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Abstract  

This deliverable  describes  the adoption of recycled plastics to the production 

process es of the project's  manufacturing partners . 
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1. Publishable summary  
PlastiCircle  aims to develop and implement a holistic process to increase recycling 

rates of packaging waste in Europe. This will allow to reproc ess plastic waste in the 

same value chain (i.e. Circular economy; closure of plastic loop). This process is 

based on four a xes: collection (to increase quantity of packaging collected), 

transport (to reduce costs of recovered plastic), sorting (to increase  quality of 

recovered plastic), and valorisation in value -added products (i.e. foam boards, 

automotive parts like engine co vers/bumpers/dashboards, bituminous roofing 

membranes, garbage bags, asphalt sheets/roofing felts and urban furniture like 

fences/ben ches/protection walls).  

A previous  report details the requirements  of the manufacturers who will be 

using the recycled materials, and identification of the challenges they have 

found through the assessment of materials available on the market today. T he 

PlastiCircle  project partners, products and polymers that are used in the 

products are given below in Error! Reference source not found. Table 1 

Table 1 PlastiCircle partners and products investigated in study 

Partner  Product  Polymer  

Armacell  Foamed boards  Polyethylene Terephthalate ( PET) 

Centro Ricerche Fiat  (CRF) Automotive parts  Polypropylene ( PP) 

PET 

Derbigum  Bitumen roofing  PP 

Hahn Plastics  Outdoor furniture 

and retention 

products  

Low Density Polyethylene ( LDPE) 

High Density Polyethylene (HDPE) 

PP 

Interval  Refuse sacks bags  LDPE 

 

Analysis by Armacell has shown that PET bottle flake is suitable for their product, 

however the PET from thermoforms is more chal lenging. In this step different soures 

of material have been tested and alternatives for material modification evaluated .  

CRF in collaboration with Proplast are developing formulations for using recycled 

PP and PET in automotive parts.  Two polymers have n ow been selected  based on 

thermal resistance requirements for the selected applications.  

Derbigum have analysed PP and PE sampl es from the market and approved  three . 

Emphasis has also been PE fractions in PP and  on  transform ing  crystalline PP into 

amorphou s PP, to allow  incorporat ion of more recycled material  into the product.  

Interval needs high purity to ensure the quality of th eir end -product. To meet their 

demand, different washing techniques of post -consumer LDPE films will be tested.  

Hahn already recy cle large quantities of post -consumer waste in Germany  and the 

UK and are ideally placed in this project to ensure maximum recy cling rates . The 

key factor for Hahn is ensuing low PVC and PET levels. They will also evaluate the 

use of LDPE subjected to diff erent washing procedures.  
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2. Introduction  
The PlastiCircle  project aims to develop additional end markets for recycled 

polymers de rived from post -consumer household packaging waste.  

Already there is successful recycling of post -consumer packaging, however in  

order to create more demand for recycled products, and therefore stimulate 

the industry further, research has been conducted i n this project focused on 

five different products.  

The PlastiCircle  project partners, products and polymers that are used in the  

products are given below in Table 2. 

 

Table 2 PlastiCircle partners and products investigated in study 

Partner  Product  Polymer  

Armacell  Foamed boards  Polyethylene Terephthalate (PET)  

Centro Ricerche Fiat  (CRF) Automotive parts  Polypropylene (PP)  

PET 

Derbigum  Bitumen roofing  PP 

Hahn Plastics  Outdoor furniture and 

retention products  

Low Density Polyethylene (LDPE)  

High Density Polyethylene (HDPE)  

PP 

Interval  Refuse sacks bags  LDPE 

 

Work has mostly  foc used on existing recyclate on the market, as the amounts 

of the specific material fractions from the PlastiCircle  pilots  are small.  The main 

point has been to work with post -consumer materials.  

The main activity in the project has been r elated to testing o f available post -

consumer polymer grades.  

To meet the specific demands on the products in Table 2, routes of polymer 

analysis and chemical modificatio n have been investigated. Results have 

been achieved related to optimizing proper ties for foaming and reduction of 

crystallinity in PP.  

The process for Interval and Hahn in the PlastiCircle  project differs from the other 

manufacturing partners. Interval an d Hahn both look to use material derived from 

film. There is little recycling of household film across Europe, so sourcing material on 

the market has not been possible. In a next step, collected films from the project 

pilots will be subjected to different washing procedures and evaluated by Hahn 

and Interval.  

Work on t his topic will co ntinue completing the presented results to provide 

better foundation for the manufacturing partners in their production.   
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3. Foamed PET boards  

3.1 Recycling of mixed PET from Household 

collection to produce PET Foam Boards at 

ARMACELL - Summary  
 

Within this wo rk package (T5.2) Armacell studies the recycling of the PET fraction 

possibly coming from the PlastiCircle  system. To develop and optimize possible 

formulations and to adopt process parameters, Armacell tests different fractions of 

rPET received from partn ers or obtained from the market. The material is tested on 

laboratory and pilot line scale to gain insight on the specific behavior in the 

foaming process. The results demonstrate the different behavior the individual rPET 

fractions and how f ormulation and  process parameter adjustments can enable the 

processing to high quality foam products. At a later stage, the results will be 

benchmarked with samples from the PlastiCircle  pilots.  

3.1.1 Background  

Mechanical recycling of PET bottles is a well -esta blished proces s in the plastics 

industry. Bottles are collected and sorted through a variety of systems, process to 

flakes by shredding, separation steps and hot washing. The flakes can be used for 

a variety of applications such as bottle -to -bottle recycli ng, thermoform ing sheets 

or strapping bands. Armacell was the first to use 100% rPET flakes to produce PET 

foams. Armacell aims to use the rPET collected and sorted within the PlastiCircle  

framework for the production of high -quality PET foam boards for composite 

applic ations. Currently Armacell uses rPET flakes sources from post -consumer bottles 

to manufacture extruded foam boards. The process includes granulation of the 

flakes, extrusion of boards, welding, and slicing of the  final foam sheets to customer 

specified thi ckness. The rPET fraction which is expected from PlastiCircle  will contain 

a mix of different rPET sources such as beverage bottles, non -food bottles, trays 

(mono - and multilayer) and others. Therefore, the sorti ng process developed within 

PlastiCircle  wil l feature separation of PET into bottles and monolayer trays and 

multilayer trays. Still the higher variability of the composition of the generated 

streams will require adjustments of the product formulation and process settings.  
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3.1.2  Introduction  

As the pilo ts were not started yet and the volume of sorted material from the 

PlastiCircle  pilots will not be sufficient to run full scale trials at Armacell, it was 

decided to develop the recipes and process settings with comparable material 

from other sources. Afte r the assessment of the composition of rPET from the 

PlastiCircle  pilots, the samples will be used for lab scale testing at Armacell. Based 

on the results and the comparison with other tested grades, a òcomparativeó rPET 

mixture will be defined for the ful l-scale trial.  

3.1.3  Materials  

The following Table 3 summarizes the rPET material tested by Armacell.  

Table 3 List of rPET material analyzed by Armacell  

#  Source  Description  Appearance  

1 Aixion  Post-industrial PET tray scrap 

that has been extruded and 

IV boosted (Gneuss)  

Pellets 

2 Aixion  Post-consumer PET tray 

material that has been 

extruded and IV boosted  

Pellets 

3 Aixion  Hot washed post -consumer 

bottle flakes  

Flakes 

4 Aixion  Post-industrial  tray scrap from  

trays made using post -

consumer tray material  

Flakes 

5 Axion  rPET Tray Mono Flakes 

6 Axion  rPET Tray ABA Flakes 

7 Suez rPET Tray Flakes 

8 Suez Black rPET Tray Flakes 

9 Multipet  rPET 80% bottle, 20%tray 

German household collection  

Flakes 
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3.1.4  Methods  

Intrinsic Viscosity (IV)  

IV is measured by viscometry  for diluted solution in a certified laboratory. The 

samples are grinded before dissolving in dichloroacetic acid (DCA)  

Carboxylic End Groups (CEG ) 

The amount of carboxylic end groups (CEG) is measured by  photometric titration 

in Armacell 's lab. Titration is performed on dissolved samples using ethanolic KOH 

and bromophenol blue as indicator  

Reactivity  

Reactivity of the rPET flakes is measured upon addition of chain extenders using 

Armacell 's proprietary t esting method. The reactivity is a measure for the increase 

of the melt viscosity after adding the reactive additives.  

Extrusion Foaming  

Foam extrusion is performed with Armacell 's extrusion pilot line with a throughput of 

~40-80 kg/hr.  

 

3.1.5  Results 

3.1.5.1 Lab scale  development with different rPET 

grades  

A series of qualification tests on different rPET grades was performed by Armacell. 

In a first step, basic properties as IV and CEG of the materials was tested ( Table 4) 

 

Table 4 Properties of tested rPET samples  

#   Appearance  IV CEG 

[mmol/kg]  

1 PI PET tray Pellets 0,74 44,9 

2 PC PET tray  Pellets 0,62 39,5 

3 Hot washed 

PC bottle 

flakes  

Flakes 0,75 28,7 

4 PI tray scrap 

using PC tray  

Flakes 0,65 51,6 

5 rPET Tray 

Mon o 

Flakes 0,694 29,8 

6 rPET Tray ABA Flakes 0,663 33,8 

7 rPET Tray Flakes 0,671 31,3 

8 Black rPET 

Tray 

Flakes 0,62 33,2 

9 rPET 80 % 

bottle, 20 

%tray  

Flakes 0,72-0,74 26,2 

 

The results indicate differences among the molecular properties of the differen t 
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samples. Samples #1 and #2 were IV boosted, however #2 has a comparably low 

IV of 0.62. In general , it can be seen that material coming from trays have a 

higher CEG compared t o material coming from bottles (#3). This indicates a 

higher number of end grou ps, thus shorter molecular chains. Sample #4 has a very 

high CEG which indicates serious degradation due to the multiple recycling 

processes. The samples of trays (#5 -8) all sho w a n IV slightly lower than usual 

bottle grade rPET and slightly higher CEG. Sa mple #9 has properties comparable 

to bottle grade rPET, apparently the effect of 20% trays is not very pronounced.  

 

3.1.5.2 Reactive Modification Testing  

Following the basic assessment , the reactivity which is proportional to the increase 

of viscosity in the test  was analyzed. The results in Table 5 are presented in non -

dimensional values where 1 is the reference value typically observed by Armacell 

(bottle grade rPET).  

Table 5 Reactivity of the tested rPET sample s 

Sample No. CE level [-] Reactivity [-] Rating 

Reference value  1 1 ± 0.2 + 

1 1 0.11 -- 

2 1 0.36 - 

3 1 0.68 o  

4 1 0.06 --- 

5 1 0.48 - 

6 1 0.23 -- 

7 1 0.35 - 

8 1 0.24 -- 

9 1 0.35 - 

 

Sample 1 has a low reactivity. As the IV is quite high, the low r eactivity could be 

explained by contaminations like PVC. Sample 2 has a lower IV, still there is some 

reactivity observed. However , doubling the amount of chain extender does not 

improve the result. Sample 3 are typical bottle flakes. They show a moderate  

reactivity which is usually observed in case of small contaminations like PVC labels 

or multilayer bottles with a PA barrier. Sampl e 4 shows a very low reactivity which 

could be caused by both, contaminations or high level of degradation which is 
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indicated  by the high CEG level. Samples 5 which is a monolayer tray still shows 

some fair reactivity while samples 6 -9 are all in the same range of low reactivity.   

 

3.1.5.3 Effect of Chain Extender Level  

For selected rPET grades, the level of chain extender was varied to  study the effect. 

If the reactivity increases upon increasing the dosage of chain extenders, this 

indicates that the modification takes place and that the material can potentially 

foamed. If the increase in chain extender dosage does not change or even lo wers 

the result, this indicates that the reaction is either inhibited or that a certain level of 

degradation occurs.  

Table 6 Reactivity of the rPET samples with different levels of chain extender 

Sample No. CE level [-] Reactivity [-] Effect of 

CE level 

Reference value  1 1 ± 0.2  

2 1 0.36 

o  

2 1.24 0.32 

2 1.37 0.32 

2 2 0.34 

3 1 0.68 

- 

3 2 0.26 

4 1 0.06 

- 

4 1.24 0.03 

5 1 0.48 
+ 

5 1,34 0.55 

 

3.1.6   Chain Extender Type B  

For selected rPET grades, a different type of chain ex tender was tested at two 

levels.  
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Table 7 Reactivity of selected samples with chain extender Type B 

Sample No. CE B level [-] Reactivity 

[-] 

Rating 

Reference value 1 ? + 

2 1.15 2.1 +++ 

(crosslinking) 

2 1.5 2.1 +++ 

(crosslinking) 

4 1.14 0.98 + 

4 1.42 1.27 ++ 

The testing shows that even the grades with very low reactivity in the initial testing 

show a significant reactivity with CE type B. However , for sample 2, the reaction 

leads to severe crosslinking of the matrix which could negatively affect the 

thermoplastic processing properties and foaming behavior.  

 

3.1.6.1 Chain Extender Blend  

For selected grades, different blends of two synergistic chain extenders were used.  

Table 8 Reactivity of selected samples with a blend of chain extenders  

# CE 1 CE 2 Total Reactivity Rating 

5 
1.00 0.00 1.00 0.48 o  

1.34 0.00 1.34 0.55 o  

0.50 1.03 1.54 0.23 - 

6 

1.03 0.51 1.54 0.66 o  

1.03 1.03 2.06 1.28 ++ 

0.74 1.32 2.06 0.87 + 

1.49 0.00 1.49 0.36 - 

7 1.00 0.00 1.00 0.35 - 

0.57 0.57 1.14 0.45 - 

9 

1.00 0.00 1.00 0.35 - 

1.00 0.51 1.51 0.85 + 

1.29 0.27 1.56 0.32 - 
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3.1.6.2  Development with C -TR-04 (#9) on pilot scale  

After testing different sources of rPET (post -industrial, post -consumer, tray regrind, 

bottles, pelletized)  a grade of post -consumer household collection material was 

identified for a foaming trial on Armacell 's pilot line. The rPET contains ~20% of 

monolayer trays and 80% of clear bottle.  

3.1.6.2.1 Raw Material Testing  

The rPET material (Grade C -TR-04, Multipet GMBH, Ge rmany) was received in form 

of flakes and tested according to Armacell 's inhouse standards. Th e test s were 

performed on 2 out of 4 Big -Bags (4ton total). After granulation, the reactivity was 

tested again.  

Table 9 

Lot Reactivity 

flakes 

Reactivity 

pellets 

CEG IV NIR scan 

BB1 2.6 3.7 22.33 0.744 99.81 % PET 

0.08% PES 

0.1% PET with contaminants  

BB3 3.1 4.0 26.1 0.723 99.89% PET 

0.04% PES 

0.02% PET with 

contaminants  

0.04% PMMA 

Reference  12-14  28-30 0.74 OK 

 

The test results show tha t the reactivity of the material is lower than the reference 

bottle grade. Also , the CEG (carboxylic end groups) is lower, which can only 

explain partially the lower reactivity. The IV is in the range of the reference, so the 

measured reactivity should not  be impacted by a too low viscosity. The nIR scan 

did not show any excess concen tration of contaminants. The reactivity of the 

material after granulation is in the same range as the flakes. This confirms that there 

are probably no contaminants that lead to  degradation of PET in the granulation 

process. The low reactivity could be eith er a result of the type of PET and additives 

used for tray grade PET.  

3.1.6.2.2 Pilot line extrusion (75mm twin -screw; 40kg/h)  

The trial was started with a reference rPET which is usuall y used for production of 

rPET foams (Grade òS5ó). After stabilization of the reference process, C -TR-04 was 
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added in steps of 20, 40, 60 and 97,5% of the total recipe (see Table 10). The level of 

chain extender (1= standard concent ration for reference grade) was adjusted to 

keep the die pressure in the range of 65 -68 bar.  

Table 10 Test recipes with resulting die pressure and density 

Lot 

Reference 

rPET (S5) 

[%] 

C-TR-04 

[%] 

Nucleation 

Agent MB 

[%] 

Chain 

extender 

level 

[-] 

Die 

Pressure 

[bar] 

Density 

[kg/mį] 

Reference  97.5 0 2.5 1 64 93 

Test 1 77.5 20 2.5 1 59 91 

Test 2 57.5 40 2.5 1.13 67 92.5 

Test 3 37.5 60 2.5 1.23 68 93 

Test 4 0 97.5 2.5 1.35 67 93 

 

Figure 1 and Figure 2 show samples of the five different recipes. The change can be 

seen in the color because the reference grade was green. The foam quality 

remains almost constant. Also , the density remained cons tant and no collapsing of 

cells was observed. 

 

Figure 1 Samples of the tested recipes (Reference + Test 1-4)
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Figure 2 Visual appearance of the foam boards Test 1 and Test 4 

 

3.1.6.2.3 Physical Properties and evaluation  

The physical properties of the pilot l ine samples w ere  tested according to relevant 

standards for Armacell PET foam boards. The results are summarized in Table 11. 

 
Table 11  Physical Properties  
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Reference мΦнф лΦпо мпΦот лΦтпт мфΦут рпΦлп мΦтф тΦлн 

Test 1 мΦнс лΦпо моΦлс лΦтпо нмΦмо пуΦлп мΦсу тΦлл 

Test 2 мΦоо лΦпо мпΦнл лΦтнм мсΦмт ртΦнс мΦфм тΦну 

Test 3 мΦол лΦпн моΦул лΦстр мпΦмт рсΦлс мΦтм рΦоп 

Test 4 мΦоп лΦпо моΦлл лΦтнт мрΦфл слΦлл мΦсф пΦфн 
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Most of the properties donõt show a significant dependence with regard to the C-

TR-04 grade in the recipe. However, for high loadings of C -TR-04, the shear and 

tensile elongation of the foam decreases, which can usually be attributed to a 

more brittle behavior. This could be caused by the higher loading of the chain 

extender, w hich is known to produce more brittle products.  

 

3.1.7 Conclusion  ð mixed rPET 
The study of properties and reactive behavior of different types of rPET originating 

from trays or bottles shows large differences in the molecular properties and 

reactive behavior. A rmace ll developed different reactive formulations that can be 

adapted to the properties of the rPET and that allow to control the viscosity and 

enable foaming. Th ese formulations will be used as a toolbox in further trials within 

PlastiCircle . 

The feasibility t o use rPET containing post -consumer tray material for foam extrusion 

was demonstrated on Armacell 's pilot line for foam board extrusion. Despite the 

small amount s of trays in the test grade, the impact in the reactivity of the material 

is high and the amou nt of chain extender had to be increased by 35% which also 

has a significant impact on recipe cost. For foam board production on a 

production line with a throughput > 500 kg/h, we expect that we could only use 

~30% of C -TR-04 in the final reci pe because of  a narrower process and recipe 

window compared to the pilot line. More research and trails would be required 

allow higher loadings of tray PET in the recipe without reducing mechanical 

properties.  

Further analysis of molecular properties is al so needed to understand the effect of 

tray PET on the reactivity in the foam extrusion process. It is not understood yet if 

the lower reactivity is caused by the material itself, certain additives or unknown 

contaminants.  
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3.2 Modifying properties of rPET wi th chain Exte nders  

 

3.2.1 Summary  ð testing chain extenders  
Three different PET types (batches A, B and C from tray flakes) and four different 

chain extenders  (CE) (Clariant, Joncryl, Irgafos  126 and Pyromellitic dianhydride, 

PDMA) have been investigated to obtain a polymer with optimal properties for the 

foaming process. The samples were compounded in the mini batch extruder at 

280°C for 3 or 10 minutes depending on the type of chain extender . When the CE 

reaction has already started, the plateau levels are reached very fast  for two types 

of chain extenders (Clariant and PDMA). Only the sample containing 1,5 % of the 

chain extender (CE) Joncryl exhibits a little higher tensile stress at yield value. The 

tensile stress values of the other samples do not differ very much from e ach other. 

The rheological investigations have shown a possible polycondensation of PET in N 2 

and a slight degradation of PET.  

3.2.2 Background  
Armacell produce foamed PET board s that can be used as insulation or core 

boards for composite parts. Currently Armac ell use washed PET flakes from PET 

bottles; it was the first company to use 100% rPET flakes to produce PET foams. 

Armacell use both clear PET and coloured PET, as the prod uct is not usually visible 

to the consumer.  

The aim of PlastiCircle  is to ensure Ar macell can use the PET generated from the 

project in the engineered foams. More specifically, the challenge is to determine 

whether PET from thermoforms can be used as well  as PET from bottles.  

The foaming of polymers depends on viscosity. Contaminants ca n affect the 

reactivity of the foaming process and prevent an acceptable product from being 

made.  

In the present work we have investigated the option of using different typ es of 

chemical chain extenders (CE) to obtain a polymer with optimal properties for the 

foaming process.  

 

3.2.3 Introduction/Literature  
Polyethylene terephthalate (PET) is a common polymer in the plastic industry and 

PET-based products are extensively recycled. The physical recycling of PET by melt 

reprocessing is the most indicated since it is  relatively simple, requires low 

investments, utilizes established equipment, is flexible in terms of feedstock volume 

and has little adverse environmental impact.  

Many studies have been carried out with the use of CE to recover properties of low 

molecula r weight PET. Experiments with different CE used in the chain extension of 

PET have been reported in literature [1 -5]. Especially the CE Joncryl [1 -4] was used 

in ma ny research works. But also, pyromellitic dianhydride (PMDA) [5] and Irgafos 

126 [5] have s hown that the molecular weight is increased, and the crystallinity is 

decreased. Furthermore, the processing behaviour was changed using Irgafos 126 

which is a secon dary stabilizer. It was shown that it acts also as a chain extender 
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like PMDA and Joncryl. During the melt reprocessing of PET, the polymer undergoes 

chemical, mechanical, thermal, and oxidative degradation that reduces its molar 

mass and its viscosity, me lt strength and mechanical properties. Hence, it limits the 

usefulness for many application s. The increase in the PET molar mass can be 

attributed to the reaction of epox y groups with caboxyl (and to a lesser extent, 

hydroxyl) ends of PET fragments, result ing in the combination of two or more 

fragments and the extension of the PET chain as schem atically shown in  Figure 3 [1].  

 

 

Figure 3 Scheme of the chain extending reaction of PET by a multifunctional epoxidic 
oligomeric additive (Joncryl) [1]. 

 

Figure 4 illustrates pos sible reactions between hydroxyl groups of PET with Irgafos 

126.  The two phosphorus atoms in molecule of Irgafos 126 represent reactive sites 

that can react with hydroxyl groups of PET to form a polymer -extender chain 

bonding, releasing a s terically hinde red phenol. This reaction can also occur in the 

other extremity of Irgafos 126 molecule, generating the polymer extension. 

Subsequent reactions between hydroxyl groups of PET with phosphorus atoms lead 

to the formation of a chemical structur e which three p olymeric chains are bonded 

to one phosphorus atom, releasing one molecule of a tetrahydroxyled glycol [5].  
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Figure 4  Mechanism of reaction between Irgafos 126 and PET [5]. 

 

 
 

3.2.4 Materials  
PET: Batch A, B, C (from tray flakes) 
Batch  A ("high quality/bright green"; measured reactivity = increase of viscosity in 

the internal test is 12,8 Nm)  

Batch B ("low quality/greyish green"; measured reactivity = increase of viscosity in 

our internal test is 6 Nm)  

Batch C (" white")  

 

Chain extenders:  
-NEA0050311-ZC (Clariant)  

-Joncryl ADR -4368 (BASF) 

-Irgafos 126 (BASF) 

-Pyromellitic dianhydride (PDMA, Sigma -Aldrich)  

 

3.2.5 Compounding  
The PET samples A, B and C were dried at 140 °C for 17 h and the chain extenders 

(1-4) were dried at 120 °C for 3 h befor e use. Samples (PET Batches A, B and C as 

well as mixtures of A/B 75%/25% and different amounts of CE were used depending 

on the type o f chain extender) were compounded in the mini batch extruder 

Midi2000 from DSM, with the chamber walls kept at 280 °C for  3 min (CE 

NEA0050311-ZC, Irgafos 126, Pyromellitic dianhydride) and 10 min (Joncryl ADR -

4368).  The extruder is equipped with screws w ith enhanced feeding zone. The 

extruder barrel was permanently flushed with N2 during compounding. In the trials 

the extr uder is filled by operating the piston of the hopper manually which means 

the time required may vary from batch to batch. The rotation speed is set to 70 rpm 

and the experiment runs till interrupted. The pressure built up along the screw is 

balanced by the  force on the extruder barrel at the bottom under stable flow 
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conditions this force will depend on the melt viscosity and is stored as function of 

time.  

 
F(t) curves of selected samples:  

Figure 5 displays the evolution of the measu red force during a compounding trial 

on the mixture of batches A and B with no chain extender. The increase of the force 

corresponds to the material entering  the screw during manual feeding. The force 

remains constant reaching a plateau level.  

 
Figure 5  Force vs time for the PET reference sample (mixtures of batches A/B 75%/25%). 

 
Due to the manual filling it is difficult to reproduce the filling sequence exactly. 

When the CE reaction has already started, the plateau levels are re ached very 

fast concern ing the CE of Clariant and PDMA. The sample with the CE Irgafos 

reveals a sharp peak in the beginning. The CE Joncryl reacts quickly (60 sec 

residence time at 280 °C will provide 99% completion, [6]). However, during this 

very short period, the chain exten der reaction has already started and there is no 

steady state in this case. We see this in  Figure 6 where we compare the initial 

phase of the extrusion compounding of the reference sample versus the sample 

co ntaining 1,5 % CE Joncryl (BASF). As the CE starts reacting while the melt is 

being homogenized, the level of the force will vary with the feeding and the CE 

concentration.  

The step -shaped course results from the fact that quantities were taken for certain  

specimens.  
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Figure 6  Force development during the initial phase of compounding for PET samples 

(mixtures of batches A/B 75%/25%). 

 
 
 

3.2.6 Results 
 

3.2.6.1   Mechanical testing  

Results of the PET samples with mixtures of batches A/B 75%/25%: 
The tensile strain at yield values of the mixed batch A and B samples have almost 

identical values (see  Figure 7). As far as the mechanical properties of the mixed A/B 

samples are concerned, only the sample containing 1,5 % of the  CE Joncryl exhibits 

a little higher tensile stress at yield value (see  Figure 8). The tensile stress values of 

the other samples do not differ very much from each other.  
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Figure 7 Tensile strain at yield values of the mixed batch A and B samples (75% A and 25% B) 

which contain different chain extenders. 

 

 
Figure 8 Tensile stress at yield values of the mixed batch A and B samples (75% A and 25% B) 

which contain different chain extenders. 

 
Results of the PET samples with batch C: 
Tensile strain at yield values of the batch C samples and selected CE have also 

almost identical values (see  Figure 9). As far as the tensile stress at yield values are 

concerned, the addition of 2 % CE from Clariant leads to a little higher value 

exhibiting the highest stress value of the processed samples. Also, the sample 

containing 2 % of the Joncryl CE leads to a slight increase in the tensile stress at 

yield value (see  Figure 10). 
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Figure 9 Tensile strain at yield values of the batch C samples which contain different chain 

extenders.  

 

 
Figure 10 Tensile stress at yield values of the batch C samples which contain different chain 

extenders. 
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3.2.6.2   Rheology  

The results of the frequency sweep measurements (in nitrogen) of the mixed batch 

A and B reference sample and the sample containing 2 % CE from Clariant are 

revealed in  Figure 11 and  Figure 12. They were performed by the decreasing mode 

(3141 rad/s to 0.1 rad/s). The graphs indicate  that the effect of polycondensation 

of PET in N2 takes place as it is described in literature [7]. The loss modulus of the  

sample  containing the chain extender shows little higher values. The reproducibility 

experiment has shown some deviations. This is p ossible due to slight degradation of 

the PET.  

 
Figure 11  Storage, loss modulus and loss factor of the mixed batch A and B reference sample                               

(frequency sweep measurements in nitrogen). 

 

 
Figure 12 Storage, loss modulus and loss factor of the mixed batch A and B sample containing                                              

2 % of the CE from Clariant (frequency sweep measurements in nitrogen). 
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3.2.7 Further investigat ions 
Due to the high temperatures, a degradation of the PET takes place. This affects 

the physical and chemical properties of the sampl es. Further investigations (e. g. 

DSC-TGA-MS) will be carried out to determine the crystallinity and the composition 

of t he PET samples. FTIR and NMR experiments are important to evaluate possible 

chemical changes occurred in PET after the reaction with Ir gafos, PMDA and 

Joncryl. Furthermore, the rheological investigations are also important to evaluate 

the effective action of chain extenders on PET as well as the increase in 

polydispersity during the measurements depending on the types of chain 

extenders.  
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4. Automotive parts  
Centro Ricerche Fiat  (CRF) is a research institute for Fiat, the automotive 

company. CRF investigate how to develop parts from new materials. In the 

automotive industry there is a significant usage of Polyprop ylene (PP) and 

Polyamide (PA). To evaluate alternative feedstocks, CRF will be investigating 

using PET in place of PA.  

 

4.1. CRF/Proplast Lab scale 

formulation for automotive 

applications  
The study has dealt with the development of new formulations based on rec ycled 

plastics coming from the urban collection system, suitable for being used in several 

application in the automotive  sector. For this reason, as a first step, CRF ð with the 

support of Proplast ð selected several target applications in which the use of  

recycled plastic is industrially and technically feasible. This means that the aesthetic 

and mechanical requirements ar e not so harsh to make them unlikely to be used. 

These applications have been described elsewhere, in any case each of them has 

a specif ic technical target, reported in the FCA documents, and a restricted list of 

commercial grades. The following table summ arize the selected commercial 

grades for all the application of the project.  
 

Table 12 

aŀǘŜǊƛŀƭ C/! ŎƻŘŜ tǊƻŘǳŎŜǊ 
{ŜƭŜŎǘŜŘ  

ƎǊŀŘŜ 

ttπ¢5мл tt пуΦоул {!.L/  tt/тмтр 

ttπDCмр ¢5мр tt молΦрл   

ttπ¢5нл tt рлΦнл w th[L¢9/  

ttπ¢5ол tt руΦул w th[L¢9/  

t!сс DCол t! нплΦул  w!5L/L w!5L[hb ! w±олл² 

t.¢ DCол  5ǳtƻƴǘ 
/w!{¢Lb Iw роол 
IC 

 
Based on the different thermal resi stance requirements for the selected 

applications, two different polymers have been selected as raw material from 

recycled feedstock: r -PET for replacing PA66 and PBT, and r -PP for replacing virgin 

PP. In particular:  

Å Multicolor PET (in Italy PET bottle sep aration is based on the color: 

transparent, blue and multicolour) from DENTIS  

Å PP BRETENE from Breplast / Montello  
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In the next sections, all the work that has been carried out will be presented. The 

first section reports the approach and the results obtaine d with the formulations 

based on PP. The second one reports the formulations based on PET. All the 

formulation s have been prepared by melt compounding process in a co -rotating 

twin extruder Leistriz 27, with a modulated screw profile , Figure 13. 

 
Figure 13 

 

4.2. PP FORMULATION 
The development of r -PP formulations suitable to be used in the automotive sector 

has involved several steps.  

4.2.1. FIRST STEP 
As a first step of the work, the approach has been to study:  
¶ The influence of impurity dimensions on compound performance, by using two PP 

grades filtered with different mesh dimensions (1 mm and 200 micron)  

¶ The influence of the amount of PE fraction in PP performance (PP/PE  80/20; PP/PE 

90/10)  

¶ Effect of the reinforcing additives t o the performance of the final material  

4.2.1.1. Materials and methods  

The selected additives are:  
¶ Talc: H4 IMIFABI 

¶ Glass fibers: Lanxess CS7952 

The first series of compound has been based on the 1 -mm filtered PP, and the list of 

the recipes is:  
¶ Extruded  neat PP  

¶ PP + 10% Talc 

¶ PP + 20% Talc 

¶ PP + 30% Talc 

¶ PP + 20% GF (main hopper)  

¶ PP + 20% GF (side feeder)  

Note that glass fibers have been added to the polymer following two process 

layout s, that is adding them in the main hopper and in the side feeder (formu lation 

5 an d 6). The chosen screw profile for the PP formulations is the one reported in  

Figure 14 (die on the left side of the screw).  
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Figure 14 

The produced materials were injection molded for the pro duction of  the specimens 

for the characterization. The injection molding was carried out with an injection 

molding press Arburg AllRounder 370S 500/170 (Clamping force: 500 kN ð Max. 

swept volume 58 cm³ ð Max. Injection Pressure 2500 bar).  

As for the chara cterizatio n of the materials, several test s ha ve  been performed, 

namely:  

Tensile tests. Tensile tests were  performed according to ISO527 standard, using a 

Zwick Roell dynamometer Z010, with a 10 kN load cell (1 mm/min Elastic modulus 

speed ð 50 mm/min test  speed).  

Charpy impact test (notched).  Charpy impact tests was performed according to 

ISO 179/A standard, using a n ATS FAAR IMPACT-15 equipment with a 1 J pendulum 

impact energy. The A -type notch has been obtained according to ISO2818 using 

a 6816 Notchvis  Instron-CEAST equipment.  

Morphological analysis (optical microscopy). The morphological study on the 

prepared samples was performed with a KIM 3020DE optical microscope (33 -210X) 

from ARCS. 

DSC. Differential scanning calorimetry (DSC) analysis was perform ed using a  Q2000 

TA Instrument under inert atmosphere with the scan rate set at 10°C/min and the 

temperature range of 25 -225°C (three cycles: 1st heating ð cooling ð 2nd heating). 

All the data has been calculated from the curves by using the Universal Anal ysis 

softw are from TA Instrument.  

TGA. Thermal gravimetric analysis (TGA) analysis was performed with a Q550 

equipment from TA Instruments, under air and nitrogen atmosphere. The 

temperature range was set at 50 -800°C and the specimens were placed in a 

plat inum holde r. 

 

4.2.1.2. Results and discussion  

Tensile tests. The results of the tensile tests are reported in Table 13 and  Figure 15. AS 

it is possible to observe, the elastic modulus of the neat PP is lower than th e one 

typical for a PP virgin homopolymer, and it is most likely due to the presence of PE 

fraction, which is known to have a lower stiffness as compared with PP. No effect 

has been detected caused by the extrusion process. The effect produced by the 

talc is in ac cordance with what is expected from the general technical literature, 

which basically consists in an increase of the stiffness and of the brittleness, 

proportional with the content of talc. The addition of glass fibers from the main 

hopper is detri mental f or the fiber length, and for the final mechanical properties 

of the compound. Indeed, as it can be seen, the performance of the PP+20%GF is 

significantly higher when the glass fibers are added from the side feeder.  
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Table 13 

aŀǘŜǊƛŀƭ 

9ƭŀǎǘƛŎ 
aƻŘǳƭǳǎ 
όatŀύ 

¸ƛŜƭŘ {ǘǊŜǎǎ  

όatŀύ 

{ǘǊŀƛƴ ŀǘ 
ȅƛŜƭŘ {ǘǊŜǎǎ 
ό҈ύ 

{ǘǊŜǎǎ ŀǘ 
ōǊŜŀƪ  
όatŀύ 

{ǘǊŀƛƴ ŀǘ 
ōǊŜŀƪ  
ό҈ύ  

aŜŘƛŀ 5ŜǾ{ǘ aŜŘƛŀ 5ŜǾ{ǘ aŜŘƛŀ 5ŜǾ{ǘ aŜŘƛŀ 5ŜǾ{ǘ aŜŘƛŀ 5ŜǾ{ǘ 
bŜŀǘ tt όм ƳƳ ŦƛƭǘŜǊύ мммо όлύ нрΦс όлΦмύ млΦр όлΦлύ нлΦм όлΦпύ мфΦр όлΦсύ 
9ȄǘǊǳŘŜŘ ƴŜŀǘ tt мммт όуύ нрΦу όлΦнύ млΦо όлΦоύ мпΦф όуΦтύ нпΦр όмлΦнύ 
tt Ҍ мл҈ ¢ŀƭŎ мпнп όмоύ нрΦо όлΦмύ уΦн όлΦнύ нлΦф όмΦфύ мпΦф όнΦоύ 
tt Ҍ нл҈ ¢ŀƭŎ мфор όолύ нрΦл όлΦмύ сΦл όлΦмύ ннΦл όмΦнύ млΦт όмΦрύ 
tt Ҍ ол҈ ¢ŀƭŎ ннпу όолύ нрΦм όлΦнύ пΦу όлΦнύ ноΦп όлΦрύ тΦн όмΦнύ 
tt Ҍ нл҈ DC όƳŀƛƴ 
ƘƻǇǇŜǊύ 

мрсп όнсύ нмΦт όлΦмύ тΦф όлΦмύ мтΦн όмΦнύ ноΦу όсΦоύ 

tt Ҍ нл҈ DC όǎƛŘŜ 
ŦŜŜŘŜǊύ 

нплм όтнύ нпΦл όлΦоύ тΦт όлΦнύ муΦр όнΦмύ мсΦл όмΦрύ 
 
 

 
Figure 15 

Impact properties.    



 
 

 

33 
 

Table 14 reports the results of the Charpy impact tests. As is can be seen, the neat 

PP has a value lower than the one of typical virgin PP, and all the fillers lead to a 

reduction of the resilience of  the materials. This means that it thi s phase, the 

obtained results do not fulfil the required target and a more in -depth study is 

needed in the following phases.  
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Table 14 

Material 
Notch 
type 

Charpy Impact 
Strength, notched  

(23 ÁC)  
(KJ/m2) 

Type of 
Fracture 

Avg StDev 

Neat PP (1 mm filter) A 7.4 (0.9) C 

Extruded neat PP A 7.1 (0.7) C 

PP + 10% Talc A 5.1 (0.6) C 

PP + 20% Talc A 3.9 (0.4) C 

PP + 30% Talc A 3.3 (0.3) C 

PP + 20% GF (main hopper) A 4.4 (0.3) C 

PP + 20% GF (side feeder) A 4.5 (0.4) C 

 
Morphologic al analysis (optical microscopy).  Figure 16 reports the results of the 

morphological characterization performed by optical microscopy. As it can be 

seen, several huge impurities can be observed, and this is clearly the reason for t he 

drop of impact properties.  

 
Figure 16 

DSC. Table 15 and  Figure 17 (which shows as an example the first heating of the neat 

PP) report the results of DSC analysis. As it can be s een from Figure 17 two 

endothermic peaks ð which are rela ted to the melting transition of the polymers - 

are clearly visible, indicating the presence of two different polymers: PP (Tmelting 

= 165ÁC) and HDPE (Tmelting å 130ÁC). The reciprocal amount of these two polymers 

cannot be evaluated by DSC: for this reas on, in  Table 15, the crystallinity of the 

materials cannot be calculated. As for the results reported in  Table 15, it can be  

noted that no significant variation is led by the presence of the fillers.  
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Figure 17 

 

Table 15 

 1st heating Cooling 2nd heating 

Material 
Tm1 
(°C)  

ȺHm1 
(J/g)  

Tm2 
(°C)  

ȺHm2 
(J/g)  

Xc 
(%)  

Tc1 
(°C)  

Tc2 
(°C)  

Tm1 
(°C)  

ȺHm1 
(J/g)  

Tm2 
(°C)  

ȺHm2 
(J/g)  

Xc 
(%) 

Neat PP (1 mm filter) 127.0 8.2 164.8 51.1 - 115.7 124.2 126.2 8.5 162.0 55.4 - 
Extruded neat PP 127.0 9.7 164.8 57.9 - 114.4 124.7 126.1 9.9 161.7 60.3 - 
PP + 10% Talc 126.9 7.82 165.4 50.7 - 117 124.9 127.1 8 162.4 52.2 - 
PP + 20% Talc 126.9 7.1 165.5 44.9 - 118.22 125.5 127.2 6.9 162.4 46 - 
PP + 30% Talc 127.4 5.9 165.7 39.2 - 118.86 125.2 127.8 5.7 163.4 40.1 - 
PP + 20% GF (main 
hopper) 

127.1 7.4 165.4 45.5 
- 

114.2 124.4 126.2 7.7 162.1 47.5 
- 

PP + 20% GF (side 
feeder) 

127.2 6.2 165.9 46.1 
- 

114.2 124.1 126.4 6.6 162.1 49 
- 

 
TGA. Figure 18 shows the TGA curves of the neat PP, in air and nitrogen atmosphere, 

and  Table 16 and Table 17 summarized the obtained results in terms of: T5% 

(temperature at which the mass loss reaches 5%), DTGpeak (temperature of the 

peak/peaks of the derivative of the mass loss), residual mass (per centage of 

residual mass at the maximum temper ature). With respect to the results in air, as it 

is possible to observe, in several cases (especially with the presence of the fillers), 

there is a split of the main degradation peak in two, with a smaller one  at lower 

temperature. Moreover, it seems that  the main peak shift to higher temperatures. 

As for the results in nitrogen, no significant difference can be detected. In both air 

and nitrogen tests, the evaluated residual mass is equal to the filler content , further 

confirming the accuracy of the dosin g units during the processing.  
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(a) 

(b) 
Figure 18  TGA thermograms of neat PP in (a) nitrogen and (b) air. 

Table 16 

AIR 

Material  T5% (ÁC)  DTG peak (ÁC) 
Residual 
mass (%) 

Neat PP (1 mm filter) 299 423  1.2 

Extruded neat PP 311 418  1.0 

PP + 10% Talc 326 445 426 10.8 

PP + 20% Talc 332 447 425 20.1 

PP + 30% Talc 331 434 396 30.6 

PP + 20% GF (main 
hopper) 

324 449 422 20.2 

PP + 20% GF (side feeder) 313 440 408 20.7 
















































































































