low and high concentrations, extruded and subsequently drawn in 
the solid state. The effects of these fillers on crystallinity, crystal structure and tensile 
properties will also be discussed. 
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6.2. Experimental 

6.2.1. Materials 

A fiber-grade virgin i-PP (H540-03Z, MFI 3.2 g 10 min-1, code: VPP) was 
provided by the Dow Chemical Company (Terneuzen, the Netherlands). Post-
industrial (Vision PPC BL 2008, code: PIPP) and post-consumer (Vision PPC SK 
3005, code: PCPP) i-PP were provided by AKG Polymers (Vroomshoop, the 
Netherlands). γ-Quinacridone, a commercially available red pigment, was used as β-
nucleating agent (NA) and was provided by Borealis (Linz, Austria). Carbon black 
(Plasblak PE 4884, 50 % of carbon black on a PE carrier, code: CB) was provided by 
Cabot (Rotterdam, the Netherlands). Scanning electron microscopy analysis showed 
that the carbon black in the master batch was present as agglomerates of 40 – 60 nm 
spheres. The sepiolite Pangel® was supplied by Tolsa (Madrid, Spain). The sepiolite 
(Sep) was dried at 80 °C overnight before use. An overview of the compounds used in 
this study is given in Table 6.1. 
 
Table 6.1 Overview of compounds in this study.  

Compound Filler + loading 
(wt %) 

Xc, tot 
(%)a 

Compound Filler + loading 
(wt %) 

Xc, tot 
(%)a 

VPP - 42 PIPP - 34 
VPP NA 0.02 γ-quinacridone 40 PIPP NA Low 0.02 γ-quinacridone  33 

VPP NA CB Low 0.02 γ-quinacridone  
0.5 carbon black 

43 
 

PIPP NA High 0.2 γ-quinacridone  34 

VPP NA CB High 0.02 γ-quinacridone  
1.5 carbon black 

44 PCPP - 32 

VPP NA Sep Low 0.02 γ-quinacridone 
0.5 sepiolite 

48 
 

PCPP NA Low 0.02 γ-quinacridone  33 

VPP NA Sep High 0.02 γ-quinacridone 
2.0 sepiolite 

46 PCPP NA High 2.0 γ-quinacridone 27 

a total crystallinity calculated from DSC-analysis 
 
6.2.2. Processing techniques 

A schematic representation of the whole processing scheme is given in Figure 
6.1. All compounds were processed by using a Thermo Electron twin-screw extruder 
(model: Rheomex OS PTW 16, 16 L/D, 50 rpm) and a tape die with dimensions 15 x 
1.0 mm, at a die temperature of 225 °C (A in Figure 6.1). The tapes were quenched 
(B) with water-cooled Collin CR72T chill rolls. The solid-state drawing process was 
done on a Retech drawing line with two independently controllable godet sets (C and 
E) and an IR-heated oven (D). The stretched tapes were wound on a bobbin (F) for 
further analysis. The draw ratio λ was calculated by dividing the speed of the second 
roller set by the speed of the first roller set. Some drawdown from the melt was 
tolerated for smooth operation. This affects the real draw ratio, but was not taken into 
account. 
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Figure 6.1 Schematic representation of the extruder, drawing line and temperature profile. 

 
6.2.3. Characterization techniques 

The viscoelastic properties were measured by using a TA Instruments AR-G2 
rheometer with a 25 mm parallel plate configuration. Oscillatory frequency sweeps 
were performed in the linear viscoelastic regime (1 % strain) from 100 - 0.01 rad s-1 at 
a temperature of 200 °C.  

The crystallinity was measured on a TA Instruments Q1000 differential 
scanning calorimeter (DSC). Samples were heated to 220 °C at a heating rate of 10 °C 
min-1. The first heating run was done to remove the thermomechanical history. The 
crystallinity was calculated from the second heating run by dividing the measured 
melting enthalpy by the melting enthalpy of 100 % crystalline i-PP (α-crystal phase PP: 
207.1 J g-1, β-crystal phase PP: 185 J g-1).2 The β-crystal phase content was calculated 
by dividing the β-crystal phase crystallinity by the total crystallinity. 

Extruded, non-drawn tapes were collected on a bobbin at Eindhoven 
University of Technology and stored for later use. After unwinding the tapes from the 
bobbin, in-situ two-dimensional wide-angle X-ray diffraction (2D-WAXD) was 
performed during the drawing process, in the middle of the oven, at the Dutch-
Belgian beamline (DUBBLE) at the European Synchrotron Radiation Facility (ESRF), 
Grenoble, France.21 Patterns were recorded by a FReLoN CCD camera (2048 x 2048 
pixels) in transmission mode with an exposure time of 1 s. A picture of the setup is 
given in Figure 6.2. 

 

 
Figure 6.2 In-situ 2D-WAXD setup at the ESRF. The dashed arrow indicates the X-ray beam direction. 
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The used wavelength of the synchrotron radiation was 1.24 Å. Ten 2D X-ray 
patterns with an acquisition time of 1 s were averaged and transformed to 1D patterns 
by performing integration of the azimuthal intensity. All data manipulation of WAXD 
results was performed with the data analysis program FIT2D, freely available to 
academic users.22 

Mechanical properties of isotropic tapes (λ=1) were determined using a 
Zwick Z100 tensile tester, equipped with a 100 N load cell. Dog bone-shaped 
specimens were cut from the tapes and measured according to ISO 527 at a test speed 
of 50 mm min-1. For the drawn tapes, a load cell of 10 kN was used. Tapes were 
measured as obtained from the solid-state drawing process, with a gauge length of 200 
mm and a pre-load of 2 MPa for straightening purposes. A crosshead displacement of 
5 mm min-1 was applied. At least 8 specimens were measured per material.  
 

6.3. Results and discussion 

The results and discussion will be presented according to the structure 
development of i-PP during the different stages as schematically drawn in Figure 6.1. 
First, the rheology for the different fillers as a function of concentration will be 
discussed to explore the change in viscoelastic properties. Secondly, the structure 
development during the first cooling stage (B) will be presented and the interplay 
between the β-nucleating agents and the filler particles will be discussed. Subsequently, 
the mechanical properties of the quenched materials after stage (B) will be studied to 
determine the effect of the fillers on the yielding process and to obtain the maximum 
drawability at room temperature. This will be followed by a discussion of the structure 
development and the maximum drawability during the solid-state drawing stage at 
higher temperatures (D) and, concomitantly, the level of orientation of the polymer 
and the filler particles. Finally, the mechanical properties of the drawn tapes will be 
discussed (E). 
 

6.3.1. Viscoelastic properties (A) 

The viscoelastic properties were measured to obtain information about the 
melt viscosity of the materials and possible aggregation and/or formation of a filler 
network. From the frequency sweep measurements as shown in Figure 6.3, it can be 
deduced that the type and amount of additives did not significantly affect the 
viscoelastic properties of the virgin polymer melt (VPP), thereby indicating that the 
fillers do not form a network in VPP. 
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Figure 6.3 The storage modulus G’ as a function of angular frequency for the systems used. 
Measurements were performed in the linear viscoelastic region at 1 % strain. 

 
The results clearly show that the storage modulus and viscosity of the 

recycled materials is significantly lower. This can be explained by the lower molecular 
weight of the recyclates due to degradation by chain scission. The effect of γ-
quinacridone on the viscoelasticity of PCPP and PIPP is more pronounced: for both 
materials, the storage modulus is further reduced. An interesting aspect of the PIPP 
curve is that the storage modulus at low angular frequencies is higher than the curve 
of PIPP with γ-quinacridone added, while at angular frequencies > 1 rad s-1 they show 
similar behavior. Apparently, the impurities in this recycled i-PP, such as fillers or 
pigments, form a network in the melt which is suppressed by the addition of β-
nucleating agent. 
 
6.3.2. Quenching of i-PP tapes (B) 

The nucleating effect of γ-quinacridone in VPP can best be observed in DSC 
experiments. The onset of crystallization occurs at higher temperatures during the 
cooling run and a change in the polymer crystal phase will lead to a change in melting 
temperature. These results indicate that γ-quinacridone is an efficient nucleating agent 
for virgin i-PP, raising the crystallization temperature by 10 °C and resulting in a β-

content of 77 %. PIPP and PCPP contain contaminants that may also act as 
nucleating sites. An overview of the thermal properties of the undrawn materials is 
given in Tables 6.1 and 6.2.  

The crystallization temperature of PIPP is higher than for the β-nucleated 
virgin materials. Therefore, the addition of β-nucleating agent to PIPP did not have 
any effect on the crystallization temperature or total crystallinity. For recycled i-PP, a 
broad melting peak has been observed and for this reason the melting peaks of α- and 
β-phase crystals overlap, making calculation of the β-content impossible. 
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Table 6.2 Thermal properties of i-PP compounds.  

 crystallization 
temperature  

(°C) 

melting peak / 
enthalpy α-

crystal phase 
(°C, J g-1) 

melting peak 
/ enthalpy β-
crystal phase 

(°C, J g-1) 

β-content 
(%) 

VPP 113 161 / 86 - / - 0 
VPP NA 123 167 / 19 149 / 57 77 

VPP NA CB low 122 167 / 19 149 / 63 79 
VPP NA CB high 123 167 / 18 149 / 66 81 
VPP NA Sep low 122 167 / 22 148 / 70 78 
VPP NA Sep high 121 167 / 23 147 / 65 76 

PIPP 127 163 / 70 - / - 0 
PIPP NA Low 128 163 / 68 n.d. n.d. 
PIPP NA High 128 163 / 71 n.d. n.d. 

PCPP 124 160 / 66 - / - 0 
PCPP NA Low 125 160 / 68 n.d. n.d. 
PCPP NA High 124 160 / 55 n.d. n.d. 

         n.d.: not determined due to peak overlap 
 
The presence of carbon black (CB) in VPP did not have any effect on the 

crystallization temperature, while the addition of sepiolite reduced the crystallization 
temperature by approximately 1 °C. The total crystallinity of the carbon black- and 
sepiolite-filled compounds was higher,14 indicating that the filler particles act as 
nucleation sites for i-PP. The amount of β-crystal phase did not change significantly 
with the addition of fillers.  

Interestingly, the melting temperature of the α-crystal phase increased 
significantly with the presence of β-nucleating agent and/or fillers, indicating more 
perfectly crystallized α-crystals (Figure 6.4). The lamellar thickness distribution is 
associated with the width of the melting peak. The results show that, with the addition 
of β-nucleating agent, the width of the i-PP melting peak becomes smaller, indicating 
a more uniform lamellar thickness distribution. 
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Figure 6.4 Normalized heat flow of the second heating run in DSC for virgin i-PP with and without β-
nucleating agent (NA). The addition of fillers does not significantly change the melting behavior of β-
nucleated i-PP. 
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The 2D-WAXD images of the virgin undrawn tapes are given in Figure 6.5. 
The results show that for VPP the intensity along the azimuthal angular range of the 
Debye-Scherrer rings is not constant, indicative of some drawdown from the melt. 
The addition of the nucleating agent results in an almost complete β-crystal phase PP, 
resulting in a clearly different 2D-WAXD pattern. Furthermore, the ring intensity is 
equal along the azimuthal range, indicating that an isotropic material with no preferred 
orientation was obtained. This might be due to the different crystal structure, where all 
lamellae are parallel to each other instead of cross-hatched. The addition of carbon 
black or sepiolite results in a 2D-WAXD pattern in which both the α- and β-crystal 
phases are observed. The azimuthal intensity profile over the Debye-Scherrer rings at 
low CB concentration indicates some preferred orientation, which is lost at higher CB 
concentration. Compared to VPP, the viscosity of the CB-filled compounds is lower 
which leads to a faster relaxation of polymer chains.  

The sepiolite-filled compounds show a non-even intensity distribution in the 
low concentration material. This is even more pronounced in the 2.0 wt %-filled 
compounds. The (100) crystal reflection of sepiolite is observed at small angles (Figure 
6.5).  

 

 
Figure 6.5 2D-WAXD images of quenched i-PP tapes with different fillers before drawing. 
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For recycled i-PP materials, PCPP and PIPP, γ-quinacridone was not an 
effective nucleating agent as seen in DSC experiments. Due to peak overlap, the 
calculation of the β-content was not possible, but the presence of the β-phase is 
confirmed by the X-ray experiments as shown in Figure 6.6 and is most prominent 
from the appearance of the (300)β reflection at approximately 2θ = 16°. The addition 
of 0.02 and 2.0 wt % nucleating agent did not result in a significant increase in β-
crystal phase content (3 % maximum), as can be clearly observed. Since the crystal 
structure of recycled i-PP cannot significantly be altered by the addition of an effective 
β-nucleating agent, it is not suitable for the rest of this chapter.  
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Figure 6.6 1D-WAXD patterns of undrawn (A) PIPP and (B) PCPP with varying concentration of γ-
quinacridone. 

 

6.3.3. Mechanical properties of isotropic tapes (B) 

To investigate the effect of different additives on the mechanical properties 
of i-PP, tensile tests were performed on specimens taken from the undrawn tapes. An 
overview of the results is given in Table 6.3 and shows that the stiffness of β-
nucleated i-PP is lower than for α-crystal phase i-PP, conforming to other research.2 
Since the stiffness is governed by the hard inter-coupled crystalline phase, the 
hexagonal arrangement of the helices in the β-crystal phase provides greater mobility 
and, concomitantly, less intralamellar friction can occur.  

The yield point, associated with the start of the breaking up process of the 
crystals due to interlamellar and intralamellar shear, is lower for β-nucleated i-PP. 
These materials can reach a higher elongation-at-break, explained by the β-α 
transformation. For i-PP, this crystal modification is strain-induced and occurs 
gradually via melting and recrystallization, leading to phase transition toughening.23-25 
The resulting α-crystal phase i-PP exhibits a higher crystalline density than the initial 
β-modification. That, along with the exothermic character of the β-α recrystallization, 
is responsible for the improvement in toughness that occurs and fibrillation of the 
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polymer chains. Evidence for such fibrillation process has been found in the 
poly(butene-1) system where samples with stable crystalline modification form I 
change into metastable form II after stretching via a melting and recrystallization 
route26 and miscible blends of poly(ε-caprolactone) and poly(vinyl methyl ether) 
systems where phase separation occurred during solid-state tensile deformation 
indicating the process of melting.27 

Although no orientation of the amorphous carbon black was observed by 
WAXD, the results suggest that the aggregates break up into smaller aggregates. The 
addition of a small amount of carbon black results in a higher E-modulus and more α-
phase crystallization. At higher concentrations, carbon black is likely to form larger 
aggregates, resulting in a lower E-modulus. Upon drawing, the elongational forces 
may break up these aggregates, resulting in a similar strength and elongation-at-break 
as for lower concentration carbon black-filled i-PP. In general, addition of carbon 
black reduces the tensile strength of i-PP crystallized in the β- phase, but facilitates 
drawing. 

 
Table 6.3 Mechanical properties of isotropic compounds in this study: E-modulus, yield stress (σy), 
tensile stress (σm) and elongation-at-break (εb). 

 E-modulus 
(MPa) 

σy 
(MPa) 

σm 
(MPa) 

εb 
(%) 

VPP 1210±30 37.7±0.9 64.2±3.5 450±40 
VPP NA 1090±50 31.5±0.4 52.7±1.7 600±20 

VPP NA CB low 1370±30 34.5±0.3 48.0±1.1 630±20 
VPP NA CB high 1140±70 33.4±0.3 49.4±2.3 630±120 
VPP NA SEP low 1260±30 35.3±0.4 43.5±6.6 540±110 
VPP NA SEP high 1480±100 38.4±0.4 38.4±0.4 40±70 

 

Whereas carbon black is present as aggregates of arbitrary shape, 
incorporation of fillers with a shape that is better defined, such as the needle-like 
sepiolite, greatly improves the E-modulus of β-crystal phase i-PP, due to its rigid 
structure. Sepiolite does not contribute to the intralamellar shear process, but it has an 
influence on the interlamellar shear process. This might explain the significantly higher 
yield stress. The tensile strength and elongation-at-break are lower compared to β-
crystal phase i-PP, but the spread of the experimental data in the sepiolite-filled 
materials is large, indicative of a rather inhomogeneous distribution of sepiolite. At 
higher sepiolite loadings, the additive cannot be dispersed homogeneously and some 
rigid aggregates are formed, which explains the reduced tensile strength and 
elongation-at-break. 

During deformation in the solid state interlamellar void formation can occur. 
In i-PP28 and HDPE29 void formation starts upon lamellar fragmentation of the 
material during yielding. During strain softening, the volume fraction of the voids 
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increases, which can be investigated by SAXS measurements. At higher deformations, 
the voids elongate in the direction of deformation. In i-PP, the presence of these 
voids is known to accompany the β-α transformation.30,31 
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Figure 6.7 Integrated in-situ 2D-WAXS data for solid-state drawn tapes of (A) virgin i-PP and (B-E) β-
nucleated i-PP with additives at various draw ratios λ. The drawing temperature was 120 °C, except for β-
PP high Toven (C), which was drawn at 140 °C. 
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6.3.4 Influence of additives on drawability of i-PP (D) 

Figure 6.7 shows the integrated in-situ X-ray patterns of the drawn tapes for the virgin 
i-PP and β-nucleated i-PP with and without additives. The α-crystal phase of i-PP 
shows the five characteristic diffraction peaks in the region of interest: (110)α, (040)α, 
(130)α, and the overlapping (111)α and (041)α reflections. The presence of the β-phase 
is most prominent from the appearance of the (300)β reflection, which partly overlaps 
with the (040)α reflection. It can be seen that upon drawing virgin i-PP remains in the 
α-crystal phase.  

The β-nucleated i-PP materials show the β-α transformation at higher draw 
ratios, which is dependent on the additive used. i-PP with only γ-quinacridone changes 
its crystal structure above a draw ratio of seven. Because of molecular alignment as a 
result of uniaxial mechanical stress and thermal energy, the mobility of the polymer 
chains is enhanced. Therefore, the thermodynamic favorable α-crystal phase is 
formed. At lower draw ratios, some α-crystal phase is already formed. The presence of 
carbon black and sepiolite hamper this rearrangement. For carbon black, it can be 
observed that the total β-α transformation occurs between 7<λ<10, whereas the same 
transformation for sepiolite- filled β-nucleated i-PP takes place between 10<λ<15, 
which is clearly visible in Figure 6.7.  

At higher draw ratios, it can be observed that the sepiolite particles orient in 
the drawing direction (Figure 6.8). One important variable in the solid-state drawing 
process is the oven temperature. By increasing this temperature, chain mobility is 
promoted. It is expected that at an increased drawing temperature, the β-α 
transformation occurs already at lower draw ratios. This was confirmed by in-situ X-
ray experiments (Figure 6.7). When the oven temperature was increased from 120 to 
140 °C, the β-α transformation for β-nucleated i-PP shifted from λ=7 to λ=4. 

 

 
Figure 6.8 X-ray diffraction pattern showing the orientation of sepiolite at a high draw ratio (λ=15) in 
the VPP NA SEP high compound (Tdrawing = 120 °C). 
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6.3.5. Mechanical properties of drawn i-PP tapes (E) 
The above-mentioned results showed the effect of additives on the crystal 

formation and structure of i-PP and it showed the structure development of these 
materials in the solid-state drawing process. The remaining question is how these 
additives affect the mechanical properties of the drawn tapes. Tensile tests were done 
and the results are presented in Figures 6.9 and 6.10. Figure 6.9 shows the E-modulus 
on the tapes as a function of draw ratio. It is generally known that the crystallinity 
increases with draw ratio and, therefore, the modulus also increases with draw ratio. 
The crystallinity of β-nucleated i-PP is lower than for other materials, hence a lower 
modulus at lower draw ratios has been observed (Figure 6.9A). The β-α 
transformation greatly increases the modulus by a melting and recrystallization process 
and orientation of the newly formed lamellae. The α-crystal phase is formed from the 
parallel-stacked β-phase crystals. Therefore, the crystals can more easily be aligned in 
the drawing direction, explaining the increased modulus of β-phase i-PP - even higher 
than for α-phase i-PP - at high draw ratios. In Figure 6.9B, it can be observed that 
carbon black only improved the stiffness of the tapes at low concentration. The 
needle-like structure of sepiolite orients in the drawing direction, as observed with 2D-
WAXD, and increases the stiffness. When more sepiolite was added, a higher stiffness 
was observed. A higher concentration of sepiolite (> 5 wt %) causes the deterioration 
of the mechanical properties, as shown by Bilotti et al.11 At higher loadings, the poor 
sepiolite dispersion and the presence of a physical percolated network of the 
nanoparticles puts a limit on the drawability of the i-PP tapes, nullifying the 
reinforcing effect of sepiolite. 
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Figure 6.9 Stiffness of drawn tapes as a function of draw ratio λ: (A) unfilled VPP with and without β-
nucleating agent and (B) filled β-nucleated VPP. 
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Figure 6.10 Tensile strength of drawn tapes as a function of draw ratio λ: (A) unfilled VPP with and 
without β-nucleating agent and (B) filled β-nucleated VPP. 

 
The tensile strength of the tapes also increases with draw ratio, as can be seen 

in Figure 6.10. The addition of the β-nucleating agent to i-PP results in a reduced 
tensile strength at lower draw ratios (Figure 6.10A), which can be explained by the 
difference in the crystal structure. At higher draw ratios, the α-crystal phase formed 
from the β-phase crystals results in a strong increase in tensile strength. The addition 
of carbon black results in an increased strength at low draw ratios, after which the 
strength increment levels off, as indicated in Figure 6.10B. The concentration of CB 
does not have a great influence on the tensile strength. The VPP NA CB Low λ=10 
material shows a reduced strength compared to the lower draw ratios, which can be 
explained by some tape twisting observed during drawing. This indicates that the 
material contracts to a preferred state, which is more isotropic. This phenomenon was 
less clearly observed at λ=15. Sepiolite has a distinct reinforcing effect on the strength 
of i-PP tapes. Whereas for low concentration the tensile strength increases gradually 
with draw ratio, it is rather constant at higher concentration. 
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Figure 6.11 Tensile strength of drawn tapes as a function of E-modulus: (A) unfilled VPP with and 
without β-nucleating agent and (B) filled β-nucleated VPP. 
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Depending on the application, both stiffness and tensile strength may be 
important factors. Combining them in one graph (Figure 6.11) gives a good overview 
how these parameters are related. In general, an increase in E-modulus coincides with 
an increase in tensile strength. The addition of γ-quinacridone mainly reduces tensile 
strength, but leads to a higher modulus. From this graph, it can also be observed that 
sepiolite is the preferred additive to increase both stiffness and strength. The reason 
for this is that, upon drawing, the needle-like sepiolite orients in the drawing direction, 
thereby contributing to both stiffness and strength of the compounds. 
 
6.4. Conclusions 

γ-Quinacridone is already a very effective nucleating agent for virgin i-PP in 
low concentrations and results in β-contents of about 80 %. In recycled i-PP, γ-
quinacridone merely results in β-modification (3 %), even at high concentrations.  

The addition of carbon black or sepiolite did not significantly alter the β-
content as demonstrated by DSC measurements. While γ-quinacridone had a negative 
effect on the crystallinity, the addition of fillers increased the crystallinity. The β-
modification of i-PP served as the starting point for solid-state drawing. For this 
reason, recycled i-PP materials were not selected for the solid-state drawing 
experiments. The solid-state drawing of β-nucleated virgin i-PP showed a clear gradual 
β-α transformation after homogeneous necking. The β-α transformation in solid-state 
drawn i-PP tapes resulted in oriented α-crystal phase i-PP tapes with improved 
stiffness and strength compared to the non-nucleated α-crystal phase i-PP tapes, 
because of phase transition toughening. Depending on the amount and type of filler, 
as well as on the processing temperature, the β-α transformation can be tuned and 
mechanical properties can be improved significantly. 
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Chapter 7  

Technology Assessment 
 

Abstract 

In this final chapter an answer to the proposed research questions will be 

given, by stating the most important results and conclusions of the previous chapters, 

and how they fit in the recycling chain of plastic waste. Furthermore, attention will be 

given to the industrial relevance of the scientific work presented. Some suggestions are 

given for further research. 
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Recycling of plastics is a ‘hot topic’ and forms a societal challenge which can 

be approached from a multitude of angles, e.g. environmental, economic, industrial, 

political, logistical, and academic. In this section the relevance of this academic, 

technical research on the applicability of recycled plastics in industry will be stressed.  

 

The research questions formulated in Chapter 1 are: 

1) What is the role of typical contaminants present in waste plastics during 

mechanical recycling and how do these impurities affect the properties? 

2) How does each element of the plastic recycling chain influence the 

mechanical properties of mechanical recycled sorted plastic packaging waste 

and to what extent? 

 
Scheme 7.1 Mechanical recycling chain of plastic waste. 

 

The plastic recycling chain, given in Scheme 7.1, served as the general theme 

for the consecutive chapters of this thesis. Each element of this chain was studied 

separately to understand and improve the mechanical properties of recycled i-PP, of 

which a summary is given in Table 7.1. The main outcome and answers to the 

research questions are treated per element of the reprocessing chain. 
 

Table 7.1 Most favorable mechanical properties of recycled i-PP (PCPP80) along the recycling chain as 

obtained in this study. 

 Modulus 

(GPa) 

Tensile strength 

(MPa) 

Elongation-at-break 

(%) 

Collection, sorting, cleaning (Chapter 2) 1.1 26 14 

Processing (Chapter 3) 1.1 28 410 

Cooling (Chapter 4) 0.5 20 635 

Solid-state drawing (Chapters 5, 6) 11.5 403 6 

 

Collection (Chapter 2) 

It was pointed out that the differences in terms of composition were 

negligible for post-consumer plastic packaging waste obtained via different collection 

schemes. Furthermore, their mechanical properties were comparable. The amount of 

effort needed to recover and sort plastic waste via commingled collection is higher, 

since the additional recovery step needs to be carried out. From a cost perspective, 

this is unfavorable. On the other hand, the separate collection of plastic waste (source 

Collection
Sorting and 

cleaning
Processing 
(extrusion)

Cooling Treatment
(Intermediate) 

product
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separation) demands an additional collection infrastructure, which can also be costly. 

Different scenarios were pointed out in the PhD-thesis of Xiaoyun Bing.1 Hence, the 

conclusion is that the collection method (separate collection versus mechanical 

recovery) does not determine the quality of the recycled plastics. This final quality is 

more so determined by the quality of the sorting process and the vigor of the washing 

step during the mechanical recycling step. 

 

Sorting and cleaning (Chapter 2) 

The strictness of the sorting process for plastic packaging waste strongly 

influences the quality of the final recycled plastics. Likewise the effort done to clean 

the plastic flakes (hot water versus cold water) and the effort done in the subsequent 

flake sorting processes (normal flotation separation versus sorting centrifugation) 

really improves the quality of the final recycled plastic product better. This research 

showed that the mechanical properties are governed by the amount of impurities 

present. Besides a potpourri of additives, contamination by the presence of other 

polymers was found to be the dominant factor in determining the material’s 

mechanical properties. A polymer contamination of 5-10 % of polyolefinic nature is 

typical, while traces of PET may be present as well. These contaminations typically 

arise from laminate products such as multilayer foils, or labels that adhere to a product 

by adhesives. Black products are not recognized in NIR identification2 and therefore 

end up being incinerated. This forms a challenge for further improvement of sorting 

facilities.  

 

Processing (Chapter 3) 

Flakes from plastic waste can directly be applied to existing polymer 

processing methods. The pre-mixing of shredded post-consumer waste is 

recommended in order to obtain an input stream which is as consistent as possible 

and which improves process stability. It was shown that the type of processing 

method has a great influence on the quality of recycled plastics. Here, obtaining a fine 

dispersion of the polymeric contaminant is key. High degrees of mixing are needed to 

achieve this, without degrading the material extensively. Typically, such morphologies 

are obtained in a twin-screw extruder, which is industrially used as a compounder 

rather than the final processing step, which usually is a single-screw extruder. 

Although this type of extruder has less mixing capabilities, the degree of mixing can 

significantly be improved by the addition of a static mixer. Such a mixer is a low-cost 

solution and can easily be incorporated in the processing line. 
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Traces of PET in polyolefins were found to act as stress concentrators in the 

final product and therefore initiate failure in e.g. the solid-state drawing process. If not 

excluded from the waste stream by sorting, applying a melt filter can be an efficient 

way to reduce PET contamination in the extrudate. It is advisable to use rotational 

melt filters to control the pressure build-up in the extruder. External trials showed 

that a melt loss of about 0.5 % was achieved. Rotational melt filters are commercially 

available with different mesh sizes and can be incorporated in the processing line.3-5 

 

Cooling (Chapter 4) 

Crystallization of recycled i-PP is promoted by PE contamination, which acts 

as a nucleating agent. The effects of different cooling conditions such as cooling rate 

and pressure on the crystallization process and concomitant properties was 

investigated. It was found that by varying these parameters, different metastable 

crystal phases of i-PP were obtained which could result in improved mechanical 

properties. Lowering the yield point was key in achieving this. Depending on the 

application the cooling rate and pressure may be adjusted, like in sheet extrusion, film 

blowing or injection molding. In the latter case, one has to keep in mind that changing 

these parameters can affect other properties such as shrinkage as well. In time or at 

elevated temperatures, the crystal structure can go back to the thermodynamically 

favored α-phase, depending on the application. To preserve the microstructure 

obtained during processing, fast cooling below the crystallization temperature is 

essential. 

 

Treatment (Chapters 5 and 6) 

Before an (intermediate) product is obtained, an additional treatment is 

sometimes applied, like annealing or 1D or 2D drawing. During the course of this 

research, the 1D solid-state drawing process was investigated. By orienting the 

polymer chains in one direction, an improvement in strength (15x) and stiffness (10x) 

compared to isotropic materials was achieved. As a consequence of the 1D drawing, 

the properties decrease in other directions. The solid-state drawing process was 

stabilized by the use of melt-filtered materials and by the addition of carbon black, 

which acts as a compatibilizing agent. The addition of a β-nucleating agent was found 

to be effective only in virgin i-PP. 

 

(Intermediate) product 

Today, a small part of the plastic packaging waste is circular recycled into new 

plastic packages. The 6-7 % PET bottles and flasks are recycled in new bottles, flasks 

and trays. The sorted fractions PE and PP are recycled into various utensils: cable 
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liner, water tanks, sewage pipes, flower pots, crates. The sorted products Film and 

Mixed Plastics find mostly applications in thick-walled products which do not require 

mechanical strength. However, continuous improvements in the reprocessing chain 

have led to a shift towards higher-end products.6 This thesis described the elements of 

the reprocessing chain from a scientific point of view and resulted in a material 

suitable for testing rather than for making a product. The oriented tapes form an 

exception to this and can be seen as an intermediate product. To apply these in a final 

product, oriented tapes (or fibers) can be woven into mats (Figure 7.1).  

Due to the varying levels of contaminants in the input, process stability is a 

key issue in the industrial processing of recycled plastics. The process stability is 

improved for materials where the draw ratio is lower, but as a consequence, the 

mechanical properties of the oriented tape are reduced. In order to have the best of 

both worlds, the material should be stretched to intermediate draw ratios (up to 

λ=10). Woven geotextiles and geogrids are potential applications.7 

 

 
Figure 7.1 Woven textile of oriented recycled PP tapes. 

 

Mechanical recycling of plastic waste: the Holy Grail? 

This research showed that the mechanical properties of mechanically recycled 

plastics can be tailored to certain needs and that these materials can be applied in 

more diverse applications. These tailored recycled plastics can - in some markets - 

compete with virgin plastics made from crude oil. The sustainability aspect of 

mechanical recycling is clear: valuable natural resources are saved and a solution for a 

large waste stream is offered. However, what happens when a recycled product is 

recycled yet another time? It depends on the nature of the plastic. For i-PP, the 

molecular weight reduces every life-cycle and every time it is extruded, which reduces 

the elongation-at-break and tensile strength gradually. At one point, a critical chain 
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length is reached for which the mechanical properties are lost rapidly.8 Then, it is no 

longer suitable for mechanical recycling, but can be used in other sustainable options 

such as chemical recycling or energy recovery by incineration. This is in fact similar to 

paper and board recycling, in which the fibers are also recycled a few times in a 

cascade of less demanding applications and finally have become too short for further 

applicability, at which point they are incinerated. In both plastics and in paper and 

board recycling the contamination level increases with every application and has to be 

managed. 

In the bigger picture, mechanical recycling is, in my opinion, just a temporary 

solution to our growing need for plastics. With the depletion of oil, the quest for 

alternative, renewable feedstock from which chemicals and polymers are produced is a 

top-priority. Plastics made from this feedstock should be able to compete with 

existing commodity plastics in terms of price and properties and should be able to be 

applied in existing polymer processing methods. As a result, the waste generated from 

these plastics - which might be both a new or existing polymer - has to be sorted 

efficiently as well. It is advisable to adapt the infrastructure in sorting facilities to these 

changes. 

It is better not to blend recycled plastics with virgin plastics, since 

experiments showed that a significant amount of virgin plastic is needed to obtain 

comparable properties (Appendix A). In fact, the contaminants are simply diluted to 

acceptable concentrations. In applications related to the health of an individual 

(biomedical applications, personal protection), only virgin plastics should be used. 

The market segment that generates the most plastic waste is (non-)food 

packaging. When this stream is recycled mechanically, approval by food authorities is 

difficult since every chemical inside the plastic has to be listed. Recently the European 

Food Safety Authority (EFSA) granted the use of waste originating from post-

consumer poly(propylene) food trays for the production of new food-contact trays, 

with a maximum recycled content of 30 %.9 Although for PET recycling many 

recycling processes have already been approved, this is a major breakthrough in 

polyolefin recycling. An alternative application area for food-packaging waste is the 

diversion to non-food packaging. Here, the aspect of color is important in the final 

application. In case the packaging industry is willing to limit the amount and types of 

colorants, it becomes interesting for the sorting facilities to produce color-sorted 

fractions. As a result, the recycled material can be of a higher level, similar to 

developments in PET bottle recycling.  

The same holds for applicability in other market segments, such as building 

and construction, the automotive industry, electrical and electronic equipment, and 

agriculture. Most likely, the mechanically recycled plastics will form the core of a 
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product or end up in applications which are not directly visible to the eye, or where 

color is not an issue. Applications where elevated temperatures are present, 

flammability of recycled plastics is an issue which has to be investigated in further 

detail. 

 

Recommendations 

During this research, some aspects have come up which are interesting for further 

research. Amongst others they are: 

- Color sorting 

Aesthetics play an important role, which has not been touched upon in this 

scientific research. Color sorting equipment already exists and is predominantly 

used for PET sorting. These systems can operate at high efficiencies and 

reasonable speed.  

- Flammability tests 

As stated earlier in this chapter, potential applications within the area of 

electronics have strict legislation concerning flammability. In order to use recycled 

plastics in this market, additional tests have to be carried out. 

- Long-term properties of recycled plastics 

In tensile testing, a material’s performance is governed by the presence of stress 

concentrators, which in the case of plastic recycling is very useful to obtain 

information about effects of contamination. However, long-term properties are 

governed by the performance of the matrix rather than the inclusions. Especially 

in the building and construction market, it is necessary to have this information 

for load-bearing calculations. Dynamic loading of recycled i-PP can reveal more 

information about its long-term performance. 
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Appendix A 

Properties of isotactic PP virgin/recyclate 

blends 
 

In the plastic manufacturing industry, plastic waste is generated from e.g. a 

processing line start-up. Often this material is collected, grinded and fed, together with 

the virgin polymer, to the extruder. The percentage of recyclate used is usually low in 

order to comply with product specifications. One could propose blending post-

consumer i-PP with virgin i-PP to improve the mechanical properties. In this 

appendix the effect of i-PP virgin recyclate blends on the crystallization and 

mechanical properties is discussed. Blends of virgin i-PP (Dow H540-03Z, VPP) and 

recycled i-PP (AKG Vision PPC SK 3005, PCPP250) were prepared by co-rotating 

twin-screw extrusion (25 L/D, 200 °C) and subsequent compression molding (200 °C, 

100 bar, 3 min). 

First, the effect of blending on the crystallinity and crystallization temperature 

will be discussed (Figure A.1). The results show that the crystallinity of the blends 

follows the linear rule-of-mixtures. The crystallization temperature of recycled i-PP is 

higher than that of virgin i-PP, since PE contamination acts as a nucleus for i-PP 

crystallization. Figure A.1B indicates that the addition of 10 % of recycled i-PP already 

results in a tremendous increase in the crystallization temperature (TC). The TC of a 

90/10 virgin/recyclate blend is of the same level as 100 % recycled i-PP. It is clear 

that the PE domains have been diluted by the addition of virgin polymer. 

Nevertheless, these domains still promote i-PP crystallization.  



Properties of isotactic PP virgin/recyclate blends 

 

120 

0 20 40 60 80 100

26

28

30

32

34

36

X
c (

%
)

Fraction PCPP250 (%)

A

0 20 40 60 80 100
114

116

118

120

122

124

126

T
C
 (

°C
)

Fraction PCPP250 (%)

B

 
Figure A.1 (A) Crystallinity and (B) crystallization temperature of i-PP virgin/recyclate blends. 

 

Introducing a fraction of virgin i-PP to recycled i-PP does not only dilute the 

contaminants, but it generally also increases the molecular weight of the blends. A 

higher molecular weight polymer forms more entanglements per chain, resulting in a 

higher tensile strength and an improved elongation-at-break. In Table A.1 the 

elongation-at-break of virgin/recycled i-PP blends is demonstrated (0 h).  

 
Table A.1 Elongation-at-break for stabilized and non-stabilized VPP/PCPP250 blends, before and after 

oven aging at 130 °C. 

VPP/PCPP250 0h 

(%) 

0h, stab. 

(%) 

100h 

(%) 

100h, stab. 

(%) 

100/0 431 ± 360 431 ± 360 588 ± 15 588 ± 15 

90/10 357 ± 28 232 ± 200 23 ± 27 158 ± 156 

50/50 9 ± 2 11 ± 3 2 ± 1 14 ± 6 

10/90 9 ± 2 11 ± 3 n.d. 9 ± 3 

0/100 7 ± 3 8 ± 2 6 ± 3 7 ± 3 

 

It has been observed that the elongation-at-break is rapidly reduced by the 

addition of recycled i-PP. Given the typical PE contamination of 5 % in recycled i-PP, 

the concentration of PE in the 90/10 blend is 0.5 %. This material is still ductile, 

although the elongation-at-break is reduced significantly. The reduction can be more 

dramatically observed for 50/50 blends (PE concentration approx. 2.5 %), which are 

brittle. 

In this table, the elongation-at-break values of blends which were aged is also 

shown. To accelerate ageing, the materials were put in an oven at 130 °C with an air 

refreshing rate of 50 %. It can be seen that 100 h of accelerated ageing does not affect 

virgin i-PP significantly. The standard antioxidant package (Chapter 1) is capable of 

scavenging oxygen radicals and slowing down the ageing process. However, for the 

90/10 blend the ductility is lost and brittle failure can be observed in tensile testing. 
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Re-stabilization of recycled materials with antioxidants could be a solution in 

that it could slow down the degradation process. 500 ppm Irganox 1010 and 1000 

ppm Irgafos 168 were added to the virgin/recyclate blends and their effect on the 

elongation-at-break was investigated (denoted in Table A.1 as stabilizer). It was 

observed that their effect on the mechanical properties before accelerated ageing is 

only slight. On the other hand, it has been established that the re-stabilization does 

raise the elongation-at-break of the 90/10 blends after 100 h of accelerated aging. It 

must be noted that the spread in results is large, and that, therefore, the reliability of 

these results remains an issue.  

In all cases that were presented, the proposed amount of recycled i-PP in 

virgin/recyclate blends has been limited to a maximum of 10 %. The properties of 

such blends are inferior to virgin i-PP and re-stabilization brings with it additional 

costs. The reliability of the results is an issue which makes the use of recycled i-PP in 

blends questionable. 
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Appendix B 

Properties of isotactic PP/PET blends 
 

Separation flaws in plastic waste sorting give rise to the existence of foreign 

polymers in a sorted waste stream. For sorted i-PP from household waste, 5 % of PE 

contamination is present, as well as a small fraction (< 1 %) of PET, which can be 

semi-crystalline or amorphous (a-PET). PET has a melting temperature of approx. 

250 °C and will not melt during i-PP extrusion which is typically carried out at 220 - 

230 °C. Given the incompatibility of the two, the presence of PET will influence the 

mechanical properties in a negative way. 

In these experiments, PET (DSM Arnite D04-300) was cryogenically 

pulverized and sieved. Different sieve fractions were blended with virgin i-PP (Dow 

H540-03Z) in various concentrations using a co-rotating twin-screw mini-extruder (50 

rpm, 10 minutes, 200 °C, N2 atmosphere).  

From DSC experiments (not reported here), it was concluded that the 

presence of PET had little effect on the crystallinity of i-PP or the crystallization 

kinetics. The only difference observed was the increase of the crystallization 

temperature by a maximum of 1 °C, which was seen in all PET-containing blends.  

The immiscibility of PET and i-PP slightly affects the viscoelastic properties 

of their blends, which are presented in Figure B.1 for i-PP blends containing 2 % 

PET. It has been observed that differences in the complex viscosity are most obvious 

in the low frequency range. Whereas small particles raise the viscosity, large particles 

lower the viscosity to some extent.  
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Figure B.1 Complex viscosity as a function of angular frequency in an oscillatory frequency sweep, 

performed at 200 °C and 1% strain. 

 

The effect of PET particles on the properties of i-PP is best demonstrated 

through mechanical testing. Figure B.2 presents the elongation-at-break as a function 

of PET concentration, for different PET particle sizes. From this figure, it is evident 

that a small concentration of PET has a tremendous deteriorating effect on the 

elongation-at-break, regardless of the size of these particles. The spread in results is 

significant, indicating the unequal distribution of the particles in the blend. The 

addition of more than 2 % of PET results in brittle failure of the blends. 
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Figure B.2 Elongation-at-break for i-PP/PET blends in various concentrations. The sizes of the PET 

particle dimensions are given. 

 

 



 

 

 

 

Samenvatting 
 

 De vraag naar kunststoffen is de afgelopen decennia exponentieel gegroeid 

ten gevolge van een groeiende wereldbevolking, toenemende welvaart en de trend om 

conventionele materialen door kunststoffen te vervangen. De meeste kunststoffen 

worden gemaakt uit niet-hernieuwbare grondstoffen, zoals aardolie. Om aan de 

toekomstige vraag naar kunststoffen te kunnen voldoen, zouden er minder 

kunststoffen geconsumeerd moeten worden of naar alternatieve grondstoffen gezocht 

moeten worden. Een derde mogelijkheid is kunststof recycling, dat tevens het 

onderwerp van dit proefschrift is. 

 De grootste markt voor kunststof is verpakkingsmaterialen, welke ongeveer 

40 % van de totale kunststofproductie behelst. Verpakkingsmaterialen hebben een 

korte levenscyclus en worden normaliter binnen één jaar weggegooid in tegenstelling 

tot kunststoffen die bijvoorbeeld in de automobielindustrie worden gebruikt en een 

levensduur van tientallen jaren kennen. Kunststofrecycling is daarom essentieel voor 

een duurzame samenleving. Het leeuwendeel van het kunststofverpakkingsafval is 

afkomstig van de consument en moet eerst ingezameld worden, voordat het 

gerecycleerd kan worden. Deze huishoudelijke afvalstroom is zeer complex en bestaat 

uit een mengelmoes van kunststofproducten, typen en kwaliteiten, welke allemaal in 

contact zijn geweest met verschillende consumentenproducten waarvan de resten aan 

de kunststofverpakking kleven. Deze residuen vervuilen de kunststof en beperken 

daarmee de toepassingsmogelijkheden van dit materiaal in gerecycleerde producten. 

 De recyclingketen van huishoudelijke kunststofverpakkingen bestaat uit drie 

stappen, te weten inzamelen, sorteren en verwerken. In de laatste stap worden balen 

van gesorteerd kunststofverpakkingsafval omgezet in gewassen maalgoederen. Deze 

gewassen maalgoederen worden met andere polymeren, kleurstoffen en mogelijk 

compatibilisatoren verder verwerkt tot geëxtrudeerde recyclaten. Deze extrudaten 

worden vervolgens omgezet in kunststof producten, al dan niet door 

verwerkingsbedrijven. 
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 Het doel van dit onderzoek is tweeledig: enerzijds om typische vervuilingen in 

gesorteerd kunststofverpakkingsafval te identificeren en anderzijds om hun invloed op 

elke afzonderlijke stap in de recyclingketen te onderzoeken. Bovendien worden 

gangbare procesparameters gevarieerd om de mechanische eigenschappen van het 

recyclaat te verbeteren en het daardoor geschikt te maken voor bredere 

toepassingsdoeleinden. 

 Dit project behandelt de herverwerkingsketen van kunststofverpakkingsafval. 

De verkregen resultaten voor afvalmateriaal worden vergeleken met modelsystemen 

gebaseerd op nieuwe ‘virgin’ kunststoffen. Dit proefschrift focust op isotactisch 

poly(propyleen) (i-PP), een van de belangrijkste kunststoffen in de 

verpakkingsindustrie. i-PP is een veelzijdig polymeer dat wordt toegepast in een breed 

scala aan kunststof producten. 

 De eerste twee stappen van de recyclingketen (inzamelen en sorteren) hebben 

een grote invloed op de opbrengst van de totale keten en op de kwaliteit in termen 

van soorten en hoeveelheden verontreiniging. Verschillende huishoudelijke 

afvalstromen werden bemonsterd bij industriële sorteerinstallaties en vervolgens 

geanalyseerd op samenstelling en eigenschappen. Hierna werden deze monsters 

mechanisch verwerkt tot gewassen maalgoed. Na het mengen hiervan in de smelt 

werd een samenstellingsbepaling uitgevoerd aan de hand van verschillen in thermisch 

en spectroscopisch gedrag, gebaseerd op ijklijnen van virgin kunststofmengsels. De 

aangetroffen verontreinigingen in mechanisch verwerkt huishoudelijk 

kunststofverpakkingsafval zijn voornamelijk andere kunststoffen en in de orde van 5 

tot 10 %, afhankelijk van het type kunststof afval. Differential scanning calorimetry 

(DSC) en Fourier getransformeerde infrarood (FT-IR) spectroscopie zijn technieken 

die kunnen worden gebruikt om de samenstelling van hergebruikte polyolefine 

afvalstromen semi-kwantitatief te beschrijven. Verschillen in sorteertechnieken 

beïnvloeden de zuiverheid en mechanische eigenschappen van hergebruikte kunststof 

afvalstromen. Voor i-PP waren de verschillen in mechanische eigenschappen minder 

duidelijk zichtbaar, omdat deze hergebruiksproducten bros gedrag vertoonden, wat 

niet wenselijk is. 

 De voornaamste kunststof verontreiniging in gesorteerd en hergebruikt i-PP 

van huishoudelijke origine is poly(etheen) (PE). PE en i-PP zijn niet mengbaar in de 

smelt, wat resulteert in een typische druppel-matrix morfologie voor deze recyclaten. 

Een verbeterde en fijnere dispersie van deze druppels kon worden verkregen door 

enkelschroefs- en dubbelschroefsextrusie en het gebruik van een statische menger 

tijdens de verwerkingsstap. Processen waarbij hoge afschuifkrachten optreden zorgen 

ervoor dat de PE druppels efficiënter opbreken, waardoor de afstand tussen deze 

deeltjes kleiner wordt en de kracht beter verdeeld wordt wanneer het materiaal belast 
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wordt. Hierdoor verbeteren de mechanische eigenschappen waardoor het materiaal 

taai wordt, terwijl andere eigenschappen zoals kristalliniteit, kristallisatietemperatuur 

en visco-elasticiteit nagenoeg onveranderd blijven. 

 Afhankelijk van de kunststofverwerkingsmethode worden er verschillende 

thermomechanische profielen gebruikt om de polymere smelt af te koelen. De 

koelsnelheid en druk hebben een groot effect op de kristallisatiestructuur van virgin en 

gerecycled i-PP. Bij het koelen onder hoge druk kan i-PP kristalliseren in de 

metastabiele gamma fase. Vergeleken met de thermodynamisch meest stabiele alfa fase 

heeft i-PP in de gamma fase een lagere vloeispanning en een hogere rek bij breuk. De 

mesomorfe fase kan worden verkregen bij snel koelen onder hoge druk. Deze fase 

resulteert in een nog lagere vloeispanning en een nog hogere rek bij breuk. In virgin en 

gerecyclede i-PP systemen met kiemvormers wordt de vorming van de mesomorfe 

fase onderdrukt. Kristallisatie van gerecycled i-PP onder hoge koelsnelheden en 

drukken resulteerde in een transitie van bros naar taai gedrag.  

 Het kunststof (tussen)product wordt normaliter verkregen na kristallisatie. In 

draad- of tape-extrusie kan er een nabehandeling worden toegepast. In dit onderzoek 

werd de vaste fase verstrektechniek gebruikt om polymere ketens te oriënteren in de 

verstrekrichting. Het verstrekproces werd uitgevoerd in meerdere stappen, elk bij een 

nauwkeurig ingestelde temperatuur. Ondanks de verontreinigingen in gerecycled i-PP 

is de vaste fase verstrektechniek geschikt gebleken om de moleculen in deze 

afvalstroom te oriënteren en daarmee de stijfheid en treksterkte van het materiaal sterk 

te verbeteren. Smeltfilters met verschillende filtergroottes zijn gebruikt om harde 

verontreinigingen zoals PET deeltjes eruit te filteren, welke een negatieve invloed 

hebben op het verstrekproces. Uit de resultaten blijkt dat een fijnere filtergrootte 

resulteert in gerecyclede i-PP tapes die verder georiënteerd kunnen worden en 

daardoor een hogere stijfheid en treksterkte hebben. Bovendien bleek het gebruik van 

roet gunstig voor de stabiliteit van het verstrekproces en de mechanische 

eigenschappen van gerecycled i-PP, terwijl de toevoeging van roet aan virgin i-PP het 

verstrekproces ongunstig beïnvloedt. De sterkte van georiënteerd van huishoudelijk 

afval afkomstig i-PP tapes werd vergeleken met isotroop huishoudelijk materiaal en 

bleek te zijn verbeterd met een factor 15. De treksterkte van deze georiënteerde 

gerecyclede tapes was 70 % ten opzichte van verstrekt virgin i-PP. 

 Het verbeteren van het verstrekproces van i-PP werd onderzocht door de 

toevoeging van een bèta-fase kiemvormende hulpstof in combinatie met versterkende 

vulstoffen zoals sepioliet en roet. Vergeleken met de alfa fase heeft de bèta fase een 

kristalstructuur zonder dwarsverband tussen de kristallen en vervormt daardoor 

gemakkelijker wanneer er kracht op uitgeoefend wordt. Het werd aangetoond dat 

gamma-quinacridone een efficiënte bèta-kiemvormende hulpstof is voor virgin i-PP, 
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welke omgezet wordt naar de alfa fase bij hogere verstrekgraden. Sterk verstrekte 

tapes van virgin i-PP met bèta-kiemvormers laten een hogere stijfheid zien vergeleken 

met sterk verstrekte i-PP linten zonder deze kiemvormers. De resultaten laten zien dat 

de verstrekgraad waarbij de bèta-naar-alfa faseovergang plaatsvindt hoger is wanneer 

roet en vooral sepioliet aan i-PP zijn toegevoegd. Sepioliet behield daarbij zijn 

versterkende eigenschappen, terwijl het versterkend effect van roet marginaal was. Het 

bèta-kiemvormende effect van gamma-quinacridone op gerecycled i-PP is 

verwaarloosbaar en te wijten aan verontreinigingen welke kristallisatie in de alfa fase 

bevorderen. 

 Concluderend toont dit onderzoek aan dat i-PP afkomstig van huishoudelijk 

afval genoeg potentie heeft om industrieel in hoogwaardigere toepassingen gebruikt te 

worden, met dien verstande dat elke stap uit de recyclingketen in acht wordt genomen. 

Aangetoond is dat polymere verontreinigingen een grote rol spelen in de mechanische 

eigenschappen van hergebruikte huishoudelijke kunststoffen. Deze verontreinigingen 

kunnen er gedeeltelijk uit gefilterd worden in de sorteerstappen voorafgaand aan 

smeltverwerking, of door middel van filters gedurende smeltverwerking. Hoe dan ook, 

er zal altijd een bepaald percentage verontreiniging in de vorm van PE aanwezig zijn 

in gesorteerd i-PP afval. Het dispergeren en fijn verdelen van deze minderheidsfase in 

de i-PP matrix gedurende smeltverwerking en het vervolgens (snel) koelen onder hoge 

druk zijn strategieën om een taai in plaats van een bros materiaal te verkrijgen. Het 

oriënteren van polymere ketens met de vaste fase verstrektechniek leidt tot een 

significante verbetering van de eigenschappen van gesorteerd i-PP uit huishoudelijk 

kunststofverpakkingsafval. 
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