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1 Introduction 

 

‘Water and air, the two essential fluids on which all life depends, have become global garbage cans.’  

Jacques-Yves Cousteau (1910 - 1997)  

 

The pollution of all parts of nature, water, air and land, is nowadays unchallengeable and 

reaches a state where appropriate options have to be investigated. A significant contribution to 

this situation has the vast amount of food packaging. The development of modern food 

packaging has made it possible to safely distribute food with maximal quality and prolonged 

shelf life to all people and regions of the world. This led to a widespread usage of 

petrochemical-based materials. Due to their long-term stability, these materials accumulate 

and contribute to the pollution of the environment. The application of biopolymers for food 

packaging materials is a promising attempt to improve the current situation without 

sacrificing the advantages of modern packaging.  

The definition of biopolymers is crucial due to increasing options of primary resources and 

various new modifications enhancing the possibilities of degradation. Definitions can relate to 

different aspects of the biopolymer. Two definitions are commonly used: The first one defines 

polymers as biopolymers if they are either based on renewable ‘bio-’resources (e.g. Bio-PE, 

Bio-PP, etc.) or if they are biodegradable (e.g. PBAT, PCL, etc.) or both (e.g. 

polysaccharides, proteins, PLA, PHAs, etc.)1. The other definition considers the aspect of 

production. Hereby, polymers are defined as biopolymers if they are extracted directly from 

natural materials (e.g. polysaccharides, proteins), produced by a ‘classical’ chemical synthesis 

from renewable biobased materials (e.g. PLA) or if they are produced by microorganisms or 

genetically modified bacteria (e.g. PHAs)2,3. This thesis follows the first definition.  

Also the definition of the properties ‘biodegradable’ and ‘compostable’ is important: 

According to EN 13432 materials are entirely biodegradable if they decompose by means of 

microorganisms under aerobic or anaerobic conditions4. Under aerobic conditions, these 

materials decompose to carbon dioxide, water, salts of other available elements 

(mineralisation) and new biomass or, under anaerobic conditions, to carbon dioxide, methane, 

mineral salts and biomass4. Biodegradable materials must decompose to at least 90% after a 

time period of 6 months (aerobic conditions) according to EN 134324. Materials are 

additionally compostable if they decompose under specific conditions in a defined time period 

(composting cycle) in a composting system. After a composting cycle of maximal 12 weeks, a 
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material is called compostable if a > 2 mm sieve fraction contains maximal 10% of the 

original dry weight4.  

Despite increasing research and development of biopolymers, the production capacities and 

availability of biopolymers in a large scale is still limited due to economic reasons. Compared 

to the global production of petrochemical-based polymers (‘plastics’) of 335 Mio t in 20165, 

the production capacities of biopolymers were only 4,156 kt (Figure 1) meaning that 

biopolymers constituted only about 1.2% of the total plastics production.  

 

 

Figure 1: Global production capacities of bioplastics (2015 until 2021)
6
  

(figure used with friendly permission of European Bioplastics) 

 

A forecast of future biopolymer consumption is difficult due to the high impact of legislation. 

Changes in legislation can lead to a dramatic increase of the biopolymer consumption. 

Examples can be named by a tax on plastics in Belgium or the ban of non-biodegradable 

plastic bags in Italy. Without further changes, an increase of the biopolymer consumption (as 

monofilms) from 2016 to 2021 in Europe is expected to be 6.8%7. The new packaging 

regulation in Germany - which will become law on 1st Jan 2019 - focuses on the application 

of recyclate, a weight reduction and especially the recyclability of materials. Until 2022, a 

mechanical recycling rate of at least 63% of the plastic materials is required8. The European 

Commission targets all plastic packaging material being reusable or recyclable by 20309.  
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In 2016, the production capacities of biobased and non-biodegradable biopolymers were 

significantly higher than those of biodegradable biopolymers (Figure 1). Biobased and non-

biodegradable biopolymers have the same chemical structure as their petrochemical-based 

equivalents but are from a biobased source (like Bio-PE, Bio-PET, prefix ‘bio-’ indicating the 

biobased source). This means they have almost the same properties which reduce financial 

and learning investments in manufacturing and application. However, Bio-PET is currently 

still only 30% biobased. Especially in Europe, with established waste disposal systems, a 

reduction of petrochemical-based materials is the main focus. Due to missing collection 

stations, biodegradability is mostly rated less important. In other countries, with less 

developed waste disposal systems, biodegradability is often more important. In 2017, the 

biobased and non-biodegradable biopolymers represented only slightly more than half of the 

global production capacities (Figure 2) meaning the sector of biodegradable biopolymers 

increases.  

 

 

Figure 2: Global production capacities of bioplastics in 2017
10

  

(figure used with friendly permission of European Bioplastics) 

 

Obstacles for the application of biopolymers are the usage of primary resources and the land 

to cultivate these resources. Competition occurs when primary resources can be used for the 

production of biopolymers but also for human nutrition. Also the cultivated land used for the 

primary resources has to compete with land for nutritional purposes. This discussion is partly 

used to indicate negative aspects of biopolymer production. However, the land use for the 
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production of bioplastics in 2017 was only 0.016% of the global agricultural area (Figure 3). 

Even with the estimated increase in the production of bioplastics, this amount is anticipated to 

be 0.021% in 202211.  

 

 

Figure 3: Land use for the production of bioplastics in 2017 and forecast for 2022
11

  

(figure used with friendly permission of European Bioplastics) 

 

Besides the low availability of high quantities of many biopolymers, further limitations such 

as a complex processability and sometimes unfamiliar property profiles complicate the 

application of biopolymers in large scale. These issues are addressed in this work.  
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2 General objectives  

The general objective of the work of this thesis is the identification of biopolymers suitable 

for packaging applications which are not intended for recycling or energy recovery, e.g. in 

cases where littering is very likely to occur. To create the opportunity of being compatible 

with different disposal systems the biopolymer should be biobased, biodegradable and 

preferably compostable. 

Out of packaging applications, food packaging is challenging since the materials often have to 

meet special requirements. Especially the permeability of the applied material is crucial: Food 

is often sensitive to oxygen and water vapour providing the requirements for the packaging 

materials. Materials with too high permeability can lead to an early spoilage or mass loss of 

the food. This thesis targets biopolymers with very low oxygen permeability.  

Of course biopolymers for food packaging materials also have to fulfil the requirements of 

compliance and be in agreement with Commission Regulation (EU) No 10/2011 and further 

national and international standards e.g. from the European Food Safety Authority (EFSA) or 

the German ‘Bundesinstitut für Risikobewertung’ (BfR). Regulatory compliance was 

considered in the following work during the selection of materials but not specifically tested.  

In order to enhance the implementation of the identified biopolymers to an industrial 

application, commercial availability is a further selection criterion. The negative aspects of a 

biopolymer production in large scale as discussed in the introduction are taken into account 

by selecting materials which compete not or only little with agricultural raw materials for 

food (see Figure 4). 

Like conventional, petrochemical-based polymers, biopolymers can be processed by different 

techniques. This thesis covers two of the most common techniques for the production of 

packaging materials: solvent-based lacquering and thermoplastic flat film extrusion. The 

identified biopolymers should be applicable for either solvent-based or thermoplastic 

processing. Due to their large extent, some experiments are performed in laboratory scale. 

However, a scale-up of the processing of the identified biopolymers to a continuous, pre-

industrial scale is a further objective of this work.  
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Figure 4: General objectives for the selection of biopolymers  

 

However, biopolymers often show different processability and functional properties compared 

to conventional, petrochemical-based polymers. Therefore an adaption of the biopolymers by 

additives is necessary to ensure the processability and applicability as packaging material.  

As the current state of research shows, only few studies analyse both the mechanical and 

permeation properties of additivated biopolymers. One important motivation for this work is 

to increase the knowledge base of how biopolymers can be used and adapted to certain 

requirements. 

The following chapter 3.1 gives a current state of knowledge about solvent- and 

thermoplastically processable biopolymers as the basis for the selection of biopolymers. 

Subsequently selected additives are discussed in chapter 3.2 to provide a state of knowledge 

for the possibilities and effects by additivation. Chapter 4 then contains the selection of 

biopolymers and additives and the definition of the specific objectives of this thesis.  
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3 Materials 

This chapter gives an overview of biopolymers and their respective properties divided 

according to the most common processing techniques: solvent-based and thermoplastic 

processing. Their state of development varies from research to pilot scale or even industrial 

stage for some commercially available biopolymers. The biggest technical obstacle for a 

broader use of biopolymers is their lack of sufficient processability or functional properties of 

the final films. State-of-the-art strategies and approaches to improve these challenges are 

presented.  

3.1 Biopolymers  

3.1.1 Solvent-processable biopolymers  

Processing polymers by a solvent-based technique requires a dissolving of the polymer in a 

suitable solvent. Conventional polymers are solved in aliphatic or aromatic hydrocarbons (like 

hexane or xylene), alcohols (like ethanol or propanol), glycol ether (like ethylene glycol) or 

esters (like ethyl acetate) which often need special technical equipment and handling 

knowhow. Almost all biopolymers can be solved in water, a few in ethanol, enabling an easier 

handling. This formulation is then applied on a substrate by different techniques. The most 

common substrates are paper or polymer films. The different techniques are classified 

according to their application tool. The state-of-the-art application tools can be named by a 

flexible or stiff blade, air knife, plain or anilox roll or curtain coating. A subsequent drying 

step leads then to a homogenous film.  

The processability of solvent-processable biopolymers is often difficult. Two decisive 

properties are the foaming behaviour and the dry matter content in the formulation. Certain 

solvent-processable biopolymers can show a strong foaming behaviour which hinders the 

application of a homogenous film. The foaming can be induced already during the preparation 

of the formulation as well as during the application of the film. The dry matter content of a 

formulation is often mainly determined by the hygroscopicity of the biopolymer. This 

property is decisive for the viscosity of the formulation which affects the processing: 

Biopolymers with a high hygroscopicity show already at a low dry matter content a high 

viscosity which limits a fast processing. A reduced dry matter content however necessitates 

high drying rates especially for water-based formulations. High flow rates of the drying 
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medium, high drying temperatures or prolonged drying sections can modify the biopolymer. 

This can change the final properties of the biopolymer film.  

Based on the defined selection criteria in the general objectives, the following overview 

(Table 1) evaluates several solvent-processable biopolymers whether they are biobased, 

biodegradable, compostable, low permeable to oxygen, commercially available and whether 

there is a competition with agricultural raw materials for food. Positive results are indicated 

by a ‘+’, negative by a ‘-’. Criteria which cannot clearly be defined are indicated by a ‘0’. 

This thesis classifies the solvent-processable biopolymers according to protein-, 

polysaccharide- or lipid-based systems.  
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Table 1: Selection of solvent-processable biopolymers relevant for the general objectives according to
1,12,13

 

and own estimation 

Biopolymer 

Solvent-

based 

processability 

Biobased 

source 

 Biodegrad-

ability 

 Compost-

ability 

Low oxygen 

permeability 

Commercial 

availability 

No 

competition 

with food 

Protein-based systems 

Gluten + + + + + 0/+ - 

Pea protein + + + + + 0/+ - 

Zein + + + + + 0 0 

Soy protein + + + + + 0 - 

Whey 

protein 
+ + + + + 0/+ - 

Casein + + + + + 0/+ - 

Collagen/ 

gelatin 
+ + + + + - - 

Polysaccharide-based systems      

Starch + + + + + + - 

Alginate + + + + + 0 + 

Chitosan + + + 0 + - + 

Xylan + + + 0 + - + 

Lipid-based systems       

Carnauba 

wax 
0/- + + + - - + 

Candelilla 

wax 
0/- + + + - - + 

Beeswax 0/- + + + - 0 + 

Shellac 0/- + + + - - + 
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Those biopolymers with maximal one ‘0’ or ‘-’ indication are selected for a following detailed 

discussion. The selected solvent-processable biopolymers are the proteins gluten, pea protein, 

whey protein and casein and the polysaccharides starch and alginate. Even though none of the 

lipid-based biopolymers is selected for a detailed discussion, a short overview of the state-of-

the-art of these systems is given due to their potential to improve processability and to reduce 

permeability of other biopolymers.  

Protein-based systems  

Proteins are macromolecular copolymers which function as biological or structural 

components in plants, such as wheat, corn, pea or soy, or in animals, such as whey protein, 

casein or collagen. Proteins are composed of 20 amino acids which differ in one side group. 

Mostly 100-150 amino acids build a protein14. The structure is divided in a primary (sequence 

of amino acids), secondary (local structure of the protein chain), tertiary (overall structure of 

the protein chain) and quaternary (structure of several protein chains) order. Except for the 

primary order, the structure can be affected physically or chemically by a denaturation 

process. This process does not release covalent bonds, except disulphide bonds, but hydrogen, 

ionic or hydrophobic bonds15. Denaturation can be caused by mechanical input, high or low 

temperatures, change in pH, radiation or by acids, salts or organic solvents15. These ir- or 

reversible changes in the properties of the proteins can be beneficial for a film application. 

The protein fractions used for film casting can be gained as a protein concentrate (~30-80% 

protein content) or protein isolate (normally > 90% protein content).  

Due to their polar character, protein films are often low permeable to non-polar gases such as 

oxygen. However, they are often highly permeable to polar substances such as water vapour. 

Permeability is also affected by relative humidity and plasticiser type and content14. 

Challenging are also possible structural changes during storage due to a reorganisation of the 

secondary structure or a migration of plasticiser (shown for soy protein)16.  

Gluten 

Gluten is the main storage protein in wheat or corn. Wheat gluten is a by-product of the wheat 

starch production and therefore highly available17. Gluten contains a high content of non-

polar amino acids and is therefore water insoluble12. However, it can absorb water during 

immersion3. Gluten is mainly composed of the Osborne fractions prolamine (alcohol soluble 

gliadin) and glutelin (alcohol insoluble glutenin)12. Gliadins have a low-molecular weight 

while glutenins have a high molecular weight18. The isoelectric point of gluten is at pH 7.5 19. 

Gluten films show high transparency, flexibility and low oxygen permeability20,21.  
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Pea protein  

Peas are rich in carbohydrate and fibres (~35% resp. ~27% in dried peas)22,23 which are 

mainly used in food industry. For this reason pea proteins (~27% in dried peas)22,23 are often 

by-products with low additional value. Pea protein consists mainly of globulin (storage 

proteins) and little of albumin (cytoplasmic proteins)22 and is soluble in highly polar 

solvents15. Films of pea protein are transparent and brittle with mechanical properties 

comparable to films of soy or whey protein22. The origin of the pea protein (isolate) does not 

significantly affect the mechanical properties of the films24.  

Whey protein  

Whey protein is a by-product during the production of cheese (after coagulation of casein). 

Whey represents ~20% of the total milk proteins25 and consists of the globular proteins β-

lactoglobulin (57%, molecular weight (Mw): 18,300 g mol-1), α-lactalbumin (19%, Mw: 

14,200 g mol-1), bovine serum albumin (7%, Mw: 66,300 g mol-1), immunoglobulins (13%, 

Mw: 150,000-1,000,000 g mol-1) and proteose-peptones (4%, Mw: 4,100-22,000 g mol-1)26. 

Whey protein is water soluble independent of the pH value27. While native whey protein films 

are stabilised by hydrogen bonds, electrostatic interactions and van der Waals forces, heat-

denatured whey protein is crosslinked covalently and is therefore water insoluble28. Thermally 

induced denaturation starts at 78°C for the main protein fraction β-lactoglobulin (at pH 6 in 

0.7 M phosphate buffer)29. Whey protein has good film forming properties giving transparent 

but brittle films with a low oxygen permeability. However, oxygen permeability of the films 

depends on the relative humidity30. 

Casein  

Casein is a protein from the mammary gland; the most common source is bovine milk. 

Around 80% of the total bovine milk protein is casein31. Casein consists of the main 

components αs1- (38%) and β-caseinate (36%) as well as the minor components αs2- (10%), κ- 

(13%) and γ-caseinate (3%)32 with a Mw between 19,000-25,000 g mol-1 31. Due to a high 

content of phosphate groups, casein is water soluble and has a high water binding capacity (up 

to 250% of its weight)31. The structure of casein is open and flexible causing good film 

forming properties based on intermolecular bonds31. Casein forms transparent but brittle films 

with a low permeability to oxygen and other non-polar gases33.  
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Polysaccharide-based systems  

Polysaccharide-based polymers are often available in big scale although sometimes not in an 

applicable form. In this case a purification or pelletizing step is necessary to ensure an 

accurate processing. Polysaccharide-based films and coatings often show high strength but 

also brittle fracture. Permeability against gases and aroma is often low34 but on the other hand 

high against water vapour due to their hydrophilicity35-37.  

Starch  

Starch is naturally produced as an energy store in plant cells and consists of the monomer α-

D-glucose. This monomer can build the two polymers of starch: amylose and amylopectin 

(Figure 5). Amylose is a linear, non-branched molecule with an α-1,4-glycosidic bond giving 

an helical confirmation38 and a Mw of 104-106 g mol-1 1. Branched amylopectin with additional 

side chains linked via an α-1,6-glycosidic bond in regular intervals leads to molecular weights 

of 106-108 g mol-1 1. The ratio amylose : amylopectin varies depending on its origin, way of 

production and analysis1,39. Common sources of starch are corn, potato, wheat, rice or 

cassava. Gelatinisation temperature can be increased by polyhydroxyl compounds, like 

sugars, and decreased by salts, like NaCl15. 

 

  

Figure 5: Structure of amylose (α-1,4-D-glucose) (left) and amylopectin (α-1,6-D-glucose) (right) 

 

A common application of starch is in paper industry for sizing and coating of paper or 

paperboard. Processed as a water-based coating for film and paper substrates, starch can 

improve surface properties and decrease the oxygen permeability. Films of amylose show 

lower oxygen and water vapour permeabilities compared to amylopectin films which is based 

on the structure and degree of crystallinity36. However, permeability depends on relative 

humidity and the concentration of plasticisers40 which are necessary for processing.  
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Alginate 

Alginates are polysaccharides commercially obtained from brown algae such as Laminaria 

hyperborea, Macrocystis pyrifera, Laminaria digitate or Ascophyllum nodosum41, but also 

some bacteria can produce alginates such as species of Acetobacter and Pseudomonas. As a 

constituent of the cell membrane, alginate provides flexibility and strength for algae. The 

structure of alginate depends on the species, place of origin, growth conditions and time of 

harvest41-43. The salts of alginic acids, alginates, are linear copolymers composed of the two 

uronic acids β-D-mannuronic acid (M) and its C5-epimer α-L-guluronic acid (G) linked via an 

1,4-glycosidic bond (Figure 6)44,45. The structure reveals the origin of the alginate: While  

bacterial alginate has an oxygen 

acetyl group at C2 and/or C3 of the 

alginic acid, alginate from algae has 

only an hydroxyl group at this 

carbon atom46. Due to the different 

compositions, Mw can vary from 

32,000-400,000 g mol-1, with high 

Mw alginates resulting in high 

viscous solutions47.  

 

 

Figure 6: Monomers of alginate: β-D-mannuronic acid (M) 

(left) and α-L-guluronic acid (G) (right) according to
46

 

 

The British chemist and pharmacist E.C.C Stanford obtained for the first time alginic acid 

from brown algae48. But it was only after some decades that uronic acid was identified as a 

component of alginic acid providing evidence of mannuronic acid in the hydrolysate of 

alginic acid41,49-52. The following discovery of the β-1,4-glycosidic bonds (comparable to 

cellulose)45 and the disproof of the structure with only one uronic acid by detecting guluronic 

acid53 completed the knowledge about alginate. New developments like the fractional 

acidolysis enabled the display of the sequence of the uronic acids54.  

The preparation of alginic acids is still comparable to the first techniques48. The fresh or dried 

algea are treated with water or dilute acid to replace the cations of the mannuronic and 

guluronic acids by protons resulting in alginic acids46. Thereby unwanted mineral salts and 

further substances like laminarin (storage molecule in brown algae) are removed. Subsequent 

grinding, heating and alkaline treatment (e.g. with sodium carbonate) lead to soluble sodium 

alginate, which can be separated from the insoluble cellulose. Calcium salts are introduced to 

precipitate calcium alginate fibres. Those are separated, washed, dried and treated with 

sodium carbonate or sodium hydroxide to gain sodium alginate55,56. Optimisations are 
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nowadays made by bleaching the precipitated calcium alginate with hypochlorite to remove 

polyphenols and photosynthesis colorants leading to discoloration.  

The alginate chain can be divided in homopolymer segments or alternating segments of the 

monomers mannuronic (M) and guluronic acid (G) such as GG-, MM-blocks (at least two 

sequent G resp. M acids) or MG-blocks (sequent alternating of G and M) (Figure 7)46. No 

ordered block sequence was found meaning the structure of alginate is not based on the 

sequence of the monomers46. Distribution and quantity ratio of the blocks vary depending on 

the specie of brown algae, their geographical origin, degree of maturity and time of harvest42.  

 

 

Figure 7: Block distribution of alginate according to
46

 

 

Guluronic residues are in the 1C4 conformation57 while mannuronic residues are in the 4C1 

conformation41. Due to the different steric configuration, alginate contains all four glycosidic 

bonds: diequatorial (MM), diaxial (GG), equatorial-axial (MG) and axial-equatorial (GM)46,58. 

Depending on the orientation of the residues, MM-blocks form planar structures while GG-

blocks form zigzag structures (Figure 8)41. The diaxial bonds of GG residues hinder a rotation 

at the glycosidic bond resulting in stiff and expanded molecules42. MG-blocks are the most 

flexible bonds based on their equatorial-axial configuration43. Analysis of the viscosity of 

alginate solutions indicate an increasing stiffness in the order MG < MM < GG41.  

 

 

Figure 8: Chain conformation of alginate (-GGMMG-) according to
41

 

 

Generally alginate is water soluble with monovalent cations like sodium but water solubility 

depends on the pH of the solvent, the total concentration of ions and the concentration of gel-

forming ions in the solution41. For a good solubility, pH should be higher than the acid 

dissociation constant (pKa) of the uronic acids (pKa(M): 3.38, pKa(G): 3.65)54.  
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Alginate films are of special interest due to their very low oxygen permeability, good grease 

resistance12,59 and good aroma barrier60. Films have a relatively high strength but mechanical 

properties dependent on the relative humidity61. Alginate films are highly brittle and show a 

high hygroscopic behaviour (maximal water binding capacity 200-300% of its weight55) 

leading to films with a low moisture resistance62.  

Lipid-based systems 

The major drawback for the application of the above named biopolymer films is their high 

moisture sensitivity and water vapour permeability which can be reduced by lipids. Lipids are 

compounds with no structural similarities except a pronounced hydrophobicity15. They are 

soluble in non-polar, organic solvents but not in water. Since crystalline lipids provide a lower 

water vapour permeability than liquid ones, substances with a high melting temperature (Tm), 

such as waxes, are promising biopolymers63-65. However, waxes have a limited processability 

and a high oxygen permeability due to their relatively low polarity. The most common waxes 

are carnauba wax (Tm: 82-85°C 65),  candelilla wax (Tm: 68.5-72.5°C 66,67) and beeswax (Tm: 

63.5-64.5°C 67). In order to reduce the high moisture sensitivity and water vapour 

permeability of biopolymers, waxes can be applied either in a biopolymer formulation before 

film casting or afterwards as a separate layer. The first option was successfully performed 

with carnauba wax (in caseinate68, whey protein65,69 or high amylose starch70), candelilla wax 

(in whey protein65) and beeswax (in whey protein65,69 or hydroxypropyl methylcellulose71). 

Comparing these three waxes, the strongest reduction in the water vapour permeability was 

found with beeswax (in whey protein65), followed by candelilla wax (in casein66). On the 

other hand beeswax has the highest oxygen permeability of these three waxes72. A separate 

wax layer also reduces the water vapour permeability as shown for carnauba wax on zein73, 

beeswax on chitosan74 or shellac on cassava starch75.  
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3.1.2 Thermoplastically processable biopolymers  

A thermoplastic processing requires the melting of the polymers under heat and pressure. This 

is commonly performed in a heated screw extruder. The applied shear stress affects the 

pressure inside the extruder. The viscous melted mass is then pressed though a die. This die is 

ring-shaped for a blown film and a slot die for a flat film extrusion technique. In a blown film 

process, the ring-shaped film forms a bubble stabilised by pressure which is pulled off by nip 

rolls followed by a chill-roll. In a flat film process, the cast film is pulled off by several rolls 

including a chill-roll for cooling. The last step is the winding of the final film. Contrary to 

these continuous techniques is the processing via injection moulding. In this process, the 

melted mass is injected in a mould cavity where the polymer solidifies to its final shape. For 

research purposes a small-scale moulding process under heat and pressure is commonly 

applied. This process in laboratory scale is beneficial to produce films of a limited amount of 

material. Therefore the unmolten material (often in powder form) is placed in a mould cavity. 

Then heat and pressure is applied during moulding.  

Before such a thermoplastic processing, a previous compounding step can be applied to 

introduce additives to the polymer. Such a compounding step is commonly performed in a 

twin screw extruder.  

Challenges during the flat film extrusion of thermoplastically processable biopolymers can be 

high residual moisture, a low viscosity and low strength of the melt, a high stickiness or a 

prolonged crystallisation time. A low decomposition temperature (Tdec) close to the melting 

temperature (Tm) can start a degradation process of the biopolymer already during processing 

leading to changes in the final properties of the film such as the colour. A combination with a 

conventional polymer can be demanding due to highly different Tm.  

Based on the aforementioned selection criteria, the following Table 2 evaluates several 

thermoplastically processable biopolymers whether they are biobased, biodegradable, 

compostable, low permeable to oxygen, commercially available and whether there is a 

competition with agricultural raw materials for food. Again, positive results are indicated by a 

‘+’, negative by a ‘-’ and those without a clear declaration by a ‘0’. The biopolymers are 

grouped according to the properties ‘biobased and biodegradable’, ‘non-biobased and 

biodegradable’ and ‘biobased and non-biodegradable’.  
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Table 2: Selection of thermoplastically processable biopolymers relevant for the general objectives according to
1,2,12

 and own estimation  

Biopolymer 
Thermoplastic 

processability 
Biobased source 

Biodegrad-

ability 

Compost-

ability 

Low oxygen 

permeability 

Commercial 

availability 

No competition 

with food 

Biobased and biodegradable  

Cellulose-based materials: MC, 

HPMC, CMC, CA, CN, etc. 
+ + + 0I 0I + + 

Thermoplastic starch (TPS) + + 0/+I 0I - + 0 

Poly(lactic acid) (PLA) + + + 0I 0 + -/0 

Polyhydroxyalkanoates (PHAs) + + + + + 0/+ + 

Non-biobased and biodegradable 

Poly(butylene adipate-co-

terephthalate) (PBAT) 
+ - + 0/+ - + + 

Polybutylene succinate (PBS) + 

-/0III (biobased 

alternative only in 

research state76-78) 

+ 0/+ - + + 

Polycaprolactone (PCL) + - + - - 0/+ + 

Polyvinyl alcohol (PVOH) + - 0/+ 0 + + + 
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Biobased and non-biodegradable        

Biobased Polyamide (Bio-PA) + 

+II (biobased 

dicarboxylic acids 

from ricinoleic or 

oleic acids1) 

- - + 0/+ 0 

Biobased Polyethylene (Bio-PE) + 

+ (saccharose is 

fermented to 

ethanol1) 

- - - 0/+ - 

Biobased Polyethylene 

terephthalate (Bio-PET) 
+ 

0/+II, III (fully 

biobased79,80) 
- - + 0 - 

Polyethylene furanoate (PEF) + + (81) - - - - - 

Thermoplastic Polyurethane 

elastomer (TPU) 
+ 

0/+III (biobased diols 

from PLA or PCL82-

85, sunflower86, 

soybean87; biobased 

chain extender87-89) 

- - - - -/0 

I: Depending on the applied additive(s) or composition 

II: Partially biobased source   

III: Possibility of a biobased production  
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Based on this overview, the biobased and biodegradable biopolymers cellulose-based 

materials, TPS, PLA and PHAs are selected for a following detailed discussion.  

Cellulose-based materials  

Cellulose is an abundant available polymer since it occurs as a structural component in the 

cell walls of plants as well as in algae and some bacteria. The monomer β-D-glucose is linked 

by a β-1,4-glycosidic bond forming a linear, isotactic polymer (Figure 9)1. Concentration and 

molecular weight (Mw) depend on the origin. Cellulose is processed to regenerated or 

derivatives of cellulose1. Regenerates like cellophane or cellulose hydrates are not 

thermoplastic. Derivatives like cellulose ether - such as methyl cellulose (MC), hxdroxyethyl 

cellulose, hydroxypropyl cellulose, hydroxypropyl methyl cellulose (HPMC) or 

carboxymethyl cellulose (CMC) - and cellulose ester - such as cellulose acetate (CA), 

cellulose butyrate, cellulose propionate or cellulose nitrate (CN) - are thermoplastic. 

Regenerated cellulose is produced by an alkaline dissolving step followed by a reconstitution 

to fibres or films while cellulose derivatives are produced by etherification with alcohols or 

esterification with acids1. An additional plasticiser is necessary for further processing. The Tm 

of cellulose is above the Tdec
1 challenging the processing. However, challenges of these 

materials are the non-compostability and the high oxygen permeability.  

 

 

Figure 9: Structure of β-1,4-D-glucose  

 

Starch-based materials: Thermoplastic starch (TPS) 

Information about the chemical composition and structure of starch can be found in the 

previous chapter 3.1.1, section ‘Starch’ on p. 12. Thermoplastic starch (TPS) is prepared by 

an extrusion process in order to denature starch granules in dependence of the applied shear 

forces and temperature1. Water is added to gelatinise and plasticise starch and further 

additives such as plasticisers and biodegradable additives to improve processing. The glass 

transition temperature (Tg) of dry starch is 227°C while it decreases to ~56°C at a moisture 

content of 13% 90. TPS films with a water content of < 9% are brittle but turning to a ductile 
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behaviour at 9-10%. A further increase of the water content to 9-15% gives rubbery but tough 

films and then weak and soft films91. Besides the composition, also the extrusion parameters 

like the screw speed affect the final properties of TPS films: A lower screw speed gives more 

crystalline films while a higher speed leads to more amorphous films92. Added plasticiser 

reduce the number of hydrogen bonds and increase the free volume in starch resulting in 

mobile polymer chains93 and a decreased Tg
94. Most commercial ‘thermoplastic starch’ grades 

are blends of TPS, degraded starch and biodegradable polymers. The final properties of the 

different grades depend therefore to a great extent on the composition. Due to the applied 

blend partner, the commercial grades are often not biodegradable or compostable. Also the 

potential competition with agricultural raw materials for food is a critical factor.  

Poly(lactic acid) (PLA)  

The monomer lactic acid (α- or 2-hydroxypropionic acid) occurs in two optically active, 

enantiomeric forms: L(+) and D(-) lactic acid isomers1. Lactic acid is produced by 

fermentation of a biological feedstock with high conversion rates95. Common sources for the 

feedstock are corn, sugar cane, agricultural waste or waste from the food industry. Low-

molecular polymers are formed by oligocondensation which are depolimerised to dilactides 

(normally with a high L(+) content, P(L)LA). By a subsequent ring-opening polymerisation, 

poly(lactic acid) (PLA) polymers (Figure 10) with a Mn >> 50,000 g mol-1 can be obtained1. 

P(L)LA shows a Tm of ~180°C and a Tg of ~63°C96. A decreasing L(+) content leads to a 

reduction in Tm
97. PLA is a linear aliphatic polyester with a good miscibility to other 

polyesters. Properties of PLA depend on the ratio of the isomers and the Mn. PLA is a 

transparent, hot sealable material with high surface energy, good grease and water resistance, 

high mechanical strength and low ductility, but also relatively high permeabilities against 

water vapour and oxygen1. However, the low ability for composting and the potential 

competition with agricultural raw materials for food should be seen critical.  

 

 

Figure 10: Structure of poly(lactic acid) 
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Polyhydroxyalkanoates (PHAs) 

Polyhydroxyalkanoates (PHAs) are a group of aliphatic homo- or copolymers produced by 

various microorganisms as intracellular energy storage. They can be produced by bacterial 

fermentation, by a synthesis in genetically modified plants or by an enzymatic catalysis in 

cell-free systems1. However, bacterial fermentation is the most common method for industrial 

production. More than 300 microorganisms are known to be able to produce PHAs1,98,99. The 

production steps include an inoculation, isolation of the biopolymer, followed by a 

compounding and granulation step. The inoculation can run continuously or discontinuously 

(separation of the growth of the microorganism and the synthesis of PHA under changed 

conditions) depending on the type of microorganism (see Alcaligenes latus and Alcaligenes 

eutrophus)1. The source of nutrient is mainly glucose which can be supplied by by-products 

of the food and agricultural industry such as molasses100, fermented cheese whey101, 

fermented olive oil mill wastewater102, grape pomace103, plant oils (olive, sunflower, 

rapeseed, and palm)104, paper mill wastewater105 or municipal solid waste106. The variation of 

the fermentation conditions and the available nutrients regulate the type of copolymer1. By the 

addition of organic acids like propionic or valeric acid, the copolymer PHBV (Figure 11 e) 

can be processed. The isolation of the biopolymer is performed by a mechanical separation 

(via centrifugation or filtration) and an extraction (via organic solvents, supercritical carbon 

dioxide or enzymatic cell lysis) followed by a purification and drying step1. The Mw of PHAs 

is commonly in a range of 100,000-500,000 g mol-1 1.  

The properties of these biodegradable polyesters depend on the used monomers 

(hydroxycarboxylic acids) and the degree of polymerisation1. The polyester with the smallest 

monomer is the homopolymer poly(3-hydroxybutyrate) (PHB) (Figure 11 a). This 

homopolymer is based on the esterified monomer β- or 3-hydroxybutyrate which gives highly 

crystalline and brittle films due to the short methyl side chain. The properties can be modified 

by increasing the number of C atoms of the monomer: Poly(3-hydroxyvalerate) (PHV) and 

poly(3-hydroxyhexanoate) (PHH) (Figure 11 b,c) are based on the monomers β- or 3-

hydroxyvalerate respectively β- or 3-hydroxyhexanoate and have an ethyl respectively a 

propyl side chain. This longer side chain leads to a reduced crystallinity and a lower Tm and 

Tg
107,108.  

However, the processing of pure homopolymers in high quantities is challenging. Commercial 

grades are mostly copolymers such as poly(3-hydroxybutyrate-co-4-hydroxybutyrate) 

(PHBHB, Figure 11 d) or poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV, Figure 
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11 e). The 3-hydroxyvalerate (3HV) content in commercial grades is commonly relatively 

low.  

 

a)       b)       c)  

d) e)  

Figure 11: Structure of the homopolymers a) PHB, b) PHV, c) PHH  

and the copolymers d) PHBHB and e) PHBV 

 

PHAs are commonly processed by an extrusion process. Their processability is though 

challenging due to a low melt strength and a Tm close to Tdec. Since PHAs are soluble in 

chloroform, films can also be processed via solution casting. However, this process is only 

feasible in laboratory scale but reduces the thermal impact on the biopolymer. A longer side 

chain of the monomer reduces the Tm and can thereby extend the processing window. An 

increased content of monomers with a longer side chain also increases the flexibility108,109. 

PHA films in general have a poor resistance to acids and bases1. 

Several bacteria can degrade PHAs by excreting a PHB depolymerase such as Pseudomonas 

aeruginosa110, Alcaligenes faecalis T1111, Comamonas acidovorans YM1609112 and 

Comamonas testosteroni ATSU (with an optimum at pH 8.5, 70°C)113. Enzymatic degradation 

can be enhanced by increasing the copolymer content (shown for solution-cast films) and 

reduced by an increase in crystallinity (shown for melt-crystallised films)114. In order to 

reduce the crystallinity and thereby increase the degradation rate of PHAs, additives like 

plasticisers can be incorporated. While the addition of a hydrophilic plasticiser like 

polyethylene glycol (PEG) increases the hydrolytic degradation due to a higher water 

absorption115, a hydrophobic plasticiser like triethyl citrate reduces the degradation116.  
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3.2 Additives  

3.2.1 Low-molecular additives 

A suitable approach to improve the low flexibility of biopolymers is a plasticisation which 

can be divided in an external or internal process. While external plasticisers interact only 

physically with the polymer chain without forming additional chemical bonds, internal 

plasticisers form additional bonds and become thereby part of the polymer e.g. by a copoly-

merisation step117. External plasticisers can be defined as ‘low molecular weight material 

added to polymeric materials [...] to improve the flexibility’ by interacting ‘with the polymer 

chains on the molecular level [...] to increase chain mobility’118. Thereby plasticisers lower 

the Tg and the tensile strength and enhance the elongation of the polymer118. The free volume 

theory postulated by Fox and Flory 119 attempts to explain the reduction of Tg by the added 

plasticiser content: At Tg a polymer changes from a hard, brittle, glass-like and non-crystalline 

state to a rubbery, viscous material. Based on the finding that the viscosity at Tg is 

approximately the same for all polymers (1012 Pa s)119, a relation between the viscosity of a 

polymer (friction of molecules) and the volume between the molecules and therefore also 

with Tg was concluded120. Accordingly, the glass transition occurs when there is a certain 

‘fractional free volume’ between the molecules independent of the chemical structure121. The 

difference between the volume of a polymer at the absolute zero temperature and the volume 

at Tg is proposed to be the same for all polymers (0.0646 cm3g-1)122. Based on this 

proposition, the free volume theory implies that ‘between atoms and molecules there is 

nothing but free volume’120. The free volume was defined by Ueberreiter and Kanig 122 as the 

difference between the volume at the absolute zero temperature and the volume measured for 

the crystal, glass or liquid at application temperature. Increasing this free volume allows an 

increased motion of the polymer by its main or side chains or the ends of the polymer 

chains123. By introducing substances with a low Mw, low steric hindrance and low 

intermolecular attraction, the free volume and thereby the motion can be increased123. By 

arranging around the polymer chains, these substances lead to a plasticising effect of the 

polymer which increases the flexibility. However, an increase in the free volume and thereby 

a reduced packing density of the polymer chains also leads to an increased diffusivity in the 

polymer film. Since the permeation coefficient � is the product of the diffusion coefficient � 

and the solubility coefficient � (� = � ∙ �) of a permeating gas or vapour, an increase in the 

diffusion coefficient directly results in an increased permeation coefficient.  
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In agreement with this theory, several experimental studies show that the flexibility of 

solvent-processable biopolymers improves with different low-molecular additives: Pea 

protein films with glycerol22, sorbitol124 or polyols24; whey protein films with glycerol or 

sorbitol30; casein films with glycerol, sorbitol33 or triethanolamine138; gelatin films with 

different citrates125; starch films with glycerol or sorbitol126 and alginate films with 

glycerol127. Low-molecular additives can also improve the flexibility of thermoplastically 

processable biopolymers. Examples can be named by PLA films with PEG of different Mw
128, 

PHBV films with triethyl citrate, dibutyl phthalate129 or PEG130, PVOH films with glycerol131 

or PLA+ PBS blends with PEG132.  

However, the effect of low-molecular plasticisers is not only limited to the mechanical 

properties of a polymer. Different physical and chemical properties are affected due to 

changes in the chain mobility. Besides the mechanical properties, those can be named by the 

permeation properties of the final polymer film. As explained above, the permeability of the 

polymer mostly increases by an added plasticiser. This was verified experimentally by an 

increased water vapour permeability (pea protein films with glycerol22,124; gelatin films with 

PEG of different Mw
133 or different citrates125) and an increased oxygen permeability (whey 

protein films with glycerol and sorbitol30). Based on the fact that water also acts as a 

plasticiser, the moisture content of the biopolymer film affects the mechanical properties (of 

starch films126) as well as permeation properties such as the water permeability (of PHA 

films134) and the oxygen permeability (of whey protein films30).  
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3.2.2 High-molecular additives/ blend partners  

In order to tailor certain properties, a combination or mixture of a polymer with a high-

molecular additive respectively another polymer which shows the desired property can be an 

interesting approach. The polymers in the blend interact physically, not chemically and can be 

divided according to their miscibility in homogeneous miscible, partial miscible or 

heterogeneous immiscible blends. However, most biopolymer blends show only a partial or 

no miscibility of the components.  

Experimental proof for the effect of blending can be found for example with the highly brittle 

biopolymer PLA. Blending PLA with PHBV135, PBAT136,137 or PBS138 reduces the 

crystallinity and improves the low flexibility. Concerning PHBV, there are few publications 

dealing with such a blending step for film applications: Blending PHBV with PLA139, 

PBAT140,141, PCL142 or polypropylene carbonate (PPC)143 leads to films with a reduced 

Young’s modulus and tensile strength and an increased elongation at break. Also here, a 

blending step not only affects the mechanical but also the permeation properties. Increased 

permeability was experimentally shown for PHBV-based blends with PLA144,145, PBAT141 or 

PPC143. However, these studies analyse the permeability only in a limited extend such as by 

the helium144, water vapour141,172,174 or oxygen permeability143,145.  
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3.2.3 Additional additives  

3.2.3.1 Crosslinking additives  

Certain kinds of additives induce an internal, chemical reaction of the polymer chains and 

affect thereby the physical and chemical properties. Examples for this kind of additives are 

crosslinkers which induce additional bonds between polymer chains. Due to these additional 

bonds, crosslinked polymer films often show a reduced permeability. Crosslinking can be 

induced chemically by an additive such as formaldehyde146-150, enzymatically with trans-

glutaminase150-153, by heat18 or irradiation148,154-156. Especially the crosslinking of proteins is a 

common technique to increase the strength and reduce the water vapour permeability of the 

films which was experimentally shown with gluten18,146,151,154, pea protein147, zein157, whey 

protein148,152, casein149,153,155,156 or gelatin150. Also the crosslinking of polysaccharides results 

in films with increased strength and hydrophobicity as shown for starch with malonic acid158 

or pentanedioic acid159 or alginate with formaldehyde160. Due to its toxicity, crosslinking with 

formaldehyde is not reasonable with the focus on a food packaging application.  

A special way of crosslinking is based on an induced ionic bonding. State-of-the-art of ionic 

crosslinking of alginate is performed by polyvalent cationic additives like calcium, copper, 

aluminium or iron. Due to strong crosslinking reactions induced by these polyvalent cations, 

alginate becomes water insoluble161.  

The ability of alginate to form these crosslinking reactions is based on its selective ion 

binding. Those bindings are formed with polyvalent cations and high amounts of GG-blocks 

(guluronic acid (G), see section ‘Alginate’, Figure 7, p. 14). Due to the zigzag conformation 

of GG-blocks, those cations can be embedded in the interspace of this structure (see Figure 

12) forming a chelat-like complex. Polyvalent ions like calcium can bind to several binding 

sites of a GG-block by ionic bonding, via deprotonated hydroxyl groups of guluronic acid, 

and by attraction of O atoms of a guluronic acid via free electron pairs41,162. Hydrogen bonds 

are too weak for the stabilisation of these chelat-like complexes163. When calcium is 

embedded between the alginate chains, the embedding of further calcium ions is favoured due 

to a near-neighbouring auto-cooperative process explained by the Ising model164. The 

resulting structure of a calcium embedding between GG-blocks is indicated by an egg-box 

model (Figure 13)165. The binding of calcium with GG-blocks is much stronger compared 

with MG- or GM-blocks. Therefore alginate with a high content of GG-blocks results in more 
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stable gels41,52,166. The flexible MM-blocks show low crosslinking reactions due to a high loss 

in entropy167.  

 

 

Figure 12: Binding of calcium in GG-blocks 

according to
41

 

 

 

 

Figure 13: Egg-box model for binding divalent ions 

in GG-blocks according to
165

  

 

Adding polyvalent ions directly to alginate leads to a fast and uncontrolled reaction which is 

impracticable for a film production. Therefore crosslinking additives are applied retarding the 

crosslinking reaction. Alginate crosslinked with calcium chloride or barium chloride gives 

films with high strength, while films crosslinked with strontium chloride or zinc sulfate are 

more flexible168. Common crosslinking additives like calcium chloride or calcium carbonate 

lead to alginate films with increased strength but reduced elongation169 and a reduced water 

vapour permeability170.  

 

3.2.3.2 Stabilising additives for blend systems  

A combination of different polymers is a promising approach to improve the final properties 

of a material (chapter 3.2.2). Since most biopolymer blends show only a low or no miscibility, 

additional additives can stabilise the blend and thereby the final properties. These stabilising 

additives can modify the interfacial properties of a blend and are therefore a proceeding step 

to develop a stable material with improved performance. Stabilising additives can act as 

internal plasticisers. Different to the already discussed external plasticisers (p. 23), internal 

plasticisers can form additional bonds between two biopolymer phases and thereby affect the 

polymer chain dynamics. Examples for stabilising additives can be named by copolymers, 

compatibilisers or covalent crosslinkers for the two phases such as peroxides or 

transesterification catalysts. A reactive polymer blending is performed when the additives are 

- 

- 
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introduced during blending in the extruder with immediate effect. A further approach to 

improve the low miscibility in a blend is a chemical modification of one or both polymers. 

The benefit of stabilising additives is shown in literature, e.g. for blends of a brittle 

biopolymer like TPS or PLA with a flexible biopolymer like PBAT: Experimental studies 

show improved properties by such additives for example in a TPS+ PBAT blend with a 

compatibiliser (citric acid, tartaric acid171 or maleic anhydride172) or a reactive compatibiliser 

(styrene-maleic anhydride-glycidyl methacrylate terpolymer or Joncryl-ADR-4368173). PLA+ 

PBAT blends can also be improved by a crosslinker (dicumyl peroxide (DCP)136) or reactive 

compatibiliser (Joncryl-ADR-4368137 or epoxy functionalised PLA174). A reactive 

compatibiliser can strongly effect the elongation of the blend137. Most research in this field is 

performed on PLA as studies of PLA+ PBS blends with the crosslinker DCP175 or PLA+ PCL 

blends with the crosslinker DCP176 or triallyl isocyanurate177 show. However, the application-

relevant permeation properties of these biopolymer blends are only rarely analysed: The 

addition of the compatibilisers citric or tartaric acid in a TPS+ PBAT blend leads to a reduced 

water vapour permeability due to esterification reactions171.  

For PHBV-based blends with a compatibiliser or crosslinker only few references can be 

found. In most studies, the crosslinker DCP is applied and its effect on structure and 

crystallisation is analysed as shown for a PHBV+ PBS blend (resulting in an enhanced 

crystallisation rate and crystallinity)178, a PHBV+ PCL blend (resulting in additional 

crosslinking bonds and a decrease of the elastic modulus)179 or a PHBV+ PPC blend 

(resulting in improved nucleation but decreased crystallinity)180. However, the films are often 

prepared by solvent mixing and casting or by a small-scale moulding process under heat and 

pressure and not by a thermoplastic mixing and extrusion process applicable for a scale-up to 

industrial application. The effect of stabilising additives on the mechanical properties of 

PHBV-based blends are also rarely studied: Films of a compatibilised PHBV+ PBAT blend 

have an improved strength, modulus and elongation (with the compatibiliser polymeric 

methylene diphenyl diisocyanate)181. Films of a compatibilised PHBV+ PP blend have an 

improved elongation (with the reactive compatibiliser maleic anhydride grafted PP)182. No 

studies on the effect of stabilising additives on the permeation properties of PHBV-based 

blends can be found to the best knowledge of the author.  

A chemical modification of one or both polymers in the blend can also affect the miscibility. 

An example for this is the modification of the Mw of one of the blend phases. PHB+ PLA 

blends are miscible if PLA of low Mw is used instead of a high Mw
183. The miscibility in a 
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PHB+ PLA blend also improves by the application of a low Mw PHB (at a PHB content 

<25%) compared to an immiscibility of the blend by the application of a high Mw PHB184. 

However, the effect of a modified Mw PHBV in a PHBV+ PLA blend on the permeation 

properties was not found in literature.  
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4 Specific objectives 

Final selection of a solvent-processable biopolymer  

Except for the lipid-based systems, all presented biopolymers of chapter 3.1.1 meet the 

general objectives of being solvent-processable, biobased, biodegradable and having a low 

oxygen permeability. A detailed consideration of the permeation properties reveal alginate as 

the biopolymer with the lowest oxygen permeability (see Figure 14 based on full paper 1, no 

oxygen permeabilities of pure whey protein and casein films were found in literature). Since 

this biopolymer also fulfils the other requirements of being compostable, having the potential 

for a great commercial availability and being not in competition with agricultural raw 

materials for food, alginate is selected for further studies within this work.  

 

Figure 14: Oxygen permeability Q100 O2 (23°C, 50% relative humidity (r.h.) for alginate resp. 70% r.h. for 

pea protein, wheat gluten and pea starch) versus water vapour permeability Q100 H2O (23°C, 85 � 0% r.h.) 

for the solvent-processable proteins ( ), pea protein and wheat gluten, and polysaccharides (  ), alginate
1
 

and pea starch (additional own measurement), compared with conventional polymers ( )
185

 

                                                 

 

1JOST, V. and C. STRAMM (2016). ‘Influence of plasticizers on the mechanical and barrier 
properties of cast biopolymer films’. Journal of Applied Polymer Science 133, (2), SI. doi: 
10.1002/app.42513 



Specific objectives  31 

 

Final selection of a thermoplastically processable biopolymer  

A comparison of the permeation properties water vapour (WVP 	��			
��) and oxygen 

permeability (OP ��			��) shows the low permeabilities of PHA films compared to other 

thermoplastic biopolymers (see Figure 15 based on full paper 2). Due to the low oxygen 

permeability of PHBV films and especially those with a 3HV content of 3 mol%, this 

biobased, biodegradable and compostable material is selected for the focus of this thesis. 

Additionally, PHBV is commercially available and does not compete with agricultural raw 

materials for food.  

 

Figure 15: Oxygen permeability Q100 O2 (23°C, 50% r.h.) versus water vapour permeability Q100 H2O (23°C, 

85 � 0% r.h.) for the thermoplastically processable biopolymers PHBV ( , number indicating the 3HV 

content), PHBHB ( , number indicating the 3HB content), PBAT-based materials ( ) and others
2
 

compared with conventional polymers ( )
185

 

 

Based on the defined selection criteria for biopolymers of being biobased, biodegradable and 

compostable, the water-based alginate and thermoplastically processable PHBV are selected 

for this work.  

                                                 

 

2JOST, V. (2018). ‘Packaging related properties of commercially available biopolymers - An overview 
of the status quo’. Express Polymer Letters 12, (5), 429-435. doi: 10.3144/expresspolymlett.2018.36 
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Due to their properties, these biopolymers can reduce the dependence on petroleum and the 

amount of packaging material accumulating in the environment. Additionally, films of these 

biopolymers meet the requirements of oxygen sensible products showing the potential to 

replace currently used petrochemical-based polymers in food packaging concepts.  

However, both of the selected biopolymers are difficult to process to flexible films 

challenging their application as a packaging material. Additives which enhance the polymer 

chain mobility and thereby reduce the brittleness and increase the flexibility of the polymer 

films commonly also lead to an increase in permeability. Since only very few studies analyse 

the effect of such additives on the packaging relevant mechanical and permeation properties, 

this work aims for a profound understanding of the effects on the named properties induced 

by different additives.  

The specific objective of this work is to apply the obtained knowledge in order to improve the 

processability and flexibility of the selected biopolymers while maintaining their low oxygen 

permeability. The experimental work includes extensive analyses of the effects of the 

additives especially on the mechanical and permeation (oxygen and water vapour) properties 

of the biopolymer films. All applied analyses are described in detail in each respective 

publication.  

Additives for alginate 

Besides the low oxygen permeability, alginate films are transparent but also highly brittle. An 

additivation in order to increase the low flexibility is therefore necessary. However, such 

additives usually increase the permeability of a material (see chapter 3.2). Therefore one 

specific topic of this work is the effect of different low-molecular additives on the mechanical 

and permeation properties of alginate films in order to evaluate the additive’s suitability and 

effectiveness (chapter 5.1.1).  

Another challenge of alginate films is their low moisture resistance and high water vapour 

permeability. A promising approach to increase the moisture resistance and decrease the water 

vapour permeability is a crosslinking step of alginate by polyvalent cations61,170,186. This work 

focuses on calcium-crosslinked films since calcium is non-toxic and approved to come into 

contact with food (meaning the general thresholds of the specific (60 mg kg-1) and overall 

migration limit (10 mg dm-2) laid down in Commission Regulation (EU) No 10/2011 have to 

be fulfilled). However, an unregulated and rapid addition of calcium to alginate results in non-

homogeneous gel lumps explaining the need to develop a feasible process for crosslinking 
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alginates. Since alginate is mainly applied for biomedical purposes, most published research 

on crosslinking alginate covers a biomedical application. Only very few publications focus on 

the analysis of the packaging relevant mechanical and permeation properties of crosslinked 

alginate films. Also very few studies deal with the possibility for a continuous, large scale 

processing of crosslinked alginate films giving the motivation for this work. Therefore a 

specific objective of this work is to develop a crosslinking process of alginate feasible for a 

continuous application and the effect of such a crosslinking on the mechanical and permeation 

properties of the alginate films (chapter 5.1.2). 

Additives for PHBV 

PHBV is an interesting biopolymer for packaging applications due to the named properties. 

However, there are several challenges for the processing and final properties such as a low 

Tdec, a high melt flow index, a long crystallisation time and a low flexibility.  

The challenges in processing and especially the low flexibility of PHBV films cause the 

necessity for a further development. Due to the high industrial relevance, the experimental 

part of this thesis is performed by a continuous cast flat film extrusion process. A compounder 

is used for the introduction of additives. The applied processes are described in detail in each 

respective study.  

Processing PHBV in a continuous flat film line and new approaches to enhance flexibility are 

therefore the focus of this thesis. Different substances are added to PHBV in order to improve 

the chain mobility and increase the low flexibility. As mentioned above an additivation does 

mostly not only affect the processing and mechanical properties of the films but also the 

permeation properties (see chapter 3.2). There are few studies analysing a combination of 

PHBV with low- or high-molecular additives but only very few of them analyse both 

packaging relevant mechanical and permeation properties. Furthermore to the best knowledge 

of the author, there is no research published on comparing the effect of different high-

molecular biopolymers blended with PHBV giving a motivation for this work. The effect of 

stabilising additives on the permeation properties of PHBV-based blends was also not found 

in literature. Also no studies on the effect of a modified Mw PHBV on the permeation 

properties of a PHBV+ PLA blend were found.  

Therefore a specific objective of this work is to analyse the effect of different low-molecular 

(chapter 5.2.1) and high-molecular additives/ blend partners (chapter 5.2.2) in a PHBV matrix 

in order to increase the low flexibility while maintaining the low permeability. Furthermore 
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the effect of stabilising additives such as compatibilisers, peroxides and transesterification 

catalysts as well as a variation of the Mw of PHBV in a PHBV+ PLA blend is a further 

specific topic in this work (chapter 5.2.3). 

The following Figure 16 illustrates the different specific objectives:  

 

 

Figure 16: Specific objectives of this thesis 
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5 Experimental part  

5.1 Additivation of solvent-processable alginate 

5.1.1 Effect of low-molecular additives on cast alginate films
 3
 

Summary 

This chapter analyses the effect of the low-molecular additives glycerol and sorbitol on the 

structural, mechanical and permeation properties of alginate films.  

Results show that both additives reduce the tensile strength and increase the elongation at 

break of alginate films but have different effects on the permeability.  

Glycerol seems to be more effective than sorbitol for a plasticisation of alginate films with 

lower concentrations having a comparable effect on the mechanical properties. Glycerol also 

increases the oxygen and water vapour permeability of alginate films. This effect of glycerol 

can be explained by the free volume theory with the plasticised films having an increased 

diffusion coefficient for water vapour and oxygen.  

Sorbitol partially decreases or does not influence the permeabilities. Sorbitol plasticised films 

are assumed to have a decreased solubility coefficient of water vapour due to a lower 

hydrophilicity compared to pure alginate films. The lower hydrophilicity is also responsible 

for a slightly increased solubility coefficient of oxygen for sorbitol plasticised alginate films. 

Sorbitol lowers the intermolecular bonding of the alginate chains and also offers bonding 

possibilities by its hydroxyl groups. This leads to an increased flexibility of the alginate films 

while maintaining the low permeability.  

Aiming to meet the defined objectives of this thesis, sorbitol is the more suitable tested low-

molecular additive for alginate films.  

                                                 

 

3JOST, V., KOBSIK, K., SCHMID, M., NOLLER, K. (2014). ‘Influence of plasticiser on the barrier, 
mechanical and grease resistance properties of alginate cast films’. Carbohydrate Polymers 110, 309-
319. doi: 10.1016/j.carbpol.2014.03.096 
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5.1.2 Effect of crosslinking additives on cast alginate films
4
 

Summary 

The high moisture sensitivity of alginate can lead to significant changes in the properties of 

the films. Stabilising the film’s properties is a crucial requirement for a further application of 

alginate films. An internal setting process for crosslinking alginate is first developed in 

laboratory scale to produce films with stable properties due to an increased moisture 

resistance. After solving this challenge, it is proved that this crosslinking process can be 

applied in a continuous, pre-industrial scale. 

Based on the crosslinking reaction of alginate with calcium (Ca2+) ions, the three different 

crosslinking additives CaCl2, CaHPO4 and CaCO3 are applied in this study.  

Results show that crosslinking increases the analysed mechanical properties (tensile strength 

and elongation at break) of alginate films and also leads in almost all cases to a reduced water 

vapour and oxygen permeability. Both mechanical properties reach a maximum value which 

decreases again when the Ca2+ concentration further increases. These maxima are different for 

the applied crosslinking additives but are reached always at a Ca2+ concentration of 0.010-

0.015 g (g alginate)-1. On the contrary, the minima of the water vapour and oxygen 

permeability are reached at different Ca2+ concentrations depending on the applied 

crosslinking additive: 0.010 g (g alginate)-1 for CaHPO4, 0.012 g (g alginate)-1 for CaCl2 and 

0.027 g (g alginate)-1 for CaCO3.  

The best overall reduction of water vapour and oxygen permeability in combination with the 

positive results of the crosslinking reactivity and SEM analysis result in CaHPO4 being the 

most suitable tested crosslinking additive for alginate.  

Produced in a continuous, pre-industrial process, an alginate coating on a substrate (PHBV) 

leads to a material with reduced oxygen permeability (compared to uncoated PHBV). The 

oxygen permeability can be further reduced by crosslinking the alginate coating. 

                                                 

 

4JOST, V. and M. REINELT (2018). ‘Effect of Ca2+ induced crosslinking on the mechanical and 

barrier properties of cast alginate films’. Journal of Applied Polymer Science 135, (5), 10. doi: 

10.1002/app.45754 
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5.2 Additivation of thermoplastically processable PHBV 

5.2.1 Effect of low-molecular additives on extruded cast PHBV films
5
 

Summary 

In this chapter the effect of the low-molecular additives propylene glycol, glycerol, triethyl 

citrate, castor oil, epoxidised soybean oil and polyethylene glycol on the mechanical and 

permeation properties of PHBV films is analysed.  

Results show a plasticising effect on the PHBV films by a decreasing Young’s modulus and 

tensile strength with all applied additives. However, the elongation at break is only slightly 

increased. Those additives with only a low effect on the mechanical properties also show a 

low effect on the water vapour and oxygen permeability. However, the permeabilities are 

increased by all applied additives compared to a pure PHBV film. Although low, triethyl 

citrate and polyethylene glycol have the strongest effect on the flexibility but also on the 

permeability.  

A comparison of the applied additives leads to the conclusion that medium molecular weight 

substances with ether or ketone groups have the strongest plasticising effect due to possible 

interactions with PHBV. Also highly polar and hydrophilic additives have a plasticising effect 

on PHBV. Glycerides with long fatty acids seem to be unsuitable due to the long side chains 

hindering an interaction with PHBV. Additives with a comparatively low-molecular weight 

also seem unsuitable for the intended purpose.  

                                                 

 

5JOST, V. and H.-C. LANGOWSKI (2015). ‘Effect of different plasticisers on the mechanical and 
barrier properties of extruded cast PHBV films’. European Polymer Journal 68, (SI), 302-312. doi: 
10.1016/j.eurpolymj.2015.04.012 
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5.2.2 Effect of high-molecular additives/ blend partners on extruded cast PHBV 

films
6
 

Summary 

This chapter focuses on the effect of blending PHBV with different high-molecular 

biopolymers such as TPS, PBAT, PCL, PBS, a blend of PBAT+ PLA, a blend of PBAT+ 

PLA+ filler and with the polymers TPU, polyvinyl acetate (PVAc) and ethylene vinyl acetate 

copolymer (EVA). 

This study shows a low plasticising effect on PHBV due to the blending step. Results reveal a 

slight decrease in crystallinity and Young’s modulus and an increase in water vapour and 

oxygen permeability for PHBV-rich blends (≥70 wt.% PHBV). The biopolymer PBAT and 

especially the polymer TPU are the most promising tested high-molecular additives because 

they lead to the clearest increase in elongation at break.  

Further trials analyse the effects of PHBV-based blends with the selected high-molecular 

biopolymers/polymers PBAT, TPU and EVA in higher concentrations (biopolymer/polymer-

rich blends). Results show considerable changes when the biopolymer/polymer reaches a 

critical concentration: The Young’s modulus decreases significantly while the elongation at 

break as well as the water vapour and oxygen permeability increase significantly. These 

results indicate that the coherent PHBV network dominates the properties of the blend until it 

disrupts at the critical concentration of added biopolymer/polymer. This concentration is at 

>50 wt.% for PBAT and at ≥50 wt.% for TPU and EVA. An additional interpretation of the 

permeation data of the blended films based on the Maxwell-Garnett theory is performed. The 

good accuracy of the fitted approximation to the experimental data confirms a phase 

separation between PHBV and the added biopolymer/polymer within the blend.  

With the aim to produce a biopolymer with adequate flexibility and low permeability, a low 

concentration of PHBV in combination with another flexible, high-molecular biopolymer/ 

polymer is the most suitable approach. PBAT and TPU are the most promising tested high-

molecular additives/ blend partners.  

                                                 

 

6JOST, V. and O. MIESBAUER (2018). ‘Effect of different biopolymers and polymers on the 
mechanical and permeation properties of extruded PHBV cast films’. Journal of Applied Polymer 
Science 135, (15), 12. doi: 10.1002/app.46153 
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5.2.3 Effect of stabilising additives on extruded cast films of a PHBV+ PLA blend
7
 

Summary 

With the aim to understand more about a combination of PHBV with another high-molecular 

biopolymer and to develop approaches for an improved miscibility, this chapter focuses on 

the combination of PHBV with PLA. Taking thermodynamic aspects into account, blends 

with low to medium weight PLA and PHBV are analysed in different ratios. In order to avoid 

co-continuous phases and a spinodal decomposition in a PHBV+ PLA blend, the most 

suitable PHBV concentration is ~20-35%. At these concentrations, PHBV and PLA form a 

well compatible system without a long-term demixing process and with a reduced brittleness.  

Moreover, the miscibility of the blend can be further improved by suppressing the nucleation 

and crystallisation of PHBV. Strategies for this can be named by applying a very low PHBV 

concentration, using polymers with low Mw fractions, using less crystalline PHBV or by 

decreasing PHBV’s mobility and nucleation by certain additives. This might on the other 

hand compromise other properties of the blend.  

This study follows the approach to improve the miscibility of a PHBV+ PLA blend (ratio 

25:75) by different stabilising additives such as compatibilisers, peroxides or transesteri-

fication catalysts. A further approach is the chemical modification by variation of the Mw of 

PHBV. The PHBV+ PLA blend is the reference for all samples with stabilising additives.  

Results show that the added compatibilisers poly-ethylene-block-polyethylene glycol (PEG-

PE), polyethylene glycol dioleate (PEGDO) and polymethyl methacrylate (PMMA) lead to 

films with a reduced Young’s modulus and tensile strength and an increased elongation at 

break. The water vapour and gas permeability are not significantly affected by the applied 

compatibilisers.  

A combined additive of dicumyl peroxide (DCP) and a vector fluid (vinyl benzene (VB), 

hexan diol diacrylate (HAD), diethylene glycol dimethacrylate (DEGDM) or PEGDO) can 

lead to a reduction of all measured mechanical properties (Young’s modulus, tensile strength 

                                                 

 

7JOST, V. and R. KOPITZKY (2015). ‘Blending of polyhydroxybutyrate-co-valerate with polylactic 

acid for packaging applications – Reflexions on miscibility and effects on the mechanical and barrier 
properties’. Chemical and Biochemical Engineering Quarterly 29, (2), 221-246. doi: 
10.15255/CABEQ.2014.2257 
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and elongation at break). The Young’s modulus and the tensile strength are further reduced by 

an increasing concentration of the combined additive. The added peroxide leads to increased 

permeabilities; the addition of the combined additive can further increase the permeabilities.  

The addition of transesterification catalysts iron(III) acetyl acetonate (Fe(acac)3), 

zirconium(IV) acetyl acetonate (Zr(acac)4), zinc(II) acetyl acetonate (Zn(acac)2), copper(II) 

acetyl acetonate (Cu(acac)2), titanium butylate (TiBu) or zinc(II) acetate monohydrate (Zn 

acetate) leads to the most pronounced reduction in Young’s modulus and the most 

pronounced increase in elongation at break among all tested stabilising additives. An increase 

in the transesterification catalysts concentration does not lead to further improvements. The 

permeability of the blends with the transesterification catalysts is only slightly affected.  

Transesterificates of a modified Mw PHBV as a blend component results in comparable 

effects on the mechanical and permeation properties to the transesterification catalysts.  

Aiming to increase the flexibility and maintain the low permeability of a PHBV+ PLA blend 

by stabilising additives, compatibilisers and transesterification catalysts as well as a 

transesterificated, modified PHBV are more efficient than peroxides.  
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6 Discussion and conclusion 

With the aim to develop biopolymer alternatives to petrochemical-based packaging materials, 

this thesis analyses the options of the biopolymers alginate and PHBV for a technical use. 

These biobased, biodegradable and compostable polymers are in the focus of this thesis due to 

their low oxygen permeability compared to other biopolymers and their lack in competition 

with agricultural raw materials for food. Their complex processing, low flexibility and 

relatively high water vapour permeability can be affected by additives. Therefore the effect of 

several additives on the final properties of alginate and PHBV films (see chapter 4 ‘Specific 

objectives’, Figure 16) was analysed in this work. The results of this work increase the 

chances for a successful industrial application of these biopolymers by giving processing 

guidelines and optimisation of their properties.  

 

6.1 Solvent-processable alginate: Effect of different low-molecular and 

crosslinking additives   

The processability of water-based alginate was improved by setting the alginate dry matter 

content at 7.5 wt.% in the formulation as a compromise of the viscosity of the formulation, the 

processing velocity and the drying process. A moderate drying temperature is advisable in 

order to reduce heat induced changes in the biopolymer. The processing of water-based 

alginate in a continuous lacquering plant was successfully demonstrated (chapter 5.1.2).  

Results shown in this thesis prove the very low oxygen permeability of alginate films 

compared to other water-based biopolymer films of wheat gluten, pea protein or pea starch. 

However, alginate films also have significantly higher water vapour permeability compared to 

wheat gluten, pea protein or pea starch films.  

Due to the low oxygen permeability, alginate is a potential packaging material for oxygen 

sensitive products. However, a plasticisation of alginate is necessary in order to improve the 

processability and enhance the low flexibility. This work shows the effect of the low-

molecular additives glycerol and sorbitol in an alginate matrix (chapter 5.1.1). Both additives 

are efficient plasticisers reducing the tensile strength and increasing the elongation at break of 

the alginate films. Glycerol leads to comparable effects to sorbitol on the mechanical 

properties already at lower concentrations, e.g. at 30-40 wt.% glycerol comparable to 45-

50 wt.% sorbitol. This means even though glycerol is the more efficient plasticiser based on 
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the mass content (with approximately half the Mw of sorbitol), sorbitol is more efficient based 

on the number of molecules. However, the effect on the permeation properties varies: While 

glycerol leads to an increased oxygen and water vapour permeability, sorbitol does not affect 

or even partially decreases the permeabilities of the alginate films. Presumably, this effect is a 

result of the good steric fit of sorbitol in the alginate matrix which leads to additional bonding 

possibilities for alginate with the hydroxyl groups of sorbitol. Concluding, the effectiveness of 

a low-molecular plasticiser can be characterised by its bonding possibilities especially for 

hydrogen bonds with the alginate chains and its Mw which effects the reduction of existing 

intra- and intermolecular hydrogen bonds of alginate. Aiming to produce an alginate film with 

enhanced flexibility and low oxygen permeability, sorbitol is favoured over glycerol.  

The low permeability of alginate films can be obtained reliably by the incorporation of an 

effective plasticiser probably due to a reduction of micro defects. Alginate films without 

plasticiser show a high rate of samples with an extremely high permeability indicating a high 

vulnerability for defects.  

Another challenge for a packaging application is the high moisture sensitivity of alginate 

films. A crosslinking of alginate can induce additional intermolecular interactions which can 

lead to an increased moisture resistance. The incorporation of Ca2+ ions into an alginate 

matrix for a crosslinking process by internal setting suitable for a scale-up was developed 

(chapter 5.1.2). During an internal setting process, inactivated polyvalent ions are 

incorporated into the alginate matrix and are activated by a pH shift. The developed process 

successfully implements the crosslinking additives CaCl2+ EDTA or the low soluble salts 

CaHPO4 or CaCO3. Crosslinking of alginate with these additives leads to films with an 

increased tensile strength and elongation at break with both properties showing a maximum 

value. The maxima of these mechanical properties are obtained at a Ca2+ concentration of 

0.010-0.015 g (g alginate)-1. Additionally, crosslinking increases the moisture resistance and 

reduces the water vapour permeability. While the crosslinking additive CaCl2 does not 

significantly affect the oxygen permeability, the low soluble salts CaHPO4 and CaCO3 reduce 

the oxygen permeability of alginate films. The water vapour and oxygen permeability for 

CaHPO4 and CaCO3 crosslinked alginate films are significantly lower than for CaCl2 

crosslinked films. While the lowest water vapour and oxygen permeability for CaHPO4 is at a 

Ca2+ concentration of 0.010 g (g alginate)-1 and for CaCl2 at 0.012 g (g alginate)-1 much more 

CaCO3 is required (0.027 g (g alginate)-1). In conclusion, CaHPO4 is the most efficient 
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crosslinking additive for enhancing the flexibility and reducing the permeability of alginate 

films.  

The effect of crosslinking on the mechanical and permeation properties of alginate films 

depends on the Ca2+ concentration and the content of guluronic acid in the alginate. This is 

based on the fact that the added Ca2+ leads to ionic bonding especially with dimers of the 

guluronic acid (GG) (see chapter 3.2.3.1). However, the limited density of possible 

crosslinking sites along the alginate chain results in the fact that an increasing Ca2+ 

concentration leads to reduced possibilities to form further ionic bonds. This means the 

crosslinking effect has a maximum value for a completely saturated and ideally crosslinked 

alginate structure. The approximation to such a maximum value, correlating to the degree of 

crosslinking, was experimentally shown in chapter 5.1.2 for the properties tensile strength, 

elongation at break, the water vapour and oxygen barrier. Moreover, an increasing Ca2+ 

concentration and the thereby induced ionic bonds simultaneously lead to opposing effects 

like a reduction of the intra- and intermolecular hydrogen bonds of the alginate chains. 

Moreover, the added substances are not pure Ca2+ but crosslinking additives (CaCl2+ EDTA, 

CaHPO4, CaCO3) which decompose in the alginate matrix. The thereby emerging 

decomposition products (Na2-EDTA, HPO4
2-, CO3

2-) also reduce the intra- and intermolecular 

hydrogen bonds of the alginate chains depending on their Mw. Both effects result in a 

reduction of the density of stabilising hydrogen bonds and lower the network stability which 

was shown experimentally in chapter 5.1.2 by a reduction of the measured properties tensile 

strength, elongation at break and water vapour and oxygen barrier after reaching a maximum 

value. The maximum of the measured properties is thereby affected by the stabilising effect of 

Ca2+ induced ionic bonds and the destabilising effect of reduced hydrogen bonds by Ca2+ ions 

and the decomposition products. Concluding, the effectiveness of a crosslinking additive can 

be characterised by the maximal amount of Ca2+ ions able for incorporation in the alginate 

matrix and the amount and Mw of the emerging decomposition products of the additive.  

This work shows that an alginate coating can reduce the oxygen permeability of a substrate 

significantly. The application of a crosslinked alginate coating can further decrease the 

oxygen permeability.  
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6.2 Thermoplastically processable PHBV: Effect of different low-, high-

molecular and stabilising additives  

Processing of PHBV was improved by considering the following findings: The narrow 

processing window of PHBV (Tdec close to Tm) results in preferably low processing 

temperatures to avoid thermal degradation but this can lead to unmelted gel particles. PHBV 

is commonly processed via injection moulding due to the high melt flow index respectively 

low melt viscosity and the low melt elasticity. Owing to the same reasons processing via flat 

film extrusion is challenging but can be realised by a reduced processing velocity. A further 

obstacle of a flat film extrusion is the neck-in based on a relatively high viscosity in the 

transverse direction. Due to a long crystallisation time and possible post-crystallisation 

effects, direct pelletizing or winding of PHBV can be challenging due to possible 

agglomeration of the pellets or blocking of the film. Sufficient time for crystallisation before 

pelletizing and winding improves processing.  

Results shown in this thesis proof the significantly lower water vapour and oxygen 

permeability of PHA films in general compared to other thermoplastic biopolymer films such 

as TPS, PCL, PBAT and PBS (with BioPE having a comparable water vapour and PLA 

having a comparable oxygen permeability). The copolymers of PHA affect the permeability 

of the films: PHAs with a longer side chain show lower permeabilities (PHBV compared to 

PHB and PHBHB) which might be due to a slightly increased polymer chain mobility 

resulting in less micro defects. The copolymer content also affects the properties: PHBV with 

a low 3HV content shows the lowest water vapour and oxygen permeability (3 mol% 3HV 

compared to 7 and 11 mol% 3HV) due to an increased crystallinity. With the objective to 

apply low oxygen permeable materials, PHBV with a 3HV content of 3 mol% is selected for 

the studies of this work. 

For an application in packaging concepts, the high brittleness and low flexibility of PHBV 

need to be improved. This can be performed by a plasticisation of PHBV induced by low-

molecular additives (chapter 5.2.1). The low-molecular additives propylene glycol, glycerol, 

triethyl citrate, castor oil, epoxidised soybean oil and polyethylene glycol show a low 

plasticising effect due to a decreasing Young’s modulus and tensile strength of the PHBV-

based films. The elongation at break is only slightly affected but the permeability is increased 

by all applied low-molecular additives. A comparably strong effect on the mechanical 

properties correlates with a comparably strong effect on the permeation properties. Based on 

the different types of applied low-molecular additives, the most efficient plasticisers for 
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PHBV are medium Mw substances with ether or ketone groups or highly polar and hydrophilic 

substances. Less efficient plasticisers for PHBV are substances with a comparatively low Mw 

or glycerides with long fatty acids. This means additives with a too low Mw or low interaction 

possibilities with PHBV, e.g. due to long fatty acids, are low efficient for plasticising PHBV. 

The most efficient low-molecular additives with regard to a plasticising effect on PHBV are 

triethyl citrate and polyethylene glycol.  

Since the flexibility of PHBV can only slightly be improved by low-molecular additives, a 

following approach analyses the effect of high-molecular additives/ blend partners on the 

properties of PHBV (chapter 5.2.2). The addition of the high-molecular biopolymers TPS, 

PBAT, PCL, PBS, blends of PBAT+ PLA and PBAT+ PLA+ filler and the polymers TPU, 

PVAc and EVA only leads to a low plasticisation of PHBV. The named high-molecular 

additives lead in low concentrations (PHBV-rich blends with ≥70 wt.% PHBV) to a reduction 

in the Young’s modulus and a slight reduction in crystallinity. This results in an increased 

water vapour and oxygen permeability of the PHBV-rich films. However, only TPU is 

suitable to increase the elongation at break of the PHBV-rich films significantly. A further 

finding indicates a correlation between the permeability and the surface structure of the 

blends: The surface spherulite size seems to correlate with the permeability of PHBV-rich 

films. Small surface spherulites correlate with a low increase in permeability (like PHBV+ 

TPU) while big surface spherulites correlate with a strong increase (like PHBV+ EVA). This 

might be due to a more regular crystal structure in small spherulites.  

Higher concentrations of high-molecular additives (biopolymer/polymer-rich blends) give the 

following findings: The biopolymer/polymer PBAT, TPU and EVA do have a significant 

effect on the mechanical and permeation properties but only when they exceed a critical 

concentration. At this critical concentration the properties change significantly: The Young’s 

modulus decreases and the elongation at break, the water vapour and oxygen permeability 

increase significantly. This might be due to the disruption of the coherent PHBV network. 

The critical concentration depends on the high-molecular additive and is at >50 wt.% for 

PBAT and at ≥50 wt.% for TPU and EVA.  

The permeation properties of the biopolymer/polymer-rich blends follow an effective medium 

approximation based on the Maxwell-Garnett theory. This approximation describes the 

permeation through a matrix (PHBV) with inclusions (biopolymer/polymer). This 

interpretation confirms a phase separation between PHBV and the high-molecular 

biopolymer/polymer. According to this theory, the biopolymer/polymer phase forms prolate 
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or oblate ellipsoids with the long axis perpendicular to the film surface. Due to the phase 

separation, the added biopolymers/polymers can be referred to as external plasticisers.  

A combination of PHBV with another biopolymer is a promising strategy to improve the 

flexibility while maintaining the biobased and biodegradable character. As discussed before, 

such a combination results in a blend with a phase separation. Therefore one blend system is 

analysed in more detail in order to evaluate suitable approaches for improving the miscibility 

of the two components and thereby the final properties (chapter 5.2.3): The miscibility of a 

PHBV+ PLA blend can be enhanced by a suppression of PHBV’s nucleation and crystallisa-

tion. Suitable approaches for this are the application of only a low PHBV concentration 

(maximal 20-35%), PHBV or PLA with a low Mw or the application of stabilising additives 

such as compatibilisers, peroxides or transesterification catalysts. A further approach is the 

chemical modification by variation of the Mw of PHBV in the blend.  

It is demonstrated that the addition of compatibilisers to a PHBV+ PLA (25:75) blend has a 

plasticising effect while the permeability is not significantly affected. Among the applied 

compatibilisers (PEG-PE, PEGDO and PMMA) PMMA is the most efficient one.  

The addition of a peroxide with a vector fluid to PHBV+ PLA leads to films with reduced 

mechanical properties (Young’s modulus, tensile strength, elongation at break) and increased 

permeability compared to a reference film (same blend ratio but without additives). A vector 

fluid can further increase the permeability. Vector fluids can change the life-time of the 

radicals generated by the peroxide. Among the applied peroxide (DCP) with different vector 

fluids (VB, HAD, DEGDM or PEGDO), the combination of DCP+ VB is the most efficient 

additive.  

The addition of transesterification catalysts to a PHBV+ PLA blend results in films with a 

reduced Young’s modulus, an increased elongation at break and a permeability comparable to 

a reference blend. Increasing the concentration of the transesterification catalysts does not 

further effect the properties. Among the tested transesterification catalysts Fe(acac)3, 

Zr(acac)4, Zn(acac)2, Cu(acac)2, TiBu and Zn acetate, the most efficient one is Zn acetate 

regarding the objectives of this thesis.  

A further approach with a modified PHBV (partially crosslinked by DCP to change the Mw 

distribution) transesterificated with PLA leads to films with properties comparable to those 

with transesterification catalysts.  
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In conclusion, compatibilisers or transesterification catalysts or a transesterificated, modified 

PHBV are the most efficient stabilising additives to increase the flexibility and maintain the 

low permeability of a PHBV+ PLA blend.  

Based on the performed studies, the most efficient additives for PHBV are the low-molecular 

plasticiser triethyl citrate, the high-molecular biopolymer TPU and for a PHBV+ PLA blend 

the stabilising additive PMMA. The following  

Table 3 shows their effect on the mechanical and permeation properties of pure PHBV 

respectively PHBV+ PLA blend according to the results of chapter 5.2.1-5.2.3: 

 

Table 3: Effect of the most efficient additives on the mechanical and permeation properties of PHBV-

based films 

Base    

material/ 

reference 

Additive 
Concentration of 

additive [wt.%] 

Effect of the additive on the reference* for 

Young’s 

modulus 

Tensile 

strength 

Elongation  

at break 

WVP 

	���	���
 

OP 

���	��
 

PHBV 
Triethyl 

citrate 
20 0.3 0.5 2.9 9.4 23.7 

PHBV TPU 20 0.7 1.0 3.4 3.3 3.1 

PHBV TPU 70 0.2 0.4 443.0 18.1 26.7 

PHBV PLA 75 1.1 2.3 12.6 1.9 1.7 

PHBV+ PLA 

blend (ratio 

25:75) 

PMMA 2 0.9 0.8 1.9 1.0 1.0 

* Reference is set at 1, e.g. 
��������	����	������ �

��!�"�!�#$�
; Value ‘1’ indicates no effect;  

 

Concluding from these results, the most effective way to improve the flexibility and maintain 

the low permeability of PHBV is to use only a small amount of PHBV in a blend with another 

flexible high-molecular polymer. A further addition of stabilising additives can improve the 

flexibility even more. Even though the permeability increases by the blending step, the 

permeability is still low compared to other biopolymers. Thereby the processing and 

following application in a packaging concept is feasible.  
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6.3 Conclusion  

In order to improve the challenging processing and low flexibility of the biopolymers alginate 

and PHBV, approaches with different kinds of additives were performed. Alginate films were 

produced by solvent-based processing whereas PHBV films were made by thermoplastic 

processing. The effect of these additives on the mechanical and permeation properties of 

alginate and PHBV films was characterised and evaluated.  

Low-molecular additives can have a plasticising effect on the biopolymers alginate and 

PHBV. For water-based alginate, sorbitol is the most promising low-molecular additive 

especially due to the maintenance or even reduction of the permeability. The most efficient 

low-molecular additive for thermoplastically processable PHBV is triethyl citrate due to the 

most pronounced increase in flexibility. Based on the presented results, low-molecular 

additives are most efficient plasticisers for alginate if they offer a high amount of hydrogen 

bonding possibilities. Low-molecular additives are most efficient for a plasticising effect of 

PHBV if they contain ether or ketone groups or are highly polar and hydrophilic offering 

various interaction possibilities. The effectiveness of a low-molecular additive as a plasticiser 

also seems to depend on the Mw of the biopolymer: While low-molecular additives (with a Mw 

< 200 g mol-1) show promising results for increasing the low flexibility of alginate having 

only a Mw of ~55 kg mol-1, they are less useful with PHBV having a comparably higher Mw of 

~250 kg mol-1.  

Crosslinking of alginate by Ca2+ ions was demonstrated. It leads to films with improved 

mechanical properties (increased tensile strength, increased elongation at break) and reduced 

permeability depending on the crosslinking additive and the Ca2+ concentration. Among the 

applied crosslinking additives CaHPO4 proves to be the most efficient additive especially with 

regard to increase alginate’s moisture resistance and reduce its water vapour permeability. 

The effectiveness of a crosslinking additive seems to depend on the maximal amount of 

incorporated Ca2+ which is in the range of 0.010 g - 0.027 g (g alginate)-1 depending on the 

crosslinking additive. Furthermore the crosslinking depends on the amount and Mw of the 

decomposition products of the crosslinking additive.  

The effect of high-molecular additives/ blend partners on PHBV depends mainly on the 

amount of additive: While low amounts of high-molecular additives (≤ 30 wt.% additive) lead 

only to slight plasticising effects of PHBV, high amounts (>50 wt.% additive) show a 

significant effect. Among the applied high-molecular additives TPU proves to be the most 
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efficient additive to increase the low flexibility and maintain the low permeability of PHBV. 

The effectiveness of a high-molecular additive seems to depend on the amount of additive 

necessary to disrupt the coherent PHBV network. This depends on the properties of the 

additive and the interaction of the additive with PHBV. The permeation properties indicated a 

phase separation between PHBV and all applied high-molecular additives. 

Stabilising additives are beneficial in order to improve the interaction between PHBV and a 

high-molecular additive/ blend partner. It was demonstrated that stabilising additives like 

compatibilisers, transesterification catalysts or a modified, transesterificated PHBV can have 

a plasticising effect on a PHBV-based blend. Compatibilisers and a modified, trans-

esterificated PHBV are most efficient in maintaining the low permeability of the blend. 

However, the effectiveness of each stabilising additive in a PHBV-based blend needs to be 

evaluated individually.  

In summary, a blend with only a small amount of PHBV and another flexible high-molecular 

polymer is the most efficient approach to improve the low flexibility of PHBV. In case of a 

phase separation of these two biopolymers, stabilising additives can be effective to improve 

the miscibility and reduce the nucleation of PHBV.  

The processability of a multilayer film consisting of an additivated alginate coating on a 

PHBV cast film was demonstrated. This proof of concept shows the feasibility of a 

completely biobased, biodegradable and compostable packaging material with an enhanced 

flexibility and low permeability enabling an application as food packaging material.  

Although the processing of the selected materials in a continuous, pre-industrial scale is 

successfully accomplished, the difficulties during the manufacturing lead to the conclusion 

that more work is necessary to better understand the underlying principles. 

This work screened the possibilities by an additivation based on a broad overview. The 

effectiveness depends on the respective additive and biopolymer and should be chosen 

accordingly. In order to improve challenging mechanical properties of biopolymers, it is 

difficult to identify one single group of additives effective for various biopolymers. Since 

only unmodified biopolymers were used in this work, a further interesting approach is the 

modification of the biopolymer itself on a molecular level. This includes e.g. a modified 

molecular structure such as a modified Mw of alginate or PHBV, an increased 3HV content or 

a longer side chain of PHBV. However, these grades are currently not provided on the market 

in a reasonable scale.  
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7 Summary 

In order to reduce the accumulation of packaging waste in the environment, biological 

alternatives for food packaging purposes are analysed in this work. The packaging materials 

used in the food industry are mostly petrochemical-based and enable a safe distribution of 

food across long distances with maximal quality and prolonged shelf life. A biological 

alternative can contribute to reduce the impact of packaging materials on the ecosystem.  

Thus the goal of this thesis is to enable the application of biopolymers in food packaging by 

additivation. The selected biopolymers are biobased, biodegradable and compostable and 

have low oxygen permeability. Furthermore they are commercially available and do not or 

only little compete with agricultural raw materials for food.  

Compared to other biopolymers, the selected biopolymers alginate and PHBV have the lowest 

oxygen permeability. They are processed by the two most commonly used techniques for food 

packaging materials: Alginate by solvent-based lacquering; PHBV by cast film extrusion. 

Since both biopolymers are difficult to process and give rigid films with a low flexibility, 

especially their mechanical properties needed to be enhanced.  

The effect of different additives especially on the mechanical and permeation properties of 

alginate and PHBV films was analysed. Approaches for an understanding of the intra- and 

intermolecular interactions induced by the applied additives were developed. 

The results can be summarised as follows: 

• Low-molecular additives increase the flexibility of alginate and PHBV. A low-

molecular additive is more efficient for a plasticisation of a low-molecular biopolymer 

like alginate compared to a high-molecular biopolymer like PHBV.  

• Crosslinking of alginate increases the moisture resistance and flexibility and reduces 

the permeability of the films depending on the Ca2+ concentration and the crosslinking 

additive.  

• The flexibility of PHBV can be increased by high-molecular additives/ blend partners 

but only when they are added in a high amount. Results of the permeation properties 

indicate a phase separation between PHBV and the applied high-molecular additives.  

• The application of stabilising additives like compatibilisers, peroxides or transesteri-

fication catalysts can improve the miscibility and therefore the flexibility of a PHBV-

based blend.  
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• The successful continuous processing of a two-layer material consisting of an alginate 

coating on a PHBV film gives a proof-of-concept for a completely biobased and 

compostable packaging in a pre-industrial scale.  

• Further theoretical and experimental analyses about structural conditions should be 

performed in order to understand more detailed the underlying relation of structure 

and effect of an additivation and thereby continue optimising the properties of 

biopolymers.  

The results of this thesis increase the chances for a successful industrial application of the 

selected biopolymers by giving guidelines for their additivation and processing.  
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8 Zusammenfassung 

Um die Anreicherung von Verpackungsabfällen in der Umwelt zu verringern werden in dieser 

Arbeit biologische Alternativen für Lebensmittelverpackungszwecke untersucht. Die in der 

Lebensmittelindustrie eingesetzten Verpackungsmaterialien sind meist petrochemisch basiert 

und ermöglichen eine sichere Verteilung von Lebensmitteln mit maximaler Qualität und 

verlängerter Haltbarkeit über weite Strecken. Eine biologische Alternative kann dazu 

beitragen den Einfluss von Verpackungsmaterialien auf das Ökosystem zu verringern.  

Daher ist das Ziel der Arbeit durch Additivierung von Biopolymeren deren Anwendung in 

Lebensmittelverpackungen zu ermöglichen. Die ausgewählten Biopolymere sind sowohl 

biobasiert, bioabbaubar als auch kompostierbar und weisen eine geringe Sauerstoff-

permeabilität auf. Des Weiteren sind sie kommerziell verfügbar und konkurrieren nicht oder 

nur in geringem Maße mit Agrarrohstoffen für Lebensmittel.  

Die ausgewählten Biopolymere Alginat und PHBV haben, verglichen mit anderen 

Biopolymeren, die geringste Sauerstoffpermeabilität. Sie werden in den zwei am häufigsten 

verwendeten Herstellungsverfahren für Lebensmittelverpackungsmaterialien verarbeitet: 

Alginat mittels lösemittel-basierter Lackierung; PHBV mittels Flachfolienextrusion. Da beide 

Biopolymere schwierig zu verarbeiten sind und zudem relativ spröde, unflexible Filme 

ergeben, war eine Verbesserung besonders der mechanischen Eigenschaften notwendig.  

Die Wirkung verschiedener Additive vor allem auf die mechanischen und Permeations-

eigenschaften von Alginat- und PHBV-Filmen wurde untersucht. Ansätze für ein Verständnis 

der durch die Additivierung ausgelösten intra- und intermolekularen Wechselwirkungen 

wurden entwickelt.  

Die Ergebnisse können wie folgt zusammengefasst werden:  

• Niedermolekulare Additive erhöhen die Flexibilität von Alginat und PHBV. Ein 

niedermolekulares Additiv ist wirksamer für ein niedermolekulares Biopolymer wie 

Alginat verglichen mit einem hochmolekularen Biopolymer wie PHBV.  

• Die Quervernetzung von Alginat erhöht die Feuchtigkeitsbeständigkeit und Flexibilität 

und verringert die Permeabilität der Filme in Abhängigkeit der Ca2+ Konzentration 

und des Quervernetzungsadditivs.  

• Die Flexibilität von PHBV kann durch hochmolekulare Additive/ Blendpartner erhöht 

werden, allerdings nur wenn diese in hohen Mengen zugeführt werden. Die 
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Ergebnisse der Permeationseigenschaften weisen auf eine Phasentrennung zwischen 

PHBV und den eingesetzten hochmolekularen Additiven hin.  

• Der Einsatz stabilisierender Additive, wie Kompatibilisatoren, Peroxide oder 

Katalysatoren zur Transesterifizierung, kann die Mischbarkeit und dadurch die 

Flexibilität eines PHBV-basierten Blends erhöhen.  

• Die erfolgreiche kontinuierliche Herstellung eines Zwei-Schicht-Materials, bestehend 

aus einer Alginatbeschichtung auf einem PHBV-Film, belegt die Machbarkeit einer 

vollständig biobasierten und kompostierbaren Verpackung im Technikumsmaßstab.  

• Zusätzliche theoretische und experimentelle Untersuchungen über strukturelle 

Gegebenheiten sollten durchgeführt werden, um die zugrunde liegende Beziehung von 

Struktur und Wirkung einer Additivierung noch umfassender zu verstehen und so die 

Eigenschaften der Biopolymere weiter zu optimieren.  

Die Ergebnisse dieser Arbeit erhöhen die Möglichkeit einer erfolgreichen industriellen 

Anwendung der ausgewählten Biopolymere indem Richtlinien für die Additivierung und die 

Verarbeitung bereitgestellt werden.  
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List of abbreviations  

CaCl2  Calcium chloride 

CaCO3  Calcium carbonate 

CaHPO4  Calcium hydrogen phosphate 

CA Cellulose acetate  

CMC  Carboxymethyl cellulose 

CN Cellulose nitrate 

CO Castor oil 

Cu(acac)2 Copper(II) acetyl acetonate 

DCP  Dicumyl peroxide  

DEGDM  Diethylene glycol dimethacrylate  

ESO  Epoxidised soybean oil  

EDTA  Ethylene diamine tetraacetic acid 

EVA Ethylene vinyl acetate  

Fe(acac)3 Iron(III) acetyl acetonate 

G α-L-guluronic acid  

GDL Glucono δ-lacton  

Gly Glycerol 

HAD  Hexane diol diacrylate  

HPMC Hydroxypropyl methyl cellulose 

M β-D-mannuronic acid  

MC Methyl cellulose 

PA Polyamide  

PBAT Poly(butylene adipate-co-terephthalate) 

PBS Polybutylene succinate 

PCL Polycaprolactone 

PE Polyethylene 

PEF  Polyethylene furanoate 

PEG Polyethylene glycol  

PEGDO  Polyethylene glycol dioleate 

PEG-PE  Poly-ethylene-block-polyethylene glycol 

PET Polyethylene terephthalate 

PHAs Polyhydroxyalkanoates  

PHB Poly(3-hydroxybutyrate)  
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PHBHB Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) 

PHBV  Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

PHH  Poly(3-hydroxyhexanoate)  

PHV  Poly(3-hydroxyvalerate)  

PLA Polylactic acid  

PMMA  Polymethyl methacrylate 

PP Polypropylene 

PPC  Polypropylene carbonate  

PVAc  Polyvinyl acetate 

PVOH  Polyvinyl alcohol 

PG  Propylene glycol  

r.h.  Relative humidity  

Sor Sorbitol 

TPS  Thermoplastic starch  

TPU Thermoplastic polyurethane elastomer  

TiBu  Titanium butylate 

TEC Triethyl citrate  

VB  Vinyl benzene  

Zn acetate  Zinc(II) acetate monohydrate 

Zn(acac)2 Zinc(II) acetyl acetonate 

Zr(acac)4 Zirconium(IV) acetyl acetonate 

 

Symbols 

%&'(&)*+,- Concentration of a substance [wt.%] 

.  Elongation at break [%]  

Mw  Molecular weight [g mol-1] 

OP ��			�� Oxygen permeability [cm3 (STP) 100µm m−2 d−1 bar−1] 

pKa  Acid dissociation constant  

/  Tensile strength [MPa] 

Tm  Melting temperature [°C] 

Tdec Decomposition temperature [°C] 

Tg Glass transition temperature [°C] 

WVP	��			
�� Water vapour permeability [g 100µm m−2 d−1 mbar-1] 

01  Young’s modulus [MPa] 

2 Degree of crystallinity  



  138 

 

 

 



Curriculum Vitae  139 

 

Curriculum Vitae 

Angaben zur Person  

Name Verena Gabriele Jost 

Dipl.-Ing. Univ.  

Geburtsdatum/ -ort  21. September 1984 in München 

 

Akademische Ausbildung  

Seit 10/2009 Promotion  

‚Effect of additives on the mechanical and permeation properties of 

biopolymer films from alginate and PHBV‘  

Lehrstuhl für Lebensmittelverpackungstechnik  

Fakultät Wissenschaftszentrum Weihenstephan für Ernährung, 

Landnutzung und Umwelt, Technische Universität München  

Abschluss 2019: Doktor-Ingenieur (Dr.-Ing.)  

10/2008 – 03/2009 Diplomarbeit 

‚Raman-spektroskopische Untersuchungen von Kunststoffen für 

Lebensmittelverpackungen‘ 

Lehrstuhl für Lebensmittelverpackungstechnik  

Fakultät Wissenschaftszentrum Weihenstephan für Ernährung, 

Landnutzung und Umwelt, Technische Universität München  

extern am Fraunhofer-Institut für Verfahrenstechnik und Verpackung 

IVV Freising, Abteilung Materialentwicklung  

05/2007 – 09/2007 Bachelor Arbeit Auslandssemester in Göteborg, Schweden 

‚Analysis of volatile compounds in boiled potatoes‘ 

SIK – The Swedish Institute for Food and Biotechnology  

Abteilung Sensory and Aroma Chemistry  

10/2004 – 03/2009  Diplomstudium Technologie und Biotechnologie der Lebensmittel 

Fakultät Wissenschaftszentrum Weihenstephan für Ernährung, 

Landnutzung und Umwelt, Technische Universität München  

Abschluss 2009: Diplom-Ingenieur (Dipl.-Ing. Univ.)  

Abschluss 2008: Bachelor of Science (B.Sc.) 



Curriculum Vitae  140 

 

Beschäftigung mit nebenberuflichen Tätigkeiten  

Seit 10/2009 Wissenschaftliche Mitarbeiterin 

Fraunhofer-Institut für Verfahrenstechnik und Verpackung IVV  

Freising, Abteilung Materialentwicklung  

10/2013 – 09/2015  Betreuerin des Fachs Energieversorgung thermischer Prozesse  

Technische Universität München  

Seit 03/2011 Fachdozentin für Lebensmittelverpackungstechnologie am  

International Packaging Institute (IPI) in Schaffhausen, Schweiz 

und am Deutschen Verpackungsinstitut (dvi) Berlin  

04/2009 – 09/2009 Wissenschaftliche Hilfskraft  

Fraunhofer-Institut für Verfahrenstechnik und Verpackung IVV  

Freising, Abteilung Materialentwicklung  

 


