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1. PURPOSE OF THE STUDY 

Polymers suffer chemical and physical changes during processing and service life. 
They undergo reactions with oxygen in every stage of their life cycle. New functional 
groups formed during the oxidation process enhance the sensitivity of the recyclate to 
thermal and photo-degradation.  With the formation of new pro-oxidative moieties, a 
substantial part of the stabilizers are consumed. Consequently, the long-term stability 
and mechanical properties of the recycled materials decrease. Furthermore, plastic 
materials during their application and recovery come in contact with non-polymeric 
impurities and with other polymers, which contaminate and affect the performance of 
the recycled resins. Polymers are particularly sensitive to absorb low molecular 
weight compounds due to their permeable nature. The absorbed compounds may act 
as contaminants in a next generation use of recycled materials.  
 
There is a demand for quality assurance of recycled polymers, especially when they 
are intended for high-grade applications. The properties of the recyclate must be 
specified and guaranteed within narrow tolerances by the manufactures according to 
the needs of their customers.  
 
The purpose of the present thesis is to develop fast, reliable and relatively low-cost 
methods for characterisation of physical and chemical properties of recyclates from 
household and industrial polymer waste. Efforts were made in order to work out non-
destructive analysis techniques and the possibilities of their in/on line application 
were explored and discussed. 
 
Following topics have been addressed: 
 
• The presence of low molecular weight contaminants in separated fractions of 

plastic packaging is studied in Paper I. Paper II and III present non-destructive 
methods for determination of molecular weight, crystallinity and amount of 
antioxidants in separated HDPE fractions. 

 
• In spite of more sophisticated technologies for separation of recycled resins, a 

complete separation of the waste streams still remains difficult if not unrealistic. 
Therefore, papers IV and V are concerned with the quantification of polymeric 
contaminants in typical commingled fractions from household and electronic 
waste. 

 
• Thermal and thermo-oxidative stability of separated PP and HDPE fractions and a 

blend containing 20 %wt PP subjected to multiple extrusion are assessed using 
several methods and the results are discussed in paper VI. 

 
• Papers VII and VIII deal with different methods for determination of moisture 

content in a widely used hygroscopic engineering plastic, namely, nylon 6,6 and 
the influence of moisture on its viscoelastic properties, respectively. 

 
• Finally, the feasibility and application of the method reviewed in paper VII to 

study the diffusion water in polyamides are investigated in paper IX. 
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2. BACKGROUND 

According to a forecast of the potential for recycling post-use plastics waste in 
Western Europe presented by the Association of Plastic Producer in Europe (APME) 
the consumption of plastics is predicted to grow (from 24.9 million tones to 36.9 
million tones) between 1995 and 2006. The amount of waste generated within this 
period will also increase from 64 to 69 per cent of processor total plastic consumption 
(1). The actual total plastic consumption in plastic applications 1999 was 33 575 000 
tones, if the volume used in non-plastic applications (fibers, coatings, woodbondings, 
elastomers and composite packaging) is considered the total amount will increase to 
42 704 000 tones. Figure 2.1 shows the total plastics consumption in plastic 
applications by industry sectors in 1999 (2). It can be observed that the packaging 
sector accounts for 40 per cent of the total consumption being in this way the major 
consumer of plastics. The large volumes of plastic waste generated as a result of the 
high consumption have become an environmental burden and raised public concern 
about their disposal. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Total plastic consumption in plastic applications classified by industry 
sector in Western Europe 1999. Drawn after data from APME. 
 
2.1 PLASTIC WASTE MANAGEMENT 
 
Household and industry generate large amounts of plastic waste. Over 19 million tons 
of post-user plastics wastes was produced in Western Europe in 1999 and more than 
half was produced by household (Table 2.1). In spite of the fact that plastics make up 
less than one per cent of the total waste (2 730 million tones) and approx. 7 per cent 
(20 per cent in weight) of the MSW, plastic waste in general and plastic packaging 
waste in particular have received public attention and criticism due to its high 
visibility, voluminous nature, slow degradability and short use life. 
 
 
 
 
 

Packaging 40%

Other Household/ 
Domestic 19% 

Large Industry 5%

Electrical and 
Electronic 7.5%

Building and 
Construction 18%

Automotive 8%

Agriculture 2.5%
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Table 2.1 Total post-user plastics waste by sector, Western Europe 1999 (APME) 
 

 
 
The problem of litter requires solutions that reduce the plastic waste volume, 
minimize the emission of hazards and divert plastic waste from landfill making it 
possible the preservation of valuable resources. Landfill presents several 
disadvantages: Since the space available for landfill has become scarce and landfill 
levies are set to rise sharply in all developed countries during the next decade and 
municipal waste has to be transported over increasing distances with associated 
wastage of energy (3). Leachates from unprepared landfills may contain hazardous 
levels of substances such as ammonium salts, heavy metals and organic chemicals 
waste that may contaminate the air, soil and ground water (4) and thus may affect 
crops and secondary animals and man  (3, 5, 6). Putrescible residues and biological 
wastes degrade slowly, primarily anareobicaly, yielding biogas, which consist mainly 
of methane, a substance 24.5 times more potent than CO2 as a greenhouse gas (3). As 
a matter of fact, only inert waste with no energetic or other industrial value should be 
landfilled, guidelines and general regulations regarding landfilling are given 
elsewhere (7).   
 
In 1995, over one quarter of the 16 million tones of post use plastics waste produced 
was recovered in Western Europe. Of this, 7.6 per cent was mechanically recycled, 
feed stock recycling accounted for 0.6 and almost 17 per cent of post-user plastic 
waste was subjected to energy recovery. In 2001, 9.9 percent of the plastic waste 
produced is estimated to be mechanically recycled and by 2006 this figure will to 
increase to 10.6 or 2.7 million tones (1,2). In Sweden, 37 per cent of the plastic 
packaging from the Municipal solid waste (MSW) was recycled or re-used year 2000 
(8) and 17 % was recycled mechanically, which is above the minimum 15 % 
recycling target required by the European Union’s Directive on Packaging and 
Packaging Waste (9). However, incineration and landfill remain the prevailing 
treatment of MSW disposal (10). There are some constraints to improving upon these 
recycling rates: 
 
• The imbalance between the waste collectable and the potential end markets for the 

recycled plastics: 
 
• The fact that recycled plastics are not suitable for the broad range of food-contact 

applications. 
 

End-use kT Percentage 
by weight

Percentage 
of plastics in 
total waste

Household 12 865 67.1 6.84
Distribution 4 044 21.1 1.12
Automotive 692 3.6 5.32
Building 526 2.7 0.16
Electrical/Electronic 764 4.0 12.73
Agriculture 274 1.4 0.03

Total 19166
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• The presence of large quantities of mixed plastic waste where the difficulties and 
energy used in separating into homogeneous fractions and cleaning outweigh the 
environmental gain of mechanical recycling.   

 
To maximize the potential of mechanical recycling attention should be focused on 
sectors which produce rather homogeneous waste streams and are also easy to collect. 
 
The demand for plastic recyclate by end markets is based on two key factors- market 
acceptance and technical acceptance. Market acceptance can be defined in terms of 
what processor or consumers are willing to accept base on the perception or image of 
recyclate, or health and safety requirements (11). Technical acceptance is based on the 
need to ensure the desired performance of products and their suitability for the 
manufacturing processes. In other words, environmentally beneficial and 
economically viable mechanical recycling of post–consumer plastic waste is possible 
only if several conditions are fulfilled simultaneously: reliable and selective collection 
and sorting, efficient recycling and available end-markets. At the same time, in order 
to obtain the greatest environmental and economic gain, plastic recycling must be 
carried out in a broader perspective, i.e. combining material recycling (mechanical 
and chemical) and energy recovery-to maximize diversion from landfill. In this 
context, the necessity of fast, reliable and relatively cheap methods for 
characterization of separated and commingled plastic fractions becomes an important 
element in the recycling and recovery process.  
 
Detriment of tensile properties, contamination, antioxidant consumption and thermal 
and thermomechanical oxidation of the polymeric material during first service life are 
some of the characteristics, which determine whereas the material should be recycled 
mechanically or disposed of in another way. Recycled plastics are generally used in 
low-grade applications, since the mechanical performance of recyclates is lower than 
the one of virgin materials. Quality assessment of recycled household and industrial 
plastics is of major concern since producers have to satisfy quality requirements from 
consumers. In addition the quality and properties of recyclate should be comparable to 
those of virgin resins. Therefore upgrade of recycled materials might be necessary in 
order to improve their properties. 
  
Recycled plastics suffer from chemical damage that occurs during processing and 
first-life application. Polymers undergo oxidation reactions with oxygen in every 
stage of their life cycle. Furthermore, new functional groups formed enhance the 
sensitivity of the recyclate to thermal- and photo-degradation. The characteristics and 
properties of structural inhomogeneities (polymeric impurities) admixed or generated 
during the previous service life, are of great importance. With the formation of new 
pro-oxidative moieties, a substantial part of the stabilisers are simultaneously 
consumed (12). As a consequence, the mechanical properties of recycled plastic 
generally do not meet material expectations. The material properties of recyclates are 
determined by the history of polymer synthesis, primary processing, application and 
recovery source. A successful recovery is strictly dependent on the purity and 
uniformity of the plastic waste. Post-industrial waste and sorted post consumer wastes 
(PCW) are suitable raw materials. However, they contain different amounts of 
inhomogeneities formed during plastics service life and non-polymeric impurities. 
These contaminants account for differences in mechanical properties and ageing 
resistance between recyclates and the respective virgin plastics. 
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To expect that consumer and industrial waste plastic could be completely separated by 
type is perhaps unrealistic, but it would be necessary to reprocess more unified scrap 
streams. A complicating factor is the different types and grades of polymer present in 
a typical waste stream. According to a report (13) the plastic portion of municipal 
solid waste (MSW) contains typically 50 % PE (mainly low density polyethylene, 
LDPE), 8-14 % polypropylene (PP), 15 % polystyrene (PS), 10 % polyvinylchloride 
(PVC) and 5 % polyethylene terephthalate (PET), and 5 % other polymers. Whereas 
the hard packaging fraction consists of approx 60 % of PP and HDPE (14) 
 
Clearly the effect of polymeric contaminants on the end-use performance of recyclate 
is an important issue, and the amount of contaminants which can be tolerated depends 
on the final application. The properties most affected by the presence of polymeric 
contaminants are the impact and ultimate tensile elongation behaviour (15-16) 
 
2.2 PROPERTIES OF PLASTICS WASTE 
 
The material value of plastics intended for re-use is influenced by their origin and 
history. The post-industrial scrap is usually added to virgin material in small portions, 
so that the influence of the scrap on the virgin resin is negligible. Reprocessing of 100 
% post-industrial waste or post-industrial waste/virgin blends is often carried out in 
the same way and using the same technical equipment as used for virgin material. 
However, in this instance, upgrading by processing stabilisation is mandatory (16, 18, 
19). Post-consumer plastics waste from single polymers and well-defined applications 
as contains, automotive and electrical parts need more careful restabilization for the 
second life. The commingled material is degraded to a varying extent depending on 
the polymer mixture, the recovery source and the material history. Additional 
contamination with inorganic or organic impurities and inferior mechanical properties 
make mixed recycled plastics a less attractive raw material with limited applications 
and markets (20-22). 
 
2.2.1 Structural inhomogeneities as impurities in recycled plastics 
 
When compared with virgin plastics the heterogeneity of the polymer mixture and 
admixed organic and mineral impurities in material made from recycled plastics 
results in different sensitivity to the attacking environment and consequently in its 
service lifetime. Some physical damages may be reversed by reprocessing but 
chemical changes, such as crosslinking, chain scission or formation of new functional 
groups are irreversible. Irreversible structural changes take place at both molecular 
and morphological levels. The changes are induced mechano-chemically, chemically 
or by radiation (23-25). 
 
Carbon centred (alkyl) and oxygen centred (alkylperoxyl, alkoxyl, acylperoxyl, acyl) 
free radicals formed due to oxidation of polymeric materials are precursors of 
transformation products. Oxygen-containing moieties (hydroperoxides, carbonyls, 
alcohols, carboxyls, lactones) and olefinically unsaturated groups (vinylic, vinylidene, 
allilyc) are the ultimate products (26-27). The complexity of transformations is 
increased by the formation of crosslinked structures caused by the radical 
recombination of low molecular fragments, by disproportionation, depolymerization 
or by partial hydrolysis of some polymers containing amidic carbonate or ester groups 
(28). 
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The concentration of the new structures increases with the previous service lifetime of 
the polymer and the aggressiveness of the environment. Some new oxygenated 
structures have thermo-initiating or photo-sensitising properties. As a result they act 
as prodegradants, i.e. enhance the degradation rate of polymers in which they are 
generated. Less degraded components of the recyclate are contamined during 
reprocessing by prodegradants, such as chromophores (=CO, ROOH) from heavily 
degraded components, causing in this way a distribution of oxidation promoters in the 
whole system, resulting in a material more susceptible to degradation and diminished 
mechanical properties. Hence polymers that have lost their mechanical properties and 
have high concentrations of prodegradants are not suitable for high quality re-use. 
 
2.2.2 Introduced impurities 
 
Impurities, mostly present in trace concentrations accumulates in recycled plastics. 
part of them arise from originally used additives. For instance some phenolic 
antioxidants consumed during the stabilisation process through reaction with ROO. 
generate coloured cross-conjugated dienones (cyclohexadienones, benzoquinones) 
(29-31). Even though these transformation products are present in trace 
concentrations, some of them discolour the polymer matrix as they have high 
extinction coefficients in visible light. Inorganic salts are formed from heat stabilizers 
for PVC and all transformation products remain in the aged polymer as impurity. 
 
Some undesirable impurities deteriorate the material properties of recycled plastics by 
reducing their stability. These contaminants consist not only of residues of 
polymerization catalysts, but also of salts of metals introduced during polymer 
processing and exploitation (32, 33). Metallic impurities arise from contaminated 
filler as well. Ions of copper and iron belong to the most dangerous species. They 
catalyse homolysis of hydroperoxides and increase the consumption of phenolic 
antioxidants or phenolic moieties of UV absorbers by their oxidation into dienoide 
compounds (34-36). Residues of titanium and aluminium polymerization catalysts can 
form coloured salts with phenolic antioxidants. However, these salts do not have 
chain brake activity (36). 
 
Traces of halogenated flame-retardants, printing inks, paint residues, surfactants or 
fatty materials are also impurities sensitising degradation of plastics. Plastic materials 
are particularly vulnerable to absorb detectable amounts of contaminants because of 
its permeable nature. The migration of compounds out of the packaging material into 
the package filling should not have detrimental effects on the quality of the filling, 
therefore recycled materials used for food packaging require some special 
considerations to ensure that non-regulated chemicals or contaminants either area not 
present in the material or do not migrate into food.  In the case of plastic packaging 
waste, wasted packages might have come in contact with substances other than food 
e.g. flavour components and other harmful contaminants which diffuse into the 
package material (37). In the new life of the package, these substances may migrate 
from the recycled packing material into the food. This absorption/desorption process 
observed in plastics makes them difficult to recycle directly into new food packaging 
(38). 
There is no reasonable way to assay a product when the present contaminants are not 
know and the story of the product is unknown, and constantly changing. This quality 
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control problem can be simplified somewhat by using only post-consumer collected 
food packaging to make new food packaging. However, this does not eliminate the 
problem of consumer abuse before recycling, or the recycling of non-food packaging 
that are similar in appearance to food packaging.  
 
The post-consumer collected plastic may be subjected to additional reprocessing steps 
to reduce or remove contaminants. Some of these more rigorous processes are 
expensive. Therefore its necessary to consider alternative approaches to ensure the 
safe use of recycled polymers in food applications. Instead of attempting to reduce 
contaminant levels in recycled polymers to those found in virgin materials, an 
alternative may be to use diffusion theory to estimate the amount of contamination 
that migrates into food.  The Food and Drug Administration (FDA) has proposed 
maximum allowable migration in its Regulation Policy in October 1993. This 
threshold policy proposes a maximum safe dietary exposure of 0.5 ppb to a non-
carcinogenic chemical compound (39). 
 
One approach to reduce the contaminant levels consists in reusing the wasted plastic 
as the core of the new material, a layer of virgin polymer been placed between the 
recycled material. Residues of pesticides or harmful contaminants may limit recycling 
of plastics as a result of their potential toxicity. Utilisation of post-consumer plastics 
for pharmaceutical or food-contact applications is forbidden, and multilayer food 
packaging materials manufactured using functional barriers are subjected to strict 
regulations (9, 38, 39). 
 
Mechanical recycling is one of the main targets of the EU Directive 94/62/EEC on 
packaging and packaging waste (9). Recycled packaging materials need end-use 
markets and applications. However the use of recycled materials for high-grade 
applications such as food contact applications is limited and has to meet certain the 
same requirements and directives regarding chemical composition and migration 
applied to virgin materials. It is assumed that only pre-consumer plastic waste referred 
to as plastic waste Category I fulfils these requirements and are as suitable as virgin 
materials for food contact applications, whereas post consumer plastics, so called 
Category II represent a material with limited information about its purity (40). 
 
In order to guarantee the suitability of the recyclate for direct food-contact or 
multilayer applications, in presence of appropriate functional barriers, identification 
and quantification of low molecular weight contaminants in recycled resins becomes 
necessary. 
  
2.3 UPGRADE OF RECYCLED PLASTICS 
 
The quality of the secondary raw material intended for re-use is determined by the 
history of the polymer synthesis, primary processing and application, composition 
(homopolymer or copolymer), additives, residual stabilisers (antioxidants and 
processing stabilisers) content and extent of contamination by impurities.  
 
Restabilization, the upgrading of recycled material by adjusted heat and light 
stabilizer combinations during processing, and compatibilization, a physical and-
depending on the compatibilizer- a chemical method enhancing the recovery of 
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performance of inmiscible polymer blends and specially improving the mechanical 
properties of mixed plastic recyclates will be treated in this chapter.  
 
2.3.1 Restabilization 
 
Direct material recycling of commingled plastics has only a poor chance of producing 
high quality materials. Success in the recycling of post consumer waste (PCW) is 
based on enhancing the resistance of the material to deterioration by stabilization (41). 
The market demands that recycled plastics meet quality requirements that are 
comparable with the virgin resins. Prodegrandant effects of structural inhomoneities 
and impurities formed or introduced during their first life time and loss of stabilizer 
have to be compensated by proper additives, fitting the type and complexity of the 
recycle, the source of material and the next expected application. A constant 
composition of the recyclate is an important condition for upgrading. 
 
Virgin and recycled polymers suffer from analogous degradation mechanisms, 
therefore stabilisation approaches are valid for both materials. Repeated processing 
steps showed detrimental consequences for the polymer, such as progressive 
transformations at molecular level and loss of the active form of stabilisers, this loss 
continues during thermal ageing and weathering. Common principal transformation 
products of stabilisers  are quinone methides generated from phenolic antioxidants 
(42, 43); phosphates from organic phosphites; oxidation products of sulphides, 
including organic acids of sulphur (13); and open-chain nitroso and nitro compounds 
from hindered amine stabilizers (HAS) (44). Of these compounds only quinone 
methides and transformation products of sulphides contribute to resistance to 
degradation (45, 46). 
 
2.3.1.1 Restabilization of recycled polyolefins 
 
Reprocessing of post consumer recyclate (PCR), exposing it to shear and heat stress 
produces polyolefins that have lower elongation at break, impact strength and 
stiffness than required, due to the low remaining level of the active form of the 
stabiliser. Therefore post-consumer polyolefins cannot be safely processed without 
addition of fresh stabilisers. Experiments indicate that even addition of phosphites 
alone enhances the stability during subsequent processing and heat ageing (12, 16). 
Phosphites such as P-1 or P-2 reduce hydroperoxides to alcohols and hinder their 
thermo and photo-initialising effect, besides lower the influence of the photo-sensitive 
carbonyl groups, but do not remove them. Additional amounts of phenols (like AO-1) 
as antioxidants deactivate alkylperoxy radicals (POO.) and guarantee the long-term 
heat stability of PCR during the next life time. Phenols and phosphites are used in 
synergistic combinations. Thus , the addition of 0.05-0.2 wt% of a mixture of phenol 
AO-1 (Irganox 1010) and phosphite P-1 (Irgafos 168) or P-2 (mixing ratio 1:1 to 1:4) 
enables the safe reprocessing of recycled high or low density polyethylene (HDPE 
and LDPE, respectively) and enhanced their long term stability effectively (16). Up to 
100 % recyclate may be used for indoor purposes. 
 
The behaviour of recycle in outdoor exposure is more delicate because its degradation 
is enhanced by the photosensitive effect of chromophores, such as carbonyl groups 
and hydroperoxides. For example, blending 15 % recycled HDPE with a well 
stabilized HDPE reduced the life time of the latter in a weatherometer by about 20%. 
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The pro-oxidative effect was progressive when increasing the content of recycled 
polyethylene (47). Therefore the restabilization system for outdoor applications has to 
contain an efficient light stabilizer. The products of choice are HAS compounds or 
combination of HAS with UV absorbers. (48). This can be illustrated by an HDPE 
recycle made from five year old pigmented bottle crates. The material survived only 
1000 h in accelerated ageing test until crack formation, with 40 % impact retention 
(16, 48). After addition of 0.1 % of an HAS, namely HAS-1 (Chimassorb 944) the 
stability of the material reached 8000 h until crack formation with a impact retention 
of 60 % compared to that of the virgin material occurred. A stabilizing system 
consisting of 0.1 % of the antioxidant mixture P-1:AO-1 (2:1) and 0.1 % HAS-1 
almost eliminated the sensitizing effect of the aged HDPE. Addition of a UV-light 
absorber of the benzotriazole type LS-1 gives an additional protection against the 
bleaching of the pigment. It has been reported that carbon black, a common light 
screen in virgin polyolefins, does not, alone provide enough outdoor protection in 
recyclates. Restabilization of a mixed LDPE-LLDPE, loaded with 2.5 % carbon black 
was achieved by combining antioxidants P-1 and AO-1 with the physically persistent 
(nonleaching and nonvolatile) HAS-3 (44). The presence of 0.2 % of a 1:2 mixture of 
phenol AO-1 and phosphite P-1 ensures good processing and heat stability of recycled 
polypropylene (PP) . Outdoor performance of recycled pigmented PP was restored by 
additional HAS-1 and a benzophenone-type UV light absorber LS-2. 
 
2.3.1.2 Restabilization of recycled polystyrenes and engineering plastics 
 
Properties of recycled polystyrene (PS) and polyethylene terephthalate (PET) are 
improved by properly selected antioxidants. PS when forming part of the PCW stream 
is not a uniform material, but a mixture of polystyrenes differing within broad limits 
in molecular weight and melt flow parameters, depending on the production 
technology. Packaging material is the main source of PS used for recycling. Styrenics 
generally suffer from photo-oxidation and discoloration. Restabilization with low 
amounts of phenol AO-2 improves this to some extent (49) 
 
Restabilization of recyclates of engineering plastics has been studied only 
sporadically by multiple extrusion with the following polymers: polyamide (glass 
fibres reinforced PA-6, polyesters (PET), polycarbonate (PC), these polymers are 
interesting from the economic point of view (50). 
 
PET is the most recycled polymer. The demand already exceeds the available material 
and more than 90 % of PET soft-drink bottles are collected from deposits. Testing of 
PET recycle from bottles in a kneading chamber has shown that melt and colour 
stability can be improved by the addition of hydrolysis resistant phosphites P-1 or P-2 
(45). The author concludes that the proportion of old material in mixtures of recycled 
and virgin PET can be increased provided that suitable additives are introduced. 
Recent investigations have reported that combination of AO-1 and P-1 yields very 
good maintenance of the molecular weight compared with unstabilized PET, at the 
same time improved thermal ageing can be expected. 
 
Production waste from painted hubcaps of PA-6 that has been granulated and melt 
filtered shows in Brabender investigations steady decrease of torque, indicative of 
molecular weight degradation. Deterioration of properties can be reduced by addition 
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of specific polyamide stabilizer (AO-8). Further stability improvement can be 
achieved by combination of AO-8 whit the posphite P-1 (44). 
 
Increase of MFR value, reduction of notched impact strength and discoloration during 
multiple processing of polycarbonate (PC) can be effectively suppressed by addition 
of phosphite P-2 or phosphonite P-3 (51). Recommended optimal concentration is 0.1 
%, higher concentrations may lead to destabilization. 
 
2.3.1.3 Restabilization of mixed plastics from household collection 
 
The results obtained with recyclates based on sorted single plastics, encouraged 
producers of polymer additives to restabilize mixed household PCR thermoplastics. 
The feasibility of the restabilization technology was confirmed using PCR consisting 
of 55-60 % polyolefins. Phosphite P-1 (0.1 %) with 0.05 % of AO-1 makes up the 
main part of the formulation used to avoid detrimental degradation during processing 
of the mixture. Light stability is decisive in the use of mixed plastics for outdoor 
applications, such as e.g. noise protection walls, this is achieved by the addition of 
HAS-1 combined with a UV absorber (e.g. LS-4). 
 
2.3.2 Addition of antiacids 
 
Thermal degradation of PVC or chemical transformations of sulphur or phosphorus 
containing antioxidants and halogenated flame-retardants may yield mineral acids 
such as acids of sulphur or phosphorus and hydrochloric acid. These non-polymeric 
impurities contaminate the polymers and corrode the processing equipment. Antiacids 
are used in reprocessing formulations. They consist mostly of calcium salts of organic 
acids, e.g. calcium lactate, Mg4Al2(OH)13CO3.3H2O, etc. 
 
2.4 ROLE OF COMPATIBILIZERS IN MIXED PLASTICS RECYCLATES 
 
Polymers of different structures do not form homogeneous blends. Mixture of 
polymers that differ in structure and polarity are compatible with one another only to 
a very limited extent, they separate in the melt or at the latest after cooling in the solid 
state, as a result of weak interfaces between the components and local stress 
concentrations. Therefore, they can not be mixed in extruders or kneaders 
homogeneously to give a molecular dispersion necessary to obtain acceptable material 
properties. A blend between two polymers is a multicomponent system and the 
properties are determined on the one hand by the chemical composition and the 
molecular structure of the individual components, on the other hand by the 
morphology of the system. Since most plastics are incompatible (i.e. little or no 
thermodynamic miscibility or adhesion between the phases), a very small amount of 
dissimilar plastic in a single component waste stream can have detrimental 
consequences for the mechanical performance of the reprocessed resin. 
 
Compatibilization modifies polymer interfaces by reducing the interfacial tension 
between normally inmiscible polymers in the melt during blending, leading to a fine 
dispersion of one phase in another, increasing the adhesion at phase boundaries and 
minimizing phase separation in the solid state. Compatibilizers act as morphology 
stabilizers and prevent delamination or agglomeration by creating bridges between 
phases. The compatibilizers themselves are usually block or graft copolymers 
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containing segments chemically identical to the blend components, but can also be 
functionalised polymers containing reactive side groups. Another possibility is the 
addition of a free radical initiator to the blend, which can promote in situ formation of 
graft copolymers during extrusion. 
 
2.4.1 Non-reactive compatibilizers 
 
Diblock copolymers, especially those containing a block chemically identical to one 
of the blend components are more effective than triblocks or graft copolymers. 
Thermodynamic calculations indicate that efficient compatibilization can achieved 
with multiblock copolymers (45), potentially for heterogeneous mixed blends. 
Miscibility of particular segments of the copolymer in one of the phases of the bend is 
required. Compatibilizers for blends consisting of mixtures of polyolefins are of major 
interest for recyclates. Random poly(ethylene-co-propylene) is an effective 
compatibilizer for LDPE-PP, HDPE-PP or LLDPE-PP blends.The impact 
performance of PE-PP was improved by the addition of very low density PE or 
elastomeric poly(styrene-block-(ethylene-co-butylene-1)-block styrene) triblock 
copolymers (SEBS) (50).  
 
Inmiscible blends of HDPE or LDPE with PS have been compatibilized with various 
graft copolymers, such as PS-graft-PE, PS-graft-EPDM or block copolymers such as 
SBS triblocks, SEBS, PS-block-polybutadiene (52, 53). The same block copolymers 
are suitable for PP-PS blends (54). 
 
Compatibility of PE with PVC is improved by poly(ethylene-graft-vinyl chloride) or 
partial chlorinated PE. To compatibilize blends of PE with PET, common for the 
scrap of beverage bottles, EPDM or SEBS are effective additives (55). 
 
Styrene-butadiene or styrene-(ethylene-co-propylene) block copolymers are common 
compatibilizers for the commingled recycle from PCW (27). Improvement of the 
mechanical properties of heterogeneous PCR (33 % PE + 39 % PVC + 28 % PET) or 
(44 % PE + 1 % PP + 28 % PET + 9 % PS + 2 % PVC + 16 % other plastics) was 
performed with EPDM or hydrogenated SBS triblocks (50). 
 
2.4.2 Reactive compatibilizers 
 
Reactive compatibilizers consist of functional or reactive additives interacting in situ 
with components of the blend. A polymer chemically identical to one of the 
components is functionalized to gain a chemical reactivity with the second 
component. this allows the phases be held by covalent bonds, making the blend less 
sensitive to physical stresses. PE, PP, EPDM or PS, funtionalized(grafted) with 
maleic anhydride or acrylic acid, poly(ethylene-co-polypropylene), grafted with 
succinic anhydride, or copolymers of PP with acrylic acid, styrene with maleic 
anhydride are examples of effective reactive compatibilizers (56). These grafted 
polymers are suitable for the compatibilization of hydrocarbon polymers (PE; PP; PS) 
with polar polymers (PET; PA). The pendant carboxyl group from polyolefins grafted 
with acrylic acid or maleic anhydride reacts with terminal amino groups of PA 6 or 
66, in shredded PP-PA industrial waste (15). PA scraps or recycled fibres can be 
modified with various elastomers or high pressure ethylene copolymers. Recycled 
polyamide 6 fibres with 20-25 wt% of modifier, either EPDM grafted with maleic 
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anhydride (MAH) or ethylene copolymers containing MAH, compounded on a single 
screw extruder have 8-10 times higher impact strength than the non-modified fibers 
(57). Approaches that use specially synthesised reactive compatibilizers and that can 
account for formation of compatibilizing crosslinks in situ are generally very 
expensive for commingled PCR. Grafting of a selected monomer, in situ, to one ore 
more components of the blend performed during processing has been successfully 
carried out for the reactive compatibilization of PA 6/ABS blends, in this case free 
radical copolymerization of styrene, acrylonitrile and MAH in situ and during 
processing was performed (58). 
 
A completely different strategy relies upon the addition of low molecular weight 
additives and was recommended for recycled and hydrolytically degraded 
polycondensation polymers, such as PET and PA (59). Compensation for this 
degradation can be performed by condensation in the solid state or by reactive 
extrusion. This repair method was effective in recycled PA by reprocessing with a 
multifunctional additive, based on an oxirane compound. 
 
Compatibilizers improve mechanical properties of commingled recyclates making 
possible for them to compete with virgin resins in higher added value applications. 
However improperly selected compatibilizers might introduce structures diminishing 
ageing behaviour, due to co-oxidation effects, therefore, the restabilization system has 
to be modified taking in account the entire polymer blend including the chosen 
compatibilizer. 
 
2.5 QUALITY ASSESSMENT OF COMMINGLED AND SEPARATED RECYCLED 
PLASTIC FRACTIONS 
 
To effectively protect polymers during processing and exploitation, a stabilizer 
system is required. Antioxidants are recognized as inhibitors of a radical chain 
reaction involving alkyl and alkylperoxyl radicals as the chain propagating species 
and hydorperoxides as the indigenous initiators of autoxidation (60-62). In other 
words, the key to the oxidative stability of polymers lies in the control of 
hydroperoxide formation, which can be accomplished either by inhibiting the radical 
chain reaction or by deactivating the hydroperoxides.  Antioxidants acting as radical 
inhibitors are referred to as chain braking (CB) or primary antioxidants, whereas 
antioxidants acting as peroxyde deactivator are called hydroperoxide decomposers 
(HD) or secondary antioxidants. Phenolic and hindered amines stabilizers (HAS) are 
the most widely used and effective primary antioxidants and among the secondary 
ones phosphites, phosphonites and organosulphur compounds can be mentioned. If 
polymers are intended for outdoor applications, stabilisation against photo-oxidative 
degradation becomes necessary since UV-light, alike heat or mechanical shear can 
generate free radicals. UV-stabilizers can operate in several ways. They can act by 
quenching exited states, by absorbing the UV-light, by decomposing hydroperoxides, 
or by scavenging radicals. HALS are regarded as the most important and effective 
light stabilizers. The mechanism of autoxidation of polymers and mechanisms of 
function of stabilizers have been extensively reviewed and discussed in the literature 
(63-67). 
 
Inhibition of autoxidation is possible to a great extent by the use of suitable stabilizers 
or their blends.  For instance, a combination of primary and a secondary antioxidant is 
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often used due to their synergetic effect. Hindered phenols and phosphites are widely 
employed for the stabilization of polyolefins. Phosphites act as hydroperoxide 
decomposers and hindered phenols act as radical traps. Because of the differing 
mechanisms, the effectiveness of using a combination of both types of antioxidants 
exceeds that of the individual components. During processing, phosphites are very 
effective in hindering degradation at processing temperatures and shear conditions. 
Hindered phenols impart good long-term thermal properties to polyolefins. 
 
The amount and type of stabilizer determines the lifetime and performance of the 
polymer. Accurate measurements of additive contents are therefore very important. 
Traditional methods of additive analysis are generally time consuming and tedious. 
These methods often require additive separation by extraction with hazardous solvents 
and subsequent quantification by techniques like high performance liquid 
chromatography (HPLC), gas chromatography (GC) or thin-layer chromatography. It 
is worth mentioning that HPLC allows only the detection of that part of tetrafuctional 
phenolic primary antioxidants (e.g. Irganox 1010) of which none of the phenolic 
groups has reacted. Accordingly, if even one of the four OH-groups has reacted, a 
stabilizer molecule is no longer detected, although the remaining groups are still 
active (68). Thus the true and effective residual concentration of the antioxidant 
should be somewhat higher when accounting for the undetected molecules. Thermal 
analysis such as differential scanning calorimetry (DSC) is widely used for polymer 
characterization and can also be used for determination of antioxidant levels. This 
method provides no information about the concentration of different antioxidants 
separately but rather an overall assessment of the stability (69). The analytical 
methods mentioned above are destructive, time consuming and require sample 
preparation. In addition, these methods do not allow rapid at/in line analysis.  
 
Ultraviolet spectroscopy (UV) has been used as an alternative method to determine 
additive concentrations by direct analysis of polymer (70-72). However, the method is 
constrained by excessive beam dispersion due to light scattering from the polymer 
crystalline regions. Additives at low concentration (0.1%) require sample thickness 
such that analysis must be performed in the presence of a high level of light scattering 
which may change unpredictable with wave length. At lower levels of concentration 
and corresponding greater sample thickness, unacceptable signal to noise ratios exist. 
(73). The fact that many additives exhibit similar or identical UV spectra makes this 
technique less attractive for quantitative analysis of polymers containing additive 
packages. 
 
New methods for nondestructive quantitative analysis of additives based on mid-
infrared (mid-IR) spectra and multivariate calibration have been presented (74, 75). 
One of the limitations in the determination of additive levels by mid-IR spectroscopy 
is encountered in the detection limit of this technique, which is usually above the low 
concentration of additive present, due to their heavy dilution in the polymer matrix. 
The samples are thin polymer films with small variations in thickness (due to errors in 
sample preparation). The differences in thickness cause a shift in spectra and if not 
eliminated or reduced they may produce non-reliable results. Methods for spectral 
normalization become necessary. These methods were reviewed and compared by 
Karstang et al (75). Mid-IR is more specific than UV but the antioxidant content may 
be too low to give a suitable spectrum (76), however this difficulty can be overcome 
by using an additive-free polymer in the reference beam (74, 75, 77). On the other 



 14

hand, UV and Mid-IR have been successfully applied to quantify additives in polymer 
extracts (78-80).   
 
A technique, which also allows nondestructive analysis of polymers with very little or 
no sample preparation, is near infrared (NIR) in the diffuse reflectance mode (81, 82). 
NIR is based on measurements of light reflected by the sample when exposed to 
electromagnetic radiation in the range from 780 nm (12820 cm-1) to 2500 nm (4000 
cm-1). Qualitatively this is the region between the visible red and the highest 
frequency used in conventional mid-infrared. Light in this range can be used to excite 
overtone and combination transitions of molecular vibrations, and electronic 
transitions of highly conjugated systems. An overtone of a vibrational mode occurs 
when a single photon excites a molecular vibration from the ground state to a second 
or higher excited state. A transition from the ground state to the second excited state is 
called the first overtone transition, a transition from the ground state to the third 
excited stated is known as second overtone transition, and so on. A combination band 
occurs when a single photon excites two or more different molecular vibrations. Only 
combinations and overtones involving higher frequency fundamentals are strong NIR 
absorbers, i.e., CH, OH, NH, C=O, COOH. Other vibrations have only higher order 
overtone bands in the NIR region, which are very weak as compared to the first and 
second overtones. For a given molecule, many active overtone and combination bands 
might be present in the NIR region giving, as a result, a spectrum with a large number 
of overlapping bands, which makes spectral interpretation difficult. The overtone and 
combination bands are approximately 10 to 100 times less intense than the 
fundamental bands of the mid-region, this allows (requires) the use of relatively large 
path lengths. For NIR transmission spectroscopy thick samples (1 mm to several cm) 
can be used. For NIR diffuse reflectance samples with large effective path lengths 
(granular samples with large particular sizes, or poorly scattering samples) can be 
directly analyzed without substantial preparation (82, 83). Different multivariate 
calibration techniques such as classical least square (CLS), multiple linear regression 
(MLR), principal component regression (PCR), and partial least squares (PLS) 
regression can be used to extract valuable chemical information from the spectral data 
(84). 
 
The physical properties and mechanical performance of recycled polymeric material 
depend on several structural factors such as molecular weight, degree of branching, 
degree of crystallinity, crystal structure, orientation and degree of oxidation. These 
factors play a decisive roll in the future application of recycled material since they 
determine whether the material is worth re-use/upgrade or should be disposed in 
another way, e.g. incineration for energy recovery. For quality control and quality 
assurance of recycled polymers assessment of these properties is indeed important.  
 
Size exclusion chromatography (SEC) is a well-established method for determination 
of molecular weight (Mw) and molecular weight distribution (MWD). However, SEC 
is a relative method since the results are evaluated upon calibration with linear 
polystyrene standards with narrow MWD. One of the disadvantages of SEC, intrinsic 
viscosity measurements and absolute methods such as membrane osmometry and light 
scattering is that sample preparation can be time consuming and inconvenient, 
especially when dealing with polyolefins due to their slow dissolution and hazardous 
character of the used solvents. In addition the analysed sample can not be reused. 
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Infrared spectroscopic methods are extensively used to analyse polymers due to their 
simplicity, rapidity, reproducibility, non-destructive character and ease of sample 
preparation. Degree of crystallinity (85), chain branching (86), degree of oxidation 
(87), density measurements (88), quantification of additives (87, 89), end-group 
analysis (90, 91) and other physical/chemical properties have been studied using mid- 
infrared (MIR) and/or near infrared (NIR). End-group analysis by means of infrared 
spectroscopy has been successfully used for determination of molecular weight of 
polymers obtained by step-wise polymerisation, such as PBT and PET (92, 93). 
 
The bands in the NIR spectral region arise from overtones and combinations of the 
fundamental vibration modes in the MIR-region. Functional groups making up the 
hydrocarbon molecules, such as methyl, methylene and vinyl groups show 
characteristic peaks; the absorbtivity of these peaks is largely independent of the 
remainder of the molecule, which acts only as a diluent and can be related to the 
concentration of the absorbing groups. Mathematical relationships between band 
intensity/frequency and concentration of the above mentioned functional groups have 
been found by Tosi and Pinto (93).  
 
Hyphenated techniques such as the combination of HPLC and SEC with infrared 
spectroscopy are finding grate acceptance for study of deformulation of unknown 
samples, determination of compositional changes across the molecular weight 
distribution, compositional distribution of copolymers and branching in polyolefins 
(94-96). Verdurmen-Nöel et al (97) reported recently the usefulness of SEC-FTIR 
technique to measure ethene content in PP random copolymer and the amount of end 
unsaturations in HDPE, LDPE and LLDPE as a function of their molar mass. It was 
demonstrated that the amount of unsaturations decreases with molar mass. The utility 
of this technique has been enhanced by the availability of SEC-FTIR interfaces, 
which allow off-line solvent removal (98). However this is indeed a destructive 
method of analysis. 
 
The degree of crystallinity of polymers, i.e. the concentration of crystallites, 
influences the stiffness, hardness and heat resistance. Changes in crystallinity induced 
by processing and autoxidation of polymers during their service life might 
dramatically affect the performance of next generation products. There is a number of 
other techniques for characterization of crystal structure and degree of crystallinity of 
polymers such as Infrared (Mid-IR), dilatometric measurements, density 
measurements, Raman spectroscopy, nuclear magnetic resonance (NMR) 
spectroscopy, X-ray diffraction (SAXS, WAXS) and differential scanning calorimetry 
(DSC), being the last two the most used. Although these techniques yield different 
absolute crystallinity values due to the differences in their principles, the relative 
changes in crystal contents are comparable. It is important to remark that these 
methods often require extensive sample preparation and long analysis times. As a 
result they cannot be used for rapid process analysis.  When rapid analysis is desired 
NIR spectroscopy has shown to be a very effective technique, which allows accurate 
analysis on relative unprepared samples, such as meat (82), wheat (99) and bulk 
polymers (87, 100-104)  
 
Generally, Swedish household hard packaging plastic waste contains approx. 33% of 
HDPE and 24 % of PP (14). A total separation of these two polymers is difficult due 
to the great similarity in their physical properties. Conventional methods of separation 
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e.g. float and sink method cannot be applied and manual sorting does not provide 
ideal separation due to human factor and in some case lack of labeling, besides this 
method is also cost-ineffective. More sophisticated sorting methods such as 
spectroscopic or electrostatic separation are still in stage of development and do not 
guarantee 100 % purity. Acrylonitrile-butadiene-styrene (ABS) and PP are the two 
major components in the automotive industry. During recycling they usually 
contaminate each other since a 100 % separation is very difficult to achieve. 
 
Quality assurance and quality control of the composition of recyclate from household 
and industrial plastic waste is necessary since the presence of even small amounts of 
plastic contaminants affects the performance of the material and determines whether 
the material can be used for high value applications. 
 
In processing high-grade polymer recyclates there is an increasing demand for quality 
determination and assurance. Properties of recycled polymers, specially physical 
properties have to be specified and guaranteed within narrow tolerances by the 
manufactures according to the needs of their customers. Without computer aid data 
processing and efficient measuring equipment, the quality analysis in polymer 
recycling is much more time consuming. Therefore it is important to have access to 
systems which allow rapid and reliable qualitative and quantitative analysis of 
multicomponent system. Many studies use infrared spectroscopy for quality control 
and quality analysis in polymer production. It is particularly used for the 
determination of the composition of copolymers and polymer blends and also for 
determination of additive and filler contents (105-107). 
 
The near infrared range (12800-4000 cm-1) as well as the mid-infrared range (400-
4000 cm-1) has been used for spectroscopic detection of physical and chemical 
properties of polymer. These techniques make possible to obtain information about 
the chemical composition and structure of polymers. Therefore this method is widely 
used for compositional analysis of polymeric materials (108-112).  
 
Diffuse reflectance near infrared spectroscopy (NIR) has in competition with other 
spectroscopic techniques such as mid-IR and Raman a high signal to noise (S/N) ratio 
and allows non-destructive sample analysis. The ease, fastness and use of fiber optics 
facilitate the application of NIR for in-line and on-line measurements (113-114). For a 
given molecule many active overtone and combination bands might be present in the 
NIR region giving as a result a spectrum with a large number of overlapping bands, 
which makes spectral interpretation difficult, but this disadvantage can be overcome 
by using multivariate data analysis (84). 
 
Raman spectroscopy has been widely used to study composition and molecular 
structure of polymers (115-119). Assessment of conformation, tacticity, orientation, 
chain bonds and crystallinity bands are quiet well established. However some 
difficulties have been found when analyzing Raman data, since the band intensities 
depend upon several factors, such as laser power and sample and instrument 
alignment, which are not dependent on the sample chemical properties. Raman 
spectra may show a non linear base line to fluorescence (or incandescence in near 
infrared excited Raman spectra). Fluorescence is a strong light emission, which 
interferes with or totally swaps the weak Raman signal. It is therefore necessary to 
remove the effects of these variables. Several methods and mathematical artifacts 
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have been used in order to remove the effects of fluorescence on the spectra (120-
122). 
 
Multiplicative scatter correction (MSC) for spectral data pretreatment has been 
successfully applied in near infrared spectroscopy (NIR) (84), however its use in 
Raman spectroscopy is not spread. MSC allows removing of additive and 
multiplicative effects without affecting the chemical/physical information contained 
in the spectra.  NIR-FT Raman spectroscopy has two major advantages compared to 
traditional Raman. Namely, the use of NIR excitation (around 1 micron wavelength) 
can avoid even weak fluorescence, yielding flat base lines and a relatively high signal 
to noise (S/N) ratio since higher laser powers can be used without photo 
decomposition. FT-Raman interferometric data collection produces throughput and 
multiplex advantages similar to its counterpart, FTIR. The spectra can be collected 
routinely and rapidly under the same experimental conditions.  
 
Multivariate methods in general and partial least squares (PLS) regression in 
particular provide a more robust calibration than conventional univariate methods 
based on individual bands. Raman is simple to use and require virtually no sample 
preparation. The vibrational spectra of polymer samples in their original form can be 
measured and casting or hotpressing of the material into thin films (commonly used 
for FTIR measurements), a very time consuming procedure that can affect the original 
structure of the material are not required. It also offers remote analysis capabilities if 
combined with fiber optics (123, 124).  Accurate determination of contaminant 
content in recycled polymeric resins have been reported in the literature (125-127). 
 
FTIR reflectance and transmission spectroscopy is used for analysis of thin films. 
Nevertheless, due to the high absorbtivities of mid-IR bands, the film thickness must 
be limited (up to 100 µm, depending on the specific bands chosen) in order to perform 
an accurate qualitative analysis. Other IR methods, such as attenuated total reflectance 
(ATR) and photoacoustic methods provide IR spectra of thick material, because they 
penetrate a very thin layer at the surface of a sample. However is important to point 
that the effective pathlength for the ATR and the photoacoustic methods depends on 
the refractive index and thermal diffusivity, respectively. Therefore the use of this 
techniques for the quantitative analysis of non-homogeneous materials, can be 
difficult. 
 
2.6 MOISTURE UPTAKE IN POLYMERS  
 
Most polymers absorb more or less moisture, but not all of them exhibit noticeable 
changes in properties. Nevertheless, much damage can result from the diffusion and 
sorption of water in polymeric materials: loss of adhesive strength, production of 
cracks, changes in crystallinity (128) polymer modifications/degradation due to the 
possible migration of stabilizers (68, 129-131), leaching of polymer fragments, 
degradation of underlaying substrates, or changes in the properties of the products 
protected by the polymer materials (132). Marais et al (128) carried out an extensive 
study on the permeation of liquid water through polar, non-polar and copolymers with 
polar and non-polar sites at room temperature. They suggested that the variation in 
water permeability with the nature of polymer is mainly due to the variation in the 
solubility coefficient, which can be explained by the hydrophilicity of the polymer, 
i.e. the larger the content of polar groups in the polymer, the higher the water 
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solubility. The rate at which water migrates in a polymer in the transient permeation 
varies with its local concentration (133). The sorbed water has a positive plastization 
effect on the water diffusion in polar polymers (PA 6, PA 12, and PET) and the 
diffusion coefficients increase exponentially with water concentration. On the other 
hand, sorbed water affects water diffusion through hydrophobic polyolefins such as 
HDPE, PP and LDPE in an antiplasticizing manner and the diffusion coefficients 
decreases as a function of water concentration. The increase in the diffusion 
coefficient is due to an increase in the system free volume with the water 
concentration (134), whereas the decrease in this parameter can be attributed to a 
clustering of water in hydrophobic materials (133-136).  
 

2.6.1 Determination of water content in polymers 
 
The most common technique for determining the sorbed moisture content in nylons is 
thermal analysis such as differential scanning calorimetry (DSC), loss on drying 
(LOD) method and thermogravimetric analysis (TGA). Although these methods 
require little sample preparation, they are time consuming and destructive; 
consequently they cannot be used for in/on line analysis.  
 
One Chemical method used for this purpose is Karl-Fischer (KF) titration. The water 
is removed from a sample by heating it and passing dry nitrogen gas over it, which 
picks up the water and is then bubbled through moisture-free methanol in order to 
transfer the moisture into it. This solution is titrated with Karl-Fischer reagent for 
determining the mass of water driven off. Knowing the mass of the sample it is 
possible to determine the water content present. The reaction proceeds according to 
the following scheme: 
 

H2O + SO2 + I2 = 2HI + SO3 
 
A coulometric analysis can also be performed using a KF coulometric reagent, in this 
case iodine is generated by passing a current and the moisture is determined from the 
amount of current. Karl Fisher analysis has the same disadvantages as the methods 
mentioned before; in addition the low stability, shelf life and the use of toxic 
substances such as iodine, pyridine and SO2 makes sample handling hazardous and 
troublesome (137). 
 
The introduction of chemometric methods and light-fibre optics has opened the 
possibility of using NIR spectroscopy as a rapid, non-destructive method, providing 
ease of sampling, low cost and high reliability. NIR spectroscopy can be used in a 
laboratory or in process control. Light-fibre cables can be used to link the plant and 
the safe-control room, allowing the extraction of information without having to 
physically remove samples from the processing line (138). 
  
NIR is based on measurements of light absorbed by the sample when it is exposed to 
electromagnetic radiation in the range from 780 nm (12820 cm-1) to 2500 nm (4000 
cm-1). Qualitatively this is the region between the visible red and the highest 
frequency used in conventional Mid-infrared. Light in this range can be used to excite 
overtone and combination transitions of molecular vibrations, and electronic 
transitions of highly conjugated systems.  
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An isolated water molecule has three modes of vibration: the symmetric stretch (ν1), 
the bend (ν2), and the antisymmetric stretch (ν3). These three vibrations absorb 
strongly in the fundamental part of the IR spectrum (mid-IR), which spans from 400 
to 4000 cm-1 at 3450 to 3700 cm-1, 1595 to 1650 cm-1, and 3550 to 3750 cm-1, 
respectively (139, 140). Overtones (such as 2ν1 at 6900 cm-1) and combination bands 
(such as ν2 + ν3 at 5160 cm-1) of these bands are observed in the Near infrared (138, 
141). 
 
Mid-IR has been used for studies of water and other liquids in polymer films (142-
144). Several techniques are applied in this region, e.g. attenuated total reflection 
(ATR), specular reflectance and transmission-IR. Water diffusion in polymer films 
has been successfully studied by analyzing the absorbance change of a peak at 3350 
cm-1, which characterizes the stretching of OH group in this spectral region. 
Unfortunately these methods work well only for analysis of thin films.  
 
2.6.2 Effects of moisture on properties of hygroscopic polymers 
 
The absorbed water penetrates only the amorphous phase, penetration of significant 
amounts of water into the crystalline phase is considered highly improbable (145). 
The equilibrium moisture contents of e.g. amorphous polyamides are significantly 
higher than for semicrystalline polyamides (142, 146) At room temperature and 
above, water acts generally as an effective softener or plasticizer, facilitating 
molecular chain movement by reducing the intermolecular forces of the polymer 
chain among themselves (147, 148); this decreases stiffness but increases flexibility. 
However, moisture is not always detrimental to properties and nylon that has been 
equilibrated has improved toughness, elongation to break and impact resistance 
compared with the dry material (149). At low levels of absorption, the presence of 
water causes crystallization and swelling, the concentration in the outer regions is 
higher than in the interior and this leads to greater crystallization occurring near the 
surface (148). On the other side, at very low or cryogenic temperatures, it has been 
observed that wet specimens are stiffer than dry ones, making the spacer model 
doubtful, and this is referred to as stiffing or anti-plasticizing effect. 
 
The glass transition temperature (Tg) reflects the extent of mobility of polymer chains 
which in turn is very strongly affected by the compactness of the structure and free 
volume. Sorbed water molecules reversibly replace the hydrogen-bonds in the 
accessible regions of nylons. The free volume and Tg are, therefore, very profoundly 
affected by the manner in which the water molecules fit into the polymer molecules 
and this, in turn, influences the mechanical properties that are related to chain 
mobility. The decrease in the observed Tg is due to the disruption of the amide group 
hydrogen bonds by the absorbed water. Increasing levels of absorbed moisture lead to 
a greater disruption of the existing hydrogen-bond structure, which, in turn, leads to 
the decrease in the measured Tg (149). 
  
The relationship between the moisture content and the Tg can be explained on the 
basis of the different forms of bonding of water molecules within the polymer chains, 
at different extents. The effect of moisture on the Tg may be the single most useful 
tool in predicting behaviour in a changing environment. 
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The states of sorbed water are related to the concentration, since the average strength 
of hydrogen-bonded CONH groups is reduced with the polymer swelling and can be 
described as follows: 
 
As moisture sorption occurs in dry nylon, initially, the water molecule forms a double 
hydrogen-bond between two carbonyl groups by means of free electron pairs on the 
hydrogen atom. The pre-exixting H-bonding network is not disrupted. This is 
accompanied by a large evolution of heat and this water may be assessed by “firmly 
bound water”. It is responsible for reduction in intermolecular interactions between 
the chains and results in a sharp decrease in Tg. At higher regains, water molecules 
may attach by replacing the hydrogen-bonds between carbonyl groups and hydrogen 
atoms of the amide groups, with negligible thermal effects. This may be classified as 
“loosely bound water” and does not appreciably affect the interactions nor the free 
volume and Tg. At still higher regains, water may also exist as “clusters” or “free 
water”, which greatly affect the free volume by pushing polymer chains apart and, 
thus, again Tg falls with increasing regains (145, 146, 149). 
  
Absorbed moisture affects the molecular structure and consequently the mechanical 
performance of the material. An increase in moisture content causes a decrease of the 
modulus and the yield or breaking stress and an increase in the elongation at break 
and impact resistance. 
 
2.6.3 Effects of moisture on properties of hydrophobic polymers 
 
Hydrophobic polymers absorb small amounts of water. Nevertheless, much damage 
can result from the diffusion and sorption of water in such materials: loss of adhesive 
strength, production of cracks, changes in crystallinity, polymer 
modifications/degradation due to the possible migration of stabilizers, leaching of 
polymer fragments. Haider et al  (150, 151) reported crosslinking and changes in 
crystallinity and molecular weight of polyolefins subjected to water aging at room 
temperature. The increase in crystallinity was attributed to the plastization effect of 
the water, which enables the migration of polymer chains from the amorphous phase 
and subsequent crystallization. Increase in polydispersity due mainly to chain scission 
dominated the oxidation process under such conditions. In addition, the formation of 
polar groups, e.g. carbonyls, peroxides during the oxidation process increases the 
ability of hydrophobic polymers to uptake moisture.  
 
2.7 MULTIVARIATE CALIBRATION 
 
Multivariate calibration is a methodology for statistical treatment of data from 
simultaneous measurements on many variables. Multivariable calibration methods 
have several advantages in comparison to univariate methods: 
 
• The design of a calibration set can be controlled graphically, mathematically and 

optimized in a way that provides high robustness. 
 
• The influence of the accidental errors on the calibration models is minimized by 

the use of many variables, since the number of degrees of freedom increases. 
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• Instrumental interference and individual non-linearities represent less problems 
when using multivariate methods, since the effects of these interferences are 
modeled mathematically. In the case of univariate calibration, interferences have 
to be removed physically to ensure selectivity and in order to ensure linearity only 
a narrow range of the instrument scales could be used. 

 
• Physical interference in samples e.g. light scattering, temperature, different color, 

etc. can be corrected mathematically using base line peaks or multiplicative 
scattering correction (see bellow). 

 
• Several analytes can be detected and analyzed simultaneously. 
 
Data pretreatment 
 
In order to extract the most relevant chemical information from the spectral data and 
eliminate or reduce the effect of physical interferences, raw spectral data should be 
pre-treated. There are several mathematical methods to accomplish this task and some 
of them are listed and explained bellow. 
 
Multiplicative scatter correction (MSC) 
 
This method permits to separate the multiplicative effect (physical), which is caused 
by light scattering, difference in size or shape from the additive (chemical) effect.  
 
Derivation 
 
This transformation is relevant for variables which are themselves a function of some 
underlying variable, e.g. absorbance at various wavelengths. It can be used to 
compensate for baseline offset and ascending or descending baseline. In addition, 
second derivative can successfully separate overlapped spectral bands. Two are the 
most common derivation methods: 
 
1. Savitzky-Golay enables to compute 1st- or higher-order derivatives, including a 
smoothing factor, which determines how many adjacent variables will be used to 
estimate the polynomial approximation used for derivation. 
 
2. Norris differentiation is an alternative algorithm used to compute only first 
derivatives. 
 
Normalization 
 
It consists in dividing each row of a data matrix by its average, thus neutralizing the 
influence of the hidden factor. It is equivalent to replacing the original variables by a 
profile centered on 1. Only the relative values of the variables are used to describe the 
sample, and the information carried by their absolute level is dropped. This is 
indicated in the specific case where all variables are measured in the same unit, and 
their values are assumed to be proportional to a factor which cannot be directly taken 
into account in the analysis. For instance, this transformation is used in 
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chromatography to express the results in the same units for all samples, no matter 
which volume was used for each of them. 
 
2.7.1 Multivariate linear regression (MLR) 
 
MLR is a linear regression method, which enables the prediction of a certain property 
upon more than one x-variables selected from a given spectrum. The y vector (mx1) 
contains the values of the property of interest for all the m samples and the response 
matrix X (mxk) contains their absorbances for the k selected variables. The following 
relationship is valid for a MLR calibration model: 
 

y = X ⋅ B + E 
 
In case of spectral data, the quantified property of a sample is a combination of the 
absorbances at different wavelengths. The regression coefficient B can be calculated 
in the following way: 
 

B = (Xt ⋅ X)-1 ⋅ Xt ⋅ Y 
 
One of the drawbacks of MLR is that in order to get optimal results the chosen x-
variables should be selective and non-colinear. Another disadvantage is that the 
number of x-variables should not exceed the number of samples. 
 
2.7.2 Principal component analysis (PCA) 
 
PCA is used to identify variations in the NIR spectra of samples with differences in 
physical properties. In a NIR analysis, the data form a response mxn matrix (X), 
which contains the NIR spectra at n wavelengths for each one of the m samples. As 
there are only f inherent variations in the spectra of the samples, X can be 
decomposed in the PCA model as: 
 

X = T ⋅ Pt + E 
 
By an iterative procedure that explains the maximum variation in X, the PCA scores 
matrix T (mxf) and the PCA loadings matrix P (nxf) can be determined. The E matrix 
contains the spectral variation not explained by the PCA model. 
 
Each nth principal component has a loading spectrum (nth column of the P matrix), 
indicating the NIR absorbance bands that describe the variation in the spectra for that 
principal component, and a score vector (nth column of the T matrix) determining 
whether samples with different properties are related with respect to that principal 
component. 
 
2.7.3 Partial least squares (PLS) regression 
 
The PLS method is used to correlate the NIR spectra of m samples to a specific 
physical property of them. It requires the response matrix (X) and a mx1 vector (y) 
containing the values of the property of interest for all the m samples.  
 

y = T ⋅ q + f 
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The PLS calibration algorithm determines T, P and q (fx1 vector) such that the 
maximum variance in X that is correlated to y is explained. The vector f (mx1) is the 
residual for the property model. 
 
The T and P matrices determined from this method are different from the ones 
determined from the PCA method, as this method is explaining the variance in y. 
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3. EXPERIMENTAL 

3.1 MATERIALS 
 
3.1.1. Virgin resins 
 
Film made of HE8331, high-density polyethylene (HDPE) for blow moulding and 
compression moulded plates made of polypropylene, RE220P from Borealis were 
used in this study as reference materials. 
  
The MDPE used was a ”ME6930” from Borealis AS, Stathelle, Norway, ME6930 
contains antioxidants, Irgafos 168 and Irganox 1010 and two slip agents, Ca-stereate  
and Zn-stereate. The content of Irganox 1010 is 220 wppm, the content of Irgafos 168 
is 1580 wppm and 750 wppm of each of the slip agents. The material was supplied as 
a 25 µm film. 
 
High-density polyethylene (HDPE) powder containing no additives was supplied by 
Borealis AB, Sweden. Twenty-seven samples containing different levels of 
antioxidants were compounded in a Brabender twin-screw extruder at a screw speed 
of 70 rpm and a temperature of 210 °C in the heating zones. The strands obtained in 
this way were subsequently pelletized. Pellets of approx. 3-mm diameter were 
subjected to NIR diffuse reflectance analysis. The concentration of both antioxidants 
varied from 0 to 4000 ppm. 
 
Acrylonitrile-butadiene-styrene (ABS) Magnum 3504 produced by Dow Plastics and 
designed for extrusion and injection was purchased from Ashland AB, dumbbells 
according to ASTM standard D 638M were injection moulded using a Battenfeld Plus 
250/50 equipped with a single screw (diameter=2.2 cm and L/D=16). The barrel 
temperatures were 220 °C in the first heating zone, 240 °C in the second and 40 °C in 
the mould. The dumbbells were subjected to thermal ageing at 90 °C for a month, 
shredded, extruded and pelletised. 
 
Polyamide 6,6, Zytel E101L (injection molding grade) was provided by Distrupol 
Nordic AB, Sweden. The resin was injection-molded into dumb bells according to 
ASTM standard D-638 using a Battenfeld Plus 250/50 equipped with a single screw 
(diameter=2.2 cm and L/D=16). The barrel temperatures were 285 °C in the first 
heating zone, 290 °C in the second and 100 °C in the mold. The tensile bars were 
subsequently reground, dried in an oven at 100 °C for 15 hours and injection-molded.  
 
3.1.2 Recycled resins 
 
Recycled HDPE was received from "Lunda" reprocessing plant located in northern 
Stockholm (Sweden). This plant of which Rang-Sells owns 50 % treats collected 
plastics within a 120-km radius around Stockholm, an area with 2.5 million habitants. 
Pellets were produced from hard plastic packaging collected from household and 
industrial waste, e.g. HDPE bottles, jugs, trays caps, buckets, cups and non-packaging 
HDPE. The collected HDPE fraction was shredded at the plant washed with hot water 
and extruded at 200 °C barrel temperature. The samples were collected during 
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different time periods in 1997 and 1998. Hard plastics are sorted manually into four 
fractions for mechanical recycling. 
 
Recycled PP was also provided by ”Lunda”. The recycled pellets were produced from 
polypropylene collected from the hard plastic fraction of household and industrial 
waste. This fraction consisted of bottles, buckets, trays, cups, lids and caps that were 
ground, washed and extruded. 
 
3.1.3 Antioxidants 
 
Irganox 1010 i.e., pentaerythrityl-tetrakis(3-(3´,5´-di-tert. butyl-4´hydroxyphenyl)-
propionate and irgafos 168 i.e., tris-(2,4-di-tert. buthylphenyl) phosphite were 
supplied by Ciba Specialty Chemicals Sweden AB, and used as received. 
 
3.1.4 Solvents 
 
Acetone, n-hexane, cyclohexane, isopropanol, xylene, dichloromethane, chloroform, 
acetonitrile were all of chromatography grade and purchased from E. Merck, 
Darmstadt, Germany 
 
3.2 ANALYTICAL METHODS 
 
3.2.1 Microwave extraction  
 
Microwave assisted extraction (MAE) has been used. The extraction was performed 
in a microwave extraction system, MES 1000 manufactured by CEM (CEM Corp. 
Indian Trail, North Caroline), with a nominal power output of 1000 watts  (950 + 50), 
operator selectable in 1 percent increments. Extractions were carried out at 70 % of 
microwave power.  
 
The HDPE film and PP plates of recycled and virgin materials were cut in small 
square-shaped pieces of approx. 50 mm width and 50 mm length. 1 gram was added 
to 30 ml of solvent mixture containing 50% (vol.) of cyclohexane and 50 % (vol.) of 
isopropanol. After a 45 minute-extraction period, at 70 °C, the HDPE extract was 
placed in the fume hood and allowed to evaporate without any heat applied until 
approx. 2 ml. of a more concentrated solution was obtained. The concentrate was 
stored overnight at 4 °C to precipitate dissolved polymer particles. After filtration 
(HPLC filter, pore size 0.25 µm), an aliquot was taken for further gas chromatography 
analysis.  
 
The recycled resins and virgin PP were obtained in form of pellets and very thin film 
like plates were manufactured by compression moulding at 180 °C in a Schwabethan 
Polystat 400s. The material was inserted between two Teflon spacers and then melted. 
A pressure of 200 bar was applied and the material was allowed to cool to room 
temperature. The plate produced had a thickness of approx. 0.1 mm. 
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3.2.2 Liquid chromatography 
 
The analysis of the MDPE samples was carried out in a Hewlett Packard Liquid 
Chromatograph, HPLC 1090. This consisted of a gradient pumping system with an 
M490 variable wavelength UV detector, and a Waters 712 WISP autosampler. Also 
used was a Waters Model 990 diode array detector (DAD). The column used for the 
separations consisted of a Supelcosil LC-Si normal phase column  (all measuring 
4mm i.d. x 15cm) provided with a pre-column, the column temperature was hold at 40 
°C. Chloroform was used as mobile phase at a flow rate of 1.5 ml/min. Both 
wavelength UV detector (at 230 and 280 nm) and the diode array detector (DAD) 
were used for the analysis. 
 
3.2.3 Gas chromatography- Mass spectrometry analysis (GC-MS) 
 
The HDPE samples were analysed in a Varian 3400 series gas chromatograph coupled 
to a Finnigan SSQ7000 (quadropole) mass spectrometer. The injector temperature 
was set at 250 °C. The injection volume was 1 µl. A split/splitless injector was used in 
the splitless mode. The analytical column used was a DB-5 capillary column, 30 m x 
0.25 mm i.d. The temperature was held at 35 °C for 2 min and then programmed at 6 
°C/min to 250 with a final hold time of 20 minutes. Helium was used as carrier gas. 
Peak identification was carried out tentatively by comparison of the obtained mass 
spectra with NST database spectra. Additionally most of the detected compounds 
were confirmed by separate injection of standard solutions. 
 
3.2.4 Thermal gravimetric analysis (TGA) 
 
A TGA instrument, TGA/SDTA 851e from Mettler Toledo provided with a horizontal 
balance was used.  For thermal and thermoxidative stability studies approx. 15 mg of 
sample were placed in an alumina pan (70 µl) and heated from 25 to 700 °C either in 
an oxygen or nitrogen atmosphere with a heating rate of 10 °C/min. The change in 
weight was continuously recorded. 
 
To assess the moisture uptake of the specimens the samples were cut transversally 
from the narrow sections of the tensile bars with a scalpel. 30-40 mg of sample were 
placed in an alumina pan (70 µl) and heated isothermally at 130 °C for a period of 10 
hours under a nitrogen stream of 50 ml/min. The change in weight was continuously 
registrated.  
 
3.2.5 Differential scanning calorimetry (DSC) 
 
Thermal analysis was performed on a Mettler Toledo Differential Scanning 
Calorimeter, model DSC 820. The instrument was calibrated with indium standard. In 
order to determine the crystallinity and stability of the resins. 7-10 mg of sample were 
heated from 25 to 230 °C at 10 °C/min, held at this temperature for 3 min, cooled to 
25 °C and heated again to 230. The oxidation induction time (OIT) measurements 
were performed isothermally at 180 °C in an inert atmosphere, which was 
subsequently switched to oxygen. To determine the temperature of oxidation (Tox) 
the samples were heated from 25 up to 300 C in an inert atmosphere.  
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For moisture content measurements, the aluminum pans with a capacity of 40 µl were 
conditioned in a humid environment in order to eliminate the formation of aluminum 
hydroxide in their inner surface during the scanning cycle. To determine the intrinsic 
water content about 15 mg of sample were accurately weighed in a microbalance M3 
from Mettler Toledo, with a sensitivity of 0.001 mg. The pans were sealed and 
pierced to allow the moisture evolve. Samples were heated from 25 °C at a heating 
rate of 10 °C/min under a nitrogen atmosphere. An endothermic deviation in the 
baseline due to the vaporization of water was observed. The sample was heated until 
no deviation in the baseline was detected, this occurred at 250 °C. The dried samples 
were reweighed after the heating cycle. Samples were analyzed in triplicate. 
 
3.2.6 Loss on drying (LOD) 
 
Samples of approximately 90 g were cut transversally from the narrow sections of the 
tensile bars with a scalpel, accurately weighed in the microbalance mentioned above. 
They were immediately placed in a universal oven WTBbinder from Labortechnik 
GmbH at 130 °C. The samples were periodically removed and weighed until a 
constant weight was reached. Samples were analyzed in triplicate. 
 
3.2.7 Infrared spectroscopy  
 
Near infrared spectra were collected in transmission mode with a Perkin Elmer 
Spectrum 2000 equipped with a tungsten-halogen lamp with a quartz envelope and a 
deuterad triglycine sulfate (DTGS) detector. 64 scans were averaged at a 4 cm-1 
resolution in the range of 4500-9000 cm-1.  Samples were analyzed in triplicate and 
each sample was made up of 5 replicates. 
 
Diffuse reflectance near infrared (NIR) spectra were obtained using a FT-NIR Bomen 
MB series spectrophotometer with an InAs detector and quartz-halogen source was 
used. 40 scans were averaged at 4 cm-1 resolution in the range 4000-10000 cm-1, 5 and 
10 replicates of PP/ABS and PP/HDPE, respectively were analysed 
 
Diffuse reflectance near infrared (NIR) spectra were also obtained using a 
NIRSystems 6500 (NIRSystems, Silver Spring, MD) supplied with a sample transport 
module NR-6511 and an elongated coarse sample cell. Data was obtained every 2 nm 
in the 1100 to 2500 nm region.  Five replicates of each sample were analysed and the 
obtained spectra were averaged. The sample transport module was designed for coarse 
irregular samples and provides sample averaging over the sampling area. The sample 
cell is moved up and down through the beam while scans are co-added resulting in a 
representative spectrum. 
 
Infrared spectra in the Mid-region (FTIR) were acquired using a Perkin Elmer FTIR-
2000 equipped with a deuterated triglycine sulphate (DTGS) detector. 32 scans were 
averaged at 2 cm-1 resolution in the range of 400-4000 cm-1. Samples were analysed 
in duplicate. The carbonyl index of HDPE was defined as the absorbance ratio of the 
integrated carbonyl peak at 1740 cm-1 and the integrated CH2 scissoring peak at 1463 
cm-1. In order to determine the crystallinity of HDPE, two bands corresponding to the 
CH2 bending mode, one at 1474 cm-1 due to the crystalline phase and the other at 
1464 cm-1 representing the contributions from both crystalline and amorphous phase 
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were chosen. The amorphous content (x) was calculated following the empirical 
formula given bellow (152). 

 
Where Ia and Ib are the intensities of the bands at 1474 and 1464 cm-1, respectively. 
The constant 1.233 represents the intensity ratios of these bands in the spectrum of a 
100 % crystalline polyethylene and was derived using the factor group splitting 
applied to a single polyethylene crystal (153). 
 
3.2.8 Fourier Transform Raman Spectroscopy (FT-Raman) 
 
FT-Raman spectra were acquired using a Perkin Elmer FTIR-2000 spectrometer 
equipped with an InGaAs (Indium Gallium Arsenide) detector and a Nd:YAG (an 
yttrium aluminum garnet crystal doped with triply-ionized neodymium) near infrared 
laser source. The laser power was set at 1000 mW. The scattered light was collected 
with a 180 ° backscattering geometry. 32 scans were averaged at 4 cm-1 resolution in 
the range of 2000-100 cm-1. Samples were analyzed in triplicate.  
 
3.2.9 Size exclusion chromatography (SEC)  
 
Size exclusion chromatography (SEC) was carried out by Rapra Technology Ltd. 
(Shawbury, UK).  A Waters 150CV chromatograph equipped with a PLgel 2 x mixed 
bed-B, 30 cm, 10 microns column system and a refractive index (RI) detector was 
used. The solvent was 1,2-dichlorobenzene with antioxidant and the analysis was 
performed at 140 °C and 1.0 ml/min flow-rate. A single solution of each sample was 
prepared by adding 15 ml of solvent to 30 mg of sample and boiling gently for twenty 
minutes to dissolve. Each solution was then filtered through a fibre pad at 140°C and 
part of each filtrate transferred to glass sample vials. The vials were then placed in a 
heated sample compartment and after an initial delay of thirty minutes to allow the 
samples to equilibrate thermally, injection of part of the contents of each vial was 
carried out automatically.  
 
3.2.10 Dynamic mechanical thermal analysis (DMTA) 
 
Dynamic mechanical thermal analysis was carried out in the bending mode on a Mk II 
Dynamic Mechanical Thermal Analyzer from Polymer Laboratories. Samples were 
scanned from –130 °C to 150 °C at a heating rate of 2 °C/min, at four different 
frequencies: 1, 5, 10, 30 Hz. Test specimens with different levels of saturation were 
cut from the narrow sections of the tensile bars. 
 
3.2.11 Chemiluminiscence  (CL) 
 
Chemiluminiscence experiments were performed using a CL instrument from Tohuku 
Electronic Industrial Co, Japan equipped with a CLD 100 CL-detector. The 
measurements were carried out under isothermal conditions in an oxygen atmosphere 
at 180 °C and a flow rate of 80 ml/min. 
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3.2.12 Multivariate calibration 
 
Unscrambler 4.0 from Camo AS, Norway was used for multivariate data analysis. 
Principal Component Analysis (PCA) was performed on the spectral data and Partial 
Linear Squares (PLS) calibration was carried out on raw and pre-treated data. spectra 
of replicates were averaged, in order to increase the signal to noise (S/N) ratio and 
reduce the experimental error. Two methods of data pretreatment were applied to 
compensate for possible physical differences among the samples, e.g. sample 
thickness, shape and light scattering: Multiplicative Scattering Correction (MSC) and 
second derivative. Savitzky-Golay convolution derivation using a third polynomial 
order function was used to obtain the second derivative of the spectral data.  
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4. RESULTS AND DISCUSSION 

4.1 LOW MOLECULAR WEIGHT CONTAMINANTS IN SEPARATED PP AND 
HDPE FRACTIONS. 
 
Binary solvent mixtures, where one of the solvents is able to absorb microwave 
energy are necessary to perform the extraction or dissolution of polyolefins by 
microwave assisted extraction (MAE). Therefore, commonly used solvents such as 
hexane, xylene, and cyclohexane can not be used alone. The advantage of binary 
solvent systems is that microwave heating and polymer swelling are simultaneously 
provided, improving in this way the recovery of low mol. weight compounds and 
shortening the extraction times. Low molecular weight compounds were extracted 
from virgin and recycled polypropylene and polyethylene resins and a binary solvent 
system consisting of cyclohexane and isopropanol (50:50 vol.). The extraction 
procedure and systematic analysis of the extracted substances have been described 
elsewhere (154). 
 
Figure 4.1 shows the GC-MS chromatograms of compounds found in recycled and 
virgin HDPE resins. At first sight it can be observed that the number of compounds 
present in the recycled material is larger. Even though the HDPE samples were 
prepared from thin plates made by compression moulding of recycled resin pellets, 
they showed a very high uniformity in their composition. The contaminants and their 
levels were very similar between the three samples of HDPE extracted and analysed 
by GC-MS technique. 
 
Figure 4.2 shows the GC-MS chromatogram of an extract of recycled HDPE. 65 
compounds have been detected and 52 of them were identified. Table 4.1 gives a 
detailed list of compounds identified in the virgin and recycled HDPE. The 
compounds were classified in 8 major categories as carboxylic acids, hydrocarbons, 
esters, fragrance and aroma compounds, ketones, alcohols, adehydes, amines and 
miscellaneous. 
 
Virgin and recycled HDPE contain ethylbenzene and o-, m- and p-xylenes, o-xylene 
having the largest peak of the four. The presence of these aromatic hydrocarbons in 
the virgin resin could be explained by the issue that some additives present in both 
materials degrade during extraction and sample preparation procedures. Aromatic 
hydrocarbons without functional groups, such as ethylbenzene and xylenes are 
considered highly toxic, but the height and area of their peaks suggest low 
concentrations. The concentration of these hazardous contaminants in the recycled 
resins is, however, approx. 5 times higher. A comparison of the relative peak areas 
was used in order to estimate this rough relationship. Since a loss of volatile 
compounds might have occurred during the concentration and handling of the extracts 
after MAE extraction, the exact concentration of the aromatic hydrocarbons could not 
be determined. Therefore only comparative observations were made. However an 
attempt to quantify the concentration of ethylbenzene and xylenes using ethylbenzene 
as universal external standard was made yielding the following results: 39 and 202 
ppb ethylbenzene in virgin and recycled HDPE, respectively. The total concentration 
of xylenes was estimated in 35 ppb in the virgin resin and 120 ppb in the recycled 
one.  Quantification of the remaining compounds was not carried out because the use 
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of one universal external standard provides only approximate and not exact 
concentrations. 
 

 
 
Figure 4.1. Chromatograms of virgin and recycled HDPE 
 



 32

The major category of compounds identified in the virgin HDPE is conformed by 
aliphatic hydrocarbons, such as pentadecane, hexadecane, 1-hexadenene, branched 
alkanes, branched alkenes and others. All these oligomers were also extracted from 
the recycled materials, and a rapid comparison of peak areas between recycled and 
virgin material shows very similar values for most of the peaks. 
 
Carboxylic acids such as hexadecanoic and octadecanoic acid were found only in the 
recycled HDPE. Only two ketones were identified, 6-dodecanone and 2-
nodadecanone in the recycled HDPE, the first one was also present in the virgin 
material. 
 
Compounds widely used in cosmetics: isopropyl myristate, isopropyl palmitate, 
methyl stearate and methyl laurate were identified in the recycled HDPE. The highest 
concentrations were estimated for isopropyl esters of myristic and palmitic acids. 
These substances are used in products for personal hygiene, cleaning agents, foods 
and beverages (15). Thus it is very possible that they are absorbed by the packaging 
material during the storage. Alcohols which are also used as basic compounds of 
cosmetic products and in manufacturing of household and industrial cleaning agents 
were found in the recycled HDPE, some of these materials are; 1-dodecanol,1- 
octadecanol, 1-pentadecanol, 1-heptadecanol and 1-nonadecanol. 
 
Aroma and odour compounds such as limonene, 3-carene, betamyrcene and  
terpinolene with 3-carene having the highest stimated concentration, were found only 
in the recycled HDPE. The levels of these fragrance and taste material are, however, 
low compared to the levels of aliphatic hydrocarbons. Fragrance and flavour 
compounds such as limonene, 3-carene, myrcene and terpinolene were readily 
extracted. Again the highest peak levels were found for 3-carene. Only propyl 
myristate and isopropyl palmitate (esters used in cosmetics), were detected and 
identified. Alcohols were not found either in the recycled or in the virgin resin. 
 
On the other hand, aromatic compounds without functional groups, such as benzene, 
toluene, xylenes and ethylbenzene have a high compatibility with polyethylene which 
slows migration out of the HDPE matrix. If this is the case, higher extraction 
temperatures maybe suggested.  
 
Figure 4.3 gives a visual comparison of compounds detected in recycled and virgin 
PP. Figure 4.4 shows the GC-MS chromatogram of the recycled resin. 61 compounds 
were detected and 35 of them were identified. Many peaks showed very low 
separation levels making difficult their identification. A detailed list of these 
components is presented in Table 4.1. 
 
In virgin and recycled PP the following compounds were identified. Ethylbenzene and 
xylene were found only in the recycled resin. Present in both virgin and recycled PP 
were a large number of branched alkanes and n-alkanes between C18 and C25.  
Octadecanoic acid, methyl ester and dibutyl palmitate, which is a typical compound 
used in cosmetic industry were found only in the recycled PP. Amines such as 
hexamine, 3- ethyl and N’N’’N’’’ trimethyl dipropylene triamine were identified in 
both PP-materials. Carboxylic acids and ketones were absent in both polymeric 
materials and so were fragrance or flavour compounds. 
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Figure 4.2. Chromatogram of recycled HDPE. Peak No found in Table 4.1 



 34

Table 4.1. List of compounds identified in virgin and recycled HDPE and PP. 
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Carboxilic acids
1 hexadecanoic acid + - - -
2 octadecanoic acid + - - -
Aromatic Hydrocarbons
3 ethylbenzene + + + -
4 o-xylene + + + -
5 m-xylene + + + -
6 p-xylene + + + -
Aliphatic hydrocarbons
7 undecane - + + -
8 pentadecane + - - -
9 hexadecane + + - -
10 heptadecane + + - -
11 octadecane + + - -
12 nonadecane + - + +
13 branched alkane + + + +
14 docosane - - + -
15 heneicosane + - + +
16 tetracosane + + - -
17 pentacosane - - + +
18 hexacosane - - + -
19 heptacosane - - + -
20 branched alkane + + + +
21 branched alkane + + + +
22 branched alkane + + + +
23 branched alkane + - + +
24 branched alkane + - - +
25 branched alkane + - - +
26 1-tetradecene + - - -
27 7-hexadecene + + - -
28 1-octadecene + + - -
29 1-nonadecene + + + +
30 5-eicosene + + + +
31 1-docosene + + - -
32 1-tetracosene + - - -
33 branched alkenes + - + -



 35

 

Peak No. Compounds

R
ec

yc
le

d 
H

D
PE

V
ir

gi
n 

H
D

PE

R
ec

yc
le

d 
PP

V
ir

gi
n 

PP

Fragance and flavour compounds
34 3-carene + - - -
35 betamyrcene + - - -
36 limonene + - - -
37 terpinolene + - - -
Esters
38 formic acid, octyl ester + - - -
39 propanoic acid, octyl ester + - - -
40 dodecanoic acid, methyl ester + - - -
41 pentadecanoic acid, methyl ester + - - -
42 hexadecanoic acid, methyl ester + - - -
43 heptadecanoic acid, methyl ester + - - -
44 octadecanoic acid, methyl ester + - + -
45 propyl myristate + - - -
46 isopropyl myristate + - - -
47 isopropyl palmitate + - - -
48 dibutyl phtalate + - + -
Alcohols
49 1-dodecanol + - - -
50 1-pentadecanol + - - -
51 1-heptadecanol + - + +
52 1-octadecanol + - - -
53 1-nonadecanol + - - -
Ketones
54 6-dodecanone + + - -
55 2-nonadecanone + + - -
Miscelleneous
56 phenol, bis (1,1 dimethyl ethyl) + - + +
57 1,1' Bicyclohexyl - - + +
58 pentanonene, 3, 3,4 ,4 -tetramethyl - - + +
59 N'N"N'" trimethyl diproyilene triamine - - + +
60 phosphoric acid diphenyl ester - - + +
61 hexamine, 3-ethyl - - + -
62 thiophene 3-methylthiol - - + -
63 2-(phenyl methylene) octanal + - - -
64 bis(2-methoethyl) phtalate + - - -
65 bis(2-ethylhexyl) phtalate + - + -
66 propanoic acid, 2-hydroxymethyl ester + - + +
67 heptadecanoicacid,10-methyl,methyl ester + - - -
68 a-damascone + - - -
69 1, 2 benzenedicarboxylic acid,diisooctyl ester + - - -
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Figure 4.3. Chromatograms of virgin and recycled PP 
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Figure 4.4. GC-MS Chromatogram of recycled PP. 
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4.2 NEAR INFRARED (NIR) ANALYSIS FOR QUANTIFICATION OF 
ANTIOXIDANTS IN POLYETHYLENE  
 
Figure 4.5 shows the NIR spectra of the polyethylene powder before compounding 
Irganox 1010, and Irgafos 168. It can be observed that the identification and selection 
of specific bands or unique spectral features in the spectra is difficult. The variation in 
baselines is due to differences in scattering properties of the analytes. Multiplicative 
scattering correction (MSC) or derivation can eliminate these variations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5. NIR spectra of Irgafos 168, Irganox 1010 and virgin HDPE 
 
Figure 4.6 displays the spectra of the twenty-one calibration samples before (a) and 
after (b) MSC treatment. MSC baseline correction is made, as it eliminates baseline 
variations among different pellet samples. These baseline variations arise due to 
physical differences between the pellets, such as size and shape.  
 
Figure 4.7 shows the second derivative of the spectra in Figure 4.6 (A). Adequate 
separation of the spectral bands was achieved by this technique which is helpful for 
identification of the characteristic wavelengths of the analytes. A characteristic region 
for Irganox 1010 has been identified between 6850 to 7350 cm-1, assigned to phenolic 
compounds (155).  This region was used for calibration and quantification of Irganox 
225 in polypropylene (PP) (156, 157) with good results. However, in order to obtain 
the most possible information from the acquired data, the calibration in this work has 
been performed on the whole spectra. A characteristic region for Irgafos 168 could 
also be identified between 4694 and 5230 cm-1 (158), which agrees with the P-O-Aryl 
region given in the literature (159). 
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Figure 4.6. Raw NIR spectra of the HDPE samples included in the calibration model 
(A) and multiple scattering correction (MSC) pretreated spectra (B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. Second derivative of the spectra in figure 2(A). 
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Principal component analysis (PCA) was carried out on the NIR spectra, the score 
plots of the two first components is shown in Figure 4.8. A certain relationship 
between the samples, which contain antioxidants, exists, since they are gathered in 
two clusters, whereas the non-stabilized sample differs from the rest. The cluster on 
the left side is built by samples that contain a total amount of antioxidants lower or 
equal to 2200 ppm and the cluster on the right side is made up of samples having total 
antioxidant concentrations above 2500 ppm. The difference between virgin HDPE 
and stabilized samples may also be explained by the degradation of the virgin sample 
during extrusion, which has been confirmed by the presence of carbonyl groups and 
changes in crystallinity as measured by FTIR and DSC, respectively. The virgin 
sample showed a carbonyl index (CI) equal to 0.29 whereas the samples containing 
Irgafos 168 above 300 ppm did not show carbonyl groups at all. Samples with 
concentrations of Irgafos 168 bellow 300 ppm were slightly degraded, the CI was in 
the range 0-0.09. Small differences in the DSC crystallinity were observed among the 
stabilized samples, their values were in the 62-65 % interval. However a lower 
crystallinity value, 57 % was obtained for the virgin specimen.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8. Score plot of PCA factor 1 and factor 2 for the calibration samples and the 
virgin HDPE based on the NIR spectra in the region 5000-9000 cm-1. 
 
Calibration models were generated based on the stabilised samples only. The 
calibration curves for Irgafos 168 and Irganox 1010 based on the derived data are 
shown in Figure 4.9. The root-mean-square error of prediction (RMSEP) for Irganox 
1010 and Irgafos 168 was 45 and 96 ppm, respectively. The models were obtained 
using a PLS regression with four factors over the 5000-9000 cm-1 spectral segment. 
The use of four factors can be explained because the bands of Irganox 1010 and 
especially Irgafos 168 are highly overlapped by the bands of polyethylene (Figure 
4.5). The goodness (prediction ability) of the calibration models was proven by cross 
validation and by predicting antioxidant contents of the samples in a test set.  
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Figure 4.9.  PLS regression calibration curves for prediction of Irgafos 168 (upper) 
and Irganox 1010 (lower) in HDPE from NIR spectra after second derivative 
pretreatment. Prediction set (∆) and test set (●). 
 
 
Figure 4.10 shows the calibration curve for Irgafos 168 and Irganox 1010 based on 
the MSC pretreated data. The RMSPE for Irganox 1010 and Irgafos 168 are equal to 
83 ppm and 96 ppm, respectively. Calibration was performed over the 4500-8000 cm-

1 region, region that contains unique spectral information about the antioxidants. 
However even in this case, due to spectral interference between the HDPE and the 
antioxidants four PLS factors were necessary to build the model. The models were 
validated as above. 
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Figure 4.10. PLS regression calibration curves for prediction of Irgafos 168 (upper) 
and Irganox 1010 (lower) in HDPE from NIR spectra after MSC pretreatment. 
Prediction set (∆) and test set (●). 
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4.3 INFRARED SPECTROSCOPY FOR SIMULTANEOUS DETERMINATION OF 
MOLECULAR WEIGHT AND CRYSTALLINITY OF RECYCLED HDPE  
 
4.3.1 Mid-infrared spectroscopy (MIR) 
 
Recycled HDPE-items (blow-moulding grade) produced from HDPE made by 
Phillips process were analysed by infrared spectroscopy. The absorbtion bands at 888 
and 965 cm-1, corresponding to unsaturations of vinylidene and vinylene type, 
respectively, are common in PE produced by either Ziegler process or metallocenes 
(104). The absence of these bands in the IR spectrum of the different samples 
confirmed that the resins had been produced using Cr-type catalyst. Figure 4.11 shows 
MIR spectra of several samples in the region 1000-850 cm-1.  

Figure 4.11. MIR spectra of several HDPE samples in the 1050-850 cm-1 region. 
 
Another characteristic feature for Philips manufactured HDPE is its high weight-
average molecular weight, high polydispersity and two different chain ends, where 
one of them is a vinyl group and the other is a methyl group. It is known that the 
concentration of end vinyl groups can be estimated by measuring the intensity of the 
spectral band either at 910 or 990 cm-1.  The concentration of this end-group is related 
to the molecular weight.  In addition two spectral regions are usable to detect the 
presence of CH2 and CH3 absorbances, namely the CH bending region (1350-1500 
cm-1) and the stretching region (2800-3000cm-1). This region has been used by some 
authors to determine CH2 (2926 cm-1) and CH3 (2962 cm-1) content in fractionated 
polyethylene (94,95). The multivariate analysis and calibration in this work were 
however performed in the whole spectral range (600-4000 cm-1) in order to extract the 
most information from the available spectral data.  
 
PCA was done on the MSC corrected MIR data. The MSC procedure was necessary 
to compensate for base line variations between the spectra (presumably caused by 
scattering variations brought by variations in film condition) and multiplicative effects 
(primarily caused by small differences in the sample thickness). Four principal 
components (PC) fully explained the variation in the spectral data. Figure 4.12 shows 
the scores plot of the PC1 and PC2. Two presumable outliers were detected and 
excluded from further data analysis.  
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Figure 4.12. Score plot of PC1 and PC2 (outliers in gray) 
 
An explanation for the presence of the outliers can be found in Figure 4.13, where the 
carbony index  (CI) of all the samples is presented. The CI of the outliers is much 
higher than that of the other samples.   
 
 

 
 
Figure 4.13. Carbonyl index of the HDPE samples (possible outliers are showed in 
gray). 
 
This statement is based on the analysis of residuals displayed in Figure 4.14, which 
showed high values at 1740 cm-1, band characteristic for carbonyl groups. Spectral 
residual analysis is a powerful tool for seeking outlier samples. In general, samples 
showing higher residuals than the rest of samples in the training set may be 
considered outliers. Samples with small residual variance (or large explained 
variance) for a particular component are well explained by the corresponding model, 
and vice versa. 
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Figure 4.14. Residual plot at 1730 cm-1 (outliers in gray). 
 
PLS calibration was performed on the MSC corrected data and the number average 
molecular weight data (Mn) measured by SEC. Eleven samples made up the 
calibration set and the three remaining samples were included in a test set for 
validation of the model. The model was also validated by full cross-validation. Four 
PCs were necessary to explain the most variation in the spectra (99.9 %), which best 
described the molecular weight. Figure 4.15 depicts the PLS calibration model for 
prediction of Mn in HDPE. The root mean square error of prediction (RMSEP) is 360.  

Figure 4.15. PLS regression model for predicting the molecular weight from MIR 
spectral data. 
 
Figure 4.16 depicts the loadings plot for the fourth PC factor. Analysis of the loadings 
plot showed two large upward peaks at 2926 and 2847 cm-1, ascribed to the methylene 
vibration modes in the stretching region and downward peaks at 1463, 1473, 1368 
730 and 720 cm-1. The bands at 1473 and 730 cm-1 reflect the crystalline content of 
HDPE, whereas the band at 1368 cm-1 characterises the methyl groups present at the 
chain ends and also the ends of the side chains (branches) along the main chain. This 
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result suggests that PC four reflects variations in molecular weight, the higher the 
intensity of the upward bands the higher the Mn.  
 

Figure 4.16. A loading plot of regression coefficients for the model shown in Figure 
4.15. 
 
Figure 4.17 gives the relation between crystallinity determined by DSC and MIR for 
all the studied HDPE samples is displayed in. As expected the absolute values are not 
the same, however a linear correlation can be observed.  
 

 
Figure 4.17. Crystallinity calculated on MIR data vs. crystallinity measured by DSC. 
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4.3.2 Near infrared spectroscopy (NIR) 
 
Figure 4.18 shows the MSC-corrected NIR spectra of some HDPE samples in the 
1000-2500 nm region. The sharp peaks at different wavelengths correspond to 
overtones or combination bands of the fundamental vibration modes of the methylene 
groups. However, additional bands related to the methyl groups have been identified 
at 1190, 1374 and 1698 nm (159, 160) 
 

 
Figure 4.18. NIR spectra after MSC correction in the 1000-2500 nm region. 
 
The raw spectral data was MSC-treated and PLS was applied to make a predictive 
model for molecular weight determination. Calibration was performed in the range of 
1100-1900 nm. The calibration set consisted of 11 samples and the test set was made 
up of 3 samples. Two PC factors described fully the model and the Mn could be 
predicted with a RMSEP of 470. Figure 4.19 shows the calibration curve obtained. 
 

 
Figure 4.19. PLS regression model for predicting molecular weight from NIR data.  
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A PLS calibration for prediction of degree of crystallinity was performed on the NIR 
data in the 1100-1900 nm region, but the ability of prediction of this model was poor.  
However a PLS calibration in the region 2000-2500 nm yield better results. Four PC 
factors explained the most of the variance in the spectra and the RMSEP was 0.4. The 
better results in this region can be explained with the presence of two spectral bands, 
at approx. 2310 and 2350 nm. The later corresponds to a combination of the 
methylene symmetric stretching and scissoring bands and the former is a combination 
of the methylene asymmetric stretching and scissoring bands. As was mentioned 
before intensities of the scissoring bands are related to the crystalline content of PE.  
NIR has several advantages over MIR regarding sample handling. For instance the 
necessity of preparing thin films for MIR analysis in transmission mode brings 
additional changes to the structure of the material, additional thermal degradation of 
the material during this procedure cannot be discarded, since the already degraded 
material is subjected to high temperatures. In addition the sample thickness cannot be 
readily controlled and MSC might not be good enough to compensate for this 
variations. However acceptable errors of prediction, comparable to that of the 
reference methods were obtained with MIR data. On the other hand, better 
calibrations might be obtained if more accurate methods of molecular weight and 
crystallinity measurements were used. Thus the use of light scattering or membrane 
osmosis and X-ray diffraction would possibly provide more reliable reference data.  
 
The analyses have been carried out HDPE produced using Philips catalyst. The 
presence of HDPE produced by Ziegler-Natta may affect the calibration model since 
the vinyl end groups are not fairly distributed and side and trans (in backbone) 
unsaturations are also found. However, Multivariate analysis tools, such as analysis of 
residuals, score plots, loading plots, normal probability plots, etc make it possible to 
identify such “anomalous” samples. Once identified these samples can be excluded 
from the calibration or the test set. 
 
Even though the crystallinity of HDPE can be easily calculated from the FTIR-MID 
spectrum by rationing two peaks, the use of the whole spectrum becomes necessary in 
order to facilitate sample discrimination and outlier detection. In a calibration model 
outlying observations may be detrimental to the quality of the prediction. In 
prediction such observations should be rejected to avoid erroneous results.  
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4.4 SPECTROSCOPIC TECHNIQUES AND MULTIVARIATE CALIBRATION 
FOR COMPOSITIONAL ANALYSIS OF COMMINGLED RECYCLED RESINS 
 
The feasibility of diffuse reflectance near infrared (NIR), Fourier transform infrared in 
the Mid-range (Mid-IR) and FT-Raman spectroscopy in combination with 
multivariate data analysis for in/on line compositional analysis of binary polymer 
blends found in household and industrial recyclates is reported here. In addition, a 
thorough chemometric analysis of the Raman spectral data is presented. 
 
4.4.1 Diffuse reflectance near infrared (NIR) 
 
4.4.1.1 Polypropylene and high density polyethylene (PP/HDPE) blends 
 
Figure 4.20 (a) presents NIR spectra of the PP/HDPE blends. PP shows characteristic 
absorption peaks at 8385 cm-1 and 6094 cm-1, which correspond to the second and 
first overtone of the C-H methyl stretching. As the content of HDPE increases the 
intensity of these two peaks decreases and a new C-H methylene peak at 6480 cm-1 
appears. It can also be observed that the intensity of a peak at 8216 cm-1 and another 
at 5774 cm-1 increases with the increase of HDPE. These two peaks are due to the 
second and first overtones of C-H methylene stretching in polyethylene (159). Due to 
the high overlapping of the spectral bands an univariate calibration is difficult to 
perform. Therefore a partial least square (PLS) calibration has been used to analyse 
the spectral data. The biggest advantage of this procedure is that it allows extracting 
the most information from the acquired data. A principal component analysis (PCA) 
was also performed on the data in order to detect possible outliers and find out trends 
in the data. The PLS calibration was preceded by a multiple scattering correction 
(MSC). 
  
Figure 4.20 (b) presents the calibration curve, as a first approach, the calibration was 
carried out for 0-100 %wt PP content region. Full cross validation (leave one out) was 
used to determine the optimal number of principal components (PC) and to test the 
model. Two PCs fully described the model with a root square standard error of 
prediction (RMSEP) equal to 0,91 % wt. Since the method is intended to be used for 
determination of very small amount of PP in recycled HDPE, which has been 
carefully separated from PP and other household plastics a PLS in a narrower interval, 
0-15 % wt PP was designed. Even in this case 2 PC fully described the model. The 
model was validated by either cross validation or a test set consisting of three samples 
with 0.5, 7.0 and 12.0 % wt PP content. The RMSEP was equal to 0.21 % wt obtained 
from the calibration curves shown in Figure 4.20 (c). 
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Figure 4.20. a) NIR-spectra of PP, HDPE and their blends after MSC-pre-treatment. 
b) Calibration curve in the range 0-100 % wt of PP. c) Calibration curve in the range 
0-15 % wt PP in PP/HDPE blends. 
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4.4.1.2 Polypropylene and acrylonitrile-butadiene-styrene (PP/ABS) blends  
 
Figure 4.21 (a) shows the NIR spectra of the PP/ABS blends after MSC correction. 
Several peaks corresponding to the methyl group in PP and to the C-H bonds in the 
aromatic ring of ABS have been identified. ABS shows a strong peak at 8741 cm-1 
and a weaker one near 5934 cm-1 related to the aromatic C-H stretching second 
overtone and aromatic C-H stretching first overtone, respectively. As the ABS is 
replaced by PP the intensity of these bands decreases and two peaks, one at 8385 cm-1 
and the other one 5890 cm-1 grow up. These peaks are characteristic for C-H methyl 
stretching second overtone and C-H methyl stretching first overtone, respectively 
(159). The growth of a band at 7353 cm-1 (a C-H methyl combination band) can 
readily be observed as the ABS content decreases. However curve fitting and 
integration of these bands would be very difficult and not precise. For this blend 
system a PLS calibration was performed on the MSC pre-treated data in the interval 
6545 cm-1 to 9090 cm-1 for the 0-100 % wt PP/ABS calibration set blends. It was 
found that 2 PCs explained the whole variation in the spectral data. The optimal 
number of PCs and the validation of the model were achieved by cross validation. 
Figure 4.21 (b) shows the calibration curve obtained, the MRSEP was equal to 0.74 % 
wt. A second PLS calibration was performed on the same spectral region and data, but 
in a narrower range, 0-15 %wt PP in ABS since the application of this method is 
intended for detection and quantification of small amounts of PP in recycled ABS. 
Also in this case two factors fully explained the model which was validated by the test 
set and full cross validation. The calibration curve with RMSEP=0.32 %wt is 
displayed in Figure 4.21 (c). Better RMSEP values are obtained for PP/ABS blends 
since PP and ABS greatly differ in chemical structure, whereas PP and HDPE content 
methyl groups, which overlap and affect the spectra of the blends. 
 

 
 
Figure 4.21. a) NIR-spectra of PP, ABS and their blends after MSC-pre-treatment. 
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Figure 4.21. (cont.). b) Calibration curve in the range 0-100 % wt of PP. c) 
Calibration curve in the range 0-15 % wt PP in PP/ABS blends. 
 
 
4.4.2 Fourier Transform Raman Spectroscopy  
 
4.4.2.1 Prediction of PP content in PP/HDPE blends 
 
Figure 4.22 shows the Raman spectra of several PP/HDPE samples in the 1500-100 
cm-1 Raman shift region after MSC pre-treatment. It can be observed that the relative 
intensities of the bands at 1454, 1310, 1295, 1130 and 1059 cm-1 decrease with 
increase of PP content in the blends. HDPE and PP have been extensively studied and 
its Raman spectral bands assigned (122, 123, 161). 
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Figure 4.22. FT-Raman spectra of PP/HDPE blends after MSC pre-treatment. 
  
PCA was performed on the MSC pre-treated spectral data. Figure 4.23 depicts the 
scores plot of the first two principal components. The first principal component (PC1) 
can be directly related to the PP content in the blends, high PC1 score values 
correspond to low PP contents. The second component (PC2) may represents a 
chemical or physical property inherent to HDPE, since pure PP is discriminated and 
shows the lowest score value in PC2. In an earlier study (162) we reported that the 
degree of crystallinity is highly depressed in the presence of even small amounts of 
HDPE. PC2 seems to be connected to crystallinity changes in the blend. 

 
Figure 4.23. Scores plots of PCA factors 1 and 2 for the seventeen samples used in 
the calibration. 
 
Figure 4.24 (a) and 4.24 (b) display the loading plots of the first and second factor, 
respectively. The loading plot of PC1 shows four upward and five prominent 
downward peaks. The upward peaks correspond to different vibrational modes 
characteristic for HDPE, whereas the downward ones are bands characteristic for PP. 
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Bands at 1463 and 1331 cm-1 for instance are assigned as symmetric deformation of 
CH3.  The loading plot of PC2 shows three downward peaks at 1454, 1441 and 1324 
cm-1, which are related to the crystallinity of HDPE. It can be assumed that this factor 
is related to crystallinity o f HDPE in the blends.  

 
Figure 4.24. a) Principal component loading plots of PC factor 1 and b) PC factor 2. 
 
The PLS calibration model, which predicts the PP content in the 0-100 %wt PP/HDPE 
blends was built on sixteen samples with different concentrations of PP. Two PC 
factors was needed to describe the most variation in the spectral data, which is also 
relevant for describing the concentration of the blends. The model was validated by 
cross validation. An RMSEP=0.99 %wt and a correlation coefficient equal to 
0.999660 were obtained. Since the PLS models are intended to be used for purity 
analysis, a calibration model in a narrower interval, namely 0-15 %wt was performed. 
The model was built up on a calibration set of seven samples and was validated by 
cross validation and a test set of three samples. The PLS regression model is showed 
in Figure 4.25. Two PC factors were also enough to build the calibration model. A 
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RMSEP=0.46 %wt and a correlation coefficient of 0.99985 were obtained. An MLR 
model was also built using selected bands for PP, which do not interfere with the 
spectral bands of HDPE. The following bands were used: 1220, 974, 841 and 399 cm-

1. The MRSEP= 1.04 %wt in the 1-100 %wt region and 0.52 %wt in the 0-15 %wt 
interval. The correlation coefficients were 0.999672 and 0.998756, respectively. 

Figure 4.25. PLS regression calibration model for prediction of PP content in 
PP/HDPE blends in the 0-15 %wt PP range. 
 
Figure 4.26 shows the plot of regression coefficients for the 1-100 %-PLS model. In 
the plot the bands corresponding to the PP and HDPE show positive and negative 
values, respectively. This figure confirms that the regression coefficients for the PLS 
model express the relative content of PP and HDPE in the blends. 

 
 
Figure 4.26. Plot of regression coefficients for the PLS model in the 0-100 %wt 
region. 
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4.4.2.2 Prediction of PP content in PP/ABS blends 
 
The Raman spectra of several PP/ABS blends in the 1700-100 cm-1 after MSC 
correction are displayed in figure 4.27.  The intensity of the spectral bands at 399, 450 
and 529 cm-1 increase proportionally to the PP content in the blends, whereas the 
intensity of bands at 105, 622, 1640 and 1720 cm-1, characteristic for polystyrene and 
acrylonitrile diminish. A PCA model was performed on the MSC pre-treated data to 
discriminate the samples.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.27. FT-Raman spectra of PP/ABS blends after MSC correction. 
 
Figure 4.28 shows the scores plot of the two first PC factors. The first factor describes 
the whole variation in the spectral data. No outliers ore anomalous samples were 
detected.  

Figure 4.28. Scores plots of PCA factor 1 and 2 for the samples used in the 
calibration set. 
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The loading plot of PC1 is depicted in Figure 4.29. Upward peaks recall the PP 
Raman spectrum, whereas the downward peaks recall the spectrum of ABS. This 
result suggests that first PC factor reflects the relative content of PP in the blend, the 
higher the score in PC1 the lower the concentration of PP in the blend. A detailed list 
of the HDPE, PP and ABS peak assignment is given by Camacho et al (127). 

Figure 4.29. Principal components loading plots of PC factor 1. 
 
The PLS calibration model, which predicts the PP content in the 0-100 %wt interval 
was built on sixteen samples with different concentrations of PP. Only one PC factor 
was needed to describe the most variation in the spectral data, which is also relevant 
for describing the concentration of the blends. The model was validated by cross 
validation. An RMSEP=0.68 %wt and a correlation coefficient equal to 0.999845 
were obtained. Since the PLS models are intended to be used for purity analysis, a 
calibration model in a narrower interval, namely 0-15 %wt was performed. The model 
was built up on a calibration set of seven samples and was validated by cross 
validation and a test set of three samples. The PLS regression model is showed in 
Figure 4.30. One PC was also enough to build the calibration model. A RMSEP=0.29 
%wt and a correlation coefficient of 0.999947 were achieved.  

Figure 4.30. PLS regression calibration models for prediction of PP content in 
PP/ABS blends in the 0-15 %wt PP range. 
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The MLR calibration model based on the peaks at 399, 841, 974 and 1220 cm-1, 
which belong to different PP vibrational modes and do not interfere with ABS bands 
yield RMSEP=0.75, r=0.999675 and RMSEP=0.38, r=0.999831 for the 0-100 and 0-
15 %wt intervals, respectively.  
 
Figure 4.31 depicts the plot of regression coefficients for the 0-100 % -model. In the 
plot the bands corresponding to the PP and ABS show positive and negative values, 
respectively. Positive coefficient shows a positive link with the response, and a 
negative coefficient shows a negative link. 

 
Figure 4.31. Plot of regression coefficients for the PLS model in the 0-100 %wt PP 
range. 
 
4.4.3 Mid-infrared spectroscopy 
 
4.4.3.1 Prediction of PP content in PP/HDPE blends 
 
Figure 4.32 (a) shows infrared spectra of the compression-molded films of PP/HDPE 
blends of known composition. To prepare the calibration curve, the ratio of the 
absorbance (integrated area) of two peaks in the rocking wagging region, a peak at 
1168 cm-1 characteristic for methyl group wagging in PP and a peak at 720 cm-1 
arising from methylene rocking and typical for HDPE (81), was chosen. 
A1168/(A1168+A720) was plotted against the PP content and a quadratic line was 
obtained in this way (Fig. 4.32 (b)). The non-linearity of the PP/HDPE calibration 
curve is due to the difference in intrinsic absortivity of the PE peak at 720 cm-1 and 
PP at 1168 cm-1. The absortivity of the PE peak is almost twice that of the PP peak. If 
the absortivity of both peaks were the same, the relation would be linear. 
Reproducibility was checked by scanning three samples of each blend. Using the 
calibration curve, the composition of three samples was determined with a standard 
deviation equal to 0.84 %wt. 
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Figure 4.32. a) Mid-IR spectra of some PP/HDPE samples. b) Calibration curve for 
determination of PP. 
 
4.4.3.2 Prediction of PP content in PP/ABS blends 
 
Figure 4.33 (a) shows the infrared spectra of some PP/ABS blends with different 
compositions. Several peaks attributed to either ABS or PP were observed, and their 
suitability for calibration purposes was studied.  For instance, it can be seen that the 
intensity of the peak at 757 cm-1, which is characteristic for the aromatic C-H 
wagging, increases with increasing content of ABS in the polymer blends. The band 
at 700 cm-1 has been used by Cole et al (164) for quantification of PS in PPE/PS 
blends. An attempt to use this band for the determination of ABS content was made, 
but because of the strong absorbance of this band it was not possible to measure the 
peak intensity for blends with a PP content of 35 wt% or less. A peak at 2150 cm-1, 
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which corresponds to the C≡N stretching band, which has been used for monitoring 
the ABS content in PC/ABS blends (165), also increases with the rise in ABS content. 
However, the band at 757 cm-1 appeared to be the most proper for monitoring the 
ABS content in the polyblends because of its high resolution and moderate intensity. 
The intensity of a band at 1168 cm-1 ascribed to methyl group wagging in PP 
decreases as the ABS percentage increases. Therefore, this peak was chosen to 
monitor the PP content. A1168/(A1168+A757) was plotted against the PP content in the 
blends. Figure 4.33 (b) depicts the calibration curve obtained. 
 
 

 
Figure 4.33. a) Mid-IR spectra of some PP/ABS samples. b) Calibration curve for 
determination of PP. 
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4.5 ASSESSMENT OF THERMAL AND THERMOXIDATIVE STABILITY OF 
MULTI-EXTRUDED RECYCLED PP, HDPE AND A BLEND THEREOF  
 
4.5.1 Differential scanning calorimetry (DSC) measurements 
 
The oxidation induction time (OIT) of the PE, PP and the blend are displayed in Table 
4.2. A common feature for PP and HDPE is that the OIT sharply decreases after the 
two first extrusion steps due to the large amount of antioxidant initially consumed to 
prevent the degradation of the resins. The formation of antioxidant degradation 
products, which may have a stabilizing effect, could be the reason why the differences 
in OIT are small when the materials are processed further. The shorter induction times 
for PP are a result of the lower resistance of the material to oxidation and the decrease 
in OIT in both resins is determined by the residual concentration of efficient 
antioxidant.  Since the blends are made up of 80 %wt HDPE the OIT of the 
reprocessed blends is much longer than that of the extruded PP. the OIT of the blends 
also decreased with the number of extrusion cycles. 
 
Table 4.2. OIT obtained by DSC measurements at 180 °C 

 
 
The DSC traces of HDPE and PE remained practically unaltered after the first and 
second extrusion pass, whereas further reprocessing exhibit induced changes in the 
peaks shape probably owe to chain scission in PE and PP. For instance, the 
thermogram of HDPE after the second extrusion pass exhibited a bimodal melting 
peak that might be attributed to the presence of species with lower molecular weight 
than the original material formed as a result of severe chain scission and not able to 
cocrystallize. Even though, bimodality was not observed in the re-processed PP an 
increase in the low molar mass tail was after each extrusion pass noticed.The 
thermograms of the multi-extruded samples, a very small increase in the crystallinity 
of the HDPE fraction of the blend extruded once was noticed, however the crystalline 
content in the further reprocessed blends was almost constant. The increase in 
crystallinity may be a result of the rearrangement of the shorter polymer chains 
formed as a consequence of the chain scission that probably occurred during 
processing. The crystals become thinner after each extrusion step, which was 
confirmed by the lower melting temperature. The shape of the PE peak was 
practically unchanged and no bimodal behavior was observed. The PP fraction 
exhibits just very small changes in crystallinity and the melting point does not follow 
any specific trend. Consequently, certain synergism between PP and HDPE at this 
particular concentration might be assumed. The results presented above demonstrate 

               OIT (min)
HDPE    PP Blend

0 199 14 52
1 143 9 27
2 87 7 20
3 83 5.5 17.5
4 67 4.7 16
5 60 4.4 15
6 53 3.9 14

Extrusion
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that PE, PP and the blend under the used extrusion conditions undergo chain scission, 
which is consistent with the results published by some authors (165, 166). 
  
It is important to mention that the OIT, and the Tox reported here depend only on the 
total concentration of the active antioxidants, but provides no information about the 
oxidation process itself. Thus, it is difficult if not impossible to know whether PE and 
PP in the blend start degrading at the same time or any of them accelerates or delays 
the oxidation of the other.  
 
4.5.2 Chemiluminiscence (CL) measurements 
 
The OIT for PP, PE and their blend was determined after each extrusion pass using 
CL technique. Figure 4.34 displays the results of these experiments compared to the 
ones measured by DSC. The plot shows good correlation between these techniques 
regarding the onset time of the oxidation phenomenon. Similar results on multi-
extruded PP have been recently presented by Fearon et al (167) DSC and CL 
produced reliable and rapid OIT results when the experiments are conducted at 
temperatures well above the melting point. Thus the effectiveness of the residual 
stabilizing package can be identically determined by either of these techniques. 

 
Figure 4.34.  OIT obtained by DSC vs. OIT obtained from CL measurements. 
 
Figure 4.35 shows the CL curves of PP, HDPE and their blend after the first extrusion 
step. The PP exhibits a sharp peak at the maximum on CL intensity whereas the 
HDPE curve shows a broad bimodal behavior that has been thoroughly described 
elsewhere (168). In the CL curves of the blend all these features were observed, which 
may be a strong indication of the existence of a two-phase system in the molten state, 
also pointed out by Braun et al (169) although based on peroxide treatment of PP/PE 
blend melts. It appears that PP oxidizes first and the oxidation sites created during this 
process accelerate, to some extent, the oxidation of polyethylene phase. The overlap 
between the PP and PE traces in the blend can be interpreted as the interface of these 
two phases where the PE starts oxidizing. In addition, the shape of the curves 
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confirms that the oxidation mechanisms of the resins are different and this difference 
remains during the oxidation of the blend in the molten state.  
 

Figure 4.35.  CL-curves of PP, PE and blend after second extrusion. 
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4.6 DETERMINATION OF MOISTURE CONTENT IN NYLON 6, 6 BY NEAR 
INFRARED SPECTROSCOPY (NIR) AND CHEMOMETRICS 
 
Figure 4.36 (a) and 4.36 (b) depict the NIR spectra of several nylon samples with 
different moisture contents before and after the MSC-treatment. The intensity of two 
peaks one at 6880 cm-1 and the second at 5150 cm-1 increase proportionally to the 
water content. 
These peaks are well defined and characterize the first overtone of the symmetric 
stretching and the combination band of the antisymmetric stretching and bending of 
the OH group of water.  

 
Figure 4.36. (A) Raw NIR spectra and (B) MSC-treated spectra in the 4500-9000 cm-

1 region of recycled nylon 6,6 conditioned at 60 °C. 

1

1,5

2

2,5

3

3,5

4

45005500650075008500

Wavelength (cm-1)

A
bs

or
ba

nc
e

A)

1

1,5

2

2,5

3

3,5

4

45005500650075008500

Wavelength (cm-1)

A
bs

or
ba

nc
e

B)
5150

6880



 65

 
Partial least square (PLS) calibration was performed on raw, derived and MSC-
pretreated NIR data. In all the cases two principal components (PC) described the 
whole variation in the spectral data, which simultaneously best described the moisture 
content of the samples in the calibration set. Figure 4.37 depicts the score plot for the 
PLS model obtained from MSC-pretreated data using DSC-results as reference 
method. It can be observed that the first component can be related to the water content 
whereas the second component is related to some other physical property since 
exposure of nylon to water causes morphological changes in the polymeric matrix. 
The low score values in PC1 correspond to low moisture contents in the resin. 

Figure 4.37. Score plot of the 2 first PC factors for the PLS model obtained from 
MSC-pretreated data using DSC as the reference method. 
 
Second derivative was also tested as pretreatment method in order to eliminate the 
baseline offset due to variations in sample thickness and/or light scattering effects. All 
the models were validated by random cross validation. The root mean square error of 
prediction (RMSEP) was in the 0.049-0.0059 %wt range, and correlation coefficient 
(R2) varied between 0.999004 and 0.999845 for the different pretreated and raw data. 
The higher RMSEP and somewhat lower R2 correspond to the models built on raw 
data since multiplicative and light scattering effects are included. The RMSEP 
obtained using TGA, DSC and LOD as reference methods varied slightly, which 
confirmed the equivalence of these methods for water uptake assessment. Prediction 
of the water content in the specimens of the test set was performed with the PLS 
calibration model obtained from the MSC-corrected spectral data and using LOD as 
reference method. 
 
Figure 4.38 shows the regression coefficient plot of the calibration model from MSC-
pretreated data based on DSC. It can be noticed that the wavelengths at 6880 and 
specially the 5150 cm-1 have a very high positive influence on the model. As 
mentioned above these two bands represent combinations of bending and stretching 
modes of the OH group in the Mid-spectral region. The bands at 5827 and 5680 cm-1, 
which are attributed to the first overtone of the asymmetric and symmetric stretching 
of CH2, respectively, and the band at 4875 cm-1 (a combination of NH stretching and 
amide III) have a negative influence on the model. The negative influence of these 
bands can be due to the fact that hydrogen bonds strength to the N-H is weaker in the 

-0.4

-0.2

0

0.2

0.4

0.6

-20 -15 -10 -5 0 5 10

PC1

PC
2



 66

presence of water. It has been observed that intensity of this band decreases when the 
water content is increased. Water reduces the molecular interaction between the nylon 
chains, increases the free volume by pushing the polymer chains apart and disrupts the 
order producing in this way changes in the crystallinity and the Tg of nylon 6,6. The 
intensities of CH2 and NH bands have been used by Chaupart et al (145) to calculate 
the water accessibility in different polyamides. 

 
Figure 4.38. Regression coefficients of the PLS model obtained from MSC-pretreated 
data using DSC as reference method. 
 
Regions having very little or no influence on the model were not taken into account in 
the final PLS calibration models. The PLS calibration model for MSC-pretreated data 
using LOD as reference method was also validated with help of a test set consisting of 
6 samples. Figure 4.39 shows the calibration model. The samples of the validation set 
were predicted with an averaged deviation of 0.05 %wt. 

 
Figure 4.39. PLS calibration model obtained from MSC-pretreated data using LOD 
as reference method. 
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Measurements were carried out on nylon, which was reprocessed twice; it was 
observed that further reprocessing induced strong darkening of the material making 
the spectroscopic analysis more difficult since S/N ratio decreased notably due to the 
high absorptivity of the dark specimens. Nevertheless, owing to the high resolution 
and intensity of the peaks characteristic for water in the NIR region, this method can 
be reliably used, as a at/in line method for moisture measurement of either virgin or 
recycled nylon provided that the analyte is not too dark or black. 
 
4.7 INFLUENCE OF WATER ON THE VISCOELASTIC BEHAVIOUR AND 
MECHANICAL PROPERTIES OF RECYCLED NYLON 6,6 
 
Figure 4.40 displays as example the logarithm of the loss or damping modulus (E”) as 
a function of temperature for an untreated (0.26 %wt moisture content) nylon 
specimen. Likewise, the spectra of the swollen samples have been obtained.  

 
Figure 4.40. Logarithm of damping modulus (E´´) as a function of temperature for a 
“dry” sample at (□) 1 Hz, (ο) 5 Hz, (∆) 10 Hz, (◊) 30 Hz frequency. 
 
The relaxation spectrum based on E” clearly exhibits two well-defined relaxation 
peaks, α and β in order of decreasing temperature. The γ relaxation that other authors 
(171) have assigned to motion of short polymethylene segments with some 
involvement of adjacent amide groups cannot be observed in the temperature range 
under study.  
 
Figure 4.41 shows the influence of moisture content on the relaxation spectra in terms 
of E” versus temperature at 1 Hz frequency.  
 
The α relaxation displays two overlapped relaxations called αI and αII. In agreement 
with other authors (171-173), the main peak αI occurs at approximately 70 °C and 
may be associated to the glass transition process. The αII relaxation can be observed 
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as a small shoulder at lower temperatures, and increases with the water content. At 
still lower temperatures (-60ºC) the β relaxation can be observed. 

Figure 4.41. Logarithm of damping modulus (E´´) as a function of water content and 
temperature at 1 Hz: (◊) 0.26 %wt, (∆) 0.64 %wt, (ο) 2.19 %wt, (□) 2.78 %wt, (∗) 
4.03 %wt, (x) 6.11 %wt, (+) 7.03 %wt. 
 
The analysis of the mechanical behavior has been carried out in terms of E’’. Each 
one of these relaxations for each sample has been characterized for this purpose. The 
experimental data E’’ versus 1/T have been fitted to the Fuoss-Kirkwood equation and 
it has been found the maximum of the loss modulus E’’max, the temperature of the 
maximum of the loss modulus Tm and mFKEa/R: 
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In cases where two or more relaxations overlap, it has been supposed that the 
experimental data are the addition of relaxations and a deconvolution method has 
been applied, which consists in considering E’’ as equivalent to E’’ = E’’I + E’’II +… 
(174). Figure 4.42 shows as example the deconvolution of the relaxations at 5 Hz 
frequency for 2.19 %wt moisture content. 
 
4.7.1 αI relaxation 
 
The  αI relaxation is clearly observed in the E’’ plot in Figure 2. It can be noted from 
this figure that a shift of the αI peak towards lower temperatures occurs with increase 
of the water content in the resin. In addition, this peak becomes lower at higher water 
contents.  
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Figure 4.42. Deconvolution in terms of E’’ of the relaxations at 5 Hz frequency for 
the sample of 2.19 %wt moisture content. 
 
As the αI relaxation is related to the glass transition, it has been adjusted to the Vogel 
equation, in order to analyze the relationship between the relaxation times and the 
temperature: 
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Where fm is each frequency, Tm the maximum of the loss modulus for the frequency at 
issue and the parameters A, mV, T∞ can be obtained for each sample. The mV 
parameter is related to the relative free volume φg at temperature Tg by: 
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Where B is a constant whose value is believed to be close to unity and αf is the 
thermal dilation coefficient. The relative free volume φ is defined as φ = (v-vf) / vf, 
where v is the specific volume and vf is the free volume. 
 
Fitting of experimental results to the Vogel equation requires a choice of T∞. As the 
experimental data were not enough to lead to an accurate value of T∞ with a fitting 
procedure, it was decided to estimate this parameter about 50ºC below the glass 
transition temperature for dry nylon. It was considered Tg  = 323 K (175). Table 4.3 
displays the values of Tm at 1 Hz frequency, mV and αf as a function of the moisture 
content. It can be observed that αf increases and Tm tends to decrease not uniformly. 
 

0.0E+00

1.0E+10

2.0E+10

3.0E+10

4.0E+10

5.0E+10

6.0E+10

7.0E+10

8.0E+10

9.0E+10

0.002 0.003 0.004 0.005 0.006

1/T (K)

E'
' (

Pa
)

β

αΙΙ

αI



 70

Table 4.3. Characterization of the αI relaxation: maximum temperature Tm of the loss 
modulus at 1 Hz frequency, parameter mV of Vogel equation and thermal dilation 
coefficient αf , as a function of moisture content. 
 

 
These results indicate that the addition of small amounts of water (0.26-2.78 %wt) 
slightly increases the free volume, producing a plastificant effect on nylon 6,6. 
Unfortunately, it was not possible to obtain accurate results for αf, for water contents 
ranging from 4.03 to 6.11 %wt, because the αI and αII relaxations appear overlapped. 
For 7.03 %wt moisture content, αf strongly increases. This increase in the free volume 
could indicate that moisture uptake causes a disruption of a part of hydrogen-bond’s 
three-dimensional matrix. This could explain the totally different mechanical behavior 
found for this sample as compared to the untreated sample.  
 
4.7.2 αII relaxation 
 
αII relaxation appears as a slight shoulder at temperatures lower than αI relaxation, for 
the untreated sample, and increases in intensity and broadens with the absorbed water. 
This suggests that the αII relaxation can be attributed to the presence of water. It has 
also been noted that the temperature of the αII peak is lower for the swollen samples 
in comparison to the untreated one.  
 
Once fitted the data to the Fuoss-Kirkwood equation, the apparent activation energy 
Ea has been calculated by fitting the relationship of the relaxation time to the 
temperature for each sample to the Arrhenius equation, since the αII relaxation can be 
considered as a secondary transition. The Arrhenius equation is: 
 

ma0 T/E- ln ln Rffm =  

 
Where, fm is each frequency and Tm the maximum of the loss modulus obtained for the 
frequency at issue.  
 
Table 4.4 displays the values at 1 Hz of Tm, mFK, and Ea as a function of the moisture 
content. Tm decreases with the shift of the relaxation to lower temperatures while mFK 
tends to increase as the relaxation broadens. These changes in the mFK parameter and 
the decrease of Ea confirm again that water molecules cause a certain disruption of the 
organization of the molecular chains so that the motions tend to be less hindered. 
 

Moisture
content
(%wt)

Tm  (K) mV (K) αf (⋅10-4/K)

0.26 358.6 887.90 11.3
0.64 344.7 883.40 11.3
2.19 345.9 858.69 11.6
2.78 340.1 809.91 12.3
4.03 330.9 - -
6.11 331.3 - -
7.03 336.7 240.28 41.6
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Table 4.4. Characterization of the αII relaxation: temperature of the maximum of the 
loss modulus Tm at 1 Hz of frequency, Fuoss-Kirkwood mFK parameter and apparent 
activation energy Ea. 
 

 
 
4.7.3 β relaxation 
 
As it can be observed in Figure 2, the intensity of the β relaxation is small for the 
untreated specimen due to the presence of a small amount of water (0.26 %wt) 
absorbed from the environment. The intensity also increases with the water content. 
The β peak is shifted to lower temperatures as water concentration increases.  
 
There are different explanations for the β mechanism. An early explanation assigned 
it to the motions of chain segments including amide groups, which were not 
hydrogen-bonded to neighboring chains. It seemed to imply that water molecules 
were not directly involved in the motion. In later studies it has been proposed that the 
β relaxation involves the motion of carbonyl groups to which water molecules are 
attached by hydrogen bonds (171, 172). This would explain the increase of the β 
relaxation intensity with the water content, observed in Figure 4.41. 
 
Table 4.5 displays the values at 1 Hz of Tm, mFK, and Ea calculated for all the samples 
as a function of the moisture content. For low moisture contents, ranging from 0.26 to 
0.64 %wt, Tm strongly decreases. For moisture contents ranging from 0.64 to 6.11 
%wt Tm remains almost constant, and decreases again for the higher water contents 
(7.03 %wt). The mFK parameter does not show any significant tendency for low water 
contents, but increases for high water contents. 
 
In comparison to the αII relaxation, the β relaxation shows lower Ea and a different 
tendency. For water contents lower than 5 %wt the apparent activation energy does 
not show a well-defined tendency, having values around 100 kJ/mol, but for water 
contents above 5 %wt, it strongly decreases.  
 
 
 
 
 

Moisture
content
(%wt)

Tm
(K) mFK

Ea
(kJ/mol)

0.26 345.1 0.12 525.0
0.64 296.2 0.14 365.3
2.19 283.5 0.13 306.4
2.78 278.7 0.15 274.2
4.03 273.3 0.14 311.8
6.11 272.2 0.17 247.9
7.03 263.5 0.26 169.7
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Table 4.5.  Characterization of the β relaxation at 1 Hz of frequency: temperature of 
the maximum of the loss modulus Tm, Fuoss-Kirkwood mFK parameter and apparent 
activation energy Ea. 
 

 
The small changes observed in the apparent activation energy for samples with low 
water contents suggest that the molecular motions causing the β relaxation do not 
involve neighboring chains. But as the water content increases, the strong decrease in 
the apparent activation energy of this relaxation observed could indicate again a 
change on a large scale in the molecular structure of the polymeric matrix. 

 
 
 

Moisture
content
(%wt)

Tm
(K) mFK

Ea
(kJ/mol)

0.26 296.7 0.20 110.8
0.64 213.3 0.23 81.5
2.19 206.6 0.14 102.8
2.78 201.2 0.17 92.0
4.03 202.5 0.18 104.9
6.11 207.9 0.16 74.8
7.03 190.7 0.31 32.6
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5. CONCLUSIONS 

Microwave assisted extraction (MAE) is a fast sample preparation technique, which 
offers reduced solvent volumes, high recoveries and allows direct extractions from 
polymeric matrices regardless their shape. Higher extraction temperatures result in 
shorter extraction times, especially when solvents able to swell the resins, i.e. xylene, 
cyclohexane and hepetane are used in combination with polar solvents.  For instance, 
a 50:50 (vol.) mixture of cylohexane and isopropanol gave high recovery yields, 97 % 
for Irgafos 1010 and 93 % for Irgafos 168 at short extraction times.  
 
A wide variety of contaminants were identified in recycled HDPE and PP by GC-MS 
after MAE. The resins separated from mixed municipal solid waste contain numerous 
migratable substances, which are not originally present in virgin materials. Low 
molecular substances such as alcohols, esters, ketones and fragrance and flavor 
compounds, absent in the virgin resins, were detected and identified in the recycled 
materials. The major category of compounds identified in the virgin material is 
conformed by aliphatic hydrocarbons, such as pentadecane, hexadecaned, 1-
hexadenene, branched alkanes, branched alkenes and others. All these oligomers were 
also extracted from the recycled materials, and a rapid comparison of peak areas 
between recycled and virgin material shows very similar values for most of the 
compounds. 
 
NIR in diffuse reflectance mode has been successfully used for non-destructive 
quantification of antioxidants in polyethylene, the standard error of prediction is 
almost comparable to the error of wet methods, i.e., extraction plus liquid 
chromatography. The error of prediction of this method is 35 ppm for Irganox 1010 
and 68 ppm for Irgafos 168. The inaccuracy in the quantification of Irgafos 168 is due 
to the fact that this antioxidant degrades during polymer processing. 
 
NIR and MIR spectroscopy worked well for fast determination of molecular weight 
and crystallinity of the recycled HDPE and acceptable errors of prediction, 
comparable to that of the reference methods were obtained. However, NIR has several 
advantages over MIR regarding sample handling. For instance the necessity of 
preparing thin films for MIR analysis in transmission mode brings additional changes 
to the structure of the material, additional thermal degradation of the material during 
this procedure cannot be discarded, since the already degraded material is subjected to 
high temperatures. In addition the sample thickness cannot be readily controlled and 
MSC might not be good enough to compensate for this variations. Since the precision 
of the reference methods limits the precision of the calibration models, better 
calibration models might be obtained if more precise methods for molecular weight 
and crystallinity measurements were used.  
 
The present thesis shows that NIR is a good candidate for in/on line compositional 
analysis of mixed polymer fractions from recycled plastic waste. Diffuse reflectance 
NIR allows a rapid and reliable measurement of pellets and requires no previous 
sample preparation. The composition of binary blends can be determined with high 
accuracy. The PP content in the PP/HDPE blends was predicted with a RMSEP equal 
to 0.21 %wt in the 0-15 %wt region and the RMSEP for PP in the PP/ABS blends was 
0.32 %wt.  
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The ease of sample preparation and promptness of analysis makes Raman 
spectroscopy another promising tool for real time or in line quality analysis and 
quality control of recycled plastics. Raman spectra is rich in information about 
chemical composition and molecular structure and the presence of sharp well defined 
bands facilitates spectral interpretation, which can be some troublesome when dealing 
with NIR spectra due to the broadness and high overlap of the spectral bands. The PP 
content in PP/HDPE and PP/ABS blends was determined with a RMSEP= 0.46 %wt 
and 0.29 %wt, respectively. 
 
Differential scanning calorimetry (DSC) and chemiluminiscence (CL) studies carried 
out on multi-extruded PP, HDP and a blend thereof containing 20 %w PP showed that 
the blends and pure polymers undergo substantial degradation during the first two 
extrusion steps. Accordingly, restabilization becomes necessary in order to avoid their 
premature failure during secondary application. Oxidation induction times (OIT) 
obtained by DSC and CL were fairly congruent. However, CL provided additional 
information about the oxidation process in the blend, namely, that oxidation of the PE 
phase begins in the PP/PE interface and that PP and PE phases remain inmiscible in 
the molten state. 
 
The moisture content in recycled polyamide 6,6 was readily determined by NIR and it 
could be predicted with a RMSEP = 0.05 %wt. The accuracy of the method appeared 
to be as good as that of the more time consuming thermal methods such as TGA, DSC 
and loss on dry (LOD), which were used as reference methods.  NIR has successfully 
been applied to study water diffusion in nylon. The influence of different amounts of 
water on the viscoelastic properties of nylon has been investigated. The α relaxation, 
is the most sensitive to moisture uptake and at water contents higher than 5 %wt even 
the β relaxation is affected due to significative changes in the organization of 
molecular chains. 
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