
 

 

Oleic acid-based polyamides for sustainable 

fibers 

 

 

DISSERTATION 

 

 

zur Erlangung des akademischen Grades 

eines Doktors der Naturwissenschaften (Dr. rer. nat.) 

in der Bayreuther Graduiertenschule 

für Mathematik und Naturwissenschaften (BayNAT) 

der Universität Bayreuth 

 

 

vorgelegt von 

 

Maximilian Rist 

aus Wangen im Allgäu 

Bayreuth, 2023 

  



 

 

 

  



 

 

This thesis was written in the period from January 2020 to November 2023 in Bayreuth 
at the research group Macromolecular Chemistry II under the supervision of Prof. Dr. 
Andreas Greiner. 
 

 

 
This is a full reprint of the thesis submitted to obtain the academic degree of Doctor of 
Natural Sciences (Dr. rer. nat.) and approved by the Bayreuth Graduate School of 
Mathematical and Natural Sciences (BayNAT) of the University of Bayreuth. 
 
 
 
 
Date of submission: 27.11.2023 

Date of defence: 08.04.2024 

 

Acting director: Prof. Dr. Jürgen Köhler 

 

 

 

Doctoral committee: 

 

Prof. Dr. Andreas Greiner (reviewer) 

Prof. Dr.-Ing. Holger Ruckdäschel (reviewer) 

Prof. Dr. Matthias Breuning (chairman) 

Prof. Dr. Anna Schenk 

  



 

 

 



 

i 

 

Table of contents 

Zusammenfassung ...................................................................................................................... 1 

Summary .................................................................................................................................... 4 

1 Introduction ........................................................................................................................ 6 

1.1 Polyamides ................................................................................................................. 6 

1.1.1 Bio-based Polyamides .......................................................................................... 11 

1.1.2 Oleic acid as a platform chemical ........................................................................ 16 

1.2 Fiber-spinning .......................................................................................................... 21 

1.2.1 Melt-spun fibers and applications ........................................................................ 21 

1.2.2 Electrospun fibers and applications ...................................................................... 23 

2 Synopsis ........................................................................................................................... 29 

2.1 Aim ........................................................................................................................... 29 

2.2 Overview .................................................................................................................. 30 

2.3 Synthesis, Characterization, and the Potential for Closed Loop Recycling of Plant 

Oil-Based PA X.19 Polyamides ........................................................................................... 32 

2.4 Toughening of bio-based PA 6.19 by copolymerization with PA 6.6 – synthesis and 

production of melt-spun monofilaments and knitted fabrics ............................................... 35 

2.5 Bio-based electrospun polyamide membrane – sustainable multipurpose filter 

membranes for microplastic filtration .................................................................................. 39 

3 Contribution to the work .................................................................................................. 42 

3.1 Publication 1 ............................................................................................................. 42 

3.2 Publication 2 ............................................................................................................. 42 

3.3 Publication 3 ............................................................................................................. 43 

4 Publications ...................................................................................................................... 44 

4.1 Publication 1 ............................................................................................................. 44 

4.2 Publication 2 ............................................................................................................. 60 

4.3 Publication 3 ............................................................................................................. 81 



 

ii 

 

5 List of publications ......................................................................................................... 101 

6 Supplementary Information ............................................................................................ 102 

7 References ...................................................................................................................... 104 

8 Conclusion ...................................................................................................................... 128 

9 Outlook ........................................................................................................................... 129 

10 Acknowledgements ........................................................................................................ 130 

11 Eidesstattliche Versicherungen und Erklärungen .......................................................... 131 

 



 

1 

 

Zusammenfassung 

Die weltweite Produktion von Kunststoffen hat in den letzten Jahren stetig zugenommen, so 

dass die Suche nach alternativen Ressourcen immer wichtiger wird. Die Verwendung bio-

basierter Materialien hat sich als vielversprechende Lösung für die Herstellung nachhaltiger 

Kunststoffe erwiesen. Trotz ihrer Verwendung ist der Einsatz bio-basierter Rohstoffe bei der 

Herstellung von synthetischen Fasern jedoch noch begrenzt. Ziel dieser Arbeit war es, diese 

Lücke zu schließen. Hierzu wurde die Machbarkeit der Synthese von Monomeren und 

Polymeren aus Rohstoffen, die aus Mikroalgen gewonnen wurden, für die Herstellung 

nachhaltiger Kunstfasern untersucht. Mikroalgen bieten mehrere Vorteile gegenüber 

herkömmlichen Pflanzen, darunter schnelle Wachstumsraten und die Möglichkeit des Anbaus 

auf nicht bebaubaren Flächen und mit Abwasser. Außerdem binden sie Kohlendioxid und 

konkurrieren nicht mit der Nahrungsmittelproduktion. 

In dieser Arbeit wurde Ölsäure, eine Fettsäure, die in der Natur reichlich vorkommt und von 

Mikroalgen leicht produziert werden kann, als Ausgangschemikalie für die Synthese von 

Disäuren gewählt. Diese Disäuren mussten linear sein und durften keine Seitenketten oder 

Verzweigungen aufweisen, um die für die Herstellung von Kunstfasern erforderliche 

mechanische Stabilität zu gewährleisten. Um den gesamten verfügbaren Kohlenstoff der 

Ölsäure zu nutzen, wurde die langkettige 1,19-Nonadecandisäure durch isomerisierende 

Methoxycarbonylierung synthetisiert. Die oxidative Spaltung der Ölsäure ergab die kürzere 

Azelainsäure, bei der nur 50 % des verfügbaren Kohlenstoffs genutzt wurden. Diese ist bereits 

aus nicht-algenbasierten Rohstoffen kommerziell erhältlich. Die Homopolymere PA X.19 und 

PA 6.9 wurden durch Schmelzpolykondensation unter Verwendung der Disäure zusammen mit 

Hexamethylendiamin und anderen linearen aliphatischen Diaminen synthetisiert. Die Struktur-

Eigenschafts-Beziehung der resultierenden PA X.19 in Abhängigkeit vom verwendeten Diamin 

wurde untersucht, um ihr Potenzial für die Faserherstellung abzuschätzen. 

Das bio-basierte PA X.19 wies eine wesentlich geringere Wasseraufnahme auf als die 

kommerziellen Polyamide PA 10.10 und PA 6 und bietet daher eine höhere 

Dimensionsstabilität. Sie konnten außerdem bei niedrigeren Temperaturen verarbeitet werden, 

was ihre Schmelzverarbeitung energieeffizienter macht. Das chemische Recycling der 

synthetisierten Polyamide wurde beispielhaft durch die mikrowellenunterstützte Hydrolyse von 

PA 6.19 gezeigt. Die 1,19-Nonadecandisäure wurde in nahezu quantitativer Ausbeute von 99% 
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und in hoher Reinheit zurückgewonnen. Die Synthese von PA 6.19 unter Verwendung der 

rezyklierten Disäure und Hexamethylendiamin wurde erfolgreich durchgeführt, um das 

Potenzial zur Kreislaufwirtschaft zu demonstrieren. 

Die mangelnde Zugfestigkeit des Homopolymers PA 6.19 wurde durch Copolymerisation mit 

PA 6.6 verbessert. Die Struktur-Eigenschafts-Beziehung der resultierenden Copolyamide 

wurde untersucht, um eine geeignete Formulierung für die Herstellung von 

schmelzgesponnenen Monofilamenten zu finden. Die Einführung der kurzkettigen Adipinsäure 

führte zu einer Verbesserung der Zugfestigkeit um 58 %. Da die erhöhte Zugfestigkeit nicht mit 

einer geringeren Bruchdehnung einherging, war die Zähigkeit der Copolyamide um bis zu 64% 

besser als die des PA 6.19-Homopolymers. Die insgesamt beste Kombination aus Bio-Anteil 

und mechanischen Eigenschaften wurde in einem Scale-up-Verfahren erfolgreich synthetisiert. 

Das Copolyamid wurde erfolgreich für Schmelzspinnversuche bei verschiedenen 

Verstreckungsverhältnissen verwendet, um Monofilamente zu erhalten. Das Schmelzspinnen 

bei Verstreckungsverhältnissen, die für das industrielle Spinnen von teilverstreckten Garnen 

(POY) verwendet werden, wurde erfolgreich durchgeführt und somit die Eignung des Materials 

für die Verarbeitung auf industriellen Spinnanlagen nachgewiesen. Die durch Schmelzspinnen 

des Copolyamids gewonnenen Monofilamente zeigten eine gute Festigkeit, waren aber dem 

handelsüblichen PA 6 unterlegen. Aus den feinsten Monofilamenten wurden erfolgreich 

Strickmuster hergestellt, um die Eignung dieser Copolyamide für die Herstellung nachhaltiger 

Textilien weiter zu unterstreichen. 

PA 6.9 wurde aus der kommerziell erhältlicher, fettsäure-basierter Azelainsäure synthetisiert 

und Vliese wurden erfolgreich durch Elektrospinnen hergestellt. Diese Membranen wurden 

vollständig charakterisiert, um eine mögliche Anpassung des Faserdurchmessers und der 

Porengröße in Abhängigkeit von der Polymerkonzentration aufzuzeigen. Die 

elektrogesponnenen Filtermembranen (EFMs) wurden erfolgreich für die Filtration von in 

Wasser suspendierten Polystyrol-Mikropartikeln eingesetzt. Alle Membranen zeigten eine 

ausgezeichnete Filtrationseffizienz und eine stabile Durchlässigkeit über einen längeren 

Zeitraum. Auch die Filtration von Aerosolen aus der Luft war mit hohen Filtrationseffizienzen 

möglich, welche internationalen Standards entsprechen. Aufgrund ihrer hydrophoben 

Oberfläche zeigten die EFMs eine sehr hohe Durchlässigkeit für organische Lösungsmittel wie 

Chloroform. Die schwerkraftgetriebene Trennung von Wasser und Chloroform war mit einer 

Trennleistung von 99,9 % möglich. Sie kombinieren daher eine hohe Durchlässigkeit mit einer 
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hohen Trennleistung. Darüber hinaus konnten die Membranen mindestens zehnmal 

wiederverwendet werden, ohne dass sich ihre Filtrationseigenschaften wesentlich veränderten. 

Insgesamt unterstreicht diese Arbeit das Potenzial von Polyamiden auf Ölsäurebasis für die 

Herstellung von Kunstfasern. Die umfassende Charakterisierung der resultierenden Polyamide 

und die Herstellung von Makro- und Submikrofasern mit verschiedenen Spinntechniken 

lieferten Einblicke in ihre potenziellen Anwendungen in Textilien und Membranen. Darüber 

hinaus zeigte die Untersuchung des chemischen Recyclings und der Wiederverwendbarkeit die 

Möglichkeit eines geschlossenen Kreislaufs auf, der die Nachhaltigkeit der Fasern weiter 

erhöht.  
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Summary 

The global production of plastics has been steadily increasing, making the exploration of 

alternative resources more and more important. The use of bio-based materials has emerged as 

a promising solution for the production of sustainable plastics. However, despite the growing 

application of bio-based plastics, their utilization in the production of synthetic fibers remains 

limited. This thesis aimed to bridge this gap by investigating the feasibility of microalgae-

derived feedstock for the synthesis of monomers and polymers, leading to the production of 

sustainable synthetic fibers. Microalgae offer several advantages over traditional crops 

including rapid growth rates and possibility of cultivation on non-arable land and with 

wastewater. Furthermore, they capture carbon dioxide and do not compete with food 

production. 

In this thesis, oleic acid, an abundant fatty acid found in nature and readily produced by 

microalgae, was chosen as the platform chemical for the synthesis of the diacids. These diacids 

were required to be linear, devoid of side-chains or branching points, to ensure the mechanical 

stability necessary for the production of synthetic fibers. In order to utilize all available carbon 

of the oleic acid, the long-chain 1,19-nonadecanedioic acid was synthesized by isomerizing 

methoxycarbonylation. Oxidative cleavage of the oleic acid yielded the shorter azelaic acid, 

which only utilized 50% of the available carbon and is already commercially available from 

non-algae-based feedstock. Homopolymers PA X.19 and PA 6.9 were synthesized by melt 

polycondensation using these diacids together with hexamethylene diamine and other linear 

aliphatic diamines. The structure-property relationship of the resulting PA X.19 depending on 

the diamine used was investigated to assess their potential for fiber production. 

The bio-based PA X.19 exhibited much lower water uptake than commercial polyamides 

PA 10.10 and PA 6 and therefore offer higher dimensional stability. They were also processable 

at a lower temperature making their melt processing more energy efficient. Chemical recycling 

of the synthesized polyamides was exemplary shown by microwave-assisted hydrolysis of 

PA 6.19. The 1,19-nonadecanedioic acid was recovered in almost quantitative yields of 99% 

and in high purity. Synthesis of PA 6.19 using the recycled diacid and hexamethylene diamine 

was successfully performed to demonstrate the potential for closed-loop recycling. 

The lacking mechanical strength of the homopolymer PA 6.19 was improved by 

copolymerization with PA 6.6. The structure-property relationship of the resulting 

copolyamides was investigated in order to find a suitable formulation for the production of 
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melt-spun monofilaments. Introduction of the shorter-chain adipic acid resulted in an improved 

tensile strength by 58%. As the increased tensile strength was not accompanied by a lower 

elongation at break, the toughness of the copolyamides was up to 64% better than for the 

PA 6.19 homopolymer. The overall best combination of bio-content and mechanical properties 

was successfully synthesized in a scaled up reaction. The copolyamide was successfully used 

for melt spinning trials at different draw-down ratios to receive monofilaments. Melt spinning 

at draw-down ratios used for industrial spinning of partially oriented yarns (POY) was 

successfully performed to prove the suitability of the material for processing on industrial 

spinning lines. The monofilaments obtained by melt spinning of the copolyamide showed good 

tenacity, but were inferior to the commercial PA 6. Knitted swatches were successfully 

prepared from the finest monofilaments to further emphasize the suitability of these 

copolyamides for the production of sustainable textiles. 

PA 6.9 was synthesized from the commercially available fatty acid-based azelaic acid and 

nonwovens were successfully prepared by electrospinning. These membranes were fully 

characterized to show possible tailoring of the fiber diameter and pore size influenced by the 

polymer concentration. The electrospun filter membranes (EFMs) were successfully used for 

the filtration of polystyrene microparticles suspended in water. All membranes showed 

excellent filtration efficiencies accompanied by a stable permeability over a longer duration. 

Aerosol filtration from air was also possible with high filtration efficiencies meeting 

international standards. Due to their hydrophobic surface the EFMs showed very high 

permeability for organic solvents like chloroform. Gravity-driven separation of water and 

chloroform was possible with a separation efficiency of 99.9%. They combine high 

permeability with a high separation efficiency. Additionally, the membranes could be reused at 

least ten times without significant influence on their filtration properties. 

Overall, this thesis highlights the potential of oleic acid-based polyamides for the production of 

synthetic fibers. The comprehensive characterization of the resulting polyamides and the 

production of macro- and submicro-fibers using different spinning techniques provided insights 

into their potential applications in textiles and membranes. Moreover, the investigation of 

chemical recycling and reusability highlighted the possibility of adopting a closed-loop 

approach, further enhancing their environmental sustainability. 
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1 Introduction 

1.1 Polyamides 

The family of polyamides (PA) contains a broad variety of polymers with very different 

properties. On the one hand there are the naturally occurring polyamides, commonly referred 

to as polypeptides, which are critical for many functions in a living body. And on the other 

hand, the synthetic polyamides, first introduced in 1929 by CAROTHERS.1,2 Polyamides are 

typically synthesized by a polycondensation reaction of an amine and a carboxylic acid to 

produce an amide and water. The amine and carboxylic acid can be in the same molecule, like 

as in the case of amino acids. Alternatively, a dicarboxylic acid and a diamine can be used 

together to synthesize a polyamide (Scheme 1). The resulting polyamides are classified as AB-

type or AABB-type, depending on the monomer(s) used, with A and B representing amine and 

carboxylic acid. AB-type polyamides may also be made by ring-opening polymerization of 

lactams, which are basically cyclized amino acids. For AABB-type polyamides the first number 

is corresponding to the carbon atoms in the main chain of the diamine and the second number 

corresponds to the carbon atoms in the diacid main chain. Depending if the carbon atoms in the 

dicarboxylic acid and diamine are aromatic or aliphatic, the AABB-type polyamides can be 

further classified into aliphatic polyamides (fully aliphatic), polyphthalamides (semi-aromatic) 

and polyaramides (fully aromatic). 

 

Scheme 1. Polycondensation reaction of an amino acid and ring-opening polymerization of a lactam to form AB-type 

polyamides as well as polycondensation of a dicarboxylic acid and diamine to form an AABB-type polyamide. 

Polyamides are, with some exceptions, semi crystalline thermoplastics with the ability to form 

hydrogen bonds, resulting in strong interactions between the polymer chains. This sets them 
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apart from other commodity polymers like polyethylene, polystyrene or polyester, where only 

van der Waals interactions and pi-stacking are present. Many of polyamides biggest advantages 

can be attributed to their intermolecular hydrogen bonding as for example their high melting 

temperature and high mechanical strength. These properties can be even more increased by 

additional attraction forces like pi-stacking in the case of polyphthalamides and polyaramides 

(Table 1). Evidently, there is a strong relationship between the structure of the polyamide and 

its properties. 

Table 1. Melting temperature and ultimate tensile strength of different commodity polymers in comparison with polyamide 6, 

polyamide 6.T and Kevlar®.3–6 These values may vary depending on the molecular weight and crystallinity of the polymers. 

Polymer Tm [°C] Fmax [MPa] 

Poly(paraphenylene terepththalamide) (Kevlar®) 560 3620 

Poly(hexamethylene terephthalamide) (PA 6.T) 371 175 

Polyamide 6 (PA 6) 220 70-85 

Polycaprolactone (PCL) 58 32 

Polystyrene (PS) n. a. 45-65 

High density polyethylene (HDPE) 132 18-35 

 

For aliphatic polyamides the melting temperature (Tm) is strongly influenced by the density and 

the orientation of the amide-groups.7 A decreasing density results in a lower amount of 

hydrogen bonds along the polymer chain and therefore a lower Tm. PA 6.12, for example, shows 

a much lower Tm of 215 °C than PA 6.6 (265 °C), which is due to the higher amount of 

methylene units in the diacid, reducing the amide-group density.8 The same applies for AB-

type polyamides like PA 6 (220 °C) and PA 12 (179 °C). Although they have the same amide-

group density, PA 6 and PA 6.6 exhibit very different Tm. This is due to the orientation of the 

amide-groups. In even numbered polyamides of the AB-type, such as PA 6, the orientation of 

the amide groups alternates. Therefore, the intramolecular distance between the hydrogen bond 

donor (amine) and hydrogen bond acceptor (carbonyl) of adjacent chains is not matching, which 

limits the formation of hydrogen bonds. For even-even numbered AABB-type polyamides like 

PA 6.6 the amide group orientation is also alternating, but due to the symmetry of the monomers 

the donors and acceptors of adjacent polymer chains are always matching. The opposite is true 

for odd-numbered AB-type and odd-odd and odd-even/even-odd numbered AABB-type 

polyamides like PA 7 (233 °C) and PA 5.6 (223 °C).7,8 
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Much like the melting temperature, the mechanical properties of polyamides are also closely 

related to the amide-group density. Of course, crystallinity, molecular weight and the type of 

polyamide also strongly influence the mechanical properties. Aromatic units make the material 

stiffer and also increase the tensile strength due to the additional intermolecular pi-stacking 

(Table 1). But, the increased stiffness results in a lower elongation at break, making the material 

less ductile. The same result can be achieved by increasing the density of the amide-groups of 

aliphatic polyamides by using shorter chain diacids and diamines. For example, the tensile 

strength of PA 6.12 (61 MPa) is 25% lower than that of PA 6.6 (83 MPa) due to the additional 

six methylene-units in the diacid and the resulting lower amide-group density.8 A higher amide-

group density results in higher crystallinity of the polyamide, which increases the flexural, 

compressive, tensile and shear strength of the material. Polyamides having lower crystallinity 

exhibit lower tensile strength but higher impact strength and toughness, due to the higher 

proportion of amorphous regions. A higher molecular weight also leads to higher impact 

strength without affecting tensile strength, but results in a lower elongation at break.7 The 

mechanical properties of polyamides are also affected by the moisture content of the material. 

Owing to the polarity of the amide-group, polyamides tend to absorb a relatively great amount 

of water when in contact to moisture. Since water is known to act as a plasticizer, increasing 

moisture content leads to lower tensile strength but higher elongation, which increases impact 

strength.9,10 However, the magnitude again depends on the amide-group density, since it 

directly influences the water uptake of the polyamide. For example, the Young’s modulus for 

PA 6.6 drops by 55% from 3100 MPa in the dry state to 1400 MPa at 50% humidity.10 For 

PA 6.12, on the other hand, the change is much smaller (2400 to 1700 MPa), due to the lower 

water uptake. The absorbed water also affects the dimensional stability and causes deformation 

of the intended geometry.9,10 Textile fibers made from polyamide, for example, can expand in 

high humidity, causing the fabric to become loose. This limits the application of polyamides in 

deep-sea applications, where long term durability is essential.11,12 Additionally, hydrolytic 

cleavage of the amide-bond can happen during melt processing if moisture is present.7 

Thorough drying of the polyamide is necessary before injection molding or melt spinning. 

The first synthetic polyamides ever made are PA 6.613 and PA 6,14 invented by CAROTHERS and 

SCHLACK, respectively. Both were originally used for the production of strong fibers for textiles 

and fishing rods. Due to their high abrasion resistance and good mechanical properties, they 

were quickly used as plastics as well. Today, this is the main application for polyamides, 

followed by the production of textile fibers.15 Following the invention of PA 6.6 and PA 6, 
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longer-chain AB-type polyamides, like PA 1116 and PA 12,17 were commercialized. They 

exhibit a significantly lower water uptake and melting temperature than PA 6 and PA 6.6, while 

retaining the good mechanical properties.7 Due to their increased dimensional stability, these 

polyamides are mainly used in tubing and packaging films. They are also the main polyamides 

used for 3D printing applications.18 Longer-chain aliphatic polyamides have so far also been 

synthesized up to PA 12.34.19 With increasing chain-length their melting temperature 

approaches that of high density polyethylene (132 °C), although a minimum was found at 

110 °C for polyamides having a amide group density of approximately 35 per 1000 methylene 

units, corresponding theoretically to PA 29.29 (Figure 1).20 A lower melting temperature 

results in low energy consumption during processing on the one hand, while limiting the 

application temperature on the other. For high-temperature applications, AABB-type 

polyamides made from short-chain diamines and diacids are preferred. For example, PA 4.6 

made from diamino butane and adipic acid exhibiting a melting temperature of 295 °C may be 

used at temperatures up to 250 °C.21 Polyamides made from shorter-chain diamines and diacids 

either degrade before melting or exhibit too high melting temperature, making melt processing 

uneconomical.8,21 Although many different polyamides have been developed since their 

invention, PA 6.6 and PA 6 still dominate the market and account for over 90% of worldwide 

production.22 
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Figure 1. Melting temperature of aliphatic polyamides in dependence of the amide group density.20,23 
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Tailoring the properties of a polyamide can also be achieved by copolymerization of two or 

more polyamides. The resulting copolymer exhibits a combination of the properties of its 

homopolymers, depending on the ratio. Since most polyamide copolymers are prepared by 

polycondensation of the different diacids and diamines together, the resulting copolyamide 

generally has a statistical distribution.21 Block copolymers of polyamides are challenging to 

synthesize due to several side reactions requiring special techniques.24 Another method to yield 

a polyamide with combined properties is blending of homopolymers. Here, the desired 

homopolymers are mixed together in the melt to yield a so-called blend. A polyamide blend is 

a physical mixture of polyamides, whereas copolyamides are a chemical mixture.21 While both 

techniques result in a mixture of homopolymers, the resulting properties of the mixed 

polyamides can vary greatly. For example, the melting temperature and tensile strength of a 

40:60 PA 6/6.9 blend (218 °C, 67 MPa) were found to be significantly higher than those of a 

PA 6/6.9 copolyamide having the same ratio (156 °C, 43 MPa).25 

By adjusting the ratio of the homopolymers, the melting temperature of the resulting 

copolyamide can be tailored. With increasing PA 6 content in the PA 6/6.6 copolyamide, the 

melting point decreases from 260 °C to 200 °C, passing through a minimum of 155 °C at 

60 wt%.26 This melting point minimum is common for statistical copolymers and due to the 

disruption of the crystalline structure of the copolyamide, resulting in a reduced crystallinity. 

The PA 6/6.6 copolyamides indeed exhibit a minimum in crystallinity for the composition 

having 50 mol% PA 6.27 Similar observations were made for different copolyamides including 

PA 6/6.9,28 PA 6/729 and PA 6/11.30 

While the melting temperature can be tailored by copolymerization, the main focus for the 

synthesis of copolyamides relies on tailoring the mechanical properties. The tensile strength, 

for example, can be improved by increasing the proportion of the tougher polyamide in the 

copolyamide. Thus, the copolyamides of PA 6/12 exhibit increasing tensile strength with 

increasing content of the tougher PA 6.31,32 Copolymerization also influences the elongation at 

break, resulting often in more pronounced changes with the copolymer ratio. For the PA 6/12 

copolymers, a sharp increase from 21% for PA 6 to 560% can be observed with increasing the 

PA 12 content to 50% (Figure 2a).31 A similar trend was found for PA 6/6.9 copolymers, where 

an increasing PA 6 content led to an increase in elongation at break from 80% to >180% already 

at 20% PA 6.25 For the copolyamides synthesized from dimerized oleic acid (C36-DA), 

hexamethylene diamine and adipic acid (PA 6.36/6.6) a different trend can be observed. While 

the tensile strength increases as before with the content of the stronger PA 6.6, the elongation 
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at break, however, decreases with the PA 6.6 content (Figure 2b).33,34 This is due to the long 

side chains of the C36-DA, causing deformation of the copolyamide chain, as well as the 

increased intermolecular hydrogen bonding due to the increasing PA 6.6 content. 

 

Figure 2. Mechanical properties of a) PA 6/12 copolyamides31 and b) PA 6.36/6.6 copolyamides33 depending on the PA 6, 

respectively PA 6.6 content. 

1.1.1 Bio-based Polyamides 

Most of the above mentioned polyamides are conventional polymers, meaning their monomers 

are synthesized from crude oil. Since the invention of synthetic polymers by BAEKELAND the 

production volumes are steadily increasing without any sign of slowing down.35 The 

combination of a never ending increase in production combined with a feedstock of limited 

supply creates the problem of finding new feedstocks to fuel the production of plastics, like 

polyamides, in the future. The utilization of bio-based feedstocks offers great potential for a 

truly sustainable production of so-called bioplastics. Additionally, the use of new resources 

enables the synthesis of new materials having unique and even improved properties compared 

to conventional plastics. For polyamides this was already realized early on by the synthesis of 

the fully bio-based PA 11 by GENAS in the 1950s.16 This castor oil-based polyamide offered 

better dimensional stability due to reduced water absorption than the conventional polyamides 

PA 6 and PA 6.6. Castor oil plays an important role in the synthesis of bio-based polyamides, 

as virtually all commercially available bio-based polyamides are made from it today. This has 

mainly to do with the special fatty acid profile of this plant oil. Unlike other common plant oils, 

castor oil contains mainly triglycerides of ricinoleic acid, which makes up about 90% of the 

fatty acids.36 This facilitates isolation and purification of the desired fatty acid for the synthesis 

of monomers for polyamides. Additionally, the structure of ricinoleic acid contains a hydroxyl-
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function at the C12 position giving it unique properties, as most naturally occurring fatty acids 

do not contain such a functionality.37 Pyrolysis and subsequent hydrolysis of the methyl ester 

of ricinoleic acid yields 10-undecenoic acid, the platform chemical for the synthesis of 

monomers for bio-based polyamides (Scheme 2).38 Reaction with gaseous hydrogen bromide 

in the presence of a radical initiator selectively gives the anti-markovnikov product  11-

bromoundecanoic acid in high yields. Nucleophilic substitution of the bromide with aqueous 

ammonia gives 11-aminoundecanoic acid, the monomer for PA 11. On the other hand, reaction 

of castor oil with sodium hydroxide in water results in a cleavage of the fatty acid chain yielding 

sodium sebacate and 2-octanol. Hydrolysis of the sodium sebacate yields sebacic acid, which 

can be used to synthesize different partially or fully bio-based PA X.10. Amidation of the 

sebacic acid using gaseous ammonia and dehydration to form 1,8-octane dicyanide yields bio-

based 1,10-decane diamine upon hydrogenation of the dicyanide (Scheme 2).39 Fully bio-based 

PA 10.10 can be synthesized by combining the two castor oil-based monomers, as well as other 

partially or fully bio-based PA 10.X. For now, commercial production of castor oil-based 

polyamides is limited to PA 11 and the sebacic acid-based PA 4.10, 5.10, 6.10 and 10.10.40  
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Scheme 2. Reaction pathways for the synthesis of monomers and polyamides from castor oil.38,39 

For fully bio-based AABB-type polyamides also the diamines need to be sourced from nature. 

This is however more difficult than for bio-based diacids.41 So far, the only commercially 

available chemically synthesized bio-based linear aliphatic diamine is the castor oil based 1,10-

decane diamine. Other commercially available bio-based aliphatic diamines are 1,4-butane- and 

1,5-pentane diamine. Although commercial 1,4-butane diamine is mostly synthesized from 

petrol-based succinonitrile, biochemical synthesis from glucose via L-arginine an L-ornithine 

also offers a bio-based route (Scheme 3).42,43 The synthesis of bio-based 1,5-pentane diamine 

revolves around the decarboxylation of the platform chemical L-lysine, which is easily obtained 

by fermentation with an annual production of over one million metric tons (Scheme 3).44,45 

Chemical synthesis routes for 1,5-pentane diamine have been established in the past, but they 

usually lack in selectivity due to the presence of two amine functionalities.46–48 Commercial 

production therefore relies on biochemical fermentation of glucose by genetically engineered 

Escherichia coli.49–51 Cyclization and deamination of L-lysine also yields ε-caprolactam in good 
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yields of 75% (Scheme 3).52 The American biotech company Genomatica developed a 

biochemical route towards bio-based ε-caprolactam by enzymatic fermentation of adipoyl-CoA 

to 6-aminohexanoic acid.53 Commercialization of this process is accelerating and the first tons 

of bio-based PA6 via this route were recently produced.54 Genomatica also collaborates with 

polymer companies Covestro55 and Asahi Kasei56 for the production of bio-based polyurethanes 

and PA 6.6 from enzymatically synthesized hexamethylene diamine.57–59 Adipic acid, which is 

used for the synthesis of PA 6.6, has the largest production volume of all aliphatic diacids, 

exceeding three million tons per year.60,61 Commercial production of adipic acid is still relying 

benzene, which is hydrogenated and oxidized to form the so-called KA-oil (mixture of 

cyclohexanol and cyclohexanone). Further oxidation of the KA-oil with nitric acid gives adipic 

acid.62 Several bio-based pathways using different feedstocks have been developed, such as 5-

hydroxymethylfurfural (HMF),63–66 glucose,67–72 γ-valerolactone73–75 and phenolic compounds 

(Scheme 3).76–81 Although many of these processes have cost advantages over conventional 

adipic acid synthesis, the major challenges for commercial application appear to be product 

isolation and purification as well as low efficiency of the catalyst.82 However, Japanese polymer 

company Toray recently announced successful synthesis of bio-based adipic acid from 

nonfood-derived sugars by fermentation.83 Commercialization of the bio-derived adipic acid 

for the production of bio-based PA 6.6 is anticipated by 2030. 

Longer-chain diacids are mainly sourced from fatty acids. The 1,9-nonanedioic acid (azelaic 

acid) for example can be sourced from any C9-unsaturated fatty acid by oxidative cleavage of 

the double bond. This can be either done by ozonolysis84 or by reaction with concentrated 

hydrogen peroxide at elevated temperatures (Scheme 3).85 Ozonolysis of oleic acid for the 

production of azelaic acid is a commercialized synthesis route since the 1950s and mainly 

performed by Emery Oleochemicals.86,87 For the oxidative cleavage with hydrogen peroxide, 

tungsten-based catalysts have proven to be efficient.88–93 The Italian company Novamont 

performs this oxidative cleavage commercially, thereby producing bio-based azelaic acid from 

unsaturated fatty acids and oils without the use of toxic ozone.94–98 The resulting partially bio-

based PA 6.9 by polycondensation with hexamethylene diamine is also commercially available, 

although mostly as a copolyamide with PA 6.9,25,28,99,100 Oxidative cleavage of erucic acid, a 

monounsaturated fatty acid with a double bond at the C13 position, yields the 1,13-diacid 

brassylic acid (Scheme 3).101 The subsequent PA X.13 were also synthesized by 

polycondensation with different diamines, however commercialization is limited to the fully 

bio-based PA 5.13.40,102,103 Starting from sebacic acid, the synthesis of 1,13-tridecane diamine 
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can be carried out similarly to the amination of the castor oil-based sebacic acid to access 

PA 13.X and the fully erucic acid-based PA 13.13.104–106 1,12-dodecanedioic acid, which is one 

methylene-unit shorter, is generally prepared by cyclotrimerization and hydrogenation of 

conventional 1,3-butadiene and subsequent oxidation of the cyclododecane.107 However, 

commercialization of the biochemical production from fatty acids has been done in the last two 

decades.108–110 Leading producer of bio-based 1,12-dodecanedioic acid today is the Chinese 

company Cathay Industrial Biotech.111–114 The related polyamides PA 5.12, 6.12, 10.12 and 

12.12 have made it  into commercialization with the partially bio-based PA 6.12 being the most 

important one.40 Other commercially available partially or fully bio-based polyamides are 

PA 5.6 and 5.14 made from 1,5-pentane diamine, as well as 4.6 and 4.10 from 1,4-butane 

diamine. Self-metathesis of monounsaturated fatty acids leads to even longer-chain aliphatic 

diacids. 1,18-, 1,20-, 1,22- and 1,26-diacids were successfully synthesized by self-metathesis 

of oleic acid, 10-undecenoic acid, 11-eicosenoic acid and erucic acid respectively (Scheme 

3).115 The related bio-based polyamides PA X.18,116–120 X.20,121–123 and X.22124 have been 

synthesized, with the exception of the erucic acid-based PA X.26. Even longer-chain diacids 

are accessible by chain multiplication of fatty acids.125 By combination of metathesis and 

catalytic dynamic isomerizing crystallization, 1,32- and 1,48-diacids were synthesized from 

oleic acid. Polyesters were successfully synthesized from those ultra-long-chain diacids, but no 

polyamides so far (Scheme 3). Alternatively, isomerizing carbonylation can also be used to 

synthesize long-chain aliphatic diacids from fatty acids.126 1,19-nonadecanedioic- and 1,23-

tricosanedioic acid can be obtained from oleic acid and erucic acid in this way.127 Reductive 

amination of the diacids also yield the respective long-chain diamines to form the partially and 

fully bio-based polyamides X.19 and X.23.127–129 

The synthesis of bio-based PA 18 and PA 19 from oleonitrile and oleoamide via the respective 

amino acid can also be achieved by isomerizing carbonylation (Scheme 3).130 Alternatively, 

tandem isomerization-hydroformylation of oleonitrile also gives 19-oxononadecanenitrile, a 

precursor for the synthesis of bio-based PA 19.131 Using the same strategy with castor oil-based 

10-undecenitrtile gives 11-cyanoundecanoic acid, a possible monomer for the synthesis of bio-

based PA 12.132–134 Oxidative ozonolysis of oleonitrile yields 9-aminononanoic acid upon 

reduction of the nitrile, the monomer for the synthesis of fully bio-based PA 9.135 Recently, the 

synthesis of a bio-based aromatic AB-type polyamide was reported.136 Dehydration followed 

by reductive amination and carbonylation of lignocellulose-based furfural yields the monomer 

5-(aminomethyl)-furan-2-carboxylic acid.137 AABB-type aromatic polyamides (PA X.F) based 
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on lignocellulose have also been reported so far using 2,5-furandicarboxylic acid (FDCA) or 

the corresponding dimethyl ester (DMFD).138–143 

 

Scheme 3. Reaction pathways for the synthesis of bio-based monomers and polyamides. 

1.1.2 Oleic acid as a platform chemical 

Biologically derived fats and oils play a central role as renewable raw materials for the chemical 

industry today. In 2021, fats and oils accounted for 36% of renewable feedstocks used in 

Germany for the production of chemicals, making them the most important resource.144 About 

18% of these were used for the production of bio-based polymers, which is the second most 

important application of fats and oils in the chemical industry after surfactants. Independent on 

the source, fats and oils are always made up of fatty acids. While the synthesis of surfactants 

revolves solely around the carboxy group of the fatty acid, the production of polymers requires 

unsaturated fatty acids, containing C–C double bonds. The unsaturated fatty acids can be 
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divided into monounsaturated and polyunsaturated fatty acids depending on their number of C–

C double bonds. The most common natural fatty acid is oleic acid, a monounsaturated fatty acid 

having 18 carbons and a C–C double bond at the C9 position. Apart from plant oils like 

sunflower, olive or palm oil it can also be produced from microalgae.37,145,146 While the 

aforementioned plant oils are derived from food, microalgae are inedible and therefore a non-

food feedstock for the platform chemical oleic acid. Additionally, microalgae do not need to be 

cultivated on arable land, allowing efficient use of available farmland for food production. 

Unsaturated fatty acids like oleic acid can react just like any hydrocarbon having a C–C double 

bond and allow reactions like oxidation, addition, oxidative cleavage, metathesis, 

hydroformylation, carbonylation and more. Many of which are useful for the synthesis of 

monomers for polyamides from unsaturated fatty acids. Oleic acid, for example, can be used to 

synthesize a variety of novel monomers for polymerization. Cross metathesis with methacrylate 

or crotonate yields 1,11-undecanedioic acid which can be used for the synthesis of PA X.11 as 

well as polyesters.147–150 Amino acids can be achieved similarly by cross metathesis with alkene 

cyanides like acrylonitrile, allyl cyanide and homoallyl cyanide.151,152 Reduction of the cyanide 

yields the amino acid, which can be used for the synthesis of AB-type polyamides like PA 12, 

PA 13 and so on. The use of allyl chloride also leads to amino acids after nucleophilic 

substitution of the chloride with ammonia.153 Cross metathesis with enamines is not possible 

due to their ability to coordinate to the metal-alkylidene complex, deactivating the Grubbs 

catalyst.154 But, amidation of the oleic acid with enamines like allylamine, homoallylamine and 

pent-4-enylamine followed by ring closing metathesis gives lactams.155,156 These lactams can 

be used for the synthesis of PA 11, 12 and 13 providing a renewable alternative route for the 

commercial route to PA 12 using petrol-based 1,3-butadiene. Another promising method for 

the synthesis of monomers from oleic acid is the cross metathesis with ethylene otherwise 

known as ethenolysis yielding 9-decenoic acid.157–160 Amidation with a linear diamine yields a 

diamide with two terminal C–C double bonds, which can be polymerized by acyclic diene 

metathesis (ADMET) to give polyamides.20 Self metathesis of the 9-decenoic acid and oleic 

acid yields the long-chain 1,18-octadec-9-enoic acid, which can then be used for the synthesis 

of PA X.18.115,149,161,162 Polyamides made from the unsaturated diacid116 as well as from the 

saturated diacid after hydrogenation have already been prepared.117–119 Cross metathesis of this 

long-chain diacid can again be performed analogously to the previously mentioned reactions to 

yields amino acids.152,163,164 



 

18 

 

Oxidative cleavage of oleic acid yields the shorter-chain 1,9-nonanedioic acid (azelaic acid), a 

reaction which is already performed industrially since the 1950s.86 This can be achieved by 

reacting the oleic acid with a strong oxidizer like potassium permanganate,165 ozone86 or 

hydrogen peroxide.85 Ozone and hydrogen peroxide offer better yields and are also considered 

as green oxidants, in contrast to potassium permanganate and are therefore the preferred choice. 

The oxidative cleavage by hydrogen peroxide is only possible by addition of transition metal 

catalysts and due to the health risks associated with ozone desirable in terms of the principles 

of green chemistry.166 Many different catalyst systems have been investigated including 

molybdenum-,85,167 ruthenium-,168 vanadium-169 and the most promising, tungsten-based 

catalysts.170–173 In recent years, also heterogeneous tungsten-based catalysts have been 

developed to facilitate product separation and catalyst recycling.88,92,174 Performing oxidative 

cleavage and metathesis reactions on oleic acid always leads to side-products originating from 

the oleic acid. In both reactions, only half of the available bio-based carbon ends up in the 

monomer. For the oxidative cleavage a new approach was established based on the synthesis 

of terephthalic acid from p-xylene.175 The catalyst system consisting of cobalt- and manganese 

acetates together with hydrobromic acid was able to cleave oleic acid by aerobic oxidation using 

air. The terminal methyl group of the by-product pelargonic acid was then simultaneously 

oxidized to also give azelaic acid in high yields of 96%.176 The resulting PA X.9 have shown 

to have good mechanical properties combined with a reduced moisture absorption compared to 

PA 6.6.9 Additionally, the combination of reductive amination and oxidative cleavage of oleic 

acid yields 9-aminononanoic acid, which can be used to synthesize PA 9, a promising candidate 

for the replacement of PA 6.135,177 

Utilization of the complete bio-based carbon should be the goal for further development of 

synthesis methods towards renewable monomers from oleic acid. Another interesting strategy 

is the isomerizing carbonylation, where the internal C–C double bond is shifted to a terminal 

position where a carbonylation reaction with carbon monoxide is facilitated by the catalyst. The 

use of oleic acid yields the long-chain 1,19-nonadecanedioic acid. The catalyst system, which 

is also used for the commercial production of methyl methacrylate in the so-called Alpha 

process, comprises of a palladium-catalyst with the phosphine-ligand 1,2-bis(di-tert-

butylphosphinomethyl)benzene (DTBPX).178 This catalyst shows high selectivity of >99% 

towards linear reaction products suitable for the synthesis of semi crystalline polymers with 

strong mechanical properties.127,128,179,180 Additionally, the isomerizing carbonylation reaction 

can be performed directly from triglycerides originating from vegetable oils or microalgae to 
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yield the long-chain diacid in high yield and purity.181–183 The resulting PA X.19 have been 

synthesized and showed lower mechanical properties than conventional PA 6.6, but higher 

elongation at break and a significantly lower water uptake due to the long alkyl chain.127,129,184 

Approaches for catalyst recycling have also been made in recent years by selective 

crystallization of the diacid and the catalyst could be recycled eight consecutive times.185 

Another approach towards 1,19-nonadecanedioic acid is the isomerizing hydroformylation of 

oleic acid followed by oxidation of the resulting 19-oxononadecanoic acid.186 Both, the 

isomerizing carbonylation and hydroformylation can also be applied for the synthesis of 19-

aminononadecanedioic acid from oleonitrile187 for the synthesis of PA 19.130,131 

All synthesis routes mentioned yield linear aliphatic monomers, which are suitable for the 

production of polyamides with high crystallinity. There are however some approaches that yield 

branched monomers. Thiol-ene addition of oleic acid with cysteamine hydrochloride, for 

example, yields a thioether-containing amino acid that can be polymerized to a branched 

polyamide.188 By the use of a linear dithiol, two oleic acid chains can be connected to form a 

dimerized fatty acid.189 Dimerized fatty acids have been commercially available since the 1950s 

and can be made by a variety of mechanistic pathways, yielding complex product mixtures. 

Commercial synthesis usually uses tall oil consisting of mostly oleic acid and linoleic acid, the 

double unsaturated C18-fatty acid. The dimerization of these fatty acids typically proceeds via 

Diels-Alder cyclization, but the reaction products often consist of acyclic, monocyclic and some 

bicyclic dimers.37,190 The resulting polyamides typically have lower crystallinity and therefore 

lower melting temperatures due to the bulky structure and the side chains. They are therefore 

often used as hot-melt adhesives and reactive components for epoxy resins.191–193 Recently, the 

dimerized fatty acids were used for the synthesis of thermoplastic elastomers (TPEs) used for 

bead foaming and application in midsoles of running shoes.194 Another approach towards oleic 

acid-based amino acids is the Wohl-Ziegler bromination and hydrobromination of oleic acid, 

which can be polymerized after nucleophilic substitution and reduction to yield branched 

polyamides.195 Similarly, Wacker oxidation of methyl oleate yields a keto-oleate which can 

undergo reductive amination to give the branched amino acid and resulting polyamide.196 

Alternatively, the keto-oleate can also be dimerized by reductive amination using a linear 

diamine to yield a dimerized fatty acid.197 
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Scheme 4. Synthesis routes for the synthesis of monomers and resulting polyamides from oleic acid and methyl oleate.  

Generally, all the mentioned diacids can also be used to synthesize diamines by reductive 

amination. This was already shown for the amination of 1,19-nonadecanedioic acid,127–129 and 

is commercially used for the synthesis of 1,10- and 1,13-diamines from fatty acid-based sebacic 

and erucic acid.104–106 
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1.2 Fiber-spinning 

1.2.1 Melt-spun fibers and applications 

For a long time only naturally occurring polymers, like cellulose from cotton, could be used for 

the production of fibers. With the invention of polyamides by CAROTHERS and SCHLACK, the 

first synthetic fibers could be produced by a new technique called melt spinning. Today, 

synthetic fibers dominate the fiber market accounting for approximately 64% of global fiber 

production in 2021.198 The majority of which are made by melt spinning of poly(ethylene 

terephthalate) (PET), polyamides and polypropylene. Melt spinning is considered the simplest 

process for fiber production and can generally be applied to any thermoplastic polymer with a 

decomposition temperature above its melting temperature. Additionally, the polymer melt must 

be viscoelastic, meaning that it must be able to build up tensile stress during the spinning 

process in order to avoid filament break. The molten polymer is forced under high pressure 

(100 – 200 bar) through a small orifice called the spinneret. The formed filament is then 

quenched by drawing through air or in some cases through a liquid to allow the filament to cool 

down and solidify. No exchange of material takes place during the spinning process, which is 

why the filament diameter is directly proportional to the filament velocity, which is dependent 

on the take-up speed and the polymer throughput.199 

The melt-spinning line can be either directly connected to the polycondensation reactor forming 

a continuous process, or separately fed with granulates or flakes (Figure 3). Continuous 

processes are advantageous for high volume production, while using a hopper to feed polymer 

flakes or granulates allows for easier material changes often desired for small-volume 

production. Typically, a melt pump ensures a constant polymer throughput to the spinneret in 

the spin pack. A screw extruder may be used if the melt-spinning line is used discontinuously 

to melt the polymer and pressurize it. Additionally, additives or masterbatches can be added 

and mixed with the polymer in the extruder to improve processability or dye the polymer. The 

polymer is then pressed through the spinneret, which can either have one or multiple holes. 

Monofilaments are produced if the spinneret has only one hole, while multiple holes lead to the 

production of multifilament consisting of sometimes several hundred filaments. The rheological 

properties of the polymer melt are very important for the choice of spinneret. The polymer 

experiences high shear flow as it passes through the hole, which increases molecular 

orientation. The polymer melt releases stored elastic energy as it exits the spinneret, causing 

the extrudate to have a larger diameter than the spinneret hole. This effect is called die swell 
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and is only possible for a viscoelastic polymer. The occurrence of the die swell is important to 

guarantee steady spinning conditions. If the take-up speed is too high, the polymer gets drawn 

out of the die and die swell can no longer occur. After quenching, a spin finish may be applied 

to aid filament processing. After solidification and application of the spin finish, the filament 

may be drawn by several godets to change the molecular orientation and the fiber diameter. 

This is achieved by stretching the as-spun filament between godets of different revolving 

speeds. Typically drawing should occur above the glass transition temperature starting from 

filaments with a low crystallinity.200 If crystallization occurs before drawing, the filaments 

become brittle, making them impossible to draw.201 The amount of drawing greatly influences 

the mechanical properties of the filaments. Fully drawn fibers for example show no necking, as 

they have already been stretched beyond their natural draw ratio. This leads to fibers with higher 

tenacity and stiffness. 

 

Figure 3. Schematic representation of a melt-spinning line.202 

In order to achieve a stable melt spinning process and sufficient fiber properties, the polymer 

should withstand high shear strain without decomposition or crosslinking. A molecular weight 

above the entanglement molecular weight and a low dispersity ensures a stable and high melt 

viscosity in order to avoid filament break. Linear polymers are preferred due to their high chain 

mobility, which allows them to withstand high shear forces during processing and to acquire a 

high orientation in the fiber direction under strain. Furthermore, the polymer needs to have a 



 

23 

 

high purity in order to prevent fluctuations and blockage of the spinneret.202 Drying of the 

polymer before extrusion is very important, as remaining moisture can strongly influence the 

processability by causing degradation of the polymer. Hydrolytic degradation of polyesters like 

PET can easily happen during melt spinning, causing a considerable reduction in molecular 

weight and subsequently the melt viscosity. The moisture content is especially important for 

the melt spinning of polyamides, where so called over-drying can also negatively influence the 

spinning process. Water acts as a plasticizer in polyamides, reducing the melt viscosity, and 

also impacts the chemical equilibrium of the polycondensate.203 Overly dry polyamide leads to 

more filament breaks interrupting the spinning process. Polyolefins like polypropylene on the 

other hand do not need to be dried as they are non-hygroscopic. 

Semi-crystalline polymers are preferred for melt spinning, as their crystalline structure 

stabilizes the highly orientated molecular chains during melt spinning. With amorphous 

polymers, on the other hand, the molecular chains would recoil above their glass transition 

temperature, resulting in fiber shrinkage.204 

1.2.2 Electrospun fibers and applications 

Melt spinning is a great technique for fast and continuous production of synthetic fibers in a 

large quantity and suitable for many applications. However, the smallest fibers obtained often 

have diameters in the micrometer scale. Certain applications like fiber reinforcement and 

filtration would benefit from smaller fibers in the nanometer range. One easily accessible 

technique for the continuous production of such nano- and microfibers is electrospinning. In 

contrast to conventional spinning techniques, the spinning process is not based on mechanical 

forces, but on electrical forces.205 

The theoretical foundation for the electrospinning process relies on the findings of BOSE and 

LORD RAYLEIGH. In 1745, BOSE discovered that applying an electrical potential to the surface 

of droplets causes the formation of an aerosol.206 About 150 years later LORD RAYLEIGH 

described the calculations for the amount of charge required to cause the deformation of 

droplets to form a jet.207 Just two years later the first electrospinning process using viscous 

material like beeswax and pitch was described by BOYS in 1887.208 Shortly after, the first 

patents regarding electrical dispersion of fluids were filed by COOLEY and MORTON in the early 

1900s.209–211 About thirty years later FORMHALS described the first application of 

electrospinning for the production of synthetic fibers.212,213 Due to the lacking technology to 

accurately observe the formed nanofibers, no significant discoveries were made before the 
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invention of the scanning electron microscope (SEM). In the early 1990s the topic of 

electrospinning was picked up again by academia due to the works of DOSHI and 

RENEKKER.214,215 With the use of SEM, they were able to determine the fiber diameter and 

found a correlation between the needle tip to collector distance and the fiber diameter. With the 

start of the 21st century the interest in electrospinning showed a rapid increase from just a few 

publications per year to 6500 solely in 2022.216 

In principle, the electrospinning of a polymer is performed from a solution of the polymer in a 

suitable solvent (Figure 4).205,217 Additional salts may be added to increase the conductivity of 

the solution. The polymer solution is then transferred to a syringe with a metallic canula 

(spinneret) connected to it. A constant flow of the polymer solution has to be achieved in order 

to allow a stable electrospinning process. This can be achieved by a syringe pump or a peristaltic 

pump. Once the solution forms the first droplet at the tip of the spinneret, a high positive voltage 

of several kilovolt is applied at the spinneret. The high electrostatic charge of the droplet, 

induced by the high voltage, causes it to deform into a conical shape (Taylor cone).218 If the 

voltage is high enough, a jet will form at the tip of the cone. This jet is then accelerated to the 

collector, which can either be grounded or a negative charge can be applied to further increase 

the acceleration. The jet follows a straight path for a short distance, until it begins to spiral with 

an increasing loop diameter. This is due to the electrostatic repulsion of the charged jet causing 

deflection and ultimately the spiraling motion. At the same time, the jet becomes thinner due to 

solvent evaporation. Once the jet reaches the collector, the fiber-formation process is stopped 

and the solidified fibers are deposited on the surface of the collector. The collector can either 

be stationary or moving. A moving collector will influence fiber orientation and fast rotating 

drums can for example lead to highly aligned fibers. Stationary collectors, on the other hand, 

will result in random deposition of the fibers and form a nonwoven. 
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Figure 4. Schematic depiction of an electrospinning apparatus. 

There are many factors influencing the electrospinning process. Starting with the solution 

parameters: viscosity and conductivity of the solution, surface tension, molecular weight and 

concentration of the polymer and volatility of the solvent. The polymer used needs to have a 

high enough molecular weight for enough entanglement to ensure the formation of 

submicrofibers. Additionally, the molecular weight and concentration influences the viscosity 

of the solution, which might cause clogging if it is too high. The choice of solvent also 

influences the viscosity, but to a greater extend the conductivity, the surface tension and the 

ability to evaporate during electrospinning.219,220 

Additionally, the ambient conditions are important during the electrospinning process. These 

include the humidity and the temperature during processing. While the temperature influences 

the solvent evaporation and the viscosity, the humidity has a strong influence on the 

conductivity. 

syringe pump

spinneret

polymer solution

Taylor cone

spiralling jet
high voltage

collector
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Ultimately, the processing parameters need to be chosen according to the aforementioned 

ambient conditions and solution parameters. These include the applied flow rate of the solution, 

the applied voltage at the spinneret and the collector, the diameter of the canula, the tip-to-

collector distance and the type of collector. While the voltage needs to be high enough to allow 

formation of the Taylor cone, a too high voltage and/or flow rate will result in bead-formation. 

Increasing the tip-to-collector distance will result in thinner fibers and vice-versa.214 

Many different electrospinning techniques have been established since the beginning of the 21st 

century making it highly versatile. Electrospun nonwovens are especially interesting for 

membrane technology applications due to their outstanding properties. The electrospinning 

process allows the continuous production of very thin fibers down to the nanometer-scale, 

which can then be randomly collected to form a nonwoven. The resulting electrospun 

membranes have a large specific surface area, as well as high flexibility and porosity.221 These 

membranes can for example be used as substrates to perform highly efficient catalysis reactions 

due to their great specific surface area.222 The highly porous membranes also find applications 

as solid-state electrolyte in battery cells to improve their safety.223 Electrospun membranes are 

also outstanding filter materials often combining high filtration efficiency with a low pressure 

drop, resulting in high quality factors.224 The quality factor combines filtration efficiency and 

pressure drop and allows comparison between different filters and measurement conditions. 

The calculation relies on DARCY’s law according to which the flow velocity is directly 

proportional to the pressure difference. It can therefore be calculated using the following 

formula with f being the filtration efficiency and ΔP being the pressure drop in Pa: 

QF= −
ln(1 − f)

∆P
 

Removal of particles by means of filtration is generally described by either surface-, cake- or 

depth-filtration and combinations thereof (Figure 5). The predominant mechanism is 

depending on the filter and the particles. If the particle size is larger than the pore size, they 

cannot penetrate the filter and remain on the surface of the filter media (surface filtration). 

Particles that have a similar size as the pores are typically separated by cake filtration. These 

particles accumulate on the surface of the filter and also cannot penetrate the filter. In contrast 

to surface filtration, the pores of the filter are not blocked by the accumulated particles, due to 

their smaller size. This results in the formation of a cake layer which can again act as a filter 

medium for further particles. Lastly, particles smaller than the pore size can penetrate the filter, 
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but they can still be filtered out by interception with the filter media or electrostatic 

attraction.225,226 Depending on the filtration problem different filtration mechanisms might be 

preferred. The pore size of the electrospun filter membranes (EFM) can be tailored to match 

the desired properties. Additionally, the EFM can be chemically modified to allow electrostatic 

attraction by incorporation of specific functional groups. These affinity membranes can for 

example be used to selectively remove metal nanoparticles that are much smaller than the pore 

size.227,228 Due to their tailored properties EFMs can be applied for dry226,229,230 and wet 

filtration.231–234 

 

Figure 5. Schematic representation of the three different filtration mechanisms. 

Electrospun membranes are already available in commercial air filters and their demand has 

seen a sharp increase due to the recent COVID-19 pandemic.229 The requirements for these air 

filters are high and often times a filtration efficiency of over 99% is expected. HEPA (high-

efficiency particulate air) filters, for example, need to be able to remove >99.95% of aerosols 

with a particle size down to 0.3 µm in diameter.235 The first reported use of EFMs for air 

filtration dates back to the 1980s,236 since then a broad variety of polymers have successfully 

been applied.229 EFMs prepared from acrylonitrile-butadiene-styrene (ABS) showed a filtration 

efficiency of 99% at a pressure drop of under 30 Pa.237 Electrospun membranes from PA 6 were 

even able to exceed HEPA standards with an efficiency of 99.993% at a face velocity of 

5 cm·s−1.238 Multilayered structures are known to perform better than thick single layer 

membranes.239 A stack of three electrospun polyacrylonitrile (PAN) membranes of the same 

thickness had a higher quality factor than a single membrane of triple thickness. Similarly, a 

sandwich-membrane of PAN in between two layers of PA 6 was able to remove airborne 

particles with an efficiency of 99.9998%, far exceeding HEPA standards.240 

surface filtration cake filtration depth filtration
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Another problem of rising interest is the availability of drinking water. Most of earths water is 

in the oceans and only 2.6% is actually freshwater.233 The growing amount of microplastic and 

other pollutants found in the sea and drinking water makes purification systems more and more 

important. Electrospun nonwovens are a perfect choice for the removal of microplastic, oil 

and/or toxic metal nanoparticles for water remediation. EFMs made from functionalized 

polyacrylates showed excellent filtration properties for the removal of gold and other metal 

nanoparticles.227,228 The affinity membranes reached a filtration efficiency up to 100% and 

could be regenerated up to three times without significant change in their filtration properties.227 

The major drawback of electrospun membranes is their often lacking mechanical stability.231 

So-called hybrid or composite membranes are often used to counter this by electrospinning on 

a supporting layer providing the mechanical stability. For example, a hybrid membrane of PA 6 

electrospun on a PET web could successfully be used to filter oily contaminants from industrial 

wastewater with a high permeability of over 400 L·m-2·h-1·bar-1 even after 15 h of usage.241 

Hybrid membranes are also used to increase hydrophilicity and therefore water permeability. A 

bilayer EFM made from electrospun PA 6 on cellulose showed superhydrophilicity, which 

resulted in a permeability of 1200 L·m-2·h-1·bar-1 for the filtration of PS microparticles from 

water.242 Additionally, the prepared membrane was able to remove >99% of the dispersed 

microparticles. Self-standing membranes of PA 6,243 PAN,244 polyvinylidene fluoride 

(PVDF)245,246 and even recycled PET247 have also been used to remove PS microparticles 

dispersed in water to simulate microplastic filtration. All membranes showed good filtration 

efficiencies of up to >99% with high permeability of up to 45000 L·m-2·h-1·bar-1 for PVDF.246 
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2 Synopsis 

2.1 Aim 

The global plastics production is increasing in a seemingly unstoppable manner with an annual 

growth rate of 4% over the last 20 years.248 It is good to see that bio-based materials are also 

starting to enter the market with an annual growth rate of 19% in the last three years and a large 

spike of 51% from 2020 to 2021. This trend is forecasted to increase to an annual growth rate 

of 29% until 2030.249 One of the biggest drivers for innovation might be the fiber market, where 

about 20% of all produced plastic is used.198 Despite the growth in production of bio-based 

plastics, the share of bio-based materials used for the production of synthetic fibers was below 

0.1% in 2021. Clearly, there is a large gap between the application of bio-based materials in the 

global plastics market and in the synthetic fibers market. In order to close that gap, new 

materials and feedstocks need to be investigated for their usability in the production of synthetic 

fibers. 

The goal of this work was the synthesis of monomers and polymers from microalgae feedstock 

and subsequent production of synthetic fibers. Microalgae have several advantages over other 

crops that are being used for the production of bio-based plastics today. They have a fast growth 

rate, often 20 times faster than most terrestrial crops.250 Microalgae cultivation also allows more 

efficient use of available land, as they do not need to be cultivated on arable land and can also 

be cultivated vertically. Two major benefits are that they are not competing with food 

production and they also capture carbon dioxide, provided they are cultivated 

autotrophically.251 The choice of algae strain is important for the intended application, as well 

as the cultivation time and parameters. 

In the present work oleic acid was chosen as the platform chemical for the synthesis of 

monomers. It is the most abundant fatty acid in nature and can also be produced in high 

quantities by microalgae.252,253 Monomers should then be synthesized from oleic acid by 

introduction of a second functionality. The monomers need to be linear, meaning they cannot 

have any side-chains or branching points, in order to provide the mechanical stability needed 

for the production of synthetic fibers from the resulting polymer. To obtain high molecular 

weight polyamides in melt polycondensation, thorough purification and characterization of the 

monomers were required. Understanding the structure-property relationship of the resulting 

polyamides was also important to assess their potential for the production of synthetic fibers. 



 

30 

 

Maximizing the bio-content in the final polyamide was also a vital part of the thesis to make as 

much use of the available feedstock as possible. Investigations on potential applications of the 

fibers prepared from the bio-based polyamides were also of great interest to prove their 

technical applicability. 

2.2 Overview 

This work describes the synthesis of bio-based linear diacids and polyamides from oleic acid. 

Full characterization of the structure-property relationship of the resulting polyamides was 

performed, as well as the preparation of macro- and submicro-fibers using two different 

spinning techniques. Possible applications of the bio-based materials for production of 

sustainable textiles and membranes have been investigated. Additionally, the recyclability of 

the synthesized polyamides was investigated by chemical recycling to recover pure monomer 

and highlight the possibility of a closed-loop approach (Figure 6). The results of this research 

led to the publication of three manuscripts in peer-reviewed journals, which are briefly 

described in the following. 

 

Figure 6. Table of contents graphic of my doctoral thesis. 

First, a linear diacid was synthesized from bio-based oleic acid by isomerizing methoxy-

carbonylation. Followed by the synthesis of linear polyamides by melt polycondensation with 

linear aliphatic diamines of different chain-length. The publication focused on the structure-

property relationship of these bio-based PA X.19. Chemical recycling of the synthesized diacid 

Bio-based 
feedstock

Synthesis
Engineering

Application
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was performed and successfully polymerized to underline the potential for closed-loop 

recycling. 

The second publication focused on improving the mechanical properties of the bio-based 

polyamides by copolymerization with PA 6.6. Investigations on the structure-property 

relationship were again an important part of this research. Monofilaments were produced from 

the best formulation and fabrics were made by knitting. The copolyamides were compared to 

industrial materials to investigate their potential for application in the textile industry. 

For the third publication, oleic acid-based azelaic acid was used to produce bio-based PA 6.9 

by melt polycondensation. Electrospinning was performed to produce nonwoven membranes 

from the shorter-chain polyamide. Full characterization of the nonwovens was performed to 

tailor membrane properties during preparation. Potential applications as filtration membranes 

for the remediation of water as well as air purification were assessed. Recyclability of the 

membranes was also a main focus of the publication in order to provide truly sustainable 

materials. 
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2.3 Synthesis, Characterization, and the Potential for Closed Loop Recycling of 

Plant Oil-Based PA X.19 Polyamides 

M. Rist, A. Greiner, ACS Sustainable Chem. Eng. 2022, 10, 16793 – 16802. 

 

Figure 7. Table of contents graphic of my first publication. 

In a two-step reaction the long-chain diacid, 1.19-nonadecanedioic acid, was synthesized from 

bio-based oleic acid using isomerizing methoxycarbonylation. The catalyst system used showed 

a high selectivity for the methoxycarbonylation at the terminal position resulting in 99+% linear 

product. Full use of the available bio-based carbon was achieved with this reaction, as no C–C-

bond in the oleic acid structure is being broken during the reaction. Subsequently, four different 

polyamides (PA X.19) were synthesized using the long-chain diacid by melt polycondensation 

with linear aliphatic diamines of different chain length. The molecular weight of the resulting 

polyamides (25 900 – 51 600) met the range of technical grade polyamides. 

The resulting polyamides exhibited a high thermal stability with decomposition starting at 

>400 °C under nitrogen and air atmosphere. Their low melting temperature between 172 °C 

and 208 °C is beneficial for melt processing in terms of energy consumption. All four 

polyamides also showed good long term stability at their respective processing temperature 

with a mass loss of <1% during one hour under nitrogen atmosphere. 

In order to investigate the processability for injection molding and melt spinning, the 

viscoelastic properties of the polyamides were examined using plate-plate rheology. The 

Arrhenius equation was used to determine the temperature dependent melt viscosity and find 

the optimal processing window. All four polymers showed a high enough melt viscosity of 

300 Pa·s at a shear rate of 10 rad·s-1 in order to be processible by injection molding. 

100% atom efficiency
+ 99% recycling rate
= towards zero waste
-------------------------

1.19-Nonadecanedioic acid

PA X.19
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Mechanical properties of the polyamides were determined from injection molded specimens. 

All oleic acid-based polyamides showed an elongation at break between 93% and 169% with 

no clear trend regarding the amount of methylene units in the polymer (Figure 8b). The ultimate 

tensile strength of all four polyamides was more or less the same at 36 – 40 MPa. In terms of 

stiffness, a maximum of 959±39 MPa for the Young’s modulus was found for PA 6.19. The 

results were compared to the commercial PA 10.10, a fully bio-based polyamide sourced from 

castor oil. The oleic acid-based polyamides were inferior to the commercial product in terms of 

stiffness and ultimate tensile strength, but exhibited similar elongation at break. On the other 

hand, the oleic acid-based PA X.19 showed a lower water absorption than the commercial 

polyamide, with the exception of PA 4.19 (Figure 8a). The lower water absorption results in a 

higher dimensional stability and better processability. Additionally, the amount of water 

absorbed correlated with the amount of methylene units in the polyamide chain. The increasing 

hydrophobicity with increasing amount of methylene units resulted in a lower water absorption. 

Analysis of the crystal structure by WAXS revealed mostly α-phase structures with some γ-

phase present for all PA X.19 except PA 4.19, which only showed α-phase crystalline 

structures. With the α-form being the most prominent crystal phase in polyamides, these results 

were rather unsurprising. 
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Figure 8. a) Immersed water uptake of PA X.19 and PA 10.10 over time. b) Visualization of the Young’s modulus and 

elongation at break depending on the amount of methylene units in the diamine of the PA X.19. c) Schematic depiction of the 

chemical recycling of PA 6.19 by microwave assisted hydrolysis. d) Stress-strain curves of virgin and recycled PA 6.19. 

Hydrolysis of polyamides is a quite complicated task and often requires harsh conditions and 

long reaction times. Microwave assisted hydrolysis using diluted hydrochloric acid was proven 

to be successful in depolymerizing PA 6.19 within 45 minutes reaction time (Figure 8c). The 

resulting 1.19-nonadecanedioic acid was easily recovered in high purity (>99%) by filtration. 

Formation of PA-salt from the recovered diacid with hexamethylene diamine and subsequent 

melt polycondensation was successfully performed to yield PA 6.19, again. The recycled 

polyamide had similar molecular weight as the virgin PA 6.19 and the mechanical properties 

of the recycled PA 6.19 were comparable with the virgin polymer in every aspect (Figure 8d). 
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2.4 Toughening of bio-based PA 6.19 by copolymerization with PA 6.6 – 

synthesis and production of melt-spun monofilaments and knitted fabrics 

M. Rist, H. Löcken, M. Ortega, A. Greiner, Macromol. Rapid Commun. 2023, 44, 2300256. 

 

Figure 9. Table of contents graphic of my second publication. 

The PA X.19 homopolymers synthesized in the first publication exhibit a lower tensile strength 

than commercial PA 6, which is commonly used for production of melt-spun polyamide fibers. 

In order to increase the tensile strength, copolyamides of PA 6.19 and PA 6.6 were synthesized 

by melt polycondensation of the mixed PA-salts in different ratios. Six copolyamides were 

synthesized in total with varying PA 6.6 contents of 17 – 88 mol%. Their number average 

molecular weight ranged from 28600 – 59500, meeting the range of the commercial PA 6 

(34900), which was used as benchmark. 

The copolyamides showed single-stage degradation under nitrogen and air atmosphere with 5% 

mass loss at >395 °C, similar to the homopolymers PA X.19. Their thermal stability during 

processing was also good at temperatures below 270 °C, with a maximum mass loss of 0.5% 

under air atmosphere over one hour. Processing at higher temperatures resulted in a higher mass 

loss of up to 4.3%. The melting temperature of the copolyamides showed a high correlation 

with the PA 6.6 content and was between 177 °C and 248 °C (Figure 10a). As expected, the 

melting temperature decreased upon increasing the PA 6.6 content due to disruption of the 

crystal structure by the shorter PA 6.6 units. The lowest point was reached for the copolyamide 

with 31 mol% PA 6.6 and further increasing the PA 6.6 content resulted in an increasing 
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melting temperature. The disruption of the crystal structure due to the additional PA 6.6 units 

was also be observed in the melting enthalpy, which correlates with the crystallinity of the 

copolyamides. Here, the melting enthalpy decreased with increasing PA 6.6 content until 

55 mol%, then the enthalpy showed an increasing trend. 

The copolyamides showed again a much lower water absorption than the commercial 

benchmark, providing a higher dimensional stability. A correlation of increasing water uptake 

with the PA 6.6 content was found. This is due to the increased hydrophilicity by introduction 

of the shorter-chain adipic acid. Their water uptake was still much lower than the benchmark 

PA 6, which contained more than twice as much water than the worst performing PA 6.6/6.19 

copolyamide after one week. 

Uniaxial tensile tests of injection molded specimens of the copolyamides revealed an increasing 

tensile strength and stiffness (Young’s modulus) with the PA 6.6 content. Surprisingly, the 

improved stiffness and strength did not result in a lower elongation at break. The tensile strength 

could be improved by 58%, while the elongation at break remained between 170% and 200% 

(Figure 10b). The first reduction in tensile strength was observed for the copolyamide with 

88 mol% PA 6.6. The combination of increasing tensile strength without change of the 

elongation properties resulted in an increased toughness. PA 6.6/6.19 copolyamides having 55 

– 88 mol% PA 6.6 exhibited a toughness in the range of commercial PA 6. As PA 6.6 is not 

bio-based, the bio-content of the copolyamide is inversely correlated to the PA 6.6 content. In 

order to find a sustainable solution, the bio-content needs to be maximized without suffering 

from weak mechanical properties. Therefore, the best balance between bio-content and 

toughness was found for the copolyamide having 55 mol% PA 6.6. 
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Figure 10. a) Determined melting temperatures of the polyamides as a function of the PA 6.6 content. b) Stress-strain curves 

of the PA 6.19 homopolymer and the PA 6.6/6.19 copolymer having 64 mol% PA 6.6. c) Tenacity and elongation at maximum 

force (Fmax) of melt-spun monofilaments. d) Microscope image of the knitted fabric made from melt-spun monofilament. 

The viscoelastic properties of the copolyamides were studied by rheology at different 

temperatures. Their spinnability was assessed according to their temperature independent loss 

and storage moduli. All copolyamides with a PA 6.19 content of minimum 56 mol% showed 

good potential for melt spinning applications according to their viscoelastic properties. 

Based on these results, the copolyamide with 55 mol% PA 6.6 was synthesized in a larger scale 

(CoPA) to perform melt spinning tests. Different draw-down ratios were tested and the material 

was spinnable in a broad range from 14 to 110. The achieved processing parameters comply 

with industrial processing conditions for the production of partially oriented yarns (POY). As 

expected, the fineness of the filament decreases with increasing draw-down ratio due to the 

higher drawing. A higher draw-down ratio also resulted in a higher tenacity of the monofilament 

but a lower elongation at break (Figure 10c). Unfortunately, the tenacity of the bio-based 

copolyamide was lower than that of the benchmark PA 6. Nevertheless, these spinning trials 

prove the suitability of the material for processing on industrial spinning lines. 

Knitting trials of the finest monofilaments made from CoPA were performed to produce 

swatches. No problems occurred during knitting and the resulting swatches show nice loops 
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without any deformation or yarn breakage (Figure 10d). The commercial benchmark on the 

other hand showed deformations at the touchpoints of the loops and overall a bad loop structure. 

These trials give a good indication on the suitability of the filaments prepared from the bio-

based copolyamides for processing on industrial knitting machines. 
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2.5 Bio-based electrospun polyamide membrane – sustainable multipurpose filter 

membranes for microplastic filtration 

M. Rist, A. Greiner, RSC Appl. Polym. 2024, Advance Article. 

 

Figure 11. Table of contents graphic of my third publication. 

Bio-based PA 6.9 was synthesized from oleic acid-based azelaic acid and hexamethylene 

diamine by melt polycondensation. The isolated polymer was dissolved in a mixture of formic 

acid/chloroform 1:1 (v/v). Three different concentrations (10, 12.5 and 15 wt%) of the polymer 

solutions were used for the electrospinning trials. The solutions were spun onto a rotating disc 

collector to prepare circular shaped nonwovens. In order to prepare nonwovens of comparable 

thickness, the total spinning time was varied between the different concentrations. Similar to 

electrospun nonwovens made from other polyamides, spider net-like structures were observed 

in all nonwovens. Tailoring of the fiber diameter as well as the resulting pore size was possible 

upon changing the polymer concentration (Figure 12a). 

All electrospun filter membranes (EFMs) showed hydrophobic behavior due to their surface 

roughness. The EFMs also showed better mechanical stability than EFMs made from PVDF 

and PAN, which are generally used for the preparation of membranes. Due to their good 

mechanical properties in combination with a narrow pore size distribution and high porosity, 

their application in wet filtration of microplastic from water was investigated. All three 

membranes could successfully remove at least 99.7% of the dispersed PS microparticles from 

the water (Figure 12b). The filtration efficiency remained unchanged upon a filtration time of 

45 minutes. Additionally, the permeability of the membranes remained unchanged during the 

filtration tests. The permeability of the commercial filter on the other hand decreased 

drastically, highlighting the benefit from using an electrospun membrane. Observation of the 

PA 6.9

air purification

electrospun filter membrane

oil-water separation

microplastic filtration



 

40 

 

cross section of the membranes after filtration suggest a surface filtration mechanism, which 

would ease recycling of the membranes by back-flushing. 

 

Figure 12. a) Fiber diameter and pore size of the electrospun nonwoven against the polymer concentration. b) Water 

permeability over time for the filtration of PS microparticles from water using the bio-based EFMs and the PA syringe filter at 

1 mL·min-1. c) Representation of the gravity-driven separation of water and oil using the EFMs. d) Particle size dependent 

filtration efficiency for the removal of aerosols from air using the bio-based EFMs. 

Due to their hydrophobic surface, the membranes were used for the separation of water and oil 

(Figure 12c). The membranes were successful at separating 1:1 (v/v) mixtures of chloroform 

and water with an efficiency of 99.9%. The membranes showed a high permeability for 

chloroform, which resulted in a high flux. Tailoring of the flux was also possible by changing 

the polymer concentration, which therefore correlated with the pore size. The EFMs made from 

PA 6.9 combine a high separation efficiency with a high permeability, making them highly 

suitable for such separation problems. Recyclability of the membranes was also demonstrated 

and the membranes could be reused at least ten times without significant influence on their 

performance. 

Additionally, the EFMs were successfully used for the filtration of aerosols from air. They 

successfully removed >99% of particles down to 0.3 µm in diameter and even up to 83% of 
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particles of 0.2 µm (Figure 12d). In terms of filtration efficiency, the membranes fulfill the 

technical specifications for FFP3 and EPA (efficient particulate air) filters. However, they 

suffer from a high pressure drop of 1710 – 2200 Pa, which is four times higher than the limit 

for FFP3 masks. In order to make these EFMs interesting for filter masks, their pressure drop 

needs to be lowered. 
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3 Contribution to the work 

3.1 Publication 1 

I performed the majority of the work including writing the manuscript and performing the 

synthesis and purification of the monomers and polymers. I prepared the tensile test specimens 

and rheology specimens by injection molding and melt pressing. I also performed most of the 

characterizations of the monomers and polymers using nuclear magnetic resonance 

spectroscopy (NMR), gas chromatography (GC), thermogravimetric analysis (TGA), 

differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), rheology, 

tensile tester and wide angle x-ray scattering (WAXS) as well as measurement of the water 

uptake. Size exclusion chromatography measurements were performed by Rika Schneider 

(Technician, Macromolecular Chemistry II, University of Bayreuth). The injection molding 

apparatus and hot press I used were kindly provided by the Macromolecular Chemistry I, 

University of Bayreuth. Prof. Greiner supervised the work and contributed to the work through 

his discussions and support during preparation of the manuscript. 

3.2 Publication 2 

The main part of the work was performed by me, including synthesis and purification of the 

monomers and polymers as well as most characterizations. I prepared tensile test specimens 

and rheology specimens by injection molding and melt pressing using equipment provided by 

the Macromolecular Chemistry I, University of Bayreuth. I performed the characterizations of 

the monomers and polymers using NMR, GC, TGA, DSC, DMA, rheology and tensile tester. 

In addition, I performed the measurements for the water uptake. Size exclusion chromatography 

measurements were performed by Rika Schneider (Macromolecular Chemistry II, University 

of Bayreuth). Melt spinning of the polymer provided by me was performed by Mathias Ortega 

(Institut für Textiltechnik, RWTH Aachen University), as well as the characterization of the 

filaments by scanning electron microscopy, tensile tests and measurement of the fineness. 

Knitting trials of the monofilaments and analysis of the fabrics were performed by Henning 

Löcken (Institut für Textiltechnik, RWTH Aachen University). 

Henning Löcken wrote the knitting trials part of the manuscript and Mathias Ortega the melt 

spinning part, while the rest, making up most of the manuscript, was written and revised by me. 
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Prof. Greiner supervised the work and contributed to the work through his discussions and 

support during preparation of the manuscript. 

3.3 Publication 3 

I wrote the manuscript and performed the synthesis of the polymer, as well as the manufacturing 

and testing of the membranes. These involved electrospinning of the polyamide, preparation of 

a polystyrene latex, water filtration tests and water-oil separation tests. Aerosol filtration trials 

were performed by Alexander Kern (Technician, Macromolecular Chemistry I, University of 

Bayreuth). I also performed the majority of the characterization including NMR, uniaxial tensile 

tests, water contact angle, pore size measurement, evaluation of the fiber thickness, Karl-

Fischer titration and UV-Vis measurements. Size exclusion chromatography measurements of 

the polyamide were performed by Rika Schneider (Technician, Macromolecular Chemistry II, 

University of Bayreuth). Samples for scanning electron microscopy were prepared by me and 

measurements were performed by Felix Bretschneider and Chenhui Ding (both, 

Macromolecular Chemistry II, University of Bayreuth). Prof. Greiner supervised the work and 

contributed to the work through his discussions and support during preparation of the 

manuscript. 
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4 Publications 

4.1 Publication 1 
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6 Supplementary Information 

Abbreviations 

ABS  acrylonitrile-butadiene-styrene 

ADMET acyclic diene metathesis 

C36-DA dimerized oleic acid 

CoPA  PA 6.6/6.19 copolyamide with 55 mol% PA 6.6 

DMA  dynamic mechanical analysis 

DMFD  dimethyl-2,5-furandicarboxylate 

DSC  differential scanning calorimetry 

DTBPX 1,2-bis(di-tert-butylphosphinomethyl)benzene 

EFM  electrospun filter membrane 

FDCA  2,5-furandicarboxylic acid 

Fmax  ultimate tensile strength 

GC  gas chromatography 

HDPE  high density polyethylene 

HEPA  high-efficiency particulate air 

HMF  5-hydroxymethylfurfural 

KA-oil  mixture of cyclohexanol and cyclohexanone 

NMR  nuclear magnetic resonance 

PA  polyamide 

PAN  polyacrylonitrile  

PCL  polycaprolactone 

PET  poly(ethylene terephthalate) 

POY  partially oriented yarn 

PS  polystyrene 

PVDF  polyvinylidene fluoride 

SEM  scanning electron microscope 

TGA  thermogravimetric analysis 

Tm  melting temperature 

TPE  thermoplastic elastomer 
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UV-Vis  ultraviolet-visible 

WAXS  wide angle x-ray scattering 
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8 Conclusion 

This thesis presents a comprehensive exploration of the synthesis, characterization, and 

potential applications of bio-based linear diacids and polyamides derived from oleic acid. 

Utilization of the isomerizing methoxycarbonylation enabled full use of the available bio-based 

carbon for the synthesis of aliphatic polyamides. The investigation into the structure-property 

relationship of these bio-based polyamides shed light on their unique characteristics and 

potential applications as fiber materials. Additionally, the thesis highlights the viability of a 

closed-loop approach, emphasizing the potential for these bio-based materials to be recycled 

and reprocessed, aligning with principles of circular economy. 

Furthermore, the study advanced beyond synthesis by examining the spinnability and 

knittability of these oleic acid-based polyamides, leading to the production of monofilaments 

and fabrics suitable for the textile industry. This interdisciplinary approach showcased the 

potential of these bio-based materials to compete with conventional polyamides. 

Moreover, the utilization of oleic acid-based azelaic acid for the production of bio-based PA 6.9 

extended the application spectrum. Electrospun filter membranes from this polyamide 

demonstrated the suitability of these materials for water remediation and air purification. The 

meticulous characterization of these nonwovens ensured the tailoring of membrane properties 

for optimal performance. Additionally, the focus on recyclability highlighted the commitment 

to sustainable practices, as demonstrated by the successful recycling of the membranes. 

The integration of these findings resulted in the publication of two peer-reviewed manuscripts 

and one soon to be published manuscript. Collectively, they highlight the potential of oleic acid-

based polyamides for the production of synthetic fibers and their applications. Overall, this 

work represents a significant advance in the development of bio-based polyamides, which have 

a wide range of applications in sustainable textiles, membranes and potentially other industries, 

paving the way for more environmentally friendly and resource-efficient materials in the future.  
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9 Outlook 

Looking ahead, the results presented in this thesis offer a promising outlook for the continued 

development and application of bio-based linear diacids and polyamides derived from oleic 

acid. The challenges posed by the finite nature of crude oil-based materials are being met with 

innovative solutions, as exemplified by the utilization of oleic acid. Furthermore, the potential 

of algae-derived feedstock presents a compelling avenue to address concerns regarding 

competition with food production, ensuring the viability of bio-based polyamides without 

compromising vital resources. 

The monofilaments produced in this work gave a good indication for the general production of 

melt-spun fibers. Multifilament yarns, on the other hand, would open up a wider field of 

applications in the textile and automotive sectors. Additionally, melt spinning of the PA X.19 

homopolymers might result in fibers having good mechanical properties together with a higher 

bio-content. 

The polyamides also showed good potential for the production of films by solvent casting or 

melt pressing. The resulting films might exhibit interesting barrier properties together with high 

mechanical stability. 

Furthermore, the emerging field of 3D printing also offers an exciting opportunity for the 

application of oleic acid-based polyamides. The fast and flexible production of customized parts 

made from bio-based polyamides might attract various sectors, such as automotive, aerospace, 

and medical. This avenue of exploration could significantly expand the scope of applications 

for bio-based polyamides. 

Electrospinning of the PA X.19 homopolymers might result in nonwovens with unique 

properties due to their lower hydrophilicity. Improved air purification membranes might be 

accessible by preparation of a composite membrane by electrospinning the bio-based polyamide 

on a support layer. The thin polyamide layer could result in a lower pressure drop, while 

maintaining a high separation efficiency. Regarding water remediation, the separation of 

emulsified oil in water should be investigated in a continuous setup and compared to industrial 

standards. 
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