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“If you have built castles in the air, your work need not be lost; that is where they should be. 

Now put the foundations under them.” 
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1. Introduction 

In prehistoric times, those materials were used and shaped as tools, which were found in the 

immediate environment of humans. Even naturally occurring polymers such as natural resins 

were used as adhesives early in human history. However, it took until the 19th century before 

the naturally occurring polymers natural rubber, casein and cellulose could be transformed into 

the first predecessors of plastics through chemical modification. At the beginning of the 20th 

century bakelite was produced, the first fully synthetic material, and soon after that numerous 

other synthetic products such as polyvinyl chloride, polystyrene and polyolefins followed. [1,2] 

Since then, plastics have in many cases replaced other materials and also created a multitude of 

new applications. The possible areas of application for plastics seem to be limitless, and so the 

amount of plastic produced has increased more than twenty-fold between 1964 and 2020 [2–4] 

Around 367 million tonnes of plastic are produced annually, the majority of which is made up 

of the polyolefins polyethene (PE) and poly(propene) (PP), ahead of polyvinyl chloride (PVC) 

and poly(ethylene terephthalate) (PET). [3,4] 

Depending on the application, however, different plastics dominate. In the third largest 

application area of plastics, the automotive sector, polyurethanes, polyamides, acrylonitrile 

butadiene styrene, polyolefins and others are used in a wide range of different plastics. The 

second largest field of application is the building & construction sector with around 20 wt.%. 

PVC, polystyrenes and polyolefins are mainly used in this field. At around 40 wt.%, most 

plastics are used in packaging, where polyolefins and PET clearly dominate. Polystyrene, PVC, 

polyamide and other plastics are used in smaller quantities. [5,6] 

The reasons for the great importance of plastics in the packaging market is that, compared to 

rigid materials such as glass, steel and aluminum, plastics offer clear advantages because they 

are light-weight, transparent and break-proof. The different types of plastic allow a wide range 

of possible applications, but as mono-materials they often do not fully meet many packaging 

specific requirements. Multilayer packaging, which are usually composed of two or more 

material layers, overcome this problem. [7] 

Multilayer structures combine the properties of the individual materials, which are selected on 

the basis of their individual properties and combined in the packaging to meet all the necessary 

requirements for the particular application. [8] However, there is often not just one, but many 

different material combinations that can meet the requirements of an application. If this is the 

case, selection is based on other criteria such as price or availability of multiple suppliers. 
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The packaging-relevant properties that are influenced by the polymer choices include barrier 

properties, abuse-resistance, sealability, machinability, and consumer impact. Barrier effects of 

packaging are necessary to prevent oxygen, water, light, taste or fat from entering or leaving 

the packaging. Permeation through polymer films is a three-step process that leads to an 

interaction of the contents with the environment. For this, molecules must first dissolve in the 

film structure, diffuse through the material and desorb on the other side. The driving force for 

this are concentration or pressure gradients. Cosmetics, medicines and perishable foods carry 

odors, active ingredients and flavors and are also susceptible to atmospheric oxygen. An organic 

or inorganic barrier layer with low gas permeability prevents an exchange of substances with 

the environment. Ethylene-vinyl alcohol is frequently used as an organic barrier material, while 

inorganic barriers include aluminum foils or e.g. aluminum oxide in the form of a thin vapor 

deposited layer. [7,8] On their own, thin layers of these barrier-materials would not have abuse 

resistance, which is why they are combined with more stable, tear and impact strength and 

puncture-resistant packaging materials, such as polyethylene, polypropylene or polyethylene 

terephthalate. To make the packaging sealable at high speeds, thermal resistance and relatively 

low melting temperatures are required. Therefore, an PE-LD layer, for example, is often found 

on the product side of sealed packaging. In order to appeal to potential buyers, shine is often 

desirable, which can be achieved with an outer PET layer. 

The heterogeneity of the packaging market, which has evolved in recent years due to the many 

possible combinations of a large number of different materials, is a challenge for the sorting 

and recycling of post-consumer packaging. Since the recycling system was designed from the 

beginning to recycle monomaterials, multilayer packaging is often simply not recycled or can 

also contribute to foreign materials being introduced into the monomaterial recycling streams.  

Since according to the European Plastics Strategy all packaging should be recyclable by 2030 

[9] and Germany aims to increase recycling rates for plastic packaging to 63% by 2022, [10] it 

is necessary to develop and establish new strategies for the recyclable design of packaging and 

also new recycling technologies. In this work, the approach is to develop a polyurethane 

adhesive containing thermally labile Diels-Alder adducts for packaging purposes and a 

corresponding recycling process that allows separation of the bonded layers and thus their 

recycling. 
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2. Background 

In order to be able to modify established packaging designs and the recycling system 

accordingly, it is first necessary to understand how packaging is currently produced and 

recycled. The relevant processes are described in the chapters 2.1 and 2.2. 

2.1. Production of Multilayer-Packaging 

In order to convert polymer raw materials into a functional packaging, usually first a 

mechanical-physical modification of the polymer to granulate and then the desired products is 

carried out. This modification also includes the addition of additives such as antistatics, 

stabilizers, lubricants or fillers, which can be used, for example, to adjust the chemical 

resistance, mechanical properties or processability. [11] Further processing of the additivated 

and granulated material can be carried out by various techniques, with co-extrusion or extrusion 

and subsequent lamination being particularly relevant with regard to multilayer packaging. 

These two technologies will be discussed in the following. 

2.1.1. Extrusion 

In the extrusion of plastics, the plastic is first melted and then pressed through a profiled die 

which determines the shape and cross-section of the extruded material. Continuous extrusion is 

usually achieved here by screw extrusion, whereby the material is continuously conveyed by 

one or more screws, but also compacted and homogenized. 

In a standard 3-zone extrusion, the screw is divided into three sections: feed zone, transition 

zone and metering zone. In the feed zone, the pellets are first preheated and compacted without 

melting. This then takes place in the transition zone, which is sometimes also referred to as the 

compaction zone, since the granules have significantly more volume than the melt. In the last 

zone, the metering or discharge zone, the pressure necessary to overcome the resistance of the 

forming die. [11,12]  

The extrusion through the die theoretically results in an endless molded piece that can take the 

form of a strand, pipe, tube or film, for example. In addition to the extruder and the forming 

die, the complete extruder line contains downstream components such as cooling, haul-off and 

winding or size reduction equipment.  
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Different extruders are used depending on requirements. While a twin-screw extruder is used 

for compounding, such as granulation with incorporation of the additives, for the production of 

semi-finished products, such as films, single-screw extruders are used. [12] 

For packaging production, on the one hand, wide-slot dies with a coat-hanger-shaped 

distribution channel ensure uniform distribution of the melt, with the film thickness resulting 

from the discharge thickness and the haul-off speed. In this way, cast films from a few 

millimeters to approx. 100 µm can be produced. After leaving the slot die, the film produced is 

usually stretched in the extrusion direction, making it oriented and thinner. [12] 

With the aid of an annular die outlet and supporting air, the melt can be blown into a tube in the 

blown film process. This also allows the production of very thin films with a thickness of 

10 µm. [12] 

To produce multilayer films by extrusion, the coextrusion process is used. This is possible using 

both blown film and cast film manufacturing principles and allows the coextrusion of three, 

five, seven, nine or more layers. [8] Each plastic to be incorporated into a composite must first 

be melted in its own extruder, and the output of a single extruder can be split to create multiple 

layers of the same material in the laminate. [13] The individual melt streams can be combined 

in different ways. In so-called feed block coextrusion, the individual melt streams are combined 

into a single laminar melt stream in the feed block located just upstream of the die. Die 

coextrusion, on the other hand, requires a complex die that combines the melt streams at the die 

exit. [13,14] It is important that the materials do not mix so that each layer retains its individual 

identity and thus characteristic properties. [15]  

The advantage of coextrusion over lamination is that no intermediate steps are required. In 

addition, with coextrusion, the individual layers can be extremely thin; since the structure is 

handled only as a unit, it is not necessary for the individual layers to be mechanically robust. 

[8] 

2.1.2. Lamination 

In the manufacture of multilayer packaging by lamination, substrate films are bonded together 

through a controlled roll-to-roll process using an adhesive. [7] There are different methods for 

this. 

In dry-bond lamination, a solvent- or water-based adhesive is first coated onto the primary film, 

which is then passed through a vented oven to remove the solvent or water. Upon exiting the 

oven, the adhesive is warm and tacky, but dry because the solvent has been removed. The 
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secondary film is then introduced through a heated roller to produce a laminate that is then 

wound up under pressure. Since the primary film runs the longer distance during lamination, it 

is usually chosen to be the more heat-resistant and less stretchable material. [16] 

Solvent-free laminations differ from dry-bond lamination in that the adhesive consists of a solid, 

which must be melted for use in order to be applied to the primary web with a roller system. In 

wet-bonding, the solvent, usually water, is not evaporated prior to lamination and must therefore 

escape through one of the substrates. Therefore, wet bonding is only suitable for laminates 

where one of the substrates is paper-based. [16] 

Some substrates, such as polyolefins, must be treated with ozone or plasma prior to lamination 

to clean the surface and increase surface energy by applying functional groups. This allows 

uniform application of the liquid over the entire surface in a uniform wet layer and better 

adhesion of the adhesive. [16] 

Lamination processes are particularly suitable when the materials to be bonded are already 

available as films, which is the case, for example, with aluminium foils or oriented film. 

Lamination can also be used to protect ink and create a particularly glossy finish when the ink 

can be placed between two films. [7,8] 

2.2. Recycling of Post-Consumer Packaging 

Various recycling technologies are available for the recovery of plastics, whereby a general 

distinction can be made between physical and chemical recycling (Figure 1). The main 

difference between these two methods is that in physical recycling the polymer chains are 

preserved, since only physical processes such as melting or dissolving are carried out, whereas 

in chemical recycling the polymer chains are degraded into fragments or monomers by chemical 

reactions. 
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Figure 1. Overview of the different recycling technologies and how they are integrated into the process chain. Adapted 

from [17]  

The term chemical recycling covers a wide range of methods. The products of these processes 

can be monomers, gases or oils and require further processing to become a new polymer. 

Depolymerization methods generally have higher requirements for the purity of the input 

material than feedstock recycling methods. However, since the plastic is not preserved in 

chemical recycling, it does not fall under the definition of the recycling quota from the point of 

view of the German Federal Environment Agency and the Packaging Act. Thus, these methods 

will not be discussed further. [10,18] 

In physical recycling, a distinction can be made between classical mechanical recycling and 

solvent-based recycling. These two methods will be discussed in more detail below. 

2.2.1. Solvent-based recycling 

Solvent-based recycling is based on dissolving polymers from waste streams and subsequently 

purifying and recovering them by precipitation and/or drying. 

 

Figure 2: CreaSolv® process as an example of solvent-based recycling methods. [19] 

Figure 2 shows the general process scheme of the solvent-based CreaSolv® process, which is 

an example of solvent-based recycling. [19] The process uses selective solvent formulations 

with high boiling points that allow safe plant operation. These are used to extract the target 

polymer, while the insoluble components are removed from the polymer solution by filtration 
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or centrifugation. The target polymer is dried and solvent and precipitant are recovered and 

reused. [19] 

Solvent-based recycling is a suitable method to recover plastics from material streams that 

cannot be recycled in a high-quality way by mechanical recycling. These material streams 

include sorting residues, multi-component packaging and unsorted plastic waste.  

2.2.2. Mechanical recycling 

Mechanical recycling describes the processing of plastic waste through the steps of washing, 

melting & cleaning into new plastic products, leaving the polymer chains and chemical structure 

largely unchanged. 

In order to obtain recycled polymers of decent quality, mechanical recycling of post-consumer 

plastic waste usually requires pretreatment in form of sorting and washing steps. Pre-sorting 

takes place in sorting plants, where sorting fractions are generated, each of which is treated 

separately in further processing. Figure 3 shows the individual steps of the presorting process. 

 

Figure 3. Overview of the individual process steps involved in sorting post-consumer plastic packaging. Adapted 

from [20] 

In the sorting process, after the input has been spread on a sorting belt, the materials must be 

classified according to size. This means that materials larger than DIN A4 are sorted out by 

means of a drum screen, as these would hinder the downstream sorting steps. The films among 

the large-sized materials are sorted into a plastic film fraction using a suitable air classifier. In 

addition, materials smaller than 20 to 50 mm are sorted out into a residual fraction to ensure 

that the downstream sorting units can work efficiently. Flexible packaging smaller than DIN 

A4 but is sorted into the soft mixed plastic fraction. In the downstream process, liquid 

packaging board and plastic-coated cardboard packaging are identified by near-infrared 

technology and separated from the other materials by compressed air pulses. Aluminum is 

removed from the main material stream by an eddy current separator that sorts according to 

electrical conductivity, while dimensionally stable plastics can be separated by near infrared 

sorting and sorted by polymer type. [20,21] 

This sorting process produces various material fractions, which are then further processed 

individually, provided they can be recycled. This further treatment usually involves shredding, 

water washing to remove the majority paper labels and other impurities. Density separation is 
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also performed at the same time to separate polyolefins from other plastics. Finally, the 

extrusion of the plastic for the production of regranulate under melt filtration and degassing. 

[20] 

From this process of pretreatment and actual recycling, requirements result that a packaging 

must meet in order to be considered recyclable. [20–22] 

One basic prerequisite for the recycling of packaging is the existence of sorting and processing 

infrastructure for the high-quality recycling of this packaging. Additionally, it must be possible 

to sort the packaging item into the fraction intended for it. This means that the packaging has 

to have the minimum size for sorting and, in the case of plastic packaging, that the surface 

properties of the packaging has to allow the target material to be identified. During further 

processing, it is important that the packaging does not introduce any impurities into the recycled 

product, since high-quality recycled materials cannot be produced if incompatible composite 

materials or undesired additives are present. [22] 

In many cases, multilayer packaging does not meet these requirements for recyclability. This is 

partly because sortability is complicated by the presence of different materials and also because, 

in many cases, the different materials cause recycling incompatibilities, which lead to an 

evaluation as non-recyclable and to the fact that the packaging cannot be assigned to any sorting 

fraction. 

The following chapter therefore discusses the approaches that could be considered suitable for 

the recycling of multilayer packaging. 
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3. Recycling of Polymer-Based Multilayer Packaging: A Review [23] 

Katharina Kaiser, Markus Schmid and Martin Schlummer 

Basically, there are two possible approaches for recycling multilayer packaging. Either the 

components can be separated for recycling or the components can be processed together to give 

a blended material. 

Combined processing into recyclates with good mechanical properties is often only possible by 

adding compatibilizers, since most polymers are thermodynamically immiscible due to their 

different chemical structures. When recycling multilayers of PE and PET, for example, PE 

grafted with maleic anhydride or ethylene glycidyl methacrylate can be used as compatibilizers 

to obtain a macroscopically homogeneous material. 

The separation of the materials from each other, can either be done by the dissolution–

reprecipitation process by dissolving a target polymer by using selective solvents (compare 

chapter 2.2.1), or by delamination of the different layers. Delamination of multilayer packaging 

can occur physically by solvating polymers from plastic interlayers, mechanically or chemically 

by decomposition of an interlayer, or by reactions at the interface. While mechanical 

delamination remains an exception, since there is usually strong adhesion between the layers, 

there are some approaches for physical delamination, but these are only suitable for selected 

composites, such as aluminum-containing composites. For chemical delamination, this is 

achieved by decomposition of an intermediate layer, which can be PET, whey or aluminum.  

Since the compatibilization for heterogeneous post-consumer multilayer waste would only 

allow downcycling to blends and delamination is only possible for selected structures and the 

dissolution-precipitation method requires energy-intensive drying, a systematic extension of the 

delamination method to a wider range of multilayer strategies would be a promising research 

approach. 

Recycling 2018, 3, 1, DOI:10.3390/recycling3010001 

Author Contributions: Katharina Kaiser wrote the manuscript and was involved in the 

revision and finalization of the paper. Markus Schmid and Martin Schlummer helped design 

the overall outline and contributed to selected sections and to the revision and editing of the 

manuscript. 
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4. Theoretical Background on Adhesion and Debonding 

Since multilayer packaging includes a variety of different heterogeneously assembled 

structures, the selection of a specific interlayer to induce delamination usually leads to the fact 

that only some specific multilayer structures can be delaminated and recycled.  

However, since an approach is sought that allows the recycling of the widest possible range of 

multilayer structures, it makes sense to take a closer look at laminating adhesives, since they 

can be found in a large variety of different multilayer structures. However, laminating adhesives 

are also a heterogeneous class with different molecular compositions and designed to provide 

high cohesion and adhesion to substrates. Therefore, if one wants to modify laminating 

adhesives so that they also allow separation of the substrates again, one must first understand 

the theory of adhesives. This will be discussed in the following. 

4.1. Theories of adhesion 

Lamination is the process of bonding two surfaces together with a layer of a third substance. 

Essential for bonding by an adhesive are the two processes of adhesion and cohesion. Adhesion 

describes the bonding of two different substances, the adhesive and the substrate, to each other. 

Cohesion, on the other hand, describes the internal strength of the adhesive. Cohesion is created 

by the covalent bonds within the adhesive polymers, the bonds created by cross-linking the 

adhesive, the intermolecular interactions between the adhesive molecules and the mechanical 

entanglements of different adhesive molecules. [21] 

The mechanisms involved in the formation of adhesion depend on the type of substrate and 

adhesive. Altogether, there are four different mechanisms to describe adhesion, whereby several 

theories are often necessary at the same time to describe the corresponding mechanism.  

With mechanical adhesion, the liquid adhesive penetrates the surface irregularities and bonds 

the substrates by curing. Thus, for mechanical adhesion, the porosity/roughness and absorbency 

of the substrates play an important role. An obvious example from the packaging sector where 

mechanical adhesion plays an important role is the bonding of paper and cardboard. As long as 

the cohesion of the adhesive is sufficiently strong, a substrate failure of the paper rather than an 

adhesion failure is to be expected in this case. [12,22]  

While the theory of mechanical adhesion explains the bonding of rough and absorbent surfaces, 

it does not explain adhesion to smooth, surfaces such as metals or also to the poorly penetrable 

plastic films, relevant for packaging. [22] 
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In these cases, other theories can be applied. The most famous of all is probably the adsorption 

theory, which is based on the assumption that there is intensive contact between the two 

materials on molecular level at the interface. This can lead to the formation of intermolecular 

forces such as Van der Waals forces or hydrogen bonds but also primary interactions such as 

covalent or ionic bonds. The Van-der-Waals forces, which are said to play an important role in 

adsorption theory, can be divided into London, Debye and Keesom forces, depending on 

whether none, one or both of the binding molecules have dipole character. These forces 

decrease with the sixth power of the distance. Although considerable adhesion can already be 

achieved by van der Waals forces alone, the presence of primary bonds can improve the values 

even more. A comparable effect to that achieved through covalent bonds can be achieved 

through the so-called diffusion theory and the resulting entanglements. [23,24] 

Diffusion and entanglement play an important role when using polymer substrates and 

adhesives. Polymers are in a constant state of motion called reptation. If the adhesive polymer 

is soluble in the substrate polymer, this allows the polymer chain of the adhesives to cross the 

interface with the substrate and thus penetrate it, forming an interphase. This diffusion becomes 

more likely, when the polymer is above its glass transition temperature and is also influenced 

by the crystallinity of the polymer, the molecular weight and the distribution [22,23] 

After inter-diffusion, entanglement between the polymers of the different materials can take 

place. During entanglement, a polymer interlocks in such a way that the polymer chain crosses 

other polymer chains at three places. This makes it impossible to detach the polymers from each 

other by simply pulling on the chain, as this will trap another polymer chain at a different place. 

[23] 

The prerequisite for this is that the polymer has the necessary length for the three crossovers 

which is called the critical entanglement mass Mc and depends on the stiffness of the polymer 

chains. [23] 

For the sake of completeness, the electrostatic theory should be mentioned here, which, 

however, has no relevance for the bonding of packaging materials. 

4.2. The Chemistry of Polyurethane Adhesives 

4.2.1. General Considerations on polyurethanes 

Polyurethanes were discovered in 1937 by Otto Bayer, [24] who thus added polyaddition to the 

previously known polymerisation mechanisms of polycondensation and anionic 

polymerization. 
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The term "polyurethanes" is generally understood to mean the polymers produced by the 

diisocyanate-polyaddition process. Accordingly, it is a comprehensive category of polymers 

with different starting materials, compositions and properties: [25] 

Due to the large number of starting materials, the diverse reaction patterns and the possibility 

of controlled polymerisation via intermediate prepolymers, polyurethanes fulfil the most 

diverse product requirements and appear in the form of soft and firm foams, of coatings, 

sealants, elastomers or of adhesives. [25,26] 

In general, these polymers contain the urethane group (1) as a characteristic structural unit, 

which is formed by the addition of isocyanates to alcohols - even if the urethane group often 

only plays a subordinate role compared to ether, esters and sometimes also urea groups. [25] 

 

Figure 4. The name-giving reaction of polyurethanes: mechanism of urethane formation from isocyanate and alcohol. 

4.2.2. Reactivity of isocyanates 

The fundament of polyurethane chemistry lies in the high reactivity of the isocyanates, more 

specifically in the electrophilicity of the carbon atom. This can be explained by looking at their 

resonance structures. 

 

Figure 5. Resonance structures of the NCO group considering an aromatic substituent. 

The strongly pronounced positively polarized character of the C-atom in the cumulated double 

bond system of the N=C=O-group, which is evident in the resonance structures, explains the 

clearly prominent reactivity towards nucleophiles. This effect is enhanced by electron-

withdrawing substituents that further increase the positive charge on the C-atom of the 

isocyanate group, accelerating the electron transfer from nucleophiles to the C-atom.  
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If R is aromatic, resonance structures (4) and (5) becomes important. In this case, the negative 

charge is delocalized in the π-electron system of the benzene ring. Especially when electron-

withdrawing substituents are in ortho- or para-position, the negative charge in the ring system 

can be stabilized and thus further reduce the charge on the carbon atom of the isocyanate group. 

[25,27] If a second isocyanate group is in the ortho or para position on the aromatic ring, the 

reactivity of the first group is increased. In ortho-position, however, a steric hindrance can 

simultaneously lead to a lower reactivity again. Especially sterically demanding substituents in 

ortho-position reduce the reactivity of the isocyanate group. [28]  

4.2.3. Reactions of isocyanates with nucleophiles 

A crucial reactivity of isocyanates is the addition of α-H-acid nucleophiles to the electrophilic 

C-atom of the isocyanate group. Figure 6 gives an overview of the most common addition 

reactions of nucleophiles to isocyanates. 

By far the most important and name-giving reaction in polyurethane chemistry is the addition 

of alcohols to isocyanates, which takes place under relatively mild conditions and forms 

carbamic acid esters, trivially also called urethanes (1), as reaction products. [25] Hereby, 

aliphatic primary alcohols react faster than secondary and tertiary alcohols due to their low 

steric hindrance. In the case of phenols, the reaction is even slower and forms urethane adducts 

that readily cleave. 

 

Figure 6. Reactions of isocyanates with nucleophiles. 

In adhesives, the urea (2) formation reaction plays a role in addition to the urethane reaction. 

This takes place between isocyanates and amines and is much faster than the reaction of 
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isocyanates and OH-groups, although there are also major differences in the amines due to 

electronic and steric differences, and the more basic aliphatic amines react faster than aromatic 

amines. [25] In polyol formulations can this high reactivity be used, for example, to act as 

reactive thickeners. [27] 

Since the reaction of isocyanates with atmospheric moisture always plays a role in the curing 

of PU adhesives and this also results in urea formation, the presence of a certain proportion of 

urea groups can be assumed. Specifically, when an isocyanate reacts with water, the unstable 

carbamic acid (3) is formed first, which decomposes to form a primary amine with CO2 splitting 

off. The resulting amine then reacts with another isocyanate as described above to form urea 

(2). [25] Due to the gas release, the reaction of isocyanates with water can be used to form foam 

in the production of PU foams. To avoid the reaction with water in the production of adhesive 

prepolymers, syntheses must be carried out in the absence of moisture. [27] 

Isocyanates can also react with the reaction products of the addition of isocyanates and alcohols 

or amines, the urethanes and urea groups. However, their acidic H atoms are no longer as active 

as those of the respective starting materials, but under correspondingly energetic conditions, 

the reaction with isocyanates can still form allophanates (5) or biurets (4). The formation of 

biuret-groups is significantly faster than the formation of allophanates. These types of reaction 

can be used to create cross-linking in the polymer system and thus alter the properties of the 

polymer. [25] 

4.2.4. Reactions of isocyanates with isocyanates 

Isocyanates can also react with each other to form dimers, trimers, polymers, carbodiimides and 

uretonimines, either under special conditions or using specific catalysts. Figure 7 gives an 

overview of the reaction mechanisms that isocyanates can enter into with each other. 

 

Figure 7. Products of isocyanate dimerization (6) and trimerisation (7). 

Trimerization of multifunctional isocyanates to form a stable isocyanurate ring (7) can be used 

to build rigid foams. 



Theoretical Background on Debonding and Adhesion 41 

 

Dimerization to the uretdione (6) occurs at low temperatures and can be reversed at higher 

temperatures. This allows isocyanate groups to be selectively capped and made accessible again 

at higher temperatures.  

For the production of polyurethane adhesives, however, these reactions are usually not 

important, but quality control should ensure that the isocyanates used are not dimerized, as this 

would change the chemical structure and properties of the adhesive. 

4.2.5. Starting materials for polyurethane production 

The main components of polyurethane adhesives are usually molecules with at least two 

OH-groups, known as diols, and diisocyanates. The respective chemical structure of different 

polyol and diisocyanates leads to different adhesive tendencies, resistance and health aspects. 

To circumvent the high volatility and toxicity of many typical starting materials, prepolymers 

are usually prepared for adhesive formulations. These represent reactive oligomers that, unlike 

the final product, are still soluble or meltable but easier and safer to handle than the pure starting 

materials. The polyol component in two-component polyurethane adhesives can consist of one 

or several different polyols of low to high molecular weight and also hydroxyl-terminated 

prepolymers or mixtures of both. The isocyanate component often consists of low to medium 

molecular weight diisocyanate prepolymers. [29]  

The broad field of urethane chemistry offers the flexible packaging industry a wide choice of 

different adhesives. Classically, packaging adhesives are applied in dissolved form, i.e. solvent-

based. However, solvent-free adhesives are on the rise, as they do not cause solvent vapors and 

can save costs. [29] 

4.2.6. Isocyanates in polyurethane chemistry 

Polyisocyanates with two or more functional groups are necessary for polyurethanes. In terms 

of quantity, aromatic isocyanates account for the largest share, although aliphatic and 

cycloaliphatic isocyanates also play an important role. The reasons for the predominance of 

aromatic isocyanates are their higher reactivity and economic reasons. Aliphatic isocyanates 

play a role mainly when specific reactivities or when special property requirements for the end 

products, such as UV light resistance or the prevention of the formation of aromatic amines in 

food contact materials, are to be achieved. Due to the generally higher reactivity of aromatic 

isocyanates, these only require the use of catalysts under certain conditions, which usually 

consist of metal compounds or amines. [29] 

However, there are also differences within the various isocyanate categories. 
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The most important representatives of the aromatic diisocyanates are toluene diisocyanate 

(TDI) and methylene diphenyl diisocyanate (MDI). Since it is produced via the condensation 

of aniline with formaldehyde and subsequent phosgenation, in addition to the diphenylmethane-

4,4′-diisocyanate (9), the 2,4'- (10) and 2,2'- (8) isomers and also 3- and higher-nucleated 

products are obtained. Mixtures with a proportion of trinuclear or multinuclear products are 

commonly called "polymeric MDI" (13). The different products can be separated from each 

other by distillation.  

MDI has a relatively low vapour pressure compared to the other diisocyanates. Nevertheless, 

due to its suspected carcinogenic effect, high precautionary measures must be taken during 

handling. 

 

Figure 8. The main aromatic diisocyanates: MDI and its isomers (10-12), TDI and its isomers (13, 14) and Polymeric 

MDI (15). 

TDI is also obtained as a mixture of isomers. The isomers in this case are 2,4- (11) and 2,6-TDI 

(12), with mixtures of the two compounds available in various ratios and also pure 2,4-TDI. 

Due to the different reactivities of the two isocyanate groups, pure 2,4-TDI is well suited for 

the production of low-monomer prepolymers. [25,27] 

Aliphatic isocyanates have the advantage that, unlike aromatic isocyanates, they do not change 

their color with time. This makes them suitable starting materials for applications with high 

optical demands. However, their use is limited by the lower reactivities and higher prices. 

Aliphatic isocyanates are therefore only used if this cannot be avoided. This is the case, for 

example, in food packaging, wound plasters or aqueous PU adhesive dispersions. [25,27] 
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Figure 9. Structural formulas of the most relevant aliphatic diisocyanates: hexamethylene diisocyanate (HDI) (16), 

Isophorone diisocyanate (IPDI) (17) and Bis(4-isocyanatocyclohexyl)methane (H12MDI) (18). 

The most commonly produced aliphatic isocyanate is hexamethylene diisocyanate (HDI) (14). 

It is a linear, symmetrical molecule obtained by reacting the polyamide raw material 

hexamethylene diamine with phosgene. [27] 

Bis(4-isocyanatocyclohexyl)methane, whose systematic name is usually replaced by H12MDI 

(16), is, as the trivial name suggests, the aliphatic derivative of 4,4’-MDI (9). In contrast to 

MDI, in this case the starting material 4,4'-Methylenedianiline is first hydrogenated before 

phosgenation is carried out. [27] 

Isophorone diisocyanate (IPDI) (15) is a methyl- and isocyanate/isocyanate methyl group-

substituted cyclohexane derivative and is also produced by phosgenation and, due to its 

differently reactive isocyanate groups, does not provide polymer distributions according to 

Schulz-Flory, which is why it is well suited for the production of very uniform prepolymers. 

As a rule, aliphatic isocyanates are only used within the chemical industry, as they are not only 

highly toxic but also very volatile. [25] 

4.2.7. Polyols in polyurethane chemistry 

Besides isocyanates, polyols are an essential component for polyurethanes. Smaller di- and 

triols such as glycol, butanediol, glycerol or trimethylolpropane are often used as chain 

extenders or crosslinkers. Diols with higher molecular weights of up to 8000 g/mol, on the other 

hand, are used to produce the actual backbone when building up the polyurethane. Polyester or 

polyether diols are usually used for this purpose. [25] 

Since the diols are not hazardous substances, the formulation of polyurethane adhesives is 

usually preferably adapted via modification of the polyol. [27]  

Due to their intermolecular interactions, polyester polyols have a higher viscosity and greater 

stiffness. In addition, the polar ester groups cause a relatively high polarity of the polyester 

polyols, which can lead to good adhesion to polar substrates. However, the ester groups tend to 

hydrolytic cleavage. The production can be done via ring-opening polymerisation e.g. of 
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caprolactone with a glycol as a starter molecule or polycondensation between dicarboxylic acids 

and glycols. [25,27] 

 

Figure 10. Polycaprolactone (17) as an example of a polyester diol and polypropylene glycol (18) as an example of a 

polyether diol. 

Polyether polyols have good stability with regard to hydrolysis, but are more susceptible to 

oxidation. Since polyether polyols usually have a lower viscosity than most polyester polyols, 

they are often used to reduce the viscosity of formulations. Due to their fairly low polarity, they 

improve wetting of low-energy surfaces. [26] 

Typically, the preparation proceeds via the catalyzed ring-opening polymerisation of propylene 

oxide or ethylene oxide, starting from a low molecular weight diol or triol as the starter 

molecule. If the catalysis is carried out using KOH as catalyst, only relatively low molecular 

weights are achieved due to chain termination reactions. Catalysis by dimetal complexes yields 

higher molar masses. [27] 

4.2.8. Amines 

Diamines are well suited as crosslinkers and chain extenders due to their increased reactivity 

with isocyanates compared to alcohols. To some extent, the reaction of isocyanates with 

atmospheric moisture during the application of the adhesive or coatings produces amines that 

form urea groups as described in section 4.2.3. The formation of urea can also be used 

specifically for this purpose, as they can enable the formation of biuret groups and thus the 

generation of crosslinking. Polyamines are also used as reaction partners for isocyanates in the 

production of elastomers and in reaction injection molding. [25] 

4.3. Use of Isocyanate-Based Adhesives in Packaging Laminates 

As described in chapter 4.2.6 polyurethane adhesives used for packaging may contain either 

aromatic or aliphatic isocyanates. In the case of aromatic isocyanates, the formation of primary 

aromatic compounds can occur, which are of toxicological concern.  

During the curing process, the aromatic isocyanates also react with water molecules, whereby 

primary aromatic amines are formed. These subsequently react with further isocyanate groups 

and the amines are thus removed from the adhesive system. If the packaging laminate comes 

into contact with food before the adhesive has fully cured, both unreacted isocyanates and 
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primary aromatic amines can migrate into the food. However, it is also possible that an adhesive 

is not formulated correctly, e.g. because the reactivity of the alcohol component is too low, or 

the proportion of monomeric isocyanate is still too high. [26,29,30] 

According to Commission Regulation (EU) no. 10/2011 [31], primary aromatic amines must 

not pass into the food. A detection limit of 0.01 mg/kg applies to the sum of all primary aromatic 

amines released. The packaging structure and also the composition of the food are decisive for 

how much migrant can pass into a food. Dry foods typically absorb fewer migrant than liquid 

or acidic foods. [30] 

For retorting packages, the prolonged exposure to temperature causes thermal degradation of 

the adhesive. In the case of adhesives based on aromatic isocyanates, monomeric isocyanate 

can be formed as a result. To prevent migration into the food, a suitable barrier would have to 

be used. [30]  

4.4. Debonding on Demand  

One disadvantage of bonding by the use of adhesives is that the created connection usually 

cannot be undone without damaging the connected parts. This disadvantage can be overcome 

by using debondable adhesives. These are based on different technologies, which are presented 

below. The strategies on which these are based are the use of reactive fillers, the electrical 

induction of debonding, or the use of reversible/reworkable adhesive systems. [32] 

Reactive fillers can be activated by external energy sources and thus induce delamination by 

different mechanisms.  

If magnetic nanoparticles are contained in an adhesive or primer, by applying alternating 

electromagnetic fields, the particles are heated and can cause thermoplastic primers or 

adhesives to melt, allowing the bonded materials to be separated by low mechanical force. 

[33,34] 

Core-shell particles are another category of reactive fillers. Their principle is usually based on 

the fact that the particles expand under the influence of temperature and thus induce mechanical 

separation. In this process, the outer shell softens while the interior of the particle expands at 

the same time. In this process, gases can also be released, which additionally contribute to 

debonding. [32,35,36] 

In order to break bonding by applying an electrical voltage to the electrically conductive 

substrates, electrolytes must be added to the adhesive for ion transport. [32,37,38] 
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Another way to modify the chemical structure of adhesives for debonding is through the 

incorporation of labile functional groups that can reverse the cross-linking of the adhesive. 

Although various reaction mechanisms are possible, [39] the Diels-Alder system is the best 

researched and most widespread.  

When it comes to debonding packaging, the approach of separating via electrical discharge is 

not promising because electrically conductive substrates are not always present and, in general, 

applying voltage to post-consumer packaging is difficult to imagine. The method of heating 

magnetic particles to soften a primer or adhesive is also not very promising in the case of 

packaging, as another mechanical force would have to be applied for separation of the materials. 

Even with separation using core-shell particles, it cannot be assumed that the substrates will not 

simply fall apart after the particles have expanded. In addition, it would have to be assumed 

that with all these methods, the adhesive would still be left on at least one of the two substrates 

after separation and could thus hinder recycling. Also, for the adhesives containing labile 

functional groups, the mere reversion of the crosslinking does not automatically cause the 

substrates to fall apart. However, the reversion of the crosslinking allows the adhesive to be 

dissolved with solvent and thus the substrates should be able to be separated from each other 

and the adhesive removed without leaving any residue. Therefore, the Diels-Alder reaction, 

which plays a particularly prominent position in reversible-crosslinking adhesives, will be 

discussed in more detail below. 

4.5. The Diels-Alder Reaction 

In 1928, Otto Diels and Kurt Alder discovered the Diels-Alder reaction, for which they were 

awarded the Nobel Prize in Chemistry in 1950. [40] The Diels-Alder reaction is a reversible 

pericyclic [π4s+π2s] cycloaddition. The reaction proceeds in a single step, in which a diene 

reacts with an alkene, usually called a dienophile. Two new σ-bonds are formed via an aromatic 

transition state and thus form a cyclohexene system. [40,41] 

A prerequisite for the dienes to undergo a Diels-Alder reaction is that they are present in the s-

cis conformation. In the case of open-chain dienes, there is an equilibrium between the trans 

and cis conformation, which, however, is on the side of the trans product for steric reasons. 

With most cyclic dienes, the cis conformation is normally always present, which is why they 

are very well suited for the Diels-Alder reaction. [40] 

The dienophiles used for the Diels-Alder reaction usually have electron-withdrawing 

substituents conjugated to the alkene. The reason for this lies in the molecular orbital (MO) 
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theory: donor substituents D increase the energy of the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) while acceptor substituents A 

decrease the energy of both frontier orbitals (compare Figure 11).  

 

Figure 11. MO scheme for the reaction between butadiene and ethylene and between their donor/acceptor substituted 

derivatives. Adapted from [42]. 

A binding interaction can only take place between occupied orbitals of one component and 

unoccupied orbitals of the other component, i.e. between HOMOdiene – LUMOene (Figure 11b) 

or HOMOene – LUMOdiene (Figure 11a). If ΔEHOMO-LUMO is minimized by suitable substitution, 

the strength of the interaction increases and the reaction rate increases. 

The product of the Diels-Alder reaction can be in the form of two diastereomers: The so-called 

endo- and exo-products. According to the endo- also called Alder rule, the transition state of 

the endo-product is stabilized due to secondary orbital interactions. This results in an 

energetically favorable transition state in which the endo-product emerges preferentially under 

kinetic control. Under thermodynamic product control, however, the thermodynamically more 

stable exo-product is formed preferentially. [40,41,43] 

The Diels-Alder reaction is interesting for polymer chemistry because some of the adducts 

formed can be partially reopened in the corresponding retro-reaction. This is possible since a 

strong increase in entropy occurs when the Diels-Alder adduct is opened and so the positive 

value of the reaction enthalpy ΔH of the retro-reaction can be overcome when the temperature 

is increased so that a spontaneous course of the reaction can take place. [41] When the Diels-

Alder adducts are incorporated into polymer networks, their retro-reaction therefore allows the 

networks to split under the effect of temperature. This can be utilized, for example, in self-

healing polymers or reversible cross-linking plastics. [44,45]  
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5. Objective of the thesis 

As described in Chapter 2.2.2, the recycling of multilayer packaging by means of classical 

mechanical recycling is usually not possible, as it is only suitable for monomaterial fractions or 

materials that are compatible. Solvent-based recycling, on the other hand, also allows the 

recycling of composite materials, but has not yet become established on the market and is more 

energy-intensive than mechanical recycling due to the polymer drying process. The aim of this 

work was therefore to combine the advantages of solvent-based recycling with those of 

mechanical recycling by using solvents to separate multilayer packaging into its individual 

components and thus make them accessible for mechanical recycling.  

In order to realize this, suitable interlayers in the typical structures of multilayer packaging must 

be identified and dissolved so that the packaging is delaminated. Since the structures of 

multilayer packaging are very versatile, but laminated packaging plays an important role in the 

packaging market, the laminating adhesives could be a suitable layer for delamination. 

However, packaging adhesives are usually cross-linked and therefore not soluble. This could 

be changed by using reversibly crosslinking adhesives as described in Chapter 4. The objective 

of this work therefore was to develop a reversibly crosslinking Diels-Alder adhesives for the 

production of packaging laminates and thus produce multilayer laminates that can be 

delaminated by means of solvent and temperature exposure to subsequently mechanically 

recycle the individual components of the laminate. 

In order to meet this task, three questions were scientifically investigated. 

1. Is it possible to formulate Diels-Alder adhesives so that they can be used to make 

packaging laminates and then delaminate them with a solvent treatment? How is the 

behavior of the adhesive influenced by the length of the prepoylmer, the curing 

temperature and the substrates of the laminate? 

To answer this question, functionalized polyurethane prepolymers were synthesized on a 

laboratory scale, and different laminate structures were prepared and delaminated. This work is 

described in Chapter 6. 

 

2. Is it possible to implement this principle while taking food law requirements into 

account? 

Since the adhesive formulation must not contain any carcinogenic, mutagenic or reprotoxic 

substances according to food regulations, it must be adapted accordingly. However, for 

chemicals that are not listed in the Annex of Commission Regulation (EU) no. 10/2011, [31] it 
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must be ensured that the legally specified maximum level of 0.01 mg/kg food is not reached. 

Migration experiments were necessary in order to check under which conditions this 

specification could be complied with. This work is described in Chapter 7. 

 

3. Is it possible to transfer the principle from laboratory scale to pilot scale in such a 

way that the recyclates could be reused in a packaging application? 

In order to verify how realistic, it is to actually implement recycling of laminates bonded with 

Diels-Alder adhesives by delamination, it was necessary to upscale both laminate production 

and recycling. (Chapter 0) 

 

These three questions are answered and discussed in the following chapters 7-8 and are and 

recapitulated in chapter 9. 
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6. Recycling of multilayer packaging using a reversible crosslinking 

adhesive [46] 

Katharina M. A. Kaiser1,2* 

To prepare a Diels-Alder adhesive for multilayer packaging, linear NCO prepolymers of 

different lengths were first prepared from 4,4'-MDI and a polyester diol and functionalized with 

furfuryl alcohol and N-(2-hydroxyethyl)maleimide. In addition, a molecule with three furan 

groups was prepared, which is used to crosslink the adhesive.  

Based on these starting materials, PET//PE, PET//aluminum and PE//aluminum laminates were 

prepared by hand lamination and cured at room temperature and 60 °C, whereby the time, for 

complete curing was monitored by the decrease of ring deformation mode of maleimide at 

696 cm-1 in the FTIR spectrum. Using 1H NMR spectroscopy, it was found that the adhesive 

cured at room temperature had an exo/endo ratio of Diels-Alder diastereomers of 1:1.8 and that 

cured at 60 °C had a ratio of 1:0.2. 

The results of the T-peel tests of the different laminates indicate that the increased curing 

temperature has a positive influence on the bond adhesion and the adhesion to aluminum. For 

the aluminum composites, a decrease in adhesive strength with increasing length of the adhesive 

molecules can be observed, while for the polymer//polymer composites such an effect is not 

noticeable. 

When heated in dimethyl sulfoxide to 105 °C, the Retro-Diels-Alder reaction takes place to 

allow the adhesive polymers to dissolve and thus be removed from the laminate. As a result, 

the laminate disconnects and the clean PE, PET and aluminum films can be recovered 

separately. Here it can be observed that the type of composite has an influence on the speed at 

which delamination proceeds, since the different materials have different barrier effects against 

the solvent, but the influence of the solvent over the cut edge predominates. There is also a 

tendency for the delamination time of the composites cured at 60 °C to exceed that of the 

composites cured at room temperature, which is as expected based on the different exo/endo 

ratios. 

IR spectroscopy demonstrated that no adhesive residues remained on the surfaces of the films. 

J Appl Polym Sci 2020, 137, 49230, DOI:10.1002/app.49230 
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7. Recyclable Multilayer Packaging by Means of Thermoreversibly 

Crosslinking Adhesive in the Context of Food Law [47] 

by Katharina M. A. Kaiser, Johann Ewender and Frank Welle 

In order to comply with food law requirements, a Diels-Alder adhesive formulation was 

developed that does not contain CMR chemicals. The necessary furan groups were incorporated 

via furfurylamine, which also makes it possible to avoid the use of a crosslinking molecule, 

since the urea groups formed by the reaction of isocyanate with furfurylamine enable the 

production of linear furan prepolymers with furan side chains. This means that N-(2-

hydroxyethyl)maleimide and furfurylamine are the only two chemicals contained in the 

adhesive formulation that are not listed in the Annex to EU Regulation 10/2011. In order to 

comply with the legal requirements, it must be ensured that these two substances do not exceed 

the prescribed maximum level of 0.01 mg/kg food. 

In the T-Peel test, the adapted adhesive formulation showed a laminate adhesion appropriate 

for packaging purposes of 3.07±0.11 N/15 mm in the case of the PET//PE laminate and 

2.30±0.41 N/15 mm and 2.39±0.33 N/15 mm for PET//aluminum and PE//aluminum, 

respectively. The slightly higher laminate adhesion in the case of the PET//PE laminate seems 

to be due to the possibility of delamination of the adhesive polymers with the substrate 

polymers, which is not possible for the bond to aluminum. Delamination of the laminates in 

solution with the modified formulation is possible in 30 minutes without leaving residues of the 

adhesive polymers on the substrates. 

By means of migration modeling it was shown that furfurylamine and 

N-(2-hydroxyethyl)maleimide have a lag time of only a few minutes with a 45 µm thick PE-

LD layer at room temperature which means that PE-LD cannot be regarded as a barrier against 

the two substances under these conditions. However, if the residual content of the two 

substances is below 30 mg/kg, the saturation concentration in the food will also be below the 

legal limit, provided that a PET//PE (23 µm//45 µm) composite is used. 

To verify how the use of an ethylene-vinyl alcohol copolymer (EVOH) barrier between the 

adhesive and the food affects the passage of the two chemicals into the food, the activation 

energies and diffusion coefficients for diffusion through EVOH were determined. By using 

these, it was possible to determine through migration modeling that the lag-time of the migrants 

extends to at least 9 years just by using a 3 µm thick layer of EVOH. 
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From a food law point of view, the use of the described adhesive is possible, provided that the 

residual concentrations of the two substances in the adhesive are below 3 µg/kg, or a thin EVOH 

barrier is used. 

Polymers 2020, 12, DOI:10.3390/polym12122988  

Author Contributions: K. Kaiser planned and carried out the experiments necessary to 

produce the laminates and for recycling and performed the migration modeling and wrote the 

corresponding parts of the manuscript. F. Welle determined the diffusion coefficients and the 

activation energies for diffusion and wrote the corresponding chapters in the manuscript. J. 

Ewender performed the experiments necessary to determine the diffusion coefficients. 

 

Note to 2.9 Statistical Hypothesis Testing: 

In this publication the Anderson-Darling test was performed with a sample size of n = 5 which 

is to small to guarantee that no false positive results were obtained for the normal distribution. 

The consequence of this could be that a Student T-test was incorrectly used instead of a 

Wilcoxon U test, over- or underestimating differences in significance. However, strictly 

speaking, the laminate adhesion of different laminate structures measured by the T-Peel test 

cannot be compared with each other anyway, since different materials can absorb different 

amounts of energy. Therefore, a direct comparison of the values measured for composite 

adhesion is only of limited use anyway. 

Note to 3.4 Activation Energys of Diffusion:  

The correlation coefficient on page 79, it must be added that the coefficient of determination 

was determined according to Pearson and that the coefficient of determination R2 is not 

legitimate in the Figure 10, since a nonlinear relationship is shown here.  

  



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

65 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

66 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

67 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

68 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

69 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

70 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

71 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

72 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

73 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

74 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

75 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

76 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

77 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

78 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

79 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

80 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

81 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

82 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

83 

 



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

84 

 

  



Production of a PET//PE-LD laminate using a reversibly cross-linking packaging 

adhesive and recycling on a small-scale technical plant 

85 

 

8. Production of a PET//PE-LD laminate using a reversibly cross-linking 

packaging adhesive and recycling on a small-scale technical plant 

by Katharina M. A. Kaiser and Tanja Ginzinger 

To take the next step to large-scale application, laminate production and recycling was scaled 

up to a small-scale technical plant. Therefore, firstly larger quantities of the furan and 

maleimide prepolymers of the formulation from Chapter 7 were synthesized in order to produce 

300 linear meters of a PET//PE laminate on a pilot line for coating and laminating. 

The laminate adhesion exhibited by the laminate after curing of the adhesive is strong enough 

to provide substrate failure of the PET in the T-peel test. Thus, the laminate adhesion obtained 

here is better than in the previous publication, which is mainly due to the fact that machine 

lamination is bubble-free, unlike manual lamination. After a short-term temperature exposure 

of 160 °C, as occurs during the sealing of packaging, it still exhibits high bond adhesion and 

shows that the processing of the packaging would not lead to disintegration of the packaging. 

After delamination in the small-scale solvent recycling plant, density separation was performed, 

producing an PE-LD fraction and a PET fraction, but each still containing a residual content of 

the other polymer. In the case of the PE-LD, the residual PET can be separated by melt filtration 

during re-granulation to yield a PE-LD granulate from which a recycled film can be produced. 

By characterizing the PE-LD film by infrared spectrometry, differential scanning calorimetry, 

tensile test, determination of melt index and molecular weight, the influence of the recycling 

process on the polymer could be determined. The recycled PE-LD exhibits crosslinking due to 

the repeated recycling, but the crosslinking is much lower than described for PE-LD in 

literature. Also the mechanical properties do not show the typical behavior of crosslinked PE, 

but rather the behavior of plasticized material. Sum of the analytical results indicate that the 

solvent attenuates the crosslinking of the PE-LD during extrusion and instead has a plasticizing 

effect. The PET pellets, on the other hand, exhibit about 10% molar mass degradation after re-

granulation and turbidity in places, which can be justified by the PE that has not been separated. 

For further processing of the PET, a complete separation of the residual PE-LD or the addition 

of a compatibilizer would be necessary. 

Recycling 2021,6(3), 47, DOI: 10.3390/recycling6030047 

Author Contributions: K. Kaiser planned and carried out the polymer syntheses, planned and 

supervised the lamination and the recycling of the laminate, conceived and wrote the 

manuscript. T. Ginzinger organized the drying of the delaminated films and the extrusions.
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9. Discussion 

To achieve the EU's goal of making all packaging on the EU market reusable or recyclable by 

2030, it is necessary to redesign non-recyclable packaging or establish new recycling 

technologies. Among the non-recyclable packaging, multilayer packaging is particularly 

relevant, as it has a high presence on the packaging market and can therefore represent a relevant 

adjusting screw for increasing the recycling rates.  

The use of a Diels-Alder adhesive as an interlayer between different materials in multilayer 

packaging could be able to allow their separation and thus enable a delamination approach for 

a wide range of multilayer packaging. 

To verify whether the recycling of multilayer packaging by delamination using Diels-Alder 

adhesives is indeed an option, the questions from Chapter 5 were answered in Chapters 6-0. In 

the following, the questions from chapter 5 are revisited and the main statements of these 

chapters are discussed. 

1. Is it possible to formulate Diels-Alder adhesives so that they can be used to make 

packaging laminates and then delaminate them with a solvent treatment? How is the 

behavior of the adhesive influenced by the length of the prepoylmer, the curing 

temperature and the substrates of the laminate? 

This question was investigated using an adhesive system consisting of linear maleimide- or 

furan-functionalized prepolymers of different lengths polymerized from 4,4'-MDI and a 

polyesterdiol. Crosslinking of the adhesive was achieved by using a molecule with three furan 

groups. This system was chosen for the study for different reasons: MDI was chosen as the 

isocyanate because its very low vapour pressure reduces its hazards during handling compared 

to the other major isocyanates and makes it suitable for laboratory handling. [48] There is little 

information in the literature about diols used in commercial packaging adhesives. After 

preliminary tests with various polyethers, polyesters and polyether-polyester copolymers, the 

caprolactone diol was selected because it gives a prepolymer that is readily soluble in methyl 

ethyl ketone (MEK) and ethyl acetate when polymerized with MDI, and preliminary lamination 

tests showed promising adhesive properties. Using these starting materials, prepolymers of 

different lengths were synthesized and used to produce PET//PE-LD, PET//aluminum and PE-

LD//aluminum laminates by adding the crosslinker molecule.  

The results of the T-peel tests (Chapter 6, Table 3) of these different laminates indicate that the 

increased curing temperature has a positive effect on the bond adhesion. For the aluminum 
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laminates, a decrease in bond strength with increasing length of the adhesive molecules can be 

observed, while no such effect is observed for the polymer/polymer laminates.  

However, since the specimens are hand-laminated, some of them have air inclusions of various 

dimensions, and the thickness of the adhesive cannot always be reproduced exactly, nor is the 

thickness within a specimen always constant. Therefore, to verify the observed trends, machine-

laminated specimens that do not contain voids would have to be prepared.  

Since the T-peel test is the standard method in the industry for determining the adhesion of 

films, this method was also used here. However, it is not really suitable for comparing adhesion 

between different substrates, as the different materials dissipate different amounts of energy 

and thus influence the measured values. [49] For example, since PE-LD is more prone to elastic 

and plastic deformation compared to PET or aluminum, laminates with PE-LD dissipate more 

energy during the T-Peel test, which is reflected in an increase in the measured adhesion value. 

Thus, the laminate bond strengths measured in Chapter 6, which tend to be higher for PE-LD 

laminates, can therefore presumably be attributed to some extend to the measurement 

methodology. 

When observing delamination in DMSO at 105 °C (Chapter 6, Figure 6), it was noticed that the 

time to delamination also depends on the laminate type and the faster the solvent diffuses 

through the substrate, the faster the laminate delaminates. The stronger the barrier of the 

substrates, the stronger the influence over the cut edges during delamination. Furthermore, the 

length of the prepolymers and also the temperature of the curing of the laminate, and thus the 

different exo/endo ratios of the Diels-Alder adducts, also play a role on the duration of 

delamination.  

2. Is it possible to implement this principle while taking food law requirements into 

account? 

Since the use of CMR chemicals in packaging adhesives is only permitted in approved 

exceptional cases, a way was sought to avoid the use of the potentially carcinogenic furfuryl 

alcohol. One way to do this was seen in the use of furfurylamine which is not labeled as 

carcinogenic. However, replacing the furfuryl alcohol with the amine derivative is not possible 

without further modification of the formulation, as a drastic deterioration in the solubility of the 

adhesive components in ethyl acetate and MEK was observed after the formation of the urea 

groups, especially with the cross-linking formulations. To generate crosslinking in a different 

way, a reaction pathway was chosen in which the partial functionalization of a linear isocyanate 

prepolymer allows the formation of biuret groups and thus the formation of side chains. In this 
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way, using a prepolymer formulation from Morchem SA, a soluble furan prepolymer with an 

average of three furan groups was prepared, over which crosslinking can be generated.  

The bond strength achieved by this adhesive (Chapter 7, Figure 6, Table 5) for the laminates 

PET//PE-LD, PE-LD//aluminium and PE-LD//aluminium is between 2 and 3 N/15 mm and 

therefore sufficient for most packaging purposes. Delamination of the material components of 

the input cut to about 1 cm2 was carried out in DMSO at 105 °C within 40 min (Chapter 7, 

Table 6), with partial opening of the Diels-Alder adducts and subsequent solvation of the 

components in the solvent. 

Diffusion models had been used to predict the diffusion behavior of furfurylamine and 

N-(2-hydroxyethyl)maleimide in the multilayer packaging materials. The Piringer diffusion 

coefficients give a lag time of only a few minutes for furfurylamine and 

N-(2-hydroxyethyl)maleimide at 23 °C through 45 µm thick PE-LD (Chapter 7, Figure 7). The 

barrier effect of PE-LD is therefore not sufficient to act as a functional barrier against both of 

the migrants. This would not change even if unrealistically thick PE-LD layers were used or 

unrealistically low diffusion coefficients of the migrants in the adhesive were assumed. 

However, whether the limit of 0.01 mg of the migrants per kg of food specified by the EU can 

be exceeded depends not only on the barrier, but also on the residual content of the migrants in 

the adhesive. It could be determined that if the content of both substances in the adhesive is 

below 30 mg/kg, the limit value of 0.01 mg/kg in the food is not exceeded in a PET//PE-LD 

(23 µm//45 µm) laminate (Chapter 7, Figure 7). Based on the experimentally determined 

diffusion coefficients predicted according to the Welle prediction model, it could be shown that 

EVOH is a good functional barrier against the migrants and already 3 µm EVOH strongly 

delays the transition into the food (Chapter 7, Figure 12). Furfurylamine has higher diffusion 

coefficients than N-(2-hydroxyethyl)maleimide and therefore has a lower lag-time. However, 

through 3 µm of EVOH, the lag-time of furfurylamine at 23 °C is 9.1 years even in the worst-

case scenario (Chapter 7, Figure 13). As this is an unrealistically long time for common 

packaging applications, it can be generally said that the use of the described adhesive behind a 

3 µm thick EVOH layer is safe, regardless of the residual content of furfurylamine and 

N-(2-hydroxyethyl)maleimide. 

The third question aims to determine whether laminate production with Diels-Alder adhesive 

and also recycling of the laminate can be carried out on a larger scale, as this is the next step 

towards commercial implementation of the process. 
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3. Is it possible to transfer the principle from laboratory scale to pilot scale in such a 

way that the recyclates could be reused in a packaging application? 

It was shown that the formulation used can be processed in the same way on the pilot plant for 

lamination and lacquering as conventional solvent-based polyurethane adhesives, provided that 

the solids content is adjusted so that viscosities are like those of commercially available 

adhesives. Compared to hand lamination, better bond adhesion could be achieved via 

lamination on the pilot line for lacquering and lamination, since hand lamination does not allow 

defect-free lamination compared to machine lamination.  

Processing of the film involving a short-term temperature exposure of 160 °C for 1.3 seconds 

does cause partial opening of the Diels-Alder adducts, but good bond adhesion is maintained, 

which means that the processing would not lead to failure of the packaging (Chapter 8, 

Figure 10). After delamination and density separation, PE-LD particles can still be found in the 

PET fraction and PET particles in the PE-LD fraction. While the PET fraction can be separated 

from the PE-LD fraction by melt filtration during granulation, the PE-LD cannot be separated 

from the PET fraction in this way due to its lower melting point. 

Therefore, in the tests carried out in this work, a PET granulate has been obtained that contains 

a residual PE-LD content and would therefore not be suitable for further use in this form. For 

this, an optimized density separation would have to reduce the PE-LD content very 

considerably, or a compatibilization would be necessary. However, it was possible to re-extrude 

a film from the PE-LD granulate, which, however, due to interactions with the solvent, has 

slightly plasticized properties compared to the virgin film and a weaker increase in molecular 

weight than expected for recycled PE-LD (Chapter 8, Figure 14, Table 5).  

9.1. Conclusion 

In conclusion, it is possible to produce packaging laminates with polyurethane-based Diels-

Alder adhesives and produce bond strengths that can compete with commercial ones. When 

exposed to temperature in a solvent, the Diels-Alder adducts can be opened in sufficient 

numbers to allow the adhesive to be solvated and the laminate to delaminate. For an adhesive 

prepared using furfurylamine and N-(2-hydroxyethyl)maleimide, the limit concentration in 

food prescribed for these two chemicals can be met (PE-LD 45 µm, 23 °C), provided the 

residual concentration in the adhesive is below 30 mg/kg. If this is not the case, the transition 

into the food can be greatly delayed by an EVOH barrier. By upscaling the PET//PE-LD 

laminate production, the adhesive was shown to process like conventional commercial solvent-
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based polyurethane packaging adhesives. By recycling on a small scale, a PET regranulate can 

be obtained and an PE-LD film that would be suitable again for use in packaging purposes and 

thus suitable to close the loop. 

However, in order for the present approach to actually contribute to an increase in recycling 

rates, a number of open scientific questions must be clarified and some basic requirements must 

be met. These are outlined in Chapter 10. 
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10.  Outlook 

In order for packaging laminated with Diels-Alder adhesives to actually establish itself on the 

market and thus contribute to increasing recycling rates, a number of unresolved scientific, 

technical and commercial issues would first have to be clarified and some basic requirements 

met. 

Some topics already mentioned in chapters 6-0 could be further deepened and optimized on a 

scientific level and thus contribute to an actual implementation on the market. This includes 

that a more detailed investigation of the influence of the solvent on the quality of the recyclates 

would be beneficial. This includes that the a more detailed investigation of the influence of the 

solvent on the quality of the recyclates would be beneficial. In the case of PE-LD, the solvent 

seems to interact reactively with the polymer and thus change the mechanical properties. By 

elucidating the mechanism, ways could be found to prevent this if necessary and improve the 

quality of the recycled PE-LD.  

In order to optimize the delamination, an analysis of the rate-determining step of this would be 

useful. The rate-determining step could be the opening of the Diels-Alder adducts and the 

diffusion of the solvent. In the case that the opening of the adducts is decisive for the speed of 

the delamination, a modification of the adhesive system could cause a lowering of the 

temperature of the retro-Diels-Alder reaction and thus an acceleration of the opening of the 

adhesive network. 

Another important factor that could be scientifically investigated would be the influence of 

impurities such as food residues and printing inks that are to be expected in post-consumer 

recycling. How these behave in the recycling process is difficult to assess due to their versatility 

and would have to be simulated in test series with different degrees of contamination and 

pretreatment processes. 

To extend the application of the adhesive to other relevant multilayer structures, further 

development work for suitable adhesive formulations based on the identification of suitable 

diol/isocyanate components might be necessary. 

One of the technical prerequisites for increasing recycling rates through the use of Diels-Alder 

adhesives is the sortability of delaminable packaging. For recycling, sortability is a basic 

requirement which includes the existence of a processing infrastructure for high-quality 

recycling. For this purpose, it would have to be possible to sort delaminable multilayers into a 

separate fraction, and the sorting system would have to be adapted accordingly: Since it can be 
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assumed that flexible multilayer packaging will primarily be sorted into the mixed plastic soft 

fraction generated by wind sifting, it would be necessary to subsequently re-sort this fraction 

on a sensor basis. Since multilayer packaging cannot necessarily be distinguished from 

monomaterial polyolefin packaging by near-infrared (NIR) sorting, other sensor-based sorting 

technologies would be necessary. The possibility of marking packaging with detectable tags is 

promising. There are various ways of doing this, with chemical tracers, which have 

spectroscopic properties such as fluorescence under UV light [50,51] and digital watermarks 

being the focus of interest. [52] These can be integrated into the packaging by incorporating the 

chemicals into the plastic or label, or by applying the digital watermarks to the surface. [53] A 

sorting fraction generated in this way could subsequently be delaminated by solvent treatment.  

Two scenarios are conceivable for this:  

On the one hand, it could be possible to sort the individual laminate types into their own 

fractions. In this way, similar to the demonstration test in Chapter 8, recycling both the 

polyolefin fraction and the fraction of the polymer with the heavier density could be an option. 

However, unlike the experiment in Chapter 8, impurities would have to be expected, which 

means that appropriate optimization of the process would have to be carried out. The 

prerequisite for carrying out this scenario would be that a sufficient quantity of the respective 

composite is available on the packaging market to make targeted sorting or separate recycling 

profitable. However, in order to actually achieve a good quality of the sinking fraction, it would 

be important, especially for this method, to optimize the density separation, e.g. by using 

cyclonic separation. 

Another possibility could be to delaminate different laminate types bonded with Diels-Alder 

adhesives in a combined solvent treatment. Here it would have to be taken into account that, as 

described in Chapter 6, the laminate structure also has an influence on the delamination time 

and that the adhesive formulation also has to be adapted for other substrate materials, which 

can also influence the delamination time. According to this method, the sink fraction would 

contain a mixture of different polymers, which makes further recycling of these difficult to 

imagine. In order to obtain a recyclable floating fraction, either care would have to be taken to 

ensure that only laminates with PE as polyolefin component end up in the fraction or, 

alternatively, a sorting out of PP from the floating fraction would have to be considered. The 

disadvantage of this method would be that the sinking fraction could not be further processed 

due to its heterogeneity, but on the other hand it would be more conceivable that this method 

would produce a sufficiently large sorting fraction to allow economically viable recycling. 
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In addition to the scientific and technical issues that still need to be clarified, there are also a 

number of points to consider with regard to the economics of the process. These include the 

price of the adhesive, which is strongly dependent on the proportion of maleimide and furan 

groups, the process energy required for the steps of the recycling process, and the infrastructure 

required. When optimizing the process, it must be ensured that the effort involved does not 

exceed the ecological and economic benefits of recycling. 
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11.  Summary 

Since it is generally not possible to recycle multilayer packaging by means of classic 

mechanical recycling, new approaches are being sought to recycle these. One approach is to 

delaminate the packaging into its individual layers, which makes it possible to recycle the 

different components separately. Therefore, the objective of this work was to develop a 

reversibly crosslinking Diels-Alder adhesive for packaging laminates and thus produce 

multilayer laminates that can be delaminated by means of solvent and temperature exposure in 

a tailor-made recycling process. 

As a first step, adhesives were synthesized that consist of maleimide- and furan-functionalized 

prepolymers of different chain lengths and a trifunctional crosslinker molecule and cure via the 

Diels-Alder reaction. This adhesive was used to produce PET//PE-LD, PET//aluminum and PE-

LD//aluminum laminates that subsequently were separated by treatment in heated solvent 

without adhesive residues on the surface of the films detectable by infrared spectroscopy. 

The results of the investigations indicate that the laminate adhesion of the studied formulation 

depends on the type of film and on the temperature of curing. The behavior during delamination 

seems to be influenced by the type of bonded films, the length of the prepolymers and the curing 

temperature. 

As a second step, the adhesive formulation was adapted in such a way that, in addition to the 

necessary diisocyanate- and diol-component, it is only necessary to use the two other chemicals 

furfurylamine and N-(2-hydroxyethyl)maleimide, neither of which are categorized as 

carcinogenic, mutagenic or toxic for reproduction. As for these two chemicals legally a limit 

value of 0.01 mg/kg for the migration into food is prescribed, migration modelling was used to 

show that PE-LD (45 µm) does represent only a poor functional barrier to the migrants. 

However, the limit value can still be complied with, provided that the residual concentration of 

migrants in the adhesive is a maximum of 30 mg/kg. At higher concentrations, an EVOH-

barrier can prevent the chemicals from passing into the food, whereby the use of 3 µm EVOH 

can extend the lag-time of the migrants to at least 9 years (r.t.). 

Upscalability was verified by producing a PET//PE-LD laminate using the adhesive on the pilot 

line for coating and lamination and then delaminating it on a pilot line for solvent-based 

recycling. Laminate production on the pilot line indicates that the processability of the adhesive 

is no different from commercial solvent-based polyurethane packaging adhesives, provided the 

solids content is selected to match the viscosity and the formulation allows sufficient tack.  
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Delamination also works on a larger scale, but because the input material is shredded by a 

machine, there is a greater distribution of the size of the film flakes, which affects the duration 

of delamination. Since PE-LD residuals in the PET fraction cannot be separated by melt 

filtration during pelletizing, in order to guarantee a good quality of the PET fraction, the density 

separation following delamination has to be optimized with suitable equipment. In the case of 

the PE-LD fraction, good recyclate quality can also be expected despite residual PET content, 

since separation of the PET during melt filtration is possible. However, the properties of the 

recycled PE-LD undergo a change when extruded in the presence of residual solvent.  

In order to be able to contribute to an increase in recycling rates by implementing the process, 

the application of the adhesive would have to be extended to other laminate types, the process 

parameters of the upscaling would have to be further optimized and a new sorting path would 

have to be established in the sorting process of post-consumer packaging. 
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12.  Zusammenfassung 

Da es im Allgemeinen nicht möglich ist, mehrschichtige Verpackungen durch klassisches 

mechanisches Recycling zu verwerten, wird nach neuen Ansätzen für deren Recycling gesucht. 

Ein Ansatz besteht darin, die Verpackungen in ihre einzelnen Schichten zu delaminieren, was 

eine getrennte Verwertung der verschiedenen Komponenten ermöglicht. Ziel dieser Arbeit war 

es daher, einen reversibel vernetzenden Diels-Alder-Klebstoff für Verpackungslaminate zu 

entwickeln und damit Mehrschichtverbunde herzustellen, die in einem maßgeschneiderten 

Recyclingverfahren durch Lösungsmittel- und Temperatureinwirkung delaminiert werden 

können. 

In einem ersten Schritt wurden Klebstoffe synthetisiert, die aus Maleimid- und Furan-

funktionalisierten Präpolymeren unterschiedlicher Kettenlänge und einem trifunktionalen 

Vernetzermolekül bestehen und über die Diels-Alder-Reaktion aushärten. Mit diesem Klebstoff 

wurden PET//PE-LD-, PET//Aluminium- und PE-LD//Aluminium-Verbundfolien hergestellt, 

die sich anschließend durch Behandlung in erhitztem Lösungsmittel ohne 

infrarotspektroskopisch nachweisbare Klebstoffrückstände auf der Folienoberfläche trennen 

ließen. 

Die Ergebnisse der Untersuchungen zeigen, dass die Laminathaftung der untersuchten 

Formulierung vom Folientyp und von der Aushärtungstemperatur abhängt. Das Verhalten bei 

der Delaminierung scheint von der Art der verklebten Filme, der Länge der Präpolymere und 

der Aushärtungstemperatur beeinflusst zu werden. 

In einem zweiten Schritt wurde die Klebstoffrezeptur so angepasst, dass neben der notwendigen 

Diisocyanat- und Diolkomponente nur noch die beiden anderen Chemikalien Furfurylamin und 

N-(2-Hydroxyethyl)maleimid verwendet werden müssen, die beide nicht als krebserregend, 

erbgutverändernd oder fortpflanzungsgefährdend eingestuft sind. Da für diese beiden 

Chemikalien gesetzlich ein Grenzwert von 0,01 mg/kg für die Migration in Lebensmittel 

vorgeschrieben ist, wurde anhand von Migrationsmodellierung gezeigt, dass PE-LD (45 µm) 

nur eine schlechte funktionelle Barriere für die Migranten darstellt. Dennoch kann der 

Grenzwert eingehalten werden, sofern die Restkonzentration der Migranten im Klebstoff 

maximal 30 mg/kg beträgt. Bei höheren Konzentrationen kann eine EVOH-Barriere den 

Übergang der Chemikalien in das Lebensmittel verhindern, wobei die Verwendung von 3 µm 

EVOH die lag-time der Migranten auf mindestens 9 Jahre (r.t.) verlängern kann. 
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Die Hochskalierbarkeit wurde durch die Herstellung eines PET//PE-LD-Laminats und die 

anschließende Delaminierung auf einer Pilotanlage für lösungsmittelbasiertes Recycling 

überprüft. Die Herstellung des Laminats mit Diels-Alder-Polyurethan-Klebstoff auf einer 

Pilotanlage zur Beschichtung und Kaschierung zeigt, dass sich der Klebstoff in seiner 

Verarbeitbarkeit nicht von handelsüblichen lösungsmittelbasierten Polyurethan-

Verpackungsklebstoffen unterscheidet, sofern der Feststoffgehalt entsprechend der Viskosität 

gewählt wird und die Formulierung eine ausreichende Klebkraft ermöglicht.  

Die Delaminierung funktioniert auch im größeren Maßstab, aber da das Ausgangsmaterial 

maschinell zerkleinert wird, kommt es zu einer stärkeren Größenverteilung der 

Folienschnippsel, was die Dauer der Delaminierung beeinflusst. Da PE-LD-Reste in der PET-

Fraktion nicht durch Schmelzefiltration während der Granulierung abgetrennt werden können, 

muss die Dichtetrennung nach der Delaminierung mit geeigneten Geräten optimiert werden, 

um eine gute Qualität der PET-Fraktion zu gewährleisten. Bei der PE-LD-Fraktion ist trotz 

Rest-PET-Gehalt eine gute Rezyklatqualität zu erwarten, da eine Abtrennung des PETs durch 

eine Schmelzefiltration möglich ist. Allerdings verändern sich die Eigenschaften des 

rezyklierten PE-LD, wenn es in Gegenwart von Restlösemittel extrudiert wird.  

Um mit der Umsetzung des Verfahrens zu einer Steigerung der Recyclingquoten beitragen zu 

können, müsste die Anwendung des Klebstoffs auf andere Laminattypen ausgeweitet, die 

Prozessparameter des Upscaling weiter optimiert und ein neuer Sortierweg im Sortierprozess 

von Post-Consumer-Verpackungen etabliert werden. 
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