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Zusammenfassung

Die weltweite Produktion von Kunststoffen hatden letztenlahrenstetig zugenommen, so

dass die Suche nach alternativen Ressourcen immer wichtiger wird. Die Verwendung bio
basierter Materialien hat sich als vielversprechende L6sung fir die Herstellung nachhaltiger
Kunststoffe erwiesen. Trotihrer Verwendung istder Einsatdio-basierter Rohstoffeei der
Herstellung von synthetischen Fasern jedoch noch begrenzt. Ziel dieser Arbeit war es, diese
Lucke zu schlieBenHierzu wurdedie Machbarkeitder Synthese von Monomeren und
Polymeren ausRohstoffen die aus Mikrolgen gewonnen wurderfir die Herstellung
nachhaltiger Kunstfasern untersucht. Mikroalgbireten mehrere Vorteile gegeniber
herkdmmlichen Pflanzen, darunter schnelle Wachstumsraten und die Mdglichkeit des Anbaus
auf nicht bebaubaren Flachen und mit Abwassgei3erdem binden sie Kohlendioxid und
konkurrieren nicht mit der Nahrungsmittelproduktion.

In dieser Arbeit wurde Olsaure, eine Fettsaure, die in der Natur reichlich vorkommt und von
Mikroalgen leicht produziert werden kann, als Ausgangschemikalie &irSgintheseson
Disdurengewahlt. DieseDisaurenmussten linear sein und durften keine Seitenketten oder
Verzweigungen aufweisen, um die fur die Herstellung von Kunstfasern erforderliche
mechanische Stabilitat zu gewdahrleisten. Um den gesamten verfligbahdens€off der
Olsaure zu nutzen, wurde die langkettige ANIhadecandisaure durch isomerisierende
Methoxycarbonylierung synthetisiert. Die oxidative Spaltung der Olsaure ergab die kirzere
Azelainsaure, bei der nur 50 % des verfligbaren Kohlenstoffs gevurden Diese isbereits

aus nichtalgenbasierten Rohstoffen kommerziell erhaltlich. Die Homopolymer¥.R@ und

PA 6.9 wurden durch Schmelzpolykondensation unter Verwenderigisdurezusammen mit
Hexamethylendiamin und anderen linearen aliphatisEhi@minen synthetisiert. Die Struktur
EigenschaftdBeziehung deresultierenden PAX.19 in Abhangigkeit vion verwendeten Diamin

wurde untersucht, um ihr Potenzial fir die Faserherstelibmgschatzen

Das bicbasierte PAX.19 wies eine wesentlich geringeasseraufnahme auf als die
kommerziellen Polyamide P20.10 und PA und bietet daher eine ho6here
Dimensionsstabilitat. Sie konntenRerdenbei niedrigeren Temperaturen verarbeitet werden,
was ihre Schmelzverarbeitung energieeffizienter macht. Das attemiRecycling der
synthetisierten Polyamide wurde beispielhaft durch die mikrowellenunterstitzte Hydrolyse von

PA 6.19 gezeigt. Die 1,2Blonadecandisédure wurde in nahezu quantitativer Ausbeute von 99%




und in hoher Reinheit zuriickgewonnen. Die SyntheseR&6.19 unter Verwendung der
rezyklierten Disdure und Hexamethylendiamin wurde erfolgreich durchgefihrt, um das
Potenziakzur Kreislaufwirtschaft zu demonstrieren.

Die mangelnd&ugfestigkeitdes Homopolymers P8.19 wurde durch Copolymerisation mit

PA 6.6 verbessert. Die StrukttEigenschaftdBeziehung der resultierenden Copolyamide
wurde untersucht, um eine geeignete Formulierung fir die Herstellung von
schmelzgesponnenen Monofilamenten zu finden. Die EinfuhrunigudekettigenAdipinsaure

fuhrte zu eineVerbesserung der Zugfestigkeit um 58 %. Da die erhdhte Zugfestigkeit nicht mit
einer geringeren Bruchdehnung einherging, war die Z&higkeit der Copolyamide um bis zu 64%
besser als die dd°A 6.19Homopolymes. Die insgesamt beste Kombination @&is-Anteil

und mechanischen Eigenschaften wurde in einem -Sipaléerfahren erfolgreich synthetisiert.

Das Copolyamid wurde erfolgreich fir Schmelzspinnversuche bei verschiedenen
Verstreckungsverhaltnissen verwendet, um Monofilamente zu erhalten. Das Schmatzspinne
bei Verstreckungsverhaltnissen, die fir das industrielle Spinnen von teilverstreckten Garnen
(POY) verwendet werden, wurde erfolgreich durchgeflihd somit dicignung des Materials

fur die Verarbeitung auf industriellen SpinnanlagacshgewieserDie durch Schmelzspinnen

des Copolyamids gewonnenen Monofilamente zeigten eine gute Festigkeit, waren aber dem
handelsiblichen PA unterlegen. Aus den feinsten Monofilamenten wurden erfolgreich
Strickmuster hergestellt, um die Eignung dieser Copolyamidadilierstellung nachhaltiger

Textilien weiter zu unterstreichen.

PA 6.9 wurde aus der kommerziell erhaltlichiettsaurebasierte Azelainsdure synthetisiert

und Vliese wurden erfolgreich durch Elektrospinnen hergestellt. Diese Membranen wurden
vollstandig charakterisiert, um eine mdogliche Anpassung des Faserdurchmessers und der
PorengréRe in  Abhangigkeit von der Polymerkonzentration aufzuzeigen. Die
elektrogesponnenehRiltermembranen (EMs) wurden erfolgreich fir die Filtration von in
Wasser suspendiertdPolystyrotMikropartikeln eingesetzt. Alle Membranen zeigten eine
ausgezeichnete Filtrationseffizienz und eine stabile Durchléassigkeit tber einen langeren
Zeitraum. Auch die Filtration von Aerosolen aus der Luft war mit hohen Filtrationseffizienzen
maoglich, welche internationalen Standards entsprechen. Aufgrund ihrer hydrophoben
Oberflache zeigten dieAMs eine sehr hohe Durchlassigkeit flr organische Losungsmittel wie
Chloroform. Die schwerkraftgetriebene Trennung von Wasser und Chloroform war mit einer

Trennleistung von 99,9 % moglich. Sie kombiniedamereine hohe Durchlassigkeit mit einer




hohen Trennleistung. Darliber hinaus konnten die Membranen mindestens zehnmal

wiederverwendet werden, ohne dass sich ihre Filtrationseigenschaften wesentlich \varandert

Insgesamt unterstreicht diese Arbeit das Potenzial von Polyamiden auf Olsaurebasis fir die
Herstellung von Kunstfasern. Die umfassende Charakterisierung der resultierenden Polyamide
und die Herstellung von Makround Submikrdasern mit verschiedenen iSptechniken
lieferten Einblicke in ihre potenziellen Anwendungen in Textilien und Membranen. Daruber
hinaus zeigte die Untersuchung des chemischen Recyclings undettrverwendbarkedie
Maglichkeit eines geschlossenen Kreislaufs auf, derNfiehhaligkeit der Fasern weiter
erhoht




Summary

The global production of plastics has been steadily increasiaging the exploration of
alternative resources more and more important. The use-babax materials has emerged as

a promising solution for the pduction of sustainable plastics. However, despite the growing
application of biebased plastics, theitilization in the production of synthetic fibers remains
limited. Thisthesisaimed 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 fiberdMicroalgae offer several advantages over traditional &op
including rapid growth rates and possibility of cultivation on -acable lad and with
wastewater. Furthermore, they capture carbon dioxide andhotiocompete 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 chemicdahtosynhesis otthe diacidsThese diacids

were required to be linear, devoid of s®ins or branching points, to ensure the mechanical
stability necessary fdhe production o$ynthetic fibes. In order to utilize all available carbon

of the oleic acid, théong-chain 1,19nonadecanedioic 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
nonalgaebased feedstock. Homopolymers RA9 and PA 6.9 were synthesized by melt
polycondensation using these diacids together with hexamethylene diamine and other linear
aliphatic diamines. The structupeoperty relationship of the resulting A19 depeding on

the diamine used was investigate@ssess their potential for fiber production.

The biobased PAX.19 exhibited much lower water uptake than commercial polyamides
PA 10.10 and P4 and therefore offer higher dimensional stability. They werepatsmessable
at a lower temperature making their melt processing more energy effi€rerhical recycling
of the synthesizegolyamides was exemplary shown by microwassisted hydrolysis of
PA6.19. The 1,1%0nadecanedioic acid was recovered in almaanhttative yields of 99%
and in high purity. Synthesis of FA19 using the recycled diacid and hexamethylene diamine

was successfully performed to demonstrate the potentieldsedloop recycling.

The lacking mechanical strength of the homopolymer 6P® was improved by
copolymerization with PA.6. The structur@roperty relationship of the resulting

copolyamideswvas investigatedn order to find a suitable formulation for the production of




meltspun monofilaments. Introduction of the shoxtbain alipic 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 homopolymeiThe overall best coniation of biecontent and mechanical properties

was successfully synthesized in a scaled up reactioncdpgmyamidewas successfully used

for melt spinning trials at different dradown ratios to receive monofilamenidelt spinning

at drawdown ratiosused 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
tenaaty, but were inferior to the commercial FA Knitted swatches were successfully
prepared from the finest monofilaments to further emphasize the suitability of these

copolyamides fothe production of sustainable textiles.

PA 6.9 was synthesized from tle®mmercially available fatty acidasedazelaic 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 concentratim The electrospufilter membranes (EMs) 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.
Aerol filtration from air was also possible with high filtration efficiencies meeting
international standard€Due to their hydrophobic surface theFHEs showed very high
permeability for organic solvents like chloroform. Grauiiyven 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, thisthesishighlights the potential of oleic acliased polyamides for the production of
synthetic fibers.The comprehensive characterization of the resulting polyamides and the
production of macreandsubmicrefibers using different spinning teaigues provided insights

into their potential applications in textiles and membranes. Moreover, the investigation of
chemical recycling andeusability highlighted the possibility of adopting a closledp

approach, further enhancing their environmentatasnability.




1 Introduction

1.1Polyamides

The family of polyamides (PA) contains a broad variety of polymers watly different
properties. On the one hand there are the naturally occurring polyamides, commonly referred
to as polypeptides, which are critidar many functions in a living body. And on the other
hand, the synthetic polyamidefirst introduced in 1929 bfAROTHERS!? Polyamides are
typically synthesized by a polycondensation reaction of an amine and a carboxylic acid to
produce an amide adater.The amine and carboxylic acid can be in the same molecule, like
as in the case admino acids. Alternatively, a dicarboxylic acid and a diamine can be used
together to synthesize a polyam{@ hemel). The resulting polyaidesareclassifiedasAB-
typeor AABB -type, depending on the monort®used with A and B representingmine and
carboxylic acid.AB-type polyamides may also be made by fiqgning polymerization of
lactams, which arkasically cyclized amino acidsor 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 carboin #tems
dicarboxylic acid and diaminare aromatic or aliphatic, the AAB&pe polyamides can be
further classified into aliphatic polyamides (fully aliphatic), polyphthalamides {aevnatic)
and polyaramides (fully aromatic).
Q -(n-1) H,0 H O
n HZNH)kOH — H{N Ao PAX

x-1 n

o) +H,0 y ©
n HNW = N PA x
-H,0 H .| OH

x-1

HoNy 3 NH o9 -(2n-1) H,0 N o 9
n M2 W 2 +n J\M)J\ < PA x.y
x HO™ ], OH  +(2n-1) H,0 N ) OF
Schemel. Polycondensation reaction of an amino aarl ringopening polymerization of a lactam to form A@e

polyamides as well as polycondensation dfcarboxylic acid and diamine to foram AABB -type polyamide.

Polyamides arenith some exceptionsemicrystalline thermoplastics with the ability to form

hydrogen bondsresultingin strong interactions between the polymer chaiiss sets them




apart from other commodity polymers like polyethylene, polystyrene or palyadtere only

van der Waals intections and pstacking are preserilany of polyamides biggest advantage

can be attributed to theintermoleculathydrogen bonding as for example their higklting
temperatureand high mechanical strengthhese properties can be even more increased by
additional attraction forces likeqgtacking 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 po6/amide

polyamide 6.T and&evlar®.% ¢ These values may vary depending on the molecular weight and crystallinity of the polymers.

Polymer Tm[°C] Fmax[MPa]
Poly(paraphenylene terepththalamifiégviar®) 560 3620
Poly(hexamethylene terephthalamigep 6.T) 371 175
Polyamide PA 6) 220 70-85
PolycaprolactonéPCL) 58 32
PolystyrengPS) n. a. 4565
High density polyethylenEHDPE) 132 18-35

For aliphatic polyamides the melting temperatdig (s strongly influenced by the density and
the orientation of the amiegroups’ A decreasing density results in a lower amount of
hydrogen bonds along the polymer chain and therefore a TowBA 6.12, for example, shows

a much lowerTy of 215°C than PA6.6 (265°C), which is due to the higher amount of
methylene units in the diacid, reducing the angdeup density. The same applies for AB

type polyamides like PA (220°C) and PA12 (179°C). Although thg have the same amide
group density, P& and PA6.6 exhibitvery different Tm. This is due to the orientation of the
amidegroups.In evennumbered polyamidesf the AB-type such as PA 6, therientation of
theamide groupslternatesTheefore, thantramoleculardistance 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 exeurennumbeed AABB -type polyamides like

PA 6.6 the anide group orientation is also alternating, but due to the symwfdtie monomers

the donos and acceptarof adjacent polymer chains are always matching. The opposite is true
for oddnumbered ABtype and odeébdd and odeeven/everodd numbered AABRBype
polyamidedike PA 7 (233°C) and PA5.6 (223°C).”8




Much like the melting temperature, the mechanical properties of polyamidalsactosely

related to the amidgroup densityOf course crystallinity, molecular weight anihe type of
polyamide alsatrongly influence the mechanical propert®somatic units make the material

stiffer and also increase the tensile strength due to the additional intermoleestiarkmg

(Table 1). But, the increased stiffnesssults in a lower elongation at break, making the material
less ductile. The same result can be achieved by increasing the detisggmfdegroups of
aliphatic polyamides by using shorter chain diacids and diamittesexample, the tensile
strengthof PA6.12 (61MPa) is 25% lower thathat of PA 6.6 (8 MPa) due to the additional

six methyleneunits in the diacid and the resulting lower amigleup density.A higheramide

group density results in higher crystallinity of the polyamide, wiidneags 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 regionsA higher molecular wight also leads to higher impact
strength without affecting tensile strength, but results in a lower elongation at’bFaak.
mechanical properties of polyamides algoaffected by the moisture content of the material.
Owing to the polarity of the améegroup, 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
strergth>1° However, the magnitude again depends on the agrioigp density, since it
directly influences the water uptake of the
PA 6.6 drops by 55% from 310@Pa in the dry state to 140@Pa at 50% humidity® For
PA6.12, on the other hand, the change is much smaller (2400 tdVIH&)) due to the lower

water uptake. The absorbed water also affects the dimensional stability and causes deformation
of the intended geometAt° Textile fibers made from polyamidir examplecan expand in

high humidity, causing the fabric to become loose. This limits the application of polyamides in
deepsea applications, where long term durability is essehttdlAdditionally, hydrolytic
cleavage of the amideond can happenluring melt processing if moisture is presént.

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

The first synthetic polyamides/er made are PB.6"2and PA6,*invented byCAROTHERSaNd
SCHLACK, respectively. Bdt were originally used for the production of strong fibers for textiles
and fishing rodsDue to theirhigh abrasionresistance and good mechanical propertiesy

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

followed by the production of textile fibets.Following the invention of P£6.6 and P46,




longerchain ABtype polyamidesjike PA11'® and PA12'" were commercializedThey
exhibit a significantly lower water uptake and melting temperahame PA6 and PA6.6, while
retainingthe good mechanical propertieBue to their increased dimensional stability, these
polyamides are mainly used in tubing and packaging filthgy are also the main polyamides
used for 3D printing applicatiort8.Longerchaindiphatic polyamides have so far also been
synthesized up to PA2.34'° With increasing chaitength their melting temperature
approaches that dfigh densitypolyethylene (132C), although a minimum was found at
110°C for polyamides having a amide grodgnsity of approximately 35 per 1000 methylene
units, corresponding theoretically to F29.29 (Figure 1).° A lower melting temperature
results in lowenergy consumption during processiog the one handwhile limiting the
application temperature on the otheFor hightemperature applications, AAB&pe
polyamides made from sherhain diamines and diacids are preferred. For examplel.®A
made from diamino butane and adipic acid exhibiting a melting temperature O 208y &
used at temperatures up to 280! Polyamides made from shortehnain diamines and diacids
either degrade before melting or exhibit too high melting temperature, making melt processing
uneconomicat?! Although many different polyamides have been ttgwed since their
invention, PA6.6 and P46 still dominate the market and account for over 90% of worldwide

production??
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Figure 1. Melting temperature of aliphatic polyamides in dependence of the gmidp density®23




Tailoring the properties of a polyamide can also be achieved by copolymerization of two or
more polyamides. The resulting copolynmethibits a combination of the properties of its
homopolymersdepending on the rati&Gince most polyamile copolymers arpreparedoy
polycondensation of the different diacids and diamines togetherresulting copobmide
generally has a statistical distributi®nBlock copolymers of polyamides are challenging to
synthesize due to several side reactieqsiiring special techniqué$Another method to yield

a polyamide with combinegbroperties is blending of homopolymers. Here, the desired
homopolymers are mixed together in the melt to yield-eadled blend. A polyamide blend is

a physical mixture of glyamides, whereas copolyamides are a chemical mixtiiile 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 PA6/6.9 blend (218C, 67MPa) were found to be significantly higher than those of a
PA 6/6.9 copolyamide having the same ratio (16643MPa)?°

By adjusting the ratio of the homopolymers, the melting temperature of the resulting
copolyamide can be tail@d. With increasing PA content in the P&/6.6 copolyamidethe
melting point decreases from 280 to 200°C, passing through a minimum of 155 at

60 Wt%.2° This melting point minimum is common for statistical copolymers and due to the
disruption of he crystalline structure of the copolyamidesulting in a reduced crystallinity.
The PA6/6.6 copolyamides indeed exhibit a minimum in crystallinity for the composition
having 50mol% PA6.2’ Similar observations were mader differentcopolyamidesncluding
PA6/6.922 PA 6/7%° and PA6/11%

While the melting temperature can be tailored by copolymerization, the main foctiee
synthesis of copolyamideaslies ontailoring the mechanical propertieshe tensile strength
for example can be improvedy increasing the proportion of the tougher polyamide in the
copolyamide Thus, the copolyamides of FBA12 exhibit increasing tensile strength with
increasing content of theugherPA 6.31:32Copolymerization also influences the elongation at
break, reslting often in more pronounced changes with the copolymer ratio. For tif#1R2A
copolymers, a sharp increase from 21% for@# 560%can be observed with increasitig

PA 12 content to 509Figure 2a).3! A similar trend was fond for PA6/6.9 copolymers, where
an increasing PA content led to an increase in elongation at break from 80% to >180% already
at 20% PA6.2° For the copolyamidesynthesized from dimerized oleic acid (GBA),
hexamethylene diamine and adipic acid @386/6.6) a different trend can be observed. While
the tensile strength increases as before with the content of the stron§d, Bife elongation

10



at break, however, decreases with the@®conten{Figure 2b).33**This is dueto the long
side chains of the C3BA, causing deformation of the copolyamide chain, as well as the
increased intermolecular hydrogen bonding due to the increasiggoRodntent.
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Figure 2. Mechanical properties of a) P&¥12 cgolyamided! and b) PA6.36/6.6 copolyamidé€sdepending on the P8,
respectively P/6.6 content.

1.1.1 Bio-based Polyamides

Most of the above mentioned polyamides are conventmoiginers, meaning their monomers

are synthesized from crude dflince the invetion of synthetic polymers bBAEKELAND the
production volumes are steadily increasing without any sign of slowing &oWhe
combination of a never ending increase in production combined with a feedstock of limited
supply creates the problem of findingwm feedstocks to fuel the production of plastics, like
polyamides, in the future. The utilization of Hiased feedstocksffers great potential for a

truly sustainable production of ®alled bioplasticsAdditionally, the use of new resources
enables theynthesis of new materials having unique and even improved properties compared
to conventional plastics. For polyamides this was already readentyl onby the synthesis of

the fully biobased PAL1 by GENAS in the 195088 This castor oHbased polyande offered

better dimensional stability due to reduced water absorption than the conventional polyamides
PA 6 and PA6.6. Castor oil plays an important role in the synthesis oftdaised polyamides,

as virtually all commercially available blmased polyandes are made from it today. This has
mainly to do with the special fatty acid profile of this plant Oilike other common plant oils,
castor oil contains mainliriglycerides ofricinoleic acid, which malkseup about 90% of the

fatty acids®® Thisfacilitates isolation and purification of the desired fatty acid for the synthesis
of monomers for polyamides. Additionally, the structure of ricinoleic acid contains a hydroxyl

11



function at the C12 position giving it unique properties, as most naturally ocrtatiy acids

do nat contain such a functionalifif.Pyrolysis and subsequent hydrolysis of the methyl ester
of ricinoleic acid yields l&undecenoic acid, the platform chemical for the synthesis of
monomers for bidbased polyamidegScheme?).3® Reaction with gaseous hydrogen bromide
in the presence of a radical initiator selectivgiyes the antimarkovnikov product 11
bromoundecanoic acid in high yieldducleophilic substitution of the bromide with aqueous
ammonia gives Faminoundecanoic acid, the monomer for PA 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 ando2Ztanol.Hydrolysis of the sodium sebacate yields sebacic adicsh

can be used to synthesize different partially or fully-lsed PAX.10. Amidation of the
sebacic acid using gaseous ammonia and dehydration td fBmmetane dicyanide yieldio-
basedl,10-decanaliamine upon hydrogenation of theganide(Scheme?).3 Fully bio-based

PA 10.10 can be synthesized by combining the two castiwasid monomers, as well as other
partially or fully biobased PALO.X. For now, commercial production of castor-bdsed
polyamices is limited to PAL1 and the sebacic aeithsedPA 4.10, 5.10, 6.10 and 10.10
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Scheme2. Reaction pathways for the synthesis of monomers and polyamides from ca¥tét oil.

For fully bio-basel AABB-type polyamides also the diamines need to be sourced from nature.
This is however more difficult than for blmased diacid$: So far, the only commercially
available chemically synthesized Hiased linear aliphatic diamine is the castor oil based
decane diamin®thercommercially available bibased aliphatic diamines are-bdtane and
1,5pentane diamine. Although commercial -bdtane diamine is mostly synthesized from
petrd-based succinonitrile, biochemical synthesis from glucose-aiaininean L-ornithine
also offers a bidased rout¢Schemed).243The synthesis dbio-basedl,5-pentane diamine
revolves arounthe decarboxylation dhe platform chemical-lysine, which isasilyobtained
by fermentatiorwith an annual production of over one million metric t¢g8sheme3).444°
Chemical synthesiutes for 1,5-pentane diamine ka been established in the past, butthe
usually lack in selectivity due to the preserof two amine functionaliti€®*® Commercial
productiontherefore relies on biochemical fermentation of glucosgdmnetically engineered
Escherichia col** %! Cyclization and deamination oflysine also yield§}caprolactam in good
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yields of 75% (Scheme 3).°2 The American biotech compan@Genomaticadeveloped a
biochemical route towards blzased}caprolactam by enzymatic fermentation of adipGylA

to 6-aminohexanoic acief Commercialization of this process is acceleraging the first tons

of bio-based PAG via this route were recently prodiééglenomaticaalso collaboratewith
polymer companieSovestrd® andAsahi Kase? for the production of bidoased polyurethanes

and PA6.6from enzymatically synthesized hexamééme diamine” >° Adipic acid, which is

used for the synthesis of F&A6, has the largest production volume of all aliphatic diacids,
exceeding three million tons per yé&P! Commercial production of adipic acid is still relying
benzene, which is hydgenated and oxidized to form the-caled KA-oil (mixture of
cyclohexanol and cyclohexanone). Further oxidation of theoKAvith nitric acid gives adipic
acid®? Several biebased pathways using different feedstocks have been developed, such as 5
hydroxymethylfurfural (HMF)%3%6 glucose®™ 2 o-valerolacton& 7 and phenolic compounds
(Scheme3).”88! Although many of these processes have cost advantages over conventional
adipic acid synthesighe major challenges for commercial applicatiappearto be product
isolation and purification as well as low efficiency of the catafystowever, Japanese polymer
company Toray recently announced successful synthesis ofbliged adipic acid from
nonfoodderived sugars by fermentati&hCommercialization of the biderivedadipic acid

for the production of bibased P46.6 is anticipated by 2030.

Longerchain diacids are mainly sourced from fatty acids. Thentrtanedioic ad (azelaic
acid) for example can be sourced from &%unsaturated fatty acid by oxidative cleavafe
the double bond. This can be either done by ozon8fysisby reaction with concentrated
hydrogen peroxide at elevated temperaty&sheme3).8> Ozonolysis of oleic acid for the
production of azelaic acid is a commercializathesis route since the 1950s and mainly
performed byEmery Oleochemicaf$-®” For the oxidative cleavage with hydrogen peroxide,
tungsterbased catalysts have proven to be effictit. The Italian companyNovamont
performs this oxidative cleavageramercially, thereby producing blwased azelaic acid from
unsaturated fatty acids and oils without the use of toxic o#bHid he resulting partially bio
based PA.9 by polycondensation with hexamethylene diamine is also commercially available,
althoudn mostly as a copoynidewith PA 6.9:252899.1000xidative cleavage of erucic acid, a
monounsaturated fatty acid withdouble bond at the C13 position, yields the idiid
brassylic acid (Scheme 3).1°! The subsequent PA X.13vere also synthesized by
polycondensation with different diamindsgwever commercialization is limited to the fully

bio-based P/5.1320:192.1035tarting from sebacic acid, the synthesis of dridcane diamine

14



can becarried outsimilaly to the amintion of the castor oibased sebacic aci access
PA 13.X and the fully erucic acidased PA13.131041%1 12dodecanedioic acid, which is one
methyleneunit shorter, is generally prepared by cyclotrimerization and hydrogenation of
conventional B-butadiene and subsequent oxidation of the cyclodode®artdowever,
commercialization of the biochemical production from fatty acids has been done in the last two
decaded®® 119 | eading producer of bibased 1,12lodecanedioic acid today is the Chinese
company Cathay Industrial Biotech'!1* The related plyamidesPA5.12, 6.12, 10.12 and
12.12 have made it into commercialization with the partiallydaised P£6.12 being the most
important oné€® Other commercially available partially or fully biEasedpolyamides are
PA5.6 and 5.14 made from,5pentane diamineas well as 4.6 and 4.10 froin4-butane
diamine Sel-metathesis omonounsaturated fatty acids leads to even lengam aliphatic
diacids. 1,18 1,20, 1,22 and 1,2édiacids were successlalsynthesized by selhetathesis

of oleic acid, 16undecenoic acid, t&icosenoic acid and erucic acid respectiy@gheme
3).1° The relatedbio-basedpolyamides PAX.18116120 X 20,121123 gnd X.22%4 have ber
synthesized, with the exception of the erucic dm@ded PAX.26. Even longerchain diacids
are accessible by chain multiplication of fatty acit¥sBy combination of metathesis and
catalytic dynamic isomerizing crystallization, 1;3hd 1,48diacids were synthesized from
oleic acid. Polyesters were successfully synthesized from thosdomi¢rahain diacids, but no
polyamides so fa(Scheme3). Alternatively, isomerizing carbonylation can also be used to
synthesize longhain aliphatic diacids from fatty acid$® 1,19nonadecanedioicand 1,23
tricosanedioic acid can be obtained from oleic acid and erucic acid in thigWRegductive
amination of the diacids also yield the respective longin diamines to form the partyakhnd
fully bio-based polyamideX.19 and X.2327129

Thesynthesis of bidased PAL8 and PAL9 from oleonitrile and oleoamide via the respective
aminoacid can also be achieved by isomerizing carbonylatidrtheme3).1% Alternatively,
tandem isomerizatichydroformylation of oleonitrile also gives3-oxononadecanenitrijea
precursofor the synthesis of bibased PAL9 *1Using the same strategy with castorlmlsed
10-undecenitrtile gived 1-cyanoundecanoiacid, a possible monomer for the synthesis of bio
based PAL213213% Oxidative ozonolysis of oleonitrile yields-&@ninononanoic acid upon
reduction of the nitrilethe monomer for the synthesis of fully fhased P .1%°Recently, the
synthesis of a bivased aromatic ABype polyamide was reportéé Dehydration followed
by reductive amination and carbonylation of lignocelltbased furfural yields the monomer

5-(aminomethyBfuran-2-carboxylic acid*’ AABB -type aromatic polyamid¢®A X.F) based
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on lignocellulose have also been reported saufang 2,5furandicarboxylic acid (FDCA) or

the corresponding dimethyl ester (DMFBJ.143

HO
RO o o ()N —= w0 () on —>= PAXF
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Scheme3. Reaction pathways for the synthesidbaf-basednonomers and polyamides

1.1.2 Oleic acidas aplatform chemical

Biologically derived fats and oils playcentralrole as renewabl@aw material$or the chemical
industry today In 2021, fats and oils accounted for 36% #newable feedstocks used in
Germany fo the production of chemicals, makitltemthe most importarmesource“* About

18% of these were used for the production ofllmsed polymers, which is the second most
important application of fats and oilsthe chemical industry aftsurfactantsindependent 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, containi@j C double bond. The unsaturated fatty acids can be
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divided into monounsaturated and polyunsaturated fatty acids depending on their nuGiber of

C double bonds. The most common natural fatty acid is oleic acid, a monounsaturated fatty acid
having 18 carbonsnd a CC dowble bond at the C9 positiodpart from plant oils like
sunflower, olive or palm oil it can also be produced from microalg&e:146 While the
aforementioned plant oils are derived from food, microalyaeedible and therefore a non

food feedstock fothe platform chemical oleic aciddditionally, microalgae daot need to be
cultivated on arable land, allowing efficient use of available farmlanfibém production.

Unsaturated fatty acids like oleic acidn react just like any hydrocarbon havingi& 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, fonpdxacan be used to
synthesize a variety of novel monomers for polymerization. Cross metathegisatlidicrylate

or crotonate yields 11tundecanedioic acid which can be used for the synthesis of RAas

well as polyester¥"1°° Amino acids can bechieved similarly by cross metathesis with alkene
cyanides like acrylonitrile, allyl cyanide and homoallyl cyartittd>’Reduction of the cyanide
yields the amino acid, which can be used for the synthesis dafpé&polyamides like PA2,
PA13 and so onThe use of allyl chloride also leads to amino acids after nucleophilic
substitution of the chloride with ammori&.Cross metathesis with enamines is not possible
due to their ability to coordinate to tmeetalalkylidene complex deactivating theGrubls
catalyst!®>*But, amidation of the oleic acid with enamines like allylamine, homoallylamine and
pent4-enylamine followed by ring closing metathesis gives lact2A'§°These lactams can

be used for the synthesis of RA, 12 and 13 providing a reneviafalternative route for the
commercial route to PA2 using petrebased 1,dutadiene Another promising method for

the synthesis of monomers from oleic acid is the cross metathesigttwllene otherwise
known as ethenolysis yieldingdecenoic acid®> 1% Amidationwith a lineardiamineyields a
diamide with two terminalCi C double bonds, which can be polymerized by acyclic diene
metathesis (ADMET) to give polyamidé&sSelf metathesis of the-@cenoic acid and oleic
acid yields the longhain 1,18octadee9-enoic acid, which can thébe used for the synthesis

of PAX.18115149.161.16pglyamides made from the unsaturated dfdias well asrom the
saturatedliacid after hydrogenation have already been prepafétf. Cross metathesis of this
long-chain diacid can again be performed analogously to the previously mentioned reactions to

yields amino acid$>2163.164
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Oxidative cleavage of oleic aciieldsthe shorteichain 1,9nonanedioic acid (azelaic acid)
reaction which is already performeadustrially since the 19588.This can be achieved by
reacting the oleic acid with a strong oxidizer like potassium permang&pateoné® or
hydrogen peroxid& Ozone and hydrogen peroxide offer better yields and are also considered
as green oxidants) 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 terengrofdiples

of green chemistr{f® Many different catalyst systems have been investigated including

168 y;anadium?®®

molybdenurm,®>%7 ruthenium, and the most promising, tungstbased
catalysts:’%1”3 In recent years, also heterogeneous tungsésed catalysts have been
developedo facilitate product separation and catalyst recycfitié?!’#Performing oxidative
cleavage and metathesis reactions on oleic acid always leads-praidets originating from

the oleic acid. In both reactions, only haffthe available bidased carbon ends up in the
monomer. For the oxidative cleavage a new approach was established based on the synthesis
of terephthalic acid frorp-xylenel” Thecatalyst system consisting of cobalhd manganese
acetates together wihydrobromic acidvasable to cleave oleic acid by aerobic oxidation using

air. Theterminal methyl group of the byroduct pelargonic acigvas then simultaneously
oxidized to also give azelaic adiu high yields of 9694.° The resulting PAX.9 have show

to havegood mechanical properties combined with a reduced moisture absorption compared to
PA 6.6° Additionally, the combination of reductive amination and oxidative cleavage of oleic
acid yields Saminononanoic acid, which can be used to synthesizZe BAromising candidate

for the replacement of PA3>177

Utilization of the complete bibased carbon should be the goal for further development of
synthesis methods towards renewable monomers from oleic acid. Another interesting strategy
is theisomeizing carbonylationwhere the internali 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 lofgpain 1,19nonadecanedioic acidhe catalyssystem, which

is also used for the commercial production of methyl methacrylate in toalled Alpha
process, comprises of a palladhoatalyst with the phosphidegand 1,2-bis(di-tert-
butylphosphinomethyl)benzen®TBPX).1’® This catalyst shows higbelectivity of >99%
towards linear reaction products suitable for the synthesis of semi crystalline polymers with
strong mechanical properti€g:128179.18ndditionally, the isomerizing carbonylation reaction

can be performed directly from triglyceridesginating from vegetable oils or microalgte
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yield the longchain diacidin high yield and purity¥18 The resulting PAX.19 have been
synthesized and showed lower mechanical properties than conventiosab,R#ut higher
elongation at break andsignificantly lower water uptake due to the long alkyl cHair?°184
Approaches for catalyst recycling have also been made in recent years by selective
crystallizationof the diacidand the catalyst could be recycled eight consecutive fifhes.
Anothe approach towards 1,I®nadecanedioic acid is the isomerizing hydroformylation of
oleic acid followed by oxidation of the resultirip-oxononadecanoic acifd® Both, the
isomerizing carbonylation and hydroformylation can also be applied for the syruhd$is

aminononadecanedioic acid from oleonitfildor the synthesis of PA9 130131

All synthesis routes mentioned vyield linear aliphatic monomers, which are suitable for the
production of polyamides with high crystallinity. There are however someagies that yield
branched monomers. Thiehe addition of oleic acid with cysteamihgdrochloride for
example, yields a thioethepntaining amino acidhat can be polymerized ta branched
polyamide!®® By the use of a linear dithiol, two oleic acidagtis can be connected to form a
dimerized fatty acid® 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 synthesissually uses talbil consisting of mostly oleic acid and linoleic acid, the
double unsaturated CA8tty 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 dimers3" 1% The resulting polyamides typically have lower crystallinity and therefore
lower melting temperatures due to the bulky structure andidleechains. They are therefore
often used as hanhelt adhesives and reactive components for epoiggs! 1% Recently, the
dimerized fatty acids were used for the synthesis of thermoplastic elastomers (TPES) used for
bead foaming and application in midsoles of running shésother approach towards oleic
acidbased amino acids is the Wetikegler bromination and hydrobromination of oleic acid,
which can be polymerized after nucleophilic substitution and reduction to yield branched
polyamidest®® Similarly, Wacker oxidation of methyl oleate yields a keteatewhich can
undergo reductive aminatiolo give the branched amino acid and resulting polyaniftie.
Alternatively, the keteoleatecan also bedimerized by reductive amination using a linear
diamine to yield a dimerized fatty acief.
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Schemed. 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 amoratf 1,19nonadecanedioic actd? 12° and
is commercially used for the synthesis of 1,4@d 1,13diamines from fatty acibased sebacic

and erucic acid®4106
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1.2Fiberspinning

1.2.1 Melt-spun fibers and applications

For a long time only naturally occurringlgmers, like cellulose from cotton, could be used for
the production of fiberswith the invention of polyamides B$AROTHERS and SCHLACK, the

first synthetic fibers could be produced by a new technique called melt spinning. Today,
synthetic fibers dominatthe fiber market accounting for approximately 64% of global fiber
production in 2021% The majority of which are made by melt spinning of poly(ethylene
terephthalate) (PET), polyamides and polypropylene. Melt spinning is considered the simplest
procesdor fiber production and cagenerallybe applied to any thermoplastic polymer with a
decomposition temperature abatgmelting temperaturédditionally, the polymer melt must

be viscoelastic, meaning that it must be able to build up tensile strésg the spinning
process in order to avoid filament bredlke molten polymer is forced under high pressure
(1007 200bar) through a smalbrifice calledthe spinneretThe formed filament is then
guenched by drawing through air or in some cases throligiicto allow the filament to cool
down and solidifyNo exchange ofnaterial takes place during the spinning process, which is
why the filament diameter is directly proportional to titeement velocity, which is dependent

on the takeup speed and tholymer throughput®®

The meltspinning line can be either directly connected to the polycondensation reactor forming
a continuous process, or separately fed with granulates or f{gkgpsre 3). Continuous
processes are advangagis for high volume production, while using a hopper to feed polymer
flakes or granulatesllows for easier material changes often desired for swmalime
production.Typically, a melt pump ensures a constant polymer throughput to the spinneret in
the spn pack. A screw extruder may be used if the rapitining 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 processabilidlyethe polymerThe
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 sometisngeveral hundred filaments. The rheological
properties of the polymer melt are very importéort the choice of spinneret. The polymer
experiences high shear flow as it passes through the hole, which increases molecular
orientation. The polymer melt reless 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 polymiére occurrence of the die swell is important to
guarantee steady spinning conditions. If the tagespeed is too high, the polymer gets drawn
out of the die and die swell can no longer océiditer quenchinga spin finish may be applied

to aid filament processing. After solidification and applicatibthe spin finish, the filament
may be drawn by several godetscttange the molecular orientation and the fiber diameter.
This is achieved by stretching the-gsun filament between godets of different revolving
speedsTypically drawing should occur abeuhe glass transition temperature starting from
filaments with a low crystallinity® If crystallization occurs before drawing, the filaments
become brittle, making them impossible to didThe amount of drawing greatly influences
the mechanical propees 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.
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Figure 3. Schematic represeniam of a meltspinning line?%?

In order to achieve a stable melt spinning process and sufficient fiber propbeieelymer
should withstand high shear strain without decomposition or crosslinking. A molecular weight
above the entanglement molecularngt® 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 acduire a

high ofientation inthe fiber direction under strairk-urthermore, the polymer needs to have a
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high purity in order to prevent fluctuations and blockage of the spintfém®@tying of the
polymer before extrusion is very important, as remaining moisture camlstiofluence 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 andsubsequently the melt viscosity. The ntois content is especially important for

the melt spinning of polyamides, where so called -alrging can also negatively influence the
spinning process. Water acts as a plasticizer in polyamides, reducing the melt viscosity, and
also impacts the chemicaguilibrium of the polycondensat& Overly dry polyamiddeads to
morefilamentbreaksinterrupting the spinning proced$2olyolefins like polypropylene on the

other hand do not need to be dried as they arehggroscopic.

Semicrystalline polymers argreferred 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, resting in fiber shrinkageé®*

1.2.2 Electrospun fibers and applicatiors

Melt spinning is a great technique for fastd continuougroduction of synthetic fibers in a

large quantity anduitablefor many applications. Howevethe smallest fibers obtained often

have diameters in the micrometer scale. Certain applications like fiber reinforcement and
filtration would benefit from smaller fibern the nanometer rang®ne easily accessible
technique for the continuous production of such ramal micrdibers is eletrospinning. In
contrast to conventional spinning techniques, the spinning process is not based on mechanical

forces, but on electrical forcé®

The theoretical foundation for the electrospinning process relies on the findiBgsoand
LORDRAYLEIGH. In 1745 Bosediscoveredhatapplying an electrical potential to the surface

of droplets causes the formation of an aerd$oRbout 150 years latek ORD RAYLEIGH
described thecalculations for the amount of charge required to cause the deformation of
droplets to form a jet®” Just two years later the first electrospinning process using viscous
material like beeswax and pitch was describgdBoys in 18872°® Shortly after, the first
patents regarding electrical dispersion afds were filed byCooLey andMORTONiN the early
19005299211 Apout thirty years laterFORMHALS described the first application of
electrospinning for the production of synthetic fib€f*®Due to the lacking technology to

accurately observe the formed nanofibers, no sipmti discoveries were made before the

23



invention of the scanning electron microscope (SEM).the early 1990s the topic of
electrospinning was picked up again by academia due to the work3osfi and
RENEKKER.214215\With the use of SEM, they were able determine the fiber diameter and
found a correlation between the needle tip to collector distance and the fiber disvitbténe

start of the 2% century the interest in electrospinning showed a rapid increase from just a few

publications per year to660 solely in 202216

In principle,the electrospinning of a polymer is perfornfean a solution of the polymer ia

suitable solventFigure 4).2>21'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
(spinneretronnected to itA constant flow of the polymer solution has to be achieved in order

to allow a stable electrospinning process. This can be achieved by a syringer pupepistaltic

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&form into a conical shape (Taylor coA®)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 aceleration. The jet follows a straight path for a short distance, ubégins 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 saime tthe jet becomes thinner due to
solvent evaporatiarOnce the jet reaches the collector, the fiioemation process is stopped

and the solidified fibers are deposited on the surface of the collector. The collector can either
be stationary or moving. Aoving 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 dodn a nonwoven.
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Figure 4. Schematic depiction of an electrospinning apparatus.

There are many factors influencing the electrospinning process. Starting wisiolttien
parameters: viscosity and conductivity of the solution, surface tension, molecular argight
concentrationof the polymer andolatility of the solventThe polymer used needs to have a
high enough molecular weightor enough entanglement to ensure the formation of
submicrdibers. Additionally, the molecular weight and concentration influences thesitgc

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 electrospinnift§22°

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 influentee on

conductivity.
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Ultimately, the processing parameters need to be chosen according to the aforementioned
ambient conditions and solution parameters. These indhedgpplied flow ratef the solution
the applied voltage at the spinneret and the collette diameter of the canula, the-tgp
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-foeadhtion.

Increasing the tiio-collector distance will result in thinner fibers and viegsa?!*

Many different electrospinning techniques have been established since the beginning®f the 21
century making it highly versatileElectrospun 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 nanaTedter

which can then be randomly collected to form a nonwoven. The resultingosfaatr
membranes have largespecific surface area, as well as high flexibility and pordéttyhese
membranesan for example be used as substrates to perform highly efficient catalysis reactions
due to theilgreatspecific surface ared? The highly mrousmembraneslso find applications
assolid-state electrolyte in battery cells to improve their sat€tflectrospun membranese

also outstanding filter materials often combining high filtration efficiency with a low pressure
drop, resulting in hity quality factor€?* The quality factor combines filtration efficiency and
pressure drop and allows comparison between different filters and measurement conditions.
The calculation relies odArRcYd s | aw according to which t
proportional to the pressure differendé.can therefore be calculated using the following

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

Removal of particles by means of filtrati@generally described by either surfgaeake or
depthfiltration and combinations thereofFigure 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 typssgilgrated by cake filtration. These
particles accumulate on the surface of the fdted 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 sizeThis 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 mediael@ctrostatic
attraction??>2% Depending on the filtration problem different filtration mechanisms might be
preferred. The pore size of tleéectrospun filter membraneBRM) can be tailored to match
the desired properties. Additionally, thENE can be bemically modified to allow electrostatic
attraction by incorporation of specific functional groupbese affinity membranes can for
example be used to selectivegmovemetal nanoparticlethat aremuch smaller than the pore
size??"228 Due to their tdored properties EMs can be applied for dt$f?2°2°and wet
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Figure 5. Schematic representation of the three different filtration mechanisms.

Electrospun membranes are already available in commercialtais fand their demand has
seen a sharp increase due to the recent Ca@Ipandemié?® The requirements for these air
filters are high and often times a filtration efficiencyaosfer 99% is expectedHEPA (high-
efficiency particulate airjilters, for example,need to be able to remove >99.95% of aerosols
with a particle sizedown to 0.3um in diameter3 The first reported use ofABs for air
filtration dates back to the 1988%,since thera broad variety of polymers have successfully
been applied?® EFMs prepared from acrylonitributadienestyrene (ABS) showed a filtration
efficiency of 99% at a pressure drop of undePa@*’ Electrospun membranes from BAvere
even able to exceed HEPA standards with an efficiency of 99.993% at a face velocity o
5cm-$1.2%8 Multilayered structures are known to perform better than thick single layer
membranes$®® A stack of three electrospyolyacrylonitrile (PAN) membranes of the same
thickness ha@ higherquality factor thara single membranef triple thickness Similarly, a
sandwichmembrane ofPAN in between two layers of PAwas able to remove airborne

particles with an efficiency of 99.9998%, far exceeding HEPA stand&rds.
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Another problem of rising interest is the availability of drinking watéwst of eartls water is

in the oceans and only 2.6% is actually freshwfeFhe 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 choicéghéoremoval of microplastic, oil
and/or toxic metal nanoparticles for water remediatieRMs made from functionalized
polyacrylates showed excellent filtration properties for the removal of gold and other metal
nanoparticle$?’?* The affinity membrane reached a filtration efficiency up to 100% and
could be regenerated up to three times without significant change in their filtration proférties.
The major drawback of electrospun membranes is their often lacking mechanical Stability.
So-called hybrd or composite membranes are often used to counter this by electrospinning on
a supporting layer providing the mechanical stabikiy. example, aybrid membrane of PA
electrospun on a PET web could successfully be used to filter oily contaminamiadigstrial
wastewater with a high permeability ofer 400L-m?2-h*-bar! even after 1% of usage*!

Hybrid membranes are also used to increase hydrophilicity and therefore water permeability. A
bilayer BFM made from electrospun P& on cellulose shoed superhydrophilicity, which
resulted in gpermeability of 120Q.-m2-h’-bar? for the filtration of PS microparticlesom
water?*? Additionally, the prepared membrane was able to remove >99% of the dispersed
microparticles. Selétanding membranes oPA6.2* PAN,2** polyvinylidene fluoride
(PVDP)?#>2% and even recycled PET 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 higpermeability of up to 45000 m2-h-bar! for PVDF24¢
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2 Synopsis

2.1Aim

The global plastics productios increasing in a seemingly unstoppable manner with an annual
growth rate of 4% over the last 20 ye#flt is good to see that bioased materialare 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 202This trend is forecasted to increase to an annual growth rate
of 29% until 203¢*° One of the biggest drivers farrovation might be the fiber market, where
about 20% ofall produced plastic is usé® Despite the growth in production of bimsed
plastics, the share of blmased materials used for the production of synthetic fibers was below
0.1% in 2021Clearly, tere is a large gap between #gpplicationof bio-based materials in the
global plastics market anith the synthetic fibersmarket In order to close that gap, new
materials and feedstocks need to be investigated fiotutbeility in the production ofysithetic

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 ofdaiged plastics todaylhey have a fast growth

rate, often 20 times faster than most terrestrial cttiddicroalgae cultivatioralso allows more
efficient use of available land, as theyrw need to be cultivated on arable land and can also

be cultivated ertically. Two major benefits are that they are not competing with food
production and they also capture carbon dioxide, provided they are cultivated
autotrophically?®! The choice of algae strain is important for the intended application, as well

as the altivation time and parameters.

In the present worloleic 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 microalga@®?2°® Monomersshould then be synthesized from oleic acid by
introduction of a second functionalitfhe monomers need to be linear, meaning they cannot
have any sidehains or branching points, in order to provide the mechanical stability needed
for the production of synthetifibers from the resulting polymefo obtain high molecular
weight polyamides in melt polycondensation, thorough purification and characterizitinen
monomerswere requiredUnderstanding the structupgoperty relationship of the resulting

polyamides was also important tassessheir potential for the production of synthetic fibers.
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Maximizing the biecontent in the final polyamide was also a vital part of the thesis to make as
much use of the available feedstock as posdimestigations on potéial applications of the
fibers prepared from the bimased polyamidesvere also of great interest to prove their

technical applicability.

2.20verview

This work describes the synthesis of-bi@sed linear diacids and polyamides from oleic acid.
Full charactaration of the structurproperty relationship of the resulting polyamides was
performed, as well as the preparation of ma@od submicraefibers using two different
spinning techniques. Possible applications of bhebasedmaterials for production of
sustainable textiles anghembranes have been investigated. Additionally, the recyclability of
the synthesized polyamides was investigated by chemical recycling to recover pure monomer
andhighlight the possibility of a closedop approachRigure 6). The results of this research

led to the publication of three manuscripts in pestewed journals, which are briefly

described in the following.
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oA 1
) Synthesis Engineering vy
Application

Figure 6. Table of contents graphic ofy doctoral thesis.

First, a linear diacid was synthesized from Hased oleic acid bysomerizing methoxy
carbonylation Followed by the synthesis of linear polyamides by melt polycondensation with
linear aliphatic diamines of different chdength. The publication focused dme structure
property relationship of these Boased PAX.19. Chemical recycling of the synthesized diacid
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was performed and successfully polymerized to underline the potential for -thoged

recycling.

The second publication focused on improving thechanical properties of the bibmsed
polyamides by copolymerization with F&A6. Investigations on the structupeoperty
relationship were again an important part of this research. Monofilaments were produced from
the best formulation and fabrics weredaaby knitting. The copolyamides were compared to

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

For the third publication, oleic aclohsed azelaic acid was used to producebbged P/.9

by melt polyconderation. Electrospinning was performed to produce nonwoven membranes
from the shortechain polyamideFull characterization of the nonwovens was performoed
tailor membrane properties during preparatidatentialapplicatiors as filtration membranes

for the remediation of water as well as air purificatioer@assessedRecyclability of the
membranes was also a main focus of the publication in order to provide truly sustainable

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

Plant OilBased PA X.19 Polyamides
M. Rist, A. Greiner ACS Sustainable Chem. E2§922 10, 16793 16802.

1.19-Nonadecanedioic acid

Figure 7. Table of contents graphic afy first publication.

In a twostep reaction the lorghain diacid,l.19nonadecanedioic acidvas synthesized from
bio-based oleic acid using isomerizing methoxycarbonylation. The catalyst system used show
a high selectivity for the methoxycarbonylation at the terminal position resulting in 99+% linear
product.Full use ofthe available bidased carbon was achieved with this reaction, ag @ C
bond in the oleic acid structure is being broken during the rea&tidrsequently, four different
polyamidegPA X.19) were synthesized using the leolain diacidoy melt polycondasation

with linear aliphatic diamines of different chain lengfihe molecular weight of the resulting
polyamides 25 900i 51 60Q met the range of technical grade polyamides.

The resulting polyamides exhibited a high thermal stability with decompostarting at
>400°C under nitrogen and air atmosphere. Their low melting temperature betw2e@

and 208°C is beneficial for melt processing in terms of energy consumption. All four
polyamides also showed good long term stability at their respeatbdeegsing temperature

with a mass losef <1% during one hour under nitrogatmosphere

In order to investigate the processability for injection molding and melt spinning, the
viscoelastic properties of the polyamides were examined usingpbédée rheabgy. 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
300Pa:s at a shear rate of t@l-s! in order to be processible imjection molding.
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Mechanical properties of the polyamides were determined from injection mgpeednens.

All oleic acid-based polyamides showed an elongation at break betwégarg8 169% with

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

tensile strength of all four polyamides was more or less the samd at@@Pa. In terms of
stiffness, a maximum d@59+39MPaf or t he Youngbés mo6@l1BlThes was
results wereompared to the commercial PA.10, a fully biebased polyamide sourced from
castor oil. The oleic acibased polyamides were inferior to the commercial product in terms of
stiffness and ultimate tensile strength, but exhibited similar elongation at tnedake other

hand, the oleic acilased PAX.19 showed a lower water absorption than the commercial
polyamide, with the exception of PA19 Figure 8a). The lower water absorptiaesults in a

higher dimensionaktability 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 abysorpt

Analysis of the crystal structure by WAXS revealed mokkjghasestructures with some-
phasepresent for all PA.19 except PA.19, whichonly showed Uphase crystalline
structuresWith theU-form being the most prominent crystal phase in polyamides, these results

were rather unsurprising.
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chemical ecycling of PA6.19 by microwave assisted hydrolysis Sijessstrain curves of virgin and recycled BAL9.

Hydrolysis of polyamides is a quite complicated task and often requires harsh conditions and
long reaction times. Microwave assisted hydrolysisgudiluted hydrochloric acid was proven

to be successful in depolymerizing BAL9 within 45 minutes reaction tinfEigure 8c). The
resultingl.19nonadecanedioic acidas easily recovered in high purity (>99%) filjration.
Formation of PAsalt from the recovered diacid with hexamethylene diamine and subsequent
melt polycondensationvas successfully performed to yield BAL9, again.The recycled
polyamide had similar molecular weight as the virgin @20 andthe mechanical properties

of the recycled P4.19 were comparable with the virgin polymer in every asfégtire 8d).
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2.4Tougheningof bio-based PA 6.19 by copolymerization with PA 6.6

synthesis and production of mslbun monofitments and knitted fabrics
M. Rist, H. Lécken, M. Ortega, A. Greindacromol.RapidCommun2023 44, 2300256
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Figure 9. Table of contents graphic afy second publication.

The PAX.19 homopolymers synthesized in the first pedgion exhibit a lower tensile strength
than commercial P&, which is commonly used for production of ragpun polyamide fibers.
In order to increase the tensile strength, copolyamides & PRAand PA6.6 were synthesized
by melt polycondensation ohé mixed PAsalts in different ratios. Six copolyamides were
synthesized in total witlvarying PA6.6 contents of 17 88mol%. Their number average
molecular weight ranged from 2860059500, meeting the range of the commercial&PA
(34900), which was usleas benchmark.

The copolyamides showed singitage degradation under nitrogen and air atmosphere with 5%
mass loss at >39%, similar to the homopolymers PA19. Their thermal stability during
processing was also good at temperatures below@A@ith a maximum mass los# 0.5%

under air atmosphere over one hdnocessing 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 PA6.6 content and was between7EC and 248 C (Figure 10a). As expected, the
melting temperature decreased upon increasing thé.®@A&ontent due to disruption of the
crystal structure by the shorter B4 units.The lowest point was reached for the copoligsm

with 31mol% PA6.6 and further increasing the B content resulted in an increasing
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melting temperature. The disruption of the crystal structure due to the additioBab RAits
was also be observed in the melting enthalpy, which correlatesthveitorystallinity of the
copolyamides. Here, the melting enthalpy decreased with increasir@§6P#ontent until

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

The copolyamides showed again a much lower water absorption than the commercial
benchmak, providing a higher dimensional stability. A correlation of increasing water uptake
with the PA6.6 content was found. This is due to the increased hydrophilicity by introduction
of the shortecchain adipic acid. Their water uptake was still much lowantthe benchmark

PA 6, which contained more than twice as much water than the worst perform@&/MBA9

copolyamide after one week.

Uniaxial tensile tests of injection molded specimens of the copolyamides revealed an increasing
tensile strength and 6tif ness ( Youngds @6 dooténtSsarprisingly, the t he
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 copolyanmitile
88mol% PAG6.6. The combination of increasing tensile strength without chaofQthe
elongation properties resettin an increased toughs® PA 6.6/6.19 copolyamides having 55

T 88mol% PAG6.6 exhibited a toughness in the range of commerciab.¥s PA6.6 is not
bio-based, the bi@ontent of the copolyamide is inversely correlated to théBAontent. In

order to find a sustainable stln, the biecontent needs to be maximized without suffering
from weak mechanical properties. Therefore, the best balance betweeontgat and

toughness was found for thepolyamide having 5601% PA6.6.
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Figure 10. a) Detemined melting temperatures of the polyamides as a function of tf&@Péontentb) Stressstrain curves
of the PA6.19 homopolymer and the FA6/6.19 copolymer having 64o0l% PAG6.6. c)Tenacity and elongation at maximum
force (Fmax of meltspun monofamentsd) Microscope image aheknitted fabricmade from melspun monofilament.

The viscoelastic properties of the copolyamides were studied by rhealoglfferent
temperaturesTheir spinnability was assessed according to their temperature inéepérss
and storage modulAll copolyamideswith a PA6.19 content of minimum 5@0l% showed

good potential for melt spinning applications according to their viscoelastic properties

Based on these results, the copolyamide witmb®%6 PA6.6 was synthézed in a larger scale
(CoPA)to perform melt spinning tests. Different dradewn 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 gotion of partially oriented yarns (POY). As
expected, the fineness of the filament decreases with increasingldvawratio due to the
higherdrawing. A higher dravdown ratio also resulted in a higher tenacity of the monofilament

but a lower elongatiomt break Figure 10c). Unfortunately, the tenacity of the bimsed
copolyamide was lower than that of the benchmark6PRNevertheless, these spinning trials

prove the suitability of the material for processing on industrialrspg lines.

Knitting trials of the finest monofilaments made from CoPA were performed to produce
swatchesNo problems occurred during knitting and the resulting swatches show nice loops
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without any deformation or yarn breakagd&gure 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 copolyamidesif processing on industrial knitting machines.
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2.5Bio-basecelectrospun polyamide membrainsustainable multipurpose filter

membranes for microplastic filtration
M. Rist, A. GreinefRSC ApplPolym.2024 Advance Article

air purification oil-water separation
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PA 6.9

electrospun filter membrane

microplastic filtration

Figure 11. Table of congnts graphic ofny third publication

Bio-based PA.9 was synthesized from oleic adidsed azelaic acid and hexamethylene
diamine by melt polycondensatiohhe isolated polymer was dissolved in a mixture of formic
acid/chloroform 1:1 (v/v). Three diffenéconcentrations (10, 12.5 and\i®%) of the polymer
solutions were used for the electrospinning triéitee solutions were spun onto a rotating disc
collector to prepare circular shaped nonwovens. In order to prepare nonwovens of comparable
thickness, lte total spinning time was varied between the different concentrations. Similar to
electrospun nonwovens made from other polyamides, spidéik@atructures were observed

in all nonwovensTailoring of the fiber diameter as well as the resulting pae wias possible

upon changing the polymer concentrat{gigure 12a).

All electrospunfilter membranes (BEMs) showed hydrophobic behavior due to their surface
roughness. TheEMs also showed better mechanical stability th&WE made fromPVDF

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 watems 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. Addionally, the permeability of the membranes remained unchanged during the
filtration tests. The permeability of the commercial filter on the other hand decreased
drastically, highlighting thdenefit from using an electrospun membrane. Observation of the
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cross section of the membranes after filtration suggest a surface filtration mechanism, which
would ease recycling of the membranes by Hackhing.
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Figure 12. a) Fber diameter and pore siz# the electrospun nonwovesgainst he polymer concentratiorb) Water
permeability over time fothe filtration of PS microparticles from watesing the biebased EMs and the PA syringe filter at
1 mL-mirtt. c) Representation of the gravitlyiven separation of water and oil using tHeMs. d) Particle size dependent
filtration efficiency for the removal of aerosols from air using thelidsed EMs.

Due to their hydrophobic surface, the membranes were used for the separation of water and oil
(Figure 12c). The merbranes 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 fluXailoring of the flux was also possible by changing

the polmer concentration, which therefore correlated with the pore ®ieeE-Ms made from

PA 6.9 combine a high separation efficiency with a high permeability, making ity

suitable for such separation problemRgcyclability of the membranes was alsondestrated

and the membranes could be reused at least ten times without significant influence on their

performance.

Additionally, the EEMs were successfully used for the filtration of aerosols from air. They
successfully removed >99% of particles down @®0n in diameter and even up to 83% of
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particles of 0.2um (Figure 12d). In terms of filtration efficiency, the membranes fulfill the
technical specifications for FFP3 and EPA (efficient particulate air) filters. However, they
sufer from a high pressure drop 87107 2200Pa, which is four times higher than the limit
for FFP3 masks. In order to make the$#VIs interesting for filter masks, their pressure drop

needs to be lowered.
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3 Contribution to the work

3.1Publication 1

| performed the majority of the work including writing the manuscript and performing the

synthesis and purification of the monomers and polymers. | prepared the tensile test specimens
and rheology specimens by injection molding and melt pressing. | also perforos¢df 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 angleray scattering (WAXS) as well as measurement of the water
uptake. Size exclusion chromatography measurements were performed by Rika Schneider
(Technician, Macromolecular Chemistry Il, University of Bayreuth). The injectiofding
apparatus and hot press | used were kindly provided by the Macromolecular Chemistry
University of Bayreuth. Prof. Greiner supervised the work and contributed to the work through

his discussions and support during preparation of the manuscript.

3.2Publication 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. | prepared tensile test specimens
and rheology specimens by injection molding and melt pressimg equipment provided by

the Macromolecular ChemisttyUniversity of Bayreuth. | performed the characterizations of

the monomers and polymers using NMR, GC, TGA, DSC, DMA, rheology and tensile tester.
In addition, | performed the measurements fomhter uptake. Size exclusion chromatography
measurements were performed by Rika Schneider (Macromolecular Chemistry Il, University
of Bayreuth). Melt spinning of the polymer provided by me was performed by Mathias Ortega
(Institut fur Textiltechnik, RWTHAachen 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
Locken (nstitut fur Textiltechnik, RWTH Aachen University

Henning Locken 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 supervisethe work and contributed to the work through his discussions and

support during preparation of the manuscript.
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ABSTRACT: We report on plant oil-based linear aliphatic polyamides from 1.19-
nonadecanedioic acid and aliphatic diamines of different chain lengths. Their thermal,
mechanical, and rheological properties as well as the water uptake and crystalline structures
were analyzed. The polyamides were synthesized with high molecular weights of 26 000 to 52 ;
000. All polyamides showed high thermal stability with Tsy, of >400 °C as well as high
crystallinities of ~50%. Injection molding of the plant-oil-based polyamides was successfully
performed to produce tensile test specimens. Chemical recycling of the polyamides was

1.19-Nonadecanedioic acid
Py
i PN

Iy

pa

. PAX19

demonstrated by microwave-assisted hydrolysis, with a recovery of 99% for 1.19-
nonadecanedioic acid. Melt polycondensation using the recovered monomer was successfully performed to synthesize recycled
polyamide in similar quality, which underlines its potential for closed loop recycling.

KEYWORDS: bio-based, fatty acid, polyamide, chemical recycling

B INTRODUCTION

Polyamides are used extensively in engineering applications,
such as automotive and electronics, due to their mechanical
properties, low weight, and high chemical resistance.” They can
also be found in our everyday life, such as in tooth brushes,
climbing ropes, and clothing.l To date, these polyamides are
mostly made from nonrenewable fossil-based feedstock. A shift
to renewable resources is needed to produce sustainable
polyamides with practical relevance.

The commercially available bio-based polyamides to date are
almost exclusively made from plant-based castor oil.> Castor oil
consists of mainly ricinoleic acid, a monounsaturated omega-9
fatty acid with a hydroxyl function at the CI12 position. The
hydroxyl group differentiates this fatty acid from common fatty
acids, such as oleic acid and palmitoleic acid, and it enables the
synthesis of the platform-chemical 10-undecenoic acid via
pyrolysis.> While castor oil does not compete with food, it is,
however, the only economically reasonable resource for
ricinoleic acid.* Increasing the production volume will result
in a high dependency on the cultivation of castor beans as a
source for castor oil.

Oleic acid, on the other hand, can be sourced from a wide
range of edible and inedible plant oils, resulting in a higher
level of diversification of the feedstock.” The synthesis of
linear amino acids for AB-type polyamides from oleic acid via
cross-metathesis was extensively studied. Synthesis pathways
toward PA 12 using acrylonitrile,” ' allyl chloride,'" and allyl
cyanide,'” as well as PA 13 by the use of homoallyl cyanide,
were reported (Scheme 1).'” The synthesis of lactams via ring-
closing metathesis was also investigated as precursors for PA
11-13."*"* Cross metathesis using methyl acrylate yields the
linear 1.11- and 1.12-diacids for PA X.11'%"° and PA

© 2022 The Authors. Published by
American Chemical Society
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X.12."*7"7 Self-metathesis of oleic acid and derivatives thereof
yields the long-chain linear diacid 1.18-octadecanedioic
acid.'®7>* Polyurethanes,”* polyesters,”>>* and polya-
mides”*™* were successfully synthesized using this monomer.
Another approach toward linear diacids is the cleavage of the
double bond of oleic acid, yielding azelaic acid. This can be
done either via ozonolysis’' or oxidative cleavage® using
hydrogen peroxide, and both strategies are commercially used
by Emery Oleochemicals®® and Matrica,**™* respectively. At
first, ruthenium-based®” catalysts were used, but nowadays
tungsten-based catalystsw are more widely used, and, recently,
a vanadium-based catalyst system was also published.”' Azelaic
acid-based polyamides using linear diamines with different
chain lengths showed good mechanical properties combined
with reduced moisture absorption compared to PA 6.6.*>
While the aforementioned methods are excellent tools for
the synthesis of oleic acid-based monomers, they, however,
only utilize 50% of available bio-based carbon of the oleic acid.
To be even more sustainable, full use of available bio-based
carbon should be achieved for the synthesis of plant oil-based
polyamides. The use of cobalt and manganese salts together
with hydrogen bromide, for example, enables the full use of
bio-based carbon for the synthesis of azelaic acid.*”** In this
one-pot reaction, the byproduct pelargonic acid is oxidized to
form azelaic acid, reaching 100% atom efficiency. Another
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Scheme 1. Synthesis Routes Toward Oleic Acid-Based Polyamides via Cross-’~'” and Self-Metathesis,'®>* Oxidative
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Scheme 2. (a) Synthesis of 1.19-Nonadecanedioic Acid 3 from Oleic Acid 1; (b) Synthesis of PA 4.19—PA 12.19 from 1.19-
Nonadecanedioic Acid 3 and Linear Alkyl Diamines A4—A12 Having Different Amounts of Methylene Groups via Their

Respective PA-Salts $4.19—S12.19 by Melt Polycondensation
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method for the synthesis of linear aliphatic diacids with 100%
atom efficiency is isomerizing methoxycarbonylation. The use
of a palladium-catalyst together with the phosphine-ligand 1,2-
bis(di-tert-butylphosphinomethyl)benzene enables the one-
step isomerization of the internal double bond to a terminal,
and methoxycarbonylation with carbon monoxide to form an
ester.”® The synthesis of dimethyl-1.19-nonadecanedionate
with a high purity of >99% and a high linear selectivity was
achieved using this method.*® A simple hydrolysis step yields
the long-chain diacid 1.19-nonadecanedioic acid, which can
then be used for the synthesis of polyamides and polyesters.

16794

The synthesis of fully bio-based polyamides PA 23.23 and PA
23.19 from the methyl esters of oleic acid and erucic acid was
reported using isomerizing methoxycarbonylation.*” Combin-
ing this technique with the “borrowing hydrogen” method-
ology,‘m*50 the direct amination of the long-chain diacids was
reported to synthesize long-chain 1.19-nonadecanediamine for
the synthesis of PA X.19.'

In this work, we investigated the potential of polyamides
derived from 1.19-nonadecanedioic acid. The polyamides were
synthesized by melt polycondensation with linear diamines
having 4, 6, 8, and 12 methylene groups. The focus of our work

https://doi.org/10.1021/acssuschemeng.2c05176
ACS Sustainable Chem. Eng. 2022, 10, 1679316802
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is the characterization of those bio-based polyamides in order
to understand structure—property relationships, which are
fundamental for processing and real-world applications. The
decomposition temperature was determined using thermogra-
vimetric analysis (TGA), and thermal properties were analyzed
via differential scanning calorimetry (DSC) and dynamic
mechanical analysis (DMA). The viscoelastic behavior was
analyzed using rheology to determine optimal processing
temperatures and residence times for injection molding. The
mechanical properties of all polymers were measured using
tensile test specimens made by injection molding. Structural
characterization was performed using nuclear magnetic
resonance spectroscopy (‘H NMR) and wide-angle X-ray
diffraction (WAXD). We also report on the microwave-assisted

Table 1. Yield, Molecular Weight, and Dispersities of PA
X.19

yield biocontent”

Polyamide (%) M, M, p“ (%)
PA 4.19 76 51 600 92 300 1.8 78
PA 6.19 79 26 000 46 900 1.8 72
PA 8.19 97 25 900 50 000 1.9 67
PA 12.19 88 30 200 49 600 1.6 58
Vestamid Terra DS 16 36700 86700 2.4 100

(PA 10.10)

“SEC (HFIP + 0.1% KTFA, room temperature, PMMA standard).
YThe percentage of bio-based carbon content of the total carbon
content in accordance with DIN EN 16640.

depolymerization of bio-based polyamides with high recovery
rates. Polycondensation of recycled monomers was also
successfully performed to yield high-performance polyamides
in a closed loop approach.

B RESULTS AND DISCUSSION

Synthesis of 1.19-Nonadecanedioic Acid and PA
X.19. The long-chain diacid, 1.19-nonadecanedioic acid 3,
was synthesized from oleic acid 1 in two steps (Scheme 2a).
The first one being an isomerizing methoxycarbonylation of
plant oil-based oleic acid 1 by the use of a palladium catalyst in
combination with 1,2-bis(di-tert-butyl-phosphino-methyl)-
benzene (dtbpx) and methyl formate as a source for carbon
monoxide in methanol. This catalyst system shows remarkably
high selectivity toward a,w-diesters if used with unsaturated
fatty acids.” The unique selectivity of dtbpx is also utilized in
the commercial production of methyl methacrylate in the so-
called Alpha process.’” In the second step, the long-chain
diacid was recovered from the long-chain diester 2 by simple
hydrolysis using a methanolic solution of potassium hydroxide
at elevated temperatures and aqueous hydrochloric acid.
Finally, the 1.19-nonadecanedioic acid 3 could be isolated in
purities exceeding 99%, as proven by 'H NMR, with an overall
yield of 80%.

PA-salts $4.19—812.19 were formed by mixing equimolar
amounts of diacid 3 with linear alkyl diamines A4—A12 having
4, 6, 8, and 12 methylene groups in their alkyl chains in ethanol
and heating. After filtration and drying, the polyamides PA
4.19—PA 12.19 were synthesized from their respective PA-
salts §4.19—S12.19 via melt polycondensation in two steps
(Scheme 2b). At first, oligomers were formed at lower
temperatures of 160 °C. Then, the polycondensation was
performed at 260—280 °C with an applied vacuum. After 8—9
h of reaction time, the synthesis was stopped, and the polymers
were received as white solids via precipitation with high yields
of up to 97% (Table 1). The structure of the polyamides was
verified by 'H NMR spectra (Figure S8). The molecular
weights ranged from 25 900—51 600, which meets the range of
technical grade polyamides. In contrast to commercial
polycondensation reactions, the PA salts needed to be isolated,
as we were not able to perform the polymerization under
increased pressure. In order to avoid evaporation of diamine
during the precondensation, the temperature was slowly
increased until the final temperature was reached. This
naturally led to a longer reaction time (8—9 h) compared to
commercial processes for the synthesis of PA 6.6 (6 h).!

The bio-based carbon content focuses solely on the carbon
in the polymer without other components such as hydrogen,
oxygen, or nitrogen. This allows easier measurement of the

16795

biocontent of polymers, as only the fraction of bio-based
carbon needs to be determined by C14 analysis. By means of
isomerizing methoxycarbonylation, the complete available bio-
based carbon of the oleic acid could be used for the synthesis
of diacid 3. Together with non-bio-based carbon monoxide,
this results in a carbon-based biocontent of 95% for diacid 3.
Since the linear alkyl diamines A4—A12 are sourced from
conventional fossil-based feedstock, the carbon-based bio-
content of the final PA X.19 decreases as the amount of
methylene groups in the diamine increases. Thus, the polymers
PA 4.19—PA 12.19 obtained have a biocontent between 58
and 78% (Table 1). By the use of bio-based diamines, such as
pentamethylene diamine and 1.10-diaminodecane, the bio-
based carbon-content could be further increased to 96 and
97%. Furthermore, the fully oleic acid-based PA 19.19 could be
synthesized by reductive amination of the 1.19-diacid.”"

Thermal Properties of PA X.19. The 5% weight loss
(Tsy) of the polyamides PA 4.19—PA 12.19 were under
nitrogen as well as air atmosphere above 400 °C. All
polyamides are partially crystalline according to DSC analysis,
with degrees of crystallinity of approximately 50%. The melting
points (T,,) ranged from 172—208 °C (Table 2, Figure la).
Glass transition temperatures (T,) were observed only by
DMA analysis and ranged from 44—62 °C (Figure S9). The
drop of Ty and T, with increasing number of methylene
groups (Figure 1b) can be well understood by the decrease of
the amide frequency as reported previously.”

Isothermal TGA measurements of all polyamides were
performed to examine the long time stability of the PA X.19 at
their respective processing temperature. With the exception of
PA 4.19, all PA X.19 showed good long time stability with
<1% mass loss in 1 h under nitrogen and air atmosphere
(Table 2, Figure S6). This deviation is due to the exceptionally
high processing temperature (280 °C) necessary for injection
molding of PA 4.19.

Rheological Properties of PA X.19. The viscoelastic
properties of the polyamides PA 4.19—PA 12.19 were studied
in the molten state at different temperatures with a plate—plate
rheometer. For all polyamides, a decrease in the complex
viscosity with increasing temperature could be observed. This
is caused by the increase of the free volume of the polymer
melt, which weakens the intermolecular forces and increases
the polymer fluidity.”> Therefore, the melt viscosity of the
polyamides can be adjusted by changing the processing
temperature, which is important in injection molding or melt
spinning applications. The dependency of the complex
viscosity on the temperature can be described with the
Arrhenius or the WLF equation. The Arrhenius equation is
generally used for temperatures much higher than the glass

https://doi.org/10.1021/acssuschemeng.2c05176
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