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Zusammenfassung 

Im Bereich der thermoplastischen Kunststoffe gibt es seit vielen Jahren Bestrebungen, 

synthetische Polymere entweder durch die Substitution der Rohstoffquelle oder durch die 

Entwicklung neuer, biobasierter Materialien zu ersetzen. Die direkte stoffliche Nutzung 

von nachwachsenden Rohstoffen nutzt nicht nur die vorhandenen Synthesekapazitäten 

der Natur intelligent, sondern spart auch energie- und ressourcenintensive 

Prozessschritte. Neben dem Einsatz von Cellulose als Füllstoff ist es bisher nicht 

gelungen, native Cellulose thermoplastisch zu verarbeiten. Aufgrund des starken 

Netzwerks aus Wasserstoffbrückenbindungen in der Cellulose ist der Energieaufwand, 

der zum Schmelzen des Polymers erforderlich wäre, so hoch, dass bereits vorher ein 

Abbau des Polymers stattfindet. Lediglich Cellulosederivate, bei denen die 

Hydroxylgruppen der Cellulose substituiert wurden, zeigen thermoplastische 

Eigenschaften. 

In diesem Kontext untersucht die vorliegende Arbeit einen rein physikalischen 

Modifikationsansatz, bei dem polymere Abstandshalter zwischen die Celluloseketten 

eingebracht werden, um deren intermolekulare Wasserstoffbrückenbindungen zu 

schwächen. 

Durch Mischen in Lösung mit anschließender Fällung wurden Kombinationen aus 

Cellulose mit verschiedenen Biopolyestern oder Polyamid 6 hergestellt und mittels 

mikroskopischer, thermischer, und struktureller Analysemethoden systematisch auf ihre 

Kompatibilität untersucht. Hierbei zeigte Polymilchsäure die stärksten 

Wechselwirkungen, was in einem einphasigen Blend resultierte. Während mit Polyamid 6 

noch kristalline und amorphe Domänen beider Blendpartner identifiziert werden konnten, 

zeigte die Kombination mit Polymilchsäure eine rein amorphe Morphologie, bei der 

weder optisch noch analytisch zwischen Domänen der kombinierten Polymere 

differenziert werden kann.  

Trotz theoretischer, thermodynamischer Unmischbarkeit der Blendpartner ist es damit 

möglich, im entwickelten Löse-Fäll-Prozess polymere Abstandshalter auf molekularer 

Ebene in das Cellulosenetzwerk einzubringen. Daraus resultiert ein Material, welches 

sich hinsichtlich seiner Eigenschaften von bekannten, mehrphasigen Systemen 

signifikant unterscheidet. Die entwickelten Celluloseblends sind biobasiert, biologisch 

abbaubar und optisch transparent.  

Die vorliegende Arbeit zeigt auch, dass der Herstellungsprozess solcher Blends von 

einem Mischen verdünnter Cellulose- und Polymilchsäure-Lösungen auf einen 

kontinuierlichen Extrusionsprozess konzentrierter Cellulosegele mit einer 

Polymerschmelze rein technisch übertragbar ist. Es konnten Cellulosegele mit bis zu 
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45 Gew.% Celluloseanteil mittels Extrusion hergestellt werden. Im folgenden 

Compoundierungsschritt zeigten sich allerdings Abbauprozesse durch die zur Lösung der 

Cellulose verwendeten ionische Flüssigkeit, die zu Verfärbungen und verringerten 

Zugfestigkeit und Flexibilität des Materials führten. Die absolute Zugfestigkeit und die 

Dehnungswerte der extrudierten Cellulose/Polymilchsäure Blends (1:1) betrugen 

~40 MPa bzw. 1,3 %. Diese Werte sind vergleichbar mit einem mehrphasigen 

Verbundwerkstoff derselben Zusammensetzung, der das doppelte Molekulargewicht von 

Polymilchsäure enthielt. Die Blends sind unter Druck und Temperatur formbar und haben 

das Potenzial, in gängigen thermoplastischen Verfahren eingesetzt zu werden.  

Diese Arbeit leistet damit einen wesentlichen Beitrag zur Erweiterung der technischen 

Nutzung des am häufigsten und ubiquitär vorkommenden natürlichen Polymers 

Cellulose. Die entwickelten Blends zeigen ein hohes Substitutionspotential der bislang 

dominierenden fossil-basierten Kunststoffe, was einen weiteren Schritt beim Übergang 

einer linearen Wirtschaft in Richtung einer kreislauforientierten Bioökonomie 

ermöglicht. 
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Summary  

In the field of thermoplastics, there have been efforts for many years to replace synthetic 

polymers either by substituting the raw material source or by developing new, bio-based 

materials. The direct material use of renewable raw materials not only makes intelligent 

use of nature's existing synthesis capacities, but also saves energy- and resource-intensive 

process steps. Besides the use of cellulose as a filler, it has not yet been possible to 

thermoplastically process native cellulose. Due to the strong hydrogen bond network in 

cellulose, the energy input that would be required to melt the polymer is so high that 

degradation of the polymer already occurs beforehand. Therefore, so far only cellulose 

derivatives in which the hydroxyl groups of cellulose have been substituted display 

thermoplastic properties. 

In this context, this work investigates a solely physical modification approach by 

introducing polymeric spacers between the cellulose chains to weaken their 

intermolecular hydrogen bonding. 

Combinations with different biopolyesters or polyamide 6 were prepared by solution 

blending with subsequent precipitation and systematically investigated for their 

compatibility with cellulose using microscopic, thermal, and structural analysis methods. 

Polylactic acid showed the strongest interactions, resulting in a single-phase blend. While 

crystalline and amorphous domains of both blend partners could still be identified with 

polyamide 6, the combination with polylactic acid showed a purely amorphous 

morphology in which neither optical nor analytical differentiation between domains of 

the combined polymers was possible.  

Despite theoretical thermodynamic immiscibility of the blend partners, it is thus possible 

to introduce polymeric spacers at the molecular level into the cellulose network in the 

developed dissolution-precipitation process. This results in a material that differs 

significantly from known multiphase systems in terms of its properties. The cellulose 

blends developed are bio-based, biodegradable and optically transparent.  

The present work also shows that the manufacturing process of such blends is technically 

transferable from a solution blending of dilute cellulose and polylactic acid solutions to a 

continuous extrusion process of a concentrated cellulose gel with a polymer melt. 

Cellulose gels with up to 45 wt% cellulose content could be prepared via extrusion. 

However, in the subsequent compounding step, degradation processes occurred due to 

the ionic liquid used to dissolve the cellulose, which led to discoloration and reduced 

tensile strength and flexibility of the final blend material. The absolute tensile strength 

and elongation values of the extruded cellulose/polylactic acid blends (1:1) were ~40 MPa 

and 1.3%, respectively. These values were comparable to a multiphase composite of the 
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same composition containing twice the molecular weight of polylactic acid. The blends 

were moldable under the input of pressure and temperature and show potential to be 

applied in common thermoplastic processes. 

This work thus makes a considerable contribution to expanding the technical use of 

cellulose, the most abundant and ubiquitous natural polymer. The developed blends could 

potentially substitute the so far dominating fossil-based plastics, which enables a further 

step in the transition of a linear economy towards a circular bioeconomy. 
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1 General Introduction 

1.1 Bioeconomy: Need for materials from renewable resources and 

bio-based products 

In a bioeconomy, fossil raw materials and their derivatives as well as power generation 

are gradually being replaced by materials and energy based on renewable raw materials. 

Both energy security by reducing the dependence on fossil fuels and action on climate 

change by reducing greenhouse gases remain the so-called ‘grand challenges’ facing 

society.1 On a global level, the United Nations Member States defined 17 sustainable 

development goals, including a responsible consumption and production, climate action, 

the establishment of a resilient infrastructure and promotion of inclusive and sustainable 

industrialization and innovation.2 In Europe, political support is given by the bioeconomy 

strategy, contributing to the European Green Deal.3 Plans for a bioeconomy envision a 

bio-based industry sector in which some fossil-derived plastics and chemicals are 

replaced by new or equivalent products derived at least in part from biomass.4 Some of 

these bio-based products already exist, such as bio-based polymers.  

Polymers themselves have become an integral part of our everyday lives in countless 

applications. Particularly in recent years, it has become clear how important polymers 

are, e.g. in protecting food, ensuring safe medical care or increasing fuel efficiency in the 

mobility sector. To promote, support and enable a sustainable society, we need polymers. 

However, we also have become aware that polymers can cause serious environmental 

problems.5 World-wide plastics production reached 367 million tons in 20206, of which 

most originate from fossil resources and, as packaging makes up 42% of the quantity, are 

disposed after a very short period of use.7 Although an increasing fraction of plastics is 

either recycled whenever an infrastructure for collection and sorting is available or 

incinerated for energy recovery, the largest part still ends up in landfills or in the oceans.7 

Those problems are currently being addressed with the development of new recycling 

strategies8 or the use and further development of biodegradable polymers.9 At the same 

time, switching raw materials from fossil to renewable resources can also solve some 

environmental problems associated with fossil fuel extraction and make plastic 

production sustainable.5 In this context, there is a growing interest in the production of 

composites from biologically produced materials, recycled materials, waste materials and 

combinations thereof.10 

Recycled plastics can be reused to produce blends and composites, reducing dependence 

on virgin fossil-based materials. Also hybrid composites of fossil-based polymers and 

bio-resourced fillers, such as natural fibers, have attracted attention, and even fully bio-
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based composites are emerging.10 In both cases, compatibility of the materials used is the 

major scientific challenge to improve processability and mechanical performance.10 

Research in this area of polymer blends and composites has the potential to achieve the 

important global sustainability goal of responsible consumption and production by 

lowering the current material footprint. 

1.2 Scientific questions and research approach 

When developing new bio-based materials, the raw material source and process design 

must also be considered. If the naturally existing polymer structure is to be used for 

technical applications, two main problems quickly become apparent: (1) many proteins 

and α-polysaccharides compete for use as food or feed and (2) the structures of natural 

polymers do not allow thermoplasticity due to crosslinking or strong secondary intra- and 

intermolecular interactions. 

The first problem can be solved by using biomass residues (lignocellulosics). Other ß-

polysaccharides are also ubiquitously available and do not compete with food or feed, for 

example, chitin. The components of lignocellulosic biomass are cellulose, 

hemicelluloses, and lignin. Due to its polymer structure, cellulose is an interesting 

candidate for thermoplastic processing:  

 cellulose is a linear, unbranched, semi-crystalline homopolymer 

 celluloses show a broad and sufficiently high molecular weight range 

Attempts to overcome the second-named problem and use cellulose as a thermoplastic 

material have been made before. One modification strategy that has also been 

implemented on an industrial scale is chemically modified celluloses. With the chemical 

modification of the structure, properties of natural polymers such as biocompatibility or 

biodegradability, are lost at the same time. This is not the case with physical modifications 

that do not interfere with the natural polymer structure. Therefore, this work provides 

insight into how and to what extent physical modifications influence the structure-

property relationships of moldable blends based on native cellulose. 

To achieve this goal, polymeric spacers are inserted between the cellulose chains to mask 

the intermolecular interactions within the cellulose and allow thermomechanical 

deformation. The cellulose chains are made available by dissolving them in an ionic liquid 

and a co-solvent. 

In the first step, various polymers that can interact via hydrogen bonds are mixed with the 

cellulose in dilute solutions and the polymer mixtures are precipitated. The solvent is 

recovered from the mixture to obtain a binary mixing system. Compatibility is 

characterized by structural, thermal and optical analyses. 
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In a second step, the two systems most compatible with cellulose are prepared in a wide 

range of cellulose/polymer ratios to find out if there are any mixing gaps and how the 

miscibility changes with different compositions.  

In a third step, the production process of the most favorable blends is scaled up with the 

goal of using less solvent and characterizing the mechanical properties of the blend. For 

this purpose, an extrusion process is developed in which a cellulose ionogel is mixed with 

a polymer melt. In this step, the suitability of the newly developed materials in a 

thermoplastic forming process is demonstrated.  

The following scientific questions that have to be answered arise from this research 

approach: 

1. Which synthetic polymers can be used as spacers based on compatibility with 

cellulose? 

In the case of cellulose, intermolecular interactions between the polysaccharide chains 

are dominated by hydrogen bonding. Therefore, the ability to strongly interact with 

the hydroxyl group of the cellulose and form hydrogen bonds is a major requirement 

when searching for compatible synthetic polymers. In chapter 4, different polyesters 

as well as polyamide 6 are investigated for their ability to form thermoplastic, 

compatible, or possibly miscible blends with cellulose. 

2. How does the polymer ratio influence the blend structure of compatible 

systems? 

Composition and temperature are the main factors determining the phase behavior of 

polymer blends. Two selected compatible systems, cellulose/polyamide 6 and 

cellulose/polylactic acid, are investigated for their structural-property relations 

depending on polymer ratio. The study is described in chapter 5. From this, 

recommendations for the design of the formulation of cellulose blends can be derived. 

3. Can the manufacturing process of such blends be transferred from solution to 

extrusion? 

The use of solvents such as ionic liquids is viewed critically for both ecological and 

economic reasons. For the production of cellulose blends, therefore, the aim is to use 

a process with as little solvent as possible. Therefore, chapter 6 investigates whether 

the manufacturing process of homogeneous cellulose/PLA blends can be transferred 

from solution to extrusion. Recommendations for the preparation and application 

potentials of cellulose/PLA blends are derived from this study. 
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4. How do process parameters influence blend properties? 

The production process of native cellulose blends includes different processes, such 

as dissolution, mixing, precipitation, and extraction. At each step, process parameters, 

such as temperature, time or formulation concentrations have an impact on the final 

blends. The influence of the solvents and anti-solvents used are discussed in chapters 

4-6. Rapid precipitation and residual solvent in the blends are discussed in chapter 5, 

while chapter 6 investigates the influence of extrusion and extraction parameters with 

a focus on polymer degradation.  

The approach to using low molecular weight spacers, such as plasticizers or oligomers, 

although discussed in chapter 3.3, is experimentally excluded from this work for 

limitations in the preparation and stability of such material combinations due to easier 

extractability and migration issues. 
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2 Theoretical Background: Polymer solutions and blends 

2.1 Polymer types and interactions 

Polymers are macromolecules with repeating monomer units. Polymers derived from 

only one monomer type are called homopolymers, while two or more monomers result in 

co-polymers.  

There are different classifications for polymers, while the most popular ones are based on 

synthesis itself, such as addition or condensation polymers, or the resulting material 

properties such as thermal or mechanical behavior.  

The length of a polymer chain clearly influences the material properties and performance. 

Since polymers consist of many macromolecules, the molecular weight of a polymer 

always shows a distribution between shorter and longer polymer chains.11 Usually, 

characteristic key values are given, such as the number average molecular weight Mn, the 

weight average molecular weight Mw or their quotient displaying the polydispersity PD.  

Solid polymers can be divided by different structural levels (Figure 1), from the atomic 

structure or constitution to its configuration based on primary bonds, followed by its 

conformation (spatial arrangement of the entire chain) and, especially in the case of semi-

crystalline polymers, morphology or supramolecular structure.12 

 

 
Figure 1. Schematic structural levels in polymers 
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The constitution of a polymer also includes branching or cross-linking of the polymer 

chains. Changes in conformation influence the supramolecular structure and the final 

properties, such as thermal and mechanical behavior. Based on those properties, three 

main groups of polymers are typically classified, namely thermoplastics, elastomers, and 

thermosets.11 The network structure of elastomers is wide-meshed and allows stretching 

under mechanical load. Depending on the degree of cross-linking, elastomers might still 

be fusible, also referred to as thermoplastic elastomers. The strongly cross-linked 

structure of a thermoset is hardly stretchable and also no longer fusible.11 Thermoplastics 

display linear or branched chains that are typically not cross-linked. Their main 

characteristic is the reversible ability to melt and solidify during thermal processing. 

2.1.1 Thermoplasticity 

In analogy to the theories of isothermal elasticity, thermoelasticity deals with the 

reversible mechanical behavior of materials, however, considering  sensitivity to 

temperature variations.13 Similarly, Prager extended the theory of thermoplasticity based 

on considerations on isothermal plasticity.14, 15 

This property is owed to the chemistry and structure of the molecules, with long-chain 

macromolecules being the most important structural feature of this class of materials.16 A 

second characteristic feature is the large number of internal degrees of freedom within 

the polymer chain back-bone, resulting in coil conformation.17 The accompanying 

entropy-controlled behavior complicates the relationships between various structural 

parameters and the physical properties of polymer solids.16  

Although monomers are usually quite small molecules, the main chain constitution 

defines the mechanical properties as well as crystallization behavior18 to a large extent.16 

The constitution and configuration of the main chain also determine the local behavior of 

a polymer chain, such as inter- and intramolecular interactions and chemical reactivity.16 

In thermoplastic polymers, only weak intermolecular interactions such as van der Waals, 

dipole-dipole forces or hydrogen bonds exist between the polymer chains.17 They can be 

broken more or less easily upon the input of energy, which allows a large relative motion 

of the polymer chains. In other words: at a sufficiently high temperature, thermoplastics 

start to flow, forming viscoelastic melts.16 When cooled down again, the melt solidifies 

by either vitrification or, in the case of semicrystalline polymers, crystallization.16  

The morphology or supramolecular structure of semicrystalline polymers, defines their 

final performance such as mechanical response, environmental stability or optical 

properties19. Cristallizable polymers are mainly accompanied by stereoregularity of the 

chain, absence of branching and stronger inter-chain interactions.16 Crystalline domains 

melt upon heating. Based on different crystallite types and sizes, the melting occurs in a 
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temperature range possibly up to 30 Kelvin rather than a certain melting temperature or 

melting point.11  

In amorphous thermoplastics, there is generally no supramolecular structure.16 

Practically, however, amorphous domains undergo softening upon heating and are 

transformed from being a brittle solid to becoming a ductile or rubbery solid. At and 

above this glass transition temperature Tg, the molecular structure exhibits 

macromolecular mobility and consequently the free volume, being the gap between the 

molecular chains, increases.20, 21 

Semicrystalline polymers both undergo glass transition in the amorphous domains and 

crystallite melting upon heating. In general, properties of semicrystalline polymers are 

less sensitive to temperature variations and often have superior chemical resistance and 

mechanical properties by means of stiffness and strength compared to the majority of 

glassy polymers.16, 22 

2.2 Polymer solutions 

In polymer science and engineering, the dissolution of polymers is an important area of 

interest.23 Besides coatings or adhesives, polymer solutions have been used in various 

applications such as polymer recycling,24, 25 in the medical field for tissue engineering26 

or implants,27 or, especially by using natural polymers, to produce fibers.28-31  

Compared to non-polymeric materials, which dissolve instantaneously, the dissolution 

process of polymers can be divided in two different steps, namely solvent diffusion and 

chain disentanglement. When the polymer comes into contact with a thermodynamically 

compatible solvent, the solvent diffuses into the polymer.23 At this first stage, the 

penetration distance of the solvent molecules depends primarily on the free volume, 

which in turn varies with the flexibility of the chains, backbone, and side groups, as well 

as the thermal history of the polymer.32 These solvent molecules act as a plasticizer, 

resulting in a gel-like swollen layer between the polymer and the solvent. This boundary 

or surface layer was further divided by Ueberreiter33 into an infiltration layer, a solid 

swollen layer, a gel layer and a liquid layer, Figure 2. Initially, the solvent begins to push 

the swollen polymer substance into the solvent. As time progresses, a more dilute upper 

layer is pushed toward the solvent stream. As solvent continues to penetrate the solid 

polymer, the swollen surface layer increases. At the end of the swelling time, a quasi-

stationary state is reached where the transport of the macromolecules from the surface 

into the solution prevents a further increase of the layer. After an induction time, the 

polymer gel completely disintegrates into solution.23, 33 
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Figure 2. Schematic of the surface layer between polymer and solvent according to Ueberrreiter and 

Asmussen33 

Depending on temperature, not all layers are present. When dissolving an amorphous 

polymer at approximately its glass transition temperature, the infiltration layer and the 

solid swollen layer disappear, and the surface layer consists only of the gel and liquid 

layers. The entire surface layer becomes completely uniform at the flow temperature, 

which is the limit at which the polymer itself begins to flow.33 

Various factors affect the solubility of a polymer. First of all, the dissolution rate of a 

polymer decreases with increased molecular weight. Depending on the polymer-solvent 

system, different relations between the molecular weight and the dissolution rates or the 

thickness of the surface layer have been observed.32, 34, 35 The dissolution depends on the 

ability of the polymer to disentangle and consequently dissolve in the solvent. As this is 

a function of molecular weight, larger molecular weights require a higher degree of 

disentanglement and thus a higher degree of swelling prior to dissolution.36 

Entanglement of polymer chains is defined by the structural level of conformation. Going 

back to the lower structural levels, configuration as well as constitution define the 

suitability of a polymer to interact with the solvent molecules. Differences in free volume 

and segment stiffness are also responsible for the different behavior from polymer to 

polymer.23  

Solvent-polymer interactions are frequently described by the Flory-Huggins interaction 

parameter. The solution theory which was investigated independently by Flory37 and 

Huggins38 describes a lattice model of the thermodynamics of polymer solutions that 

takes into account the large diversity of molecular volumes in fitting the usual expression 

for the entropy of mixing. The thermodynamic equation for the change of the Gibbs 

energy ΔGm is composed of the mixing enthalpy (ΔHm) and mixing entropy (ΔSm): 

∆𝐺𝑚 =  ∆𝐻𝑚 − 𝑇 ∗ ∆𝑆𝑚 (1) 

If there were no interactions between the two substances, there would be no enthalpy of 

mixing and the entropy of mixing would be ideal and thus positive, making ΔG negative 

at any mixing ratio. There would be complete miscibility. It follows that mixing gaps 

must be explained by interactions between components.  
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The resulting expression for the change in Gibbs energy is based on a term for the ideal 

mixture entropy adapted for polymers and an interaction parameter describing the sum of 

all interactions:39, 40 

∆𝐺𝑚 = 𝑅𝑇 [𝜙1𝜙2𝜒12 +
𝜙1

𝑋1
𝑙𝑛𝜙1 +

𝜙2

𝑋2
𝑙𝑛𝜙2] 

(2) 

with X1 and ϕ1 being the number of monomeric units and volume fraction of the solvent 

(X1=1) and X2 and ϕ2 being the number of monomeric units and volume fraction of the 

polymer, R and T being the gas constant and absolute temperature and χ12 being the 

interaction parameter for the components. This dimensionless parameter determines 

interactions between polymer chains and the solvent, which is related to the interactions 

on the monomer length scale and the chain length.41 The traditionally called Flory-

Huggins interaction parameter χ is an important factor for the miscibility of polymer 

mixtures and solutions: 

If  χ<0.5, the solvent is typified as a good solvent for the polymer, with the polymer chains 

being present as extended coils resulting in expanded conformation. An interaction 

parameter χ>0.5 indicates a poor solvent, associated with chain aggregation, in the worst 

case, phase separation. In the case of a polymer blend, the parameter χ can still be defined, 

and miscibility generally occurs when χ<0 because the high molar volume of both 

components reduces combinatorial entropy.42 Possible combinations can be easily 

understood using the lattice model, Figure 3. 

 
Figure 3. a) Lattice with random mixing of two spheres (1030 combinations), b) Lattice with random mixing 

of polymer and solvent (1016 combinations), c) Lattice with random mixing of two types of polymer chains 

(103 combinations). Adapted from Thomas et al.43 

However, simple theoretic models tend to make unrealistic assumptions. For example, 

most solubility theories only refer to amorphous polymers in favorable, ‘good’ solvents. 

Therefore, the behavior for e.g. semi-crystalline polymers can differ greatly, and has to 

be factored.44 Also, the concentration regimes are assumed to be diluted, giving the 

possibility of the polymer chains to primarily interact with the solvent molecules. In this 

regime the polymer chains interact only weakly via direct as well 
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as indirect (hydrodynamic) interactions.45 Therefore, they show an almost ideal viscous 

flow behavior and the viscosity value is directly proportional to the concentration.46 In 

semidilute solutions, the polymer chains start to overlap and intermolecular 

hydrodynamic and topological interactions such as chain entanglements or restricted 

rotational and translational degrees of freedom become important.45, 47 Depending on the 

polymer structure and molecular weight, this happen already at very low concentrations. 

Above a critical concentration c*, chains are overlapped and strongly entangled. Their 

mobility in this concentrated regime is greatly reduced compared to dilute solutions. 

 

Figure 4. Dependence of the low-shear viscosity on the concentration in polymer solutions. Concentration 

regimes can be divided in dilute, semidilute and concentrated solutions. Adapted from Mezger46  

As concentration and entanglement increase, there is a greater increase in the low-shear 

viscosity values, as indicated by the larger slope of the η(c) function in the concentrated 

regime (Figure 4).46 The change from non-entangled to entangled state demands a 

minimum molecular weight that is independent of concentration but dependent on 

polymer structure.45  

2.2.1 Dissolution of cellulose 

Found in cell walls of plants, such as cotton and wood, native cellulose is rather difficult 

to process. It is a homopolysaccharide made up of repeated β-D-anhydroglucose units 

linked by β-1,4 glycosidic bonds. Native cellulose is considered a semi-crystalline 

polymer and contains regions of highly ordered chains held together by a network of intra- 

and intermolecular hydrogen bonds between hydroxyl units and ether oxygen.48 Besides 

extremely stable crystalline domains, hydrogen bonding as well as hydrophobic 

interactions are responsible for cellulose solubility (Figure 5).49 Therefore, cellulose is 

generally considered insoluble in common solvents. Nevertheless, methods for 

converting and utilizing cellulose have been established for decades. Cellulose materials 
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are currently available in native, regenerated or derivatized forms. However, all processes 

require physical or chemical modification to bring them out of their natural state. Viscose 

and lyocell processes, two of the most commonly used processes for cellulose 

regeneration, use harsh solvents such as carbon disulfide, N-methylmorpholine N-oxide 

(NMMO) or a number of strong acids and bases. 

 

Figure 5. Hydrophilic and hydrophobic parts of the cellulose molecule: left, top view of the glucopyranose 

ring plane highlighting hypothetic hydrogen bonding between the hydroxyl groups located on the equatorial 

positions of the intermediate ring; right, side view of the glucopyranose ring plane showing the hydrogen 

atoms of C–H bonds on the axial positions of the ring. Adapted from Medronho and Lindman49 

Other common cellulose solvents are for example aqueous inorganic complexes (e.g. 

cupriethylenediamine hydroxide), concentrated salt solutions (e.g. zinc chloride, 

ammonium, calcium and sodium thiocyanate solutions), salts dissolved in organic 

solvents (e.g. lithium chloride/N,N-dimethylacetamide, ammonia/ammonium salt, 

tetrabutylammonium fluoride/dimethyl sulfoxide) or aqueous alkali (lithium hydroxide 

or sodium hydroxide solutions).50
 More recent approaches focus on ionic liquids51 and 

deep eutectic solvents52 that have been found to be efficient solvents for native cellulose. 

Therefore, ionic liquids have been frequently used not only for dissolution, but also as 

reaction media for cellulose derivatization.53, 54
 Ionic liquids are salts with melting 

temperatures below 100°C, emerging as potentially environmentally friendly and 

economic alternatives to classical solvents. Properties of ionic liquids rely heavily on the 

anion and cation they are made of, however, they are generally viscous in nature.55 Co-

solvents are often used in association with ionic liquids to decrease the aggregation of 

ions in solution, thus decreasing the viscosity and enhancing the cellulose dissolution, 

while anti-solvents, such as water can diminish the solubilizing power.56, 57 Unlike many 

common solvents, ionic liquids are known for their negligible vapor pressure and good 

thermal stability. Hence, they can be recovered with low degradation, offering the 

possibility for recycling and multiple usages making them an interesting candidate for 

more environmentally friendly processing.58
 

As for the dissolution mechanism, it is generally accepted that the dissolution of cellulose 

is mainly due to the ability of the solvent to eliminate inter- and intramolecular hydrogen 
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bonds between the polymer molecules. On the other hand, cellulose can be considered an 

amphiphilic molecule, so that the elimination of hydrophobic interactions should also be 

taken into account with regard to the dissolution mechanism.49 This is an particularly 

interesting aspect when referring to ionic liquids, since the often amphiphilic cation, 

typically not involved in hydrogen bond interactions with the cellulose hydroxyl groups, 

could facilitate dissolution.49 Therefore, not only the anion but also the cation influence 

the dissolution capacity of cellulose and must be considered when using ionic liquids59. 

Although often promoted as environmentally friendly and non-derivatizing for cellulose, 

in particular the most commonly used imidazolium-based ionic liquids interact with 

cellulose.60, 61 Their persistence and toxicity in the environment remain under 

investigation.62, 63 Additional challenges for large-scale applications of ionic liquids are 

their high production costs, high viscosities, sensitivity to moisture and insufficiently 

developed suitable purification processes.49, 64, 65 

2.3 Polymer composites and blends 

The combination of different materials may have many advantages. Material properties 

can be combined and easily adjusted. Polymer composites are defined as multiphase 

materials in which reinforcing fillers are integrated into a polymer matrix. The resulting 

mechanical properties cannot be achieved with any of the components alone.66 The main 

focus is on materials which are stiffer and stronger than the known thermoplastics alone, 

but keep their easy processability and light weight. Miscible polymer blends are 

technologically relevant because they offer the potential for new materials without the 

cost and time of new synthesis. Such polymer blends benefit from synergistic effects that 

distinguish them from a simple linear combination of properties.67  

Polymer blends can be prepared by various methods. The main pathways include 

mechanical mixing, e.g. of polymer melts or fine powders, or mixing of polymer 

solutions. Mixing two or more polymers in solution is always accompanied by a step to 

remove the solvent from the blend during the forming process like film casting, coating, 

freeze or spray drying. For economic reasons, mechanical melt blending prevails.68 

2.3.1 Thermodynamics 

Miscibility itself is rather a thermodynamic term, describing homogeneity down to the 

molecular level. In practice, miscibility is a mixture whose domain size is comparable to 

the dimension of the macromolecular statistical segment.69 Miscibility is determined by 

the polymeric structure of the individual components. Being able to interact via specific 

interactions such as hydrogen bonding, van der Waals forces or ionic forces, miscibility 

can be specifically favored in the direction of a polymer. Besides the ability to interact, 

the molecular weight of the components is a crucial factor in polymer miscibility. In low 
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molecular weight substances, the combinatorial entropy contribution is very high 

compared to high molecular weight polymers.70 Therefore, solvent mixtures show a much 

wider range of miscibility, followed by polymer solutions and polymer blends, where the 

range of miscible combinations is much smaller (also see Figure 3). As a result, most 

polymer blends are actually immiscible.71 

The thermodynamic requirement for miscibility is associated with the negative value of 

the free energy of mixing (see equation 1). For polymer blends, an additional requirement 

with respect to concentrations has to be considered as well, 

𝐺𝑚 < 0 𝑎𝑛𝑑 (
𝜕2∆𝐺𝑚

𝜕𝜙𝑖
2 )

𝑇,𝑃

> 0 
(1’, 3) 

where 𝜙𝑖 is the volume fraction of polymer 𝑖 in the blend, and 𝑇 and 𝑃 represent 

temperature and pressure. The Gibbs free energy as a function of volume fraction in a 

binary system generates a phase diagram showing a concave curve. Negative values of 

equation 3, even though 𝐺𝑚 < 0, result in areas of the phase diagram in which the mixture 

is divided into a phase rich in component 1 and a phase rich in component 2. Those blends 

are referred to as partially miscible.70 For such systems, temperature is a crucial factor. 

For most high molecular weight components, an increase in temperature leads to phase 

separation of otherwise homogeneous systems, i.e. the existence of the lower critical 

solution temperature (LCST). The upper critical solution temperature (UCST) 

predominates systems containing solvent rather than polymer blends.68, 70 Both are 

frequently used to generate phase diagrams for different polymer combinations, Figure 6. 
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Figure 6. Phase diagram showing lower critical solution temperature (LCST) and upper critical solution 

temperature (UCST) behavior for polymer blends. Adapted from Robeson70 

In theory, the thermodynamics (e.g. interactions of polymer-solvent and polymer-

polymer) are the main factor whether or not a homogeneous, compatible or even miscible 

blend can be formed by solution or melt blending. In practice, the efficiency of mixing, 

certainly plays a decicive role. In general, higher viscosities of a polymer solution (or 

melt) demand higher shear to achieve an efficient degree of mixing. This also means, that 

practically, by the input high shear or mixing energy, polymers can be forced to a certain 

degree of mixing independent from their thermodynamic compatibility. Therefore, a 

suitable blend preparation process can be able to form homogeneous blends even if not 

miscible or compatible in theory. This can be caused in particular by rapid precipitation 

of a polymer blend. If the time for precipitation is significantly shorter than the time for 

phase separation by polymer diffusion, a homogeneous, compatible blend of polymers is 

obtained by freezing the metastable blend structures.72, 73 

2.3.2 Morphology of polymer blends 

Polymers blends combine at least two different polymers. Their phase sizes, shape and 

distribution mainly determine their properties. Although the term morphology typically 

refers to the supramolecular structure of a polymer, in connection with polymer blends it 

is used to describe the size, shape and spatial distribution of one blend phase with respect 

to the other.74 

Immiscible blends display a heterogeneous phase with limited interaction between the 

polymer components. Most immiscible blends consist of a continuous phase of one 
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component in which the second is dispersed. Depending on polymer types, ratios and 

processing conditions, co-continuous phase morphologies are also possible.75 Their 

morphology will not only depend on the material parameters such as blend composition, 

viscosity ratio, elasticity ratio or interfacial tension, but also on the processing conditions, 

for example temperature, time and intensity of mixing or the nature of the flow.74 

Example morphologies are given in Figure 7. 

 

Figure 7. Schematic of possible morphologies which can be produced from melt blending. Note that for 

dispersed morphologies various shapes are possible. Adapted from Macosko76 

The interface of the blend system is characterized by polymer-polymer interaction such 

as hydrogen bonding or other physical forces. The stronger the interactions, the lower the 

interfacial tension, which determines phase separation, interdiffusion or even 

miscibility.43 Interfacial tension can be reduced by adding so called compatibilizers, 

enhancing phase stability and often increased mechanical properties due to better load 

transfer at the interfaces.77 Interdiffusion or compatibilization in immiscible polymer 

blends result in the formation of interphases,69 referring to partial miscibility. Since 

compatibilizers are commonly introduced to the polymer chains via chemical reactions, 

the approach of using compatibilizers in cellulose blends was not followed. An overview 

about chemical modifications including compatibilization of natural and synthetic 

polymer blends are included in chapter 3.3. 

2.3.3 Characterization techniques of polymer blends 

Various methods are used to determine the miscibility or, more generally, the 

thermodynamic properties of polymer mixtures. Besides thermodynamic investigations, 

which are not directly related to miscibility, the determination of interaction parameters 

(for example Flory-Huggins, equation 2), investigations of phase equilibria or indirect 

methods for the determination of miscibility are available.69  

Regarding indirect methods, the determination of the glass transition temperatures 

remains the most popular approach. In simplified terms, it is as follows: Immiscibility 

results in two separate glass transitions, while miscibility is characterized by the presence 

of a unique transition that lies between the glass transition temperatures of the single 
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polymers. Different equations have been established to predict the glass transition 

temperatures of polymer blends and random co-polymers, with the Fox equation78 

probably being the most widely used one. Since it does not consider intermolecular 

interactions, however, other approaches by Gordon and Taylor79, Couchman and Karasz80 

or Kwei81 are available. 

As pointed out in the thermodynamics section before, specific interactions between the 

polymer components play a decisive role in determining their miscibility. Hydrogen 

bonding, dipole-dipole and ionic interactions are the most common ones in polymer 

blends. Characterization techniques to investigate such interactions are mainly Fourier-

transform infrared (FTIR) spectroscopy, neutron or X-ray scattering, ellipsometry, 

neutron reflectivity and nuclear magnetic resonance (NMR) spectroscopy.43 Regarding 

FTIR, hydrogen bonding has been extensively studied by Coleman and Painter82-84. The 

chemical composition and interactions between the functional groups in a polymer blend 

can be determined directly using FTIR.85 

To investigate phase behavior of polymer blends, mainly the LCST is determined. Phase 

separation is experimentally observed using light scattering, neutron scattering, 

ellipsometry or rheology.43  

To determine whether a blend is single or multi-phased, microscopy techniques such as 

polarized light microscopy, atomic force microscopy (AFM), scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) are direct means to 

visualize the morphology of the phases. The generated morphology can furthermore be 

visualized using infrared or Raman imaging.43 For SEM and TEM, staining or etching 

techniques are described to enhance contrast in multi-component systems.86 

In multi-phased blends, the compatibility of the components decides upon their 

morphology, and is therefore directly related to most material properties. The evaluation 

of physical properties, such as thermal and mechanical properties, is thus part of the 

indirect determination methods for miscibility or compatibility. Common experimental 

techniques are thermogravimetric analysis, differential scanning calorimetry, dynamic 

mechanical thermal analysis or universal testing machines.43 

In both solution and melt processing, the rheological behavior of solutions or viscoelastic 

melts determines process design, and monitoring viscosities is important to achieve 

effective mixing in polymer blends. Polymer solutions, gels and melts are frequently 

characterized using capillary viscosimetry or rotary rheometers.  

2.3.4 Cellulose blends with synthetic polymers 

Due to the infusibility of cellulose, blends with synthetic polymers were generally 

prepared by solution blending in low-concentration polymer solutions. Early studies were 

performed by Nishio, Manley, and Masson using N,N-dimethylacetamide/lithium 
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chloride to prepare blends with poly(acrylonitrile), poly(vinyl alcohol), polyamide 6 and 

poly(ε-caprolactone).87-92 Although intermolecular interactions in the amorphous phase 

were concluded, crystalline phases of each polymer were still present.88-90 Manley and 

Masson also investigated cellulose blends with poly(vinyl pyrrolidone) and poly(4-vinyl 

pyridine) using dimethyl sulfoxide-paraformaldehyde as solvent. For both blend systems, 

miscibility on a scale of 2.7 and 2.5 nm, respectively, was concluded.91, 92 The studies 

mainly focused on general compatibility of the blend systems, but did not address any 

applications or processability at larger scale. In this context, although suitable for blend 

preparation in lab scale, it should be noted that both selected solvent systems are harmful 

to human health and, in the case of paraformaldehyde, potentially carcinogenic.93 

When targeting more ecologic and economic blend preparation techniques, the reduction 

of solvent amount is a crucial factor. Regarding cellulose blends, this can be achieved by 

combining cellulose solutions of high cellulose concentrations and polymer melts. 

Therefore, the solvent system must meet three main criteria: thermal stability at polymer 

melting temperatures, high dissolution capacity for cellulose, and minimum ecotoxicity. 

If one compares common solvents for cellulose in this context (see chapter 2.2.1), ionic 

liquids are the most suitable solvents. However, only a few studies are known on this so 

far. Ionic liquids have been used to prepare cellulose blend fibers with polyamides and 

polyacrylonitrile. While m-aramide and PA 6 exhibited good miscibility with unmodified 

cellulose, solutions blended with aliphatic polyamides and polyacrylonitrile revealed 

rapid phase separation.94 Hameed et al. prepared blends of epoxy and cellulose in an ionic 

liquid, resulting in flexible, thermoset materials with good compatibility especially at low 

cellulose contents.95 Recently, homogeneous blends of cellulose and PLA were produced 

using ionic liquids. Blend films showed high transparency and enhanced 

biodegradability.96, 97 Although some of those studies have already indicated applications 

for the blend materials, none has investigated the application potential of such blends in 

thermoplastic processes so far. 
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3 Technical Background: Biogenic polymers and their 

technical use 

3.1 Bio-based polymers/natural polymers 

A major goal in the bioeconomy regarding bio-based materials is the abandonment of 

fossil-based plastics. Alternative materials from bio-based resources are widely available. 

The frequently used term ‘biopolymers’ covers diverse polymers with multiple 

properties. They are either derived from bio-based raw materials and/or are 

biodegradable. Technically used bio-based plastics mainly use bio-derived monomers and 

are subsequently polymerized. Well-known representatives are drop-in solutions such as 

bio-polyethylene or bio-polyamide or biopolyesters such as polylactic acid or 

polybutylene succinate. Although bio-based plastics have been regarded as a promising 

solution for the replacement of fossil sources, overall environmental impact is questioned 

since the agricultural input required to produce raw materials often outweighs the 

environmental benefits.98 Newer approaches that use waste or by-products from the 

biomass sector as feedstocks are more promising.99  

Another possibility is the direct use of natural synthetized polymers. Technically relevant 

polymers are derived from biomass, such as cellulose and lignin, or from microbial, such 

as polyhydroxyalkanoates.100 Biomass residues are of particular interest due to their 

frequent and ubiquitous occurrence. To be able to substitute fossil-based plastics 

however, there is one main drawback: their lack of thermoplasticity. Figure 8 illustrates 

different synthesis routes for bio-based polymers. 

 

Figure 8. Synthesis routes of bio-based polymers. Adapted from Bonten11. 

3.2 Conversion of thermoplastic polymers 

Thermoplasticity is a property of polymers that mainly enables reversible, easy and cost-

effective forming, which is a key advantage over other materials in industrial production. 

As described before, these polymers can be processed when heated above a critical 
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temperature, but return to their rigid solid state when cooled. This enables forming 

operations to convert the polymers into nearly any imaginable shape. Also, reforming is 

possible – enabling recycling of thermoplastic materials. Compared to other methods such 

as solvent-based processes, the melting process is the most widely used and convenient 

method for producing thermoplastic materials because it is simple, industrially cheap and 

cost-effective.101 Environmental concerns about solvents are also to be considered,102 

adding a further advantage to melt processing. 

Forming processes are divided into primary and secondary operations, resulting in 

finished or semi-finished products such as films, fibers, filaments, 3D-printed or 

injection-molded parts. Figure 9 summarizes shaping operations applied for thermoplastic 

polymers. 

Shaping operations

Primary Secondary

Two dimensional Three dimensional

Injection molding

Compression molding

Transfer molding

Blow molding

3D-Printing

Thermoforming

Stretch blow molding

Welding

Calendering

Extrusion: film, filament, 

fiber

Spinning

Coating

 

Figure 9. Shaping operations of thermoplastic polymers. Adapted from Shenoy and Saini103 

The suitability of a polymer for a processing method depends largely on its flow and 

deformation properties.103 The first processing of commodity plastics after their synthesis 

typically takes place in (twin screw) extruders11 to produce granules or pellets, which are 

the general intermediate forms for further processing steps shown in Figure 9.  

3.2.1 Extruder types and advantages of co-rotating twin screw extruders 

Extruders are economically dominant for the continuous melting of thermoplastics. 

Enabling a continuous process in large quantities, extruders made economic limitations 

disappear and contributed significantly to the success of plastics.104 Types of extruders 

can be classified by their number of screws (Figure 10). 
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Figure 10. Classification of extruders by the number of screws. Adapted from Kohlgrüber104 

Single screw extruders are mainly used for melting and pressure build-up. Based on the 

limited mixing ability of single-screw extruders, co-rotating twin screw extruders are 

often used for compounding tasks.104, 105 Multiple screw extruders are for example ring 

extruders or planetary rollers. 

Co-rotating twin-screw extruders have a modular design and can therefore be easily 

adapted to different processing requirements and product properties.104 In particular, 

applications such as the modification of polymers during the process, require safe 

conveying of materials with different viscosities, the possibility of flexible additive 

addition, rapid mixing and homogenization of components, and efficient degassing.106 

Closely intermeshing, co-rotating twin screws are characterized by an identical geometry 

of adjacent elements. They are arranged symmetrically and are driven at the same screw 

speed.105 An advantage of this design is the close interlocking of the screw flights, which 

enables forced conveying of the material and self-cleaning.107 Twin screw extruders with 

co-rotating screws do not form closed conveying chambers. The polymer melt is moved 

around the screws in eight-shaped directions due to drag forces. In this process, high shear 

forces can be achieved in the space between the screws due to the constant displacement 

of the melt, resulting in better mixing of the melt components.106  

Besides the historical division in feeding, kneading and metering zone the processing 

zones of an extruder are nowadays further understood, leading to an extended zone 

classification according to the respective function. Kohlgrüber and Bierdel name seven 

zones of a twin screw extruder, namely solid feed, plasticization, additive feed, 

dispersion, homogenization, degassing, and discharge zone.105 In the first zone, the solid 

polymer in the form of powders or resins is metered via a hopper and conveyed and 

compacted by the screw. In the following, the polymer is further compacted by a reduced 

flight depth of the screw. The compression and the heat input via the barrel and the 

internal friction cause the polymer to melt and plasticize. In the third zone, additives, 

especially fillers, can be added to the polymer melt. The next zones ensure distributive or 

dispersive mixing of the added material with the melt, so that a homogeneous mass is 

formed. In the subsequent degassing step, water, residual monomers or other solvents can 

be removed if required. The discharge zone has the task of building up pressure just before 
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the nozzle. After the polymer melt has been discharged, the extrudate cools down and 

solidifies again.105 

Different screw tasks, such as material conveying, compaction, plasticizing, mixing or 

homogenizing, require different screw designs. Beside some special elements, mainly 

conveying and kneading elements in different designs are common. Depending on the 

pitch or width of the kneading disks, they can act as conveying or return elements. The 

widths of the kneading discs and their offset also influence the degree of mixing. The 

larger the offset angle, the higher the mixing effect and the lower the conveying 

efficiency. Offset angles > 90° have a backward conveying effect. The wider the kneading 

elements, the lower the distributive mixing effect, while the dispersive mixing effect 

increases due to the higher energy input. Return conveying elements ensure complete 

filling of the cylinder required for plasticizing. If wide conveying elements are installed 

downstream of these elements, the pressure can be lowered and thus the proportion of 

volatile components increased. This effect is mainly used in degassing zones to achieve 

good removal of the volatile components.105, 108 
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3.3 Review: Natural Polymers from Biomass Resources as 

Feedstocks for Thermoplastic Materials 

by Kerstin Müller, Cordt Zollfrank and Markus Schmid109 

Macromol. Mater. Eng. 2019, 304, 1800760. https://doi.org/10.1002/mame.201800760 

This review sums up current attempts to induce thermoplasticity in natural polymers via 

chemical und physical modification at the examples of chitin, cellulose and lignin. 

In order to use natural polymers as base materials in existing processing or even recycling 

processes, they must have thermoplastic properties. Based on their structure, natural 

polymers such as chitin/chitosan, cellulose or lignin show strong intermolecular 

interactions, and in particular a large number of hydrogen bonds often accompanied by 

high crystallinity. To overcome those interactions, a high amount of energy is needed, 

basically accompanied by polymer degradation, before any softening or melting of the 

material occurs. However, chemical and physical modification processes are capable of 

providing those natural polymers with thermoplasticity. Despite their differences in 

chemical structure, the modifications made to achieve thermoplastic processing 

properties of chitin/chitosan, cellulose and lignin are basically the same: the masking of 

the hydroxyl groups to reduce intermolecular interactions and thus improve chain 

mobility, which in turn allows softening at a given temperature (or energy input), making 

the materials formable. Modifications can be divided by chemical and physical 

modifications.  

Chemical derivatization mainly targets substitution or grafting of the hydroxyl groups 

present on the polymer backbone. Longer alkyl radicals can prevent hydrogen bonding 

and enhance processing properties. Chemical grafting also improves the compatibility in 

polymer blends, opening up new material combinations. However, those structural 

changes also affect the initial properties of the native polymers, such as biodegradability. 

Physical modifications do not alter the chemical structure and therefore remain those 

initial properties. Physical modification of natural polymers can be achieved by external 

plasticization or, including larger molecules, polymer blending. External plasticizers 

interpose between polymer chains and are bound only via intermolecular forces such as 

van-der-Waals forces and hydrogen bonding. Frequently used plasticizers include 

polyols, citrates, or medium chain length polyethers such as polyethyleneglycol. Since 

they are able to interact with the polymers, solvents such as ionic liquids or deep eutectic 

solvents are also gaining importance in the plasticization of natural polymers. As for 

blends, the focus of this review is on polymer blends that exhibit good miscibility as 

determined by thermal or optical analysis. Intermolecular interactions remain the crucial 

factor for compatibility. According to relevant literature, only few miscible blends are 

available without further compatibilization.  

https://doi.org/10.1002/mame.201800760
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4 Ionic liquid aided solution-precipitation method to 

prepare polymer blends from cellulose with polyesters or 

polyamide 

by Kerstin Müller and Cordt Zollfrank110 

Eur. Polym. J. 2020, 133, 109743. https://doi.org/10.1016/j.eurpolymj.2020.109743 

Cellulose is commonly considered unsuitable for melt blending. To investigate the 

properties of blends from synthetic polymers and cellulose, an ionic liquid based solution-

precipitation process is presented. Based on expected favorable interactions with the 

hydroxyl groups of the cellulose, polyesters, namely poly(ε-caprolactone), poly(butylene 

succinate), poly(lactic acid), poly(hydroxyl alkanoate) and polyamide 6 were chosen as 

blend partners. Cellulose was dissolved in 1-ethyl-3-methylimidazolium acetate and 

dimethyl sulfoxide, while the latter was also used for dissolution of the synthetic 

polymers. After precipitation in an anti-solvent, the materials were dried and 

thermomechanically formed into platelets, investigating their thermoplastic behavior. 

Blends were mixed and precipitated in different weight ratios, namely 7:3, 1:1 and 3:7. 

For comparison, pure cellulose and polymers were also dissolved and precipitated. 

For poly(ε-caprolactone)/cellulose blends, phase separation was already macroscopically 

visible after precipitation, while all other combinations and compositions showed 

macroscopic homogenous mixtures. Compatibility of the pressed platelets was further 

evaluated by polymer-polymer interactions. Hydrogen bonding was studied by infrared 

spectroscopy. Results showed strong interactions between poly(lactic acid) and cellulose, 

mainly indicated from systematic shifts of the carbonyl band assigned to poly(lactic acid). 

Although a semi-crystalline poly(lactic acid) grade was used, no melting enthalpies could 

be measured after blending with cellulose, assuming that the cellulose chains prevented 

crystallization of the poly(lactic acid) based on favorable interactions and therewith 

interference of the initial supramolecular structure. For the other combinations of 

cellulose and polyesters, no specific interactions were detected. Regarding poly(butylene 

succinate), even immiscibility with cellulose at tested ratios is assumed based on the 

spectra and morphological analysis. The combination of cellulose and polyamide 6 

resulted in coherent and transparent pressed films at all prepared ratios. However, 

crystalline polyamide domains were still detectable during thermal analysis, indicating 

rather a hybrid structure of both polyamide and cellulose domains with favorable 

interactions at the interfaces. Additionally, melting point depression of the polyamide 

with increasing cellulose contents indicate interactions between the polymers. 

Author contributions: Kerstin Müller developed the design of experiments, the concept 

for the manuscript and wrote the manuscript. Cordt Zollfrank revised the manuscript. 
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5 Cellulose blends with polylactic acid or polyamide 6 

from solution blending: microstructure and polymer 

interactions 

by Kerstin Müller, Daniel Van Opdenbosch and Cordt Zollfrank111 

Mater. Today Comm. 2022, 30, 103074. https://doi.org/10.1016/j.mtcomm.2021.103074 

The previous study showed interesting compatibilities of native cellulose with polylactic 

acid and polyamide that are not yet fully understood. Therefore, a previously presented 

solvent-based rapid precipitation method was used to prepare blends of cellulose with 

polylactic acid or polyamide 6 in varying concentrations. The ionic liquid and co-solvent 

used for cellulose dissolution are removed by precipitation and repeated washing with 

water or ethanol. Residual ionic liquid contents acts as a plasticizer and compatibilizer in 

the blends, interacting with both the cellulose and the synthetic polymers. Those effects 

were negligible at ionic liquid concentrations below 1 wt% compared to higher contents 

that were connected to glass transition and melting point depression of the polyamide 6. 

Binary systems of cellulose and polyamide blends exhibited a two-phase structure with 

both amorphous and crystalline polyamide domains concluded from thermal and 

crystallinity analysis. At cellulose concentrations greater than 50%, the melting point 

depression of the polyamide and the systematic shifts in the infrared spectra suggest 

polymer interactions between polyamide and cellulose. This is accompanied by a 

homogeneous phase distribution of small polyamide domains that are not fully oriented 

and crystallized, in contrast to mixtures with higher polyamide fractions. This 

morphology is exactly the opposite of conventionally produced composites, where 

cellulose is always the dispersed phase.  

Blends of cellulose and polylactic acid showed a homogeneously mixed phase at all blend 

ratios. The blend partners interact strongly via hydrogen bonds. Although both cellulose 

and polylactic acid are in an amorphous state after precipitation of the blend, no glass 

transition of the polylactic acid can be detected. Furthermore, no unique domains were 

identified for either blend partner, suggesting that efficient mixing down to the molecular 

level is possible even if the polymers are probably immiscible from a thermodynamic 

point of view (compare chapter 2.3.1).  

All blends were thermomechanically formable into platelets. To fully investigate the 

potential to be used in thermoplastic processing, however, blends need to be prepared in 

a larger scale and possibly with lower solvent levels.  
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6 Cellulose blends from gel extrusion and compounding 

with polylactic acid 

by Kerstin Müller, Siegfried Fürtauer, Markus Schmid and Cordt Zollfrank112 

J. Appl. Polym. Sci. 2022, 139(37), e52794. https://doi.org/10.1002/app.52794 

Former studies showed that homogeneous, single-phase blends of cellulose and polylactic 

acid (PLA) can be prepared using a solution-precipitation process with ionic liquids. 

Material characterization and possible applications for this material have not been 

investigated further based on the small lab scale applied. This study demonstrates that an 

efficient blending between PLA and cellulose can be achieved by a continuous extrusion 

process using only small amounts of solvent as an intermediate compatibilizer. First, a 

cellulose gel was prepared by extrusion of microcrystalline cellulose (MCC) with an IL 

and a co-solvent, namely 1-ethyl-3-methylimidazolium acetate and dimethyl sulfoxide. 

Cellulose gels with 40 wt% cellulose showed viscosities comparable to the PLA melt at 

applied processing temperatures, enabling efficient mixing during compounding. The 

resulting PLA/cellulose gel blends were thermoformable into films by compression 

molding. After IL and co-solvent extraction, transparent films showed a homogeneous 

morphology with only minor cellulose particle inclusions, and intense polymer 

interactions in the main phase were concluded from FTIR and DSC analysis. Those 

results were nearly similar to those obtained from the blends prepared from dilute 

solutions in earlier studies. The cellulose blend of 40 wt% gels compounded at 150 °C 

showed strength and elongation of 37 MPa and 1.34%, respectively, comparable to a 

heterophase PLA/MCC composite and pure PLA. Blends prepared from gel 

concentrations of 35 and 45 wt% cellulose, however, showed higher levels of cellulose 

inclusions and, as a result, high brittleness and poor mechanical strength. At the same 

time, severe polymer degradation was observed for the cellulose blends. PLA in the 

cellulose blend of 40 wt% gels compounded at 150 °C had a molecular weight of only 

24 kg·mol-1, while the composite had 53 kg·mol-1. In addition, the IL degradation 

products led to impurities, which can further reduce the strength and elongation. Other 

blend samples also showed similar levels of PLA degradation, with the influence of IL 

concentration being more pronounced than the influence of processing temperature or 

Soxhlet extraction.  

 

Author contributions: Kerstin Müller developed the design of experiments, the concept 

for the manuscript and wrote the manuscript. Siegfried Fürtauer helped with the 

evaluation of the FTIR results and contributed to the manuscript. Markus Schmid and 

Cordt Zollfrank revised the manuscript.  
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7 Discussion, conclusion and outlook 

To extend the technical use of native cellulose, the possibility of inserting polymeric 

spacers between the cellulose chains was investigated to develop a material that can 

potentially be processed in thermoplastic molding processes. Cellulose was chosen 

because it can be obtained from lignocellulosic biomass and does not compete with food 

or feed. In addition, cellulose's polymer structure makes it an interesting candidate for 

thermoplastic processing, as it is a linear homopolymer with a broad and sufficiently high 

molecular weight range. The problem to be solved is how to impart thermoplasticity to a 

natural polymer that is not thermoplastic. The difficulty lies in the tendency to self-

associate based on intense hydrogen bonding, which leads to the degradation of the 

polymer before it softens or melts. Therefore, the goal of the modification is clearly to 

mask the hydroxyl groups to limit intermolecular hydrogen bonding. Previous 

experiments have focused mainly on chemical modification (see chapter 3.3, heading 

3.1). However, the structural modification is accompanied by a loss of the original 

properties such as biodegradability. If the natural structure is to be preserved, a physical 

modification will remain the only alternative. External plasticizers are low molecular 

weight molecules that have low persistence and a tendency to migrate, resulting in the 

material not being stable and losing thermoplasticity over time (further information on 

external plasticizers see chapter 3.3, headings 2 and 3.1.2). A simple way to prevent 

migration is to use higher molecular weight structures. When blending other polymers 

with native cellulose, miscibility or compatibility are the main factors that determine 

stable, single-phase mixed structures or heterogeneous, multiphase systems. With the 

goal of masking the hydroxyl groups of cellulose, only single-phase mixing would 

correlate with the introduction of polymeric spacers at the molecular level. Figure 11 

shows the schematic approach to incorporate a polymeric spacer between native cellulose 

polymer chains.  

 

Figure 11. Schematic approach to the physical modification of cellulose with polymeric spacers. Adapted 

from Müller et al.112 

In this context, the scientific questions proposed in chapter 1.2 will be discussed and 

answered in the following. 
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7.1 Compatibility of synthetic polymers with cellulose 

Basically, from a thermodynamic point of view, there are hardly any polymers that are 

miscible (also see chapter 2.3.1).71 From a technical point of view, a blend system can be 

described as miscible when separate phases are no longer detectable. The prerequisite for 

this is interactions between the polymer chains down to the molecular level. Cellulose, a 

polysaccharide with a high density of hydroxyl groups, tends to self-associate rather than 

interact with other substances. This is already evident in the difficult solubility of 

cellulose compared to other natural polymers and, depending on polymer concentration, 

molecular weight, and temperature, in little interaction of polysaccharides with a second 

component, leading in most cases to precipitation or phase separation.94, 113-115 The 

fundamental problem in preparing cellulose blends for compatibility evaluation is to find 

a suitable solvent system that can dissolve both the polysaccharide and the second 

component without derivatization or decomposition113, is thermally stable, and at best is 

non-toxic and environmentally friendly. This further narrows the already limited choice 

of solvents for cellulose with regard to the second component. As a result, only a few 

synthetic polymers have been studied for their compatibility with cellulose, with only a 

fraction of those showing good compatibility at all (chapter 2.3.4). In this work, polymers 

were selected based on their possible interactions with cellulose via hydrogen bonding 

(polyesters and polyamide 6) as well as their processability in the selected solvent system 

(ionic liquid and co-solvent) without phase separation in solution. Additionally, bio-based 

polyesters such as poly(3-hydroxybutyrate-co-3-hydroxyvalerate), polybutylene 

succinate and PLA have not been investigated so far and were added to the compatibility 

studies. 

Research question 1: Which synthetic polymers can be used as spacers based on 

compatibility with cellulose? 

When comparing different biopolyesters, the results in chapter 1, heading 3 show that 

PLA is a suitable partner for cellulose, which can interact with the polysaccharide chains 

down to the molecular level. A single-phase blend is formed almost independently from 

the polymer ratio, showing that PLA can be used as a spacer due to its compatibility with 

cellulose. Although polyamide 6 interacts with cellulose via hydrogen bonds in the 

amorphous regions, no influence on crystalline polyamide 6 domains was detected 

(chapter 5, headings 3.1 and 3.5), concluding that compatibility may not be sufficient to 

act as a polymeric spacer. It should be noted here, however, that the crystallinity of the 

polyamide 6 can be influenced by varying the precipitation parameters (e.g. precipitant, 

temperature, shear, solvent-polymer-precipitant ratio), which this work did not 

investigate in detail. None of the other biopolyesters, namely poly(3-hydroxybutyrate-co-

3-hydroxyvalerate), polybutylene succinate, and polycaprolactone are suitable spacers 
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based on the phase-separated morphologies of the blends (chapter 1, heading 3: 

Morphology). 

7.2 Influence of formulation and process parameters on blend 

structure and properties 

As discussed in chapter 5, heading 4.5, PLA crystal growth is effectively suppressed in 

cellulose/PLA blends in all materials containing cellulose. The progression of 

crystallization indicates a close chemical link between cellulose and PLA, independent of 

composition. This is intuitive given that PLA has 1.6 times the number of carbonyl groups 

per mass compared to PA 6, providing points of attachment for hydrogen bonds with the 

hydroxyl groups of cellulose. 

Research question 2: How does the polymer ratio influence the blend structure of a 

compatible system?  

The crystalline structure and intermolecular interactions of cellulose blends were 

investigated and discussed in chapter 5, headings 3 and 4.2-4.5. Strong interactions were 

visible for cellulose/PLA blends over a wide range of compositions. Only at high PLA 

contents (≥ 90 wt%), crystalline domains of PLA could be detected, meaning that separate 

phases of PLA that were not interrupted by cellulose chains were present. At high 

cellulose contents (≥ 80 wt%) few crystal cellulose domains were apparent. It seems 

inappropriate to use the term "phase separation" here, since individual PLA or cellulose 

phases can also occur at those concentrations which, in terms of polymer volumes, cannot 

be disturbed by PLA or cellulose chains. 

No phase separation during temperature treatment up to 190 °C (hot press) was detected, 

indicating that the LCST has to be at a higher temperature and is unlikely to reach before 

the degradation processes of the material will start.  

Research question 4: How do process parameters influence blend properties? 

Attempts to combine PLA and cellulose with the help of ionic liquids resulted in 

homogeneous, transparent blends (chapters 4-6). Soil degradability even faster than 

cellulose itself is a further interesting property that was assessed in studies from another97 

and the own research group116, 117. When using solution blending for the preparation of 

such polymer blends, the selection of solvents is important. The dissolution of a polymer 

can be separated into two basic steps, solvent diffusion and chain entanglement (chapter 

2.2). For efficient mixing of the polymers, both steps have to be reached sufficiently. It is 

important to choose a good solvent that enables the polymers to be present as extended 

coils. Based on available literature on thermodynamics in cellulose solutions, the ionic 

liquid used in this work is a good solvent for cellulose. It even seems to be a theta 

solvent118, which allows balanced interactions between polymer and solvent with 
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unperturbed chains and is therefore appropriate for solution blending. Being a 

thermodynamic issue, however, the dissolution ability and quality of a polymer solution 

are always linked to temperature. The system EmimAc/DMSO allowed polymer 

dissolution and homogeneous mixing over a wide temperature range, therewith also 

enabling combinations with polyamide 6 or poly(3-hydroxybutyrate-co-3-

hydroxyvalerate).  

Not only the selection of the solvent system or dissolution and mixing temperatures, but 

also the precipitation process influences the final blend morphology (chapter 2.3.1 and 

chapter 5, headings 1 and 4.1). Rapid precipitation can contribute to the production of 

homogeneous blend morphologies that are not present when precipitating at a lower 

velocity.72 So even if blend partners are immiscible and no compatibilizers are used, the 

precipitation process can be used to produce metastable micromorphologies in the solid 

blend, where microscale domains are homogeneously distributed.72, 73 This was especially 

apparent for the cellulose/polyamide 6 blends prepared in this work, which were found to 

be immiscible,88, 94 but occurred as macroscopically homogeneous films when rapidly 

precipitated from solution in chapters 4 and 5.  

The selection of an anti-solvent was shown to be a crucial parameter for cellulose blends, 

too. For the precipitation of cellulose/PLA blends in IL-solution, ethanol has to be chosen 

over water. No complete precipitation is possible in water, particularly not at lower 

cellulose concentrations, as discussed in chapter 5, heading 4.1. Although water can 

precipitate both PLA from a DMSO solution and cellulose from an IL/DMSO solution, 

the addition of water to a combination of those solutions results in a stable colloidal 

dispersion.  

Additionally, cellulose crystallinity differed with anti-solvent (chapter 5, headings 3.5, 

3.6). While the water precipitation rearranged the cellulose domains to crystalline 

cellulose II, the ethanol-precipitated sample showed only amorphous reflexes not 

attributable to cellulose II. 

Being a good choice for the dissolution of cellulose, EmimAc showed major drawbacks 

concerning the processing of PLA. Severe PLA degradation can occur in the IL depending 

on concentrations, temperature, and time combinations.119 In cellulose/PLA blends 

prepared via extrusion in chapter 6, heading 3.3.2, high IL loadings and processing 

temperatures led to PLA degradation of an Mw from approx. 160 kg·mol-1 to 23-50 

kg·mol-1. In solution blended samples in chapter 4, heading 3, no such degradation was 

detected. However, a different PLA grade was used, and repeated washing with water 

was performed rather than Soxhlet extraction with ethanol. Also, the contact time of PLA 

with the IL was much longer for the extruded blends, since the molding process of the 

blend gels had a significant time lag (several days) for preparation, while the blends from 
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solution were directly precipitated. Therefore, the design of both studies unfortunately 

does not allow a reasonable comparison. 

In terms of cellulose, imidazolium-based ILs can also cause polymer degradation. When 

in solution, cellulose is prone to undergo hydrolysis in presence of an acid, especially at 

temperatures above 100 °C120-122, which limits the processing temperature window for 

cellulose blends. Celluloses regenerated from dissolution in chapter 4 and gel extrusion 

in chapter 6 both showed degradation up to 30% and ~13%, respectively. Since both 

processes were performed at temperatures below or around 100 °C, higher degradation of 

cellulose in dilute solutions can be attributed to the much higher IL concentration.  

Additionally, the IL used showed degradation reactions at higher processing temperatures 

during extrusion, which also lead to non-extractable reaction products in the final blends 

that influenced their optical and structural properties (chapter 6, headings 3.3.1 and 3.3.2). 

An influence of the degradation products on the mechanical properties is also to be 

expected.  

Regarding the results from tensile testing of extruded cellulose blends in chapter 6, 

heading 3.3.3, however, the correlation between tensile strength and molecular weight 

became particularly apparent. Absolute tensile strength and elongation values of extruded 

cellulose/PLA blends (1:1) were ~40 MPa and 1.3%, respectively. These were 

comparable to a multiphase composite of the same composition containing twice the 

molecular weight of PLA. 

The last factor investigated that influences final blend properties is the amount of residual 

IL after solvent extraction. Existing literature on cellulose regenerated containing residual 

IL are rare,123, 124 since most studies just assume that the IL has been completely removed. 

In cellulose blends with PLA and polyamide 6 prepared in chapter 5, residual IL acts as 

a plasticizer and compatibilizer in the blends. Thermal properties showed prevented 

crystallization and decreased glass transition of the synthetic polymers as a result of the 

plasticizing effect in both crystalline as well as amorphous regions. Plasticizing effects in 

terms of decreased glass transition (polyamide 6) increased with the amount of IL (chapter 

5, heading 3.1). Plasticizing effects on cellulose were already discussed in the literature, 

where high IL ratios even enabled direct thermal processing.58, 125-128 As discussed in 

chapter 5, headings 4.1 and 4.2, plasticizing effects in cellulose blends become negligible 

in a technical context at residual ionic liquid contents below 1 wt%. The same is expected 

for cellulose regenerates. 
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7.3 Blend preparation: solution and extrusion blending with ionic 

liquids 

In the last section of this work, the possibility to prepare cellulose blends with minimum 

use of solvent was investigated.  

Research question 3: Can the manufacturing process of such blends be transferred 

from solution to extrusion? 

The transfer from solution blending to extrusion blending of cellulose blends includes 

several sub-tasks and questions linked to them. When the solvent is reduced, the system 

changes from a dilute to a concentrated solution. Following polymer solution theory, 

concentrations above a critical concentration are accompanied by chain entanglement that 

would consequently limit efficient mixing with a second polymer when added. However, 

such entanglements or gel networks are highly sensitive to shear and can therefore be 

overcome with sufficient input of mechanical energy. Although maximum cellulose 

concentrations in the EmimAc/DMSO system have been reported to be about 25-27 

wt%,129 the influence of shear and temperature showed that extruded gels with cellulose 

contents up to 45 wt% are feasible. However, based on the shorter dissolution time and 

limited wetting of the cellulose powder during extrusion, undissolved cellulose remains, 

especially at concentrations higher than 40 wt%. 

The step for a process transfer from solution to extrusion blending would be successful 

blending with PLA by means of a single-phase morphology of the final material. 

Although this single-phase morphology could be re-attained for the main parts of the 

blends, results showed that high cellulose loads in gels and little time for dissolution left 

cellulose parts only in a swollen state within the boundary layer that could not be mixed 

with PLA on a molecular level. This again shows that the availability of the cellulose 

chains is a crucial factor for preparing cellulose blends with incorporated polymeric 

spacers. For the main phase, no differences in mixing in dilute or concentrated solutions 

were found, however, under the condition of sufficient shear and temperature during the 

mixing of concentrated solutions with a polymer melt. This additional input of energy 

may cause degradation reactions of both the ionic liquid and the polymers, especially 

since temperatures above 100 °C are necessary for the PLA to flow. Final blend properties 

such as mechanical and thermal properties are easily influenced by altered molecular 

weights of the polymers. Degradation processes therefore slightly changed the material 

properties compared to blends from solution blending. Therefore, the main question has 

to be answered as follows: the preparation process of cellulose blends can be transferred 

by technical means, however, parameters have to be chosen wisely to prevent polymer 

degradation and maintain blend properties apparent in solution-blended materials. 



Discussion, conclusion and outlook 102 

7.4 Conclusion 

This work aimed to investigate how and to what extent physical modifications influence 

the structure-property relationships of moldable blends based on native cellulose. Using 

an ionic liquid as an intermediate, polymeric spacers can be inserted between cellulose 

chains as a physical modification approach. As a result, intermolecular interactions 

between the cellulose chains are disrupted and single-phase blends are formed when using 

PLA as a spacer. These blends can be formed under thermomechanical energy input.  

To be used as a substitute material in thermoplastic processing, however, the 

thermoplastic behavior must ensure a certain flow or melt viscosity for further processing. 

After extraction of the ionic liquid, the cellulose blends appeared stiff and rigid. Due to 

the glycosidic bond and the stabilization by internal hydrogen bonding, the cellulose 

backbone is rigid and, unlike most other macromolecules, has limited mobility within the 

polymer chains. Even though physical modifications can affect the interactions between 

the different cellulose chains, the mobility of the cellulose backbone remains the same. 

This means that, on the one hand, the incorporation of a polymeric spacer can mask the 

intramolecular hydroxyl groups of the cellulose and thus achieve a certain 

thermomechanical formability, but on the other hand, the thermoplastic formability of 

these compounds might still be too low for further processing such as extrusion or 

injection molding. However, it is clear that further plasticization with low molecular 

weight components, as shown for the ionic residual liquid, is an effective means to ensure 

the thermoplastic processing of native cellulose blends. This is already evident for 

thermoplastic starches or cellulose derivatives. 

Combinations of native cellulose and PLA show a homogeneous, single-phase 

morphology. Although not expected to be miscible by thermodynamic theory, 

precipitation provides the ability to freeze the structure compatibilized by the IL/co-

solvent combination. This enables the investigation of many more combinations of 

natural and synthetic polymers in the future, especially those that are assumed to be 

immiscible or incompatible. The morphology found in prepared cellulose/PLA blends 

shows major differences compared to state-of-the-art composites using cellulose as filler. 

Based on the amorphicity and the absence of phase boundaries in the micrometer scale, 

the blends are transparent. They are also readily biodegradable in soil, which is a clear 

advantage over most industrial bio-based polymers that can only be composted in 

industrial facilities. Although first mechanical results were strongly influenced by 

polymer degradation, strength and elongation were still comparable to pure PLA or a 

composite containing twice the molecular weight. Based on the results, it can still be 

assumed that the homogeneous structure facilitated the transfer of load within the blend 

as expected. Still, the degradation of polymers and solvent have a negative effect on 

mechanical performance and should be prevented by changing the process parameters. 
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Cellulose blends contribute to the expansion of the technical use of cellulose through 

thermomechanical processing methods. It is true that solvent-based processes must 

always be evaluated in terms of their environmental impact. In the process presented here, 

however, it should be noted that the possibility of production via extrusion can be 

implemented with a greatly reduced solvent consumption. Experiments showed, however, 

that when using high cellulose loads in ILs, the use of co-solvents is advantageous since 

they facilitate dissolution by wetting cellulose and therewith prevent the formation of 

undissolved agglomerates. Still, the reduced amounts of solvents needed in extrusion 

processing mean that the manufacturing process is comparatively favorable compared to 

other solvent-based cellulose processes in the fiber sector (e.g. Ioncell®, Lyocell). This 

advantage in the preparation of new cellulose blends should be seen in particular in the 

context of a bioeconomy, which on the one hand aims to reduce dependence on fossil raw 

materials for material synthesis and at the same time minimizes environmental impacts. 

In this context, solvent recovery and reuse remain an important issue. Extraction methods 

used in this work resulted in residual solvent contents far below 1 wt%. The minimum 

residual ionic liquid content to remain in the blend is not only an ecological but also an 

economic issue that is yet to be investigated for cellulose blends.  

7.5 Outlook 

Cellulose blends prepared in this work show promising properties to replace fossil-based 

plastics with bio-based and biodegradable materials. Accessing the native structure of 

cellulose for further technical use, e.g. for thermoplastic processing, could form an 

important basis for the development of bio-based materials. 

Although the use of ionic liquids in this process has some drawbacks, this class of solvents 

is quite young and research is ongoing. There are various possible combinations regarding 

anion and cation offering flexibility which has certainly not been fully exploited. 

However, economic and environmental concerns must be further considered in future 

developments. The trend is clearly toward bio-based ionic liquids, which would also live 

up to the designation "green solvent." Nevertheless, examples of the use of ionic liquids 

on a larger scale are already available today: fiber fabrication processes such as 

HighPerCellTM developed at the German Institute of Textile and Fiber Research 

Denkendorf in Germany130, Ioncell® developed at Aalto University in Finland131 or Metsä 

Spring132 are entering pilot or even demo scale. The companies Worn Again Technologies 

or Re:newcell use an ionic liquid-based process for textile recycling, being suitable to 

recover mixed textiles from synthetics and cellulose.133 

In this work, disadvantages were found in the use of imidazolium-based ionic liquids, 

especially with regard to polymer degradation. To prevent degradation, in addition to 

changing the composition of the ionic liquid, other additives such as plasticizers can be 
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used to allow processing at lower temperatures. Another advantage here is also seen in 

the improved thermoformability of the compounds even after solvent removal. 

The importance of miscible systems such as the blends presented is expected to increase 

with the need for recyclable materials and the possibility of reusing recycled polymers in 

blends. Cellulose, for example, could come from biomass side streams or worn textiles, 

while PLA could also originate from post-consumer packaging waste.  

Transparency and biodegradability are further advantages of the developed blends. 

Applications that potentially remain in the environment after use and therefore require 

increased biodegradability are conceivable. Examples can especially be found in the 

agricultural and forestry sector, such as mulching films or tree covers. 
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