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Chapter 1 

General Introduction  
 
 
 

In the last two decades, the utilization of renewable resources for 
polymer synthesis has received immense attention. Molecules derived 
from renewable resources such as adipic acid, 1,4-butanediol, 2,5-
furandicarboxylic acid, lactic acid, and succinic acid have formed 
biobased chemical platforms that are seen as a potential alternative 
to the current fossil-based building blocks. The use of biobased 
monomers coupled with enzymatic polymerization has opened a 
powerful and promising approach towards the greener production of 
novel biobased polymers. 

In this chapter, a brief introduction into biobased polymers is given. 
This includes the derivation of furan building blocks from renewable 
resources, their polymerization and an overview of the recent 
developments in the field of enzymatic polymerization. Finally, the 
motivation of this thesis will be highlighted.  
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1.1 Polymers and Renewable Resources 

 Polymers are macromolecules that consist of many small 
molecular fragments known as repeating units.1 Allocated by their 
origin, polymers can be classified as natural or synthetic polymers. 
Natural polymers can be found in living organisms, for example; 
lignocellulose, starch, proteins, DNA and RNA. Synthetic polymers 
are conventionally produced via the polymerization of simple 
building blocks and they can be tailored to meet specific demands. 
Driven by the establishment and advancement of common 
polymerization techniques, the growth of synthetic polymers was 
prominent in the early 20th century2, which led to a significant rise 
in the consumption of this class of materials.  
 Polymers are known as ubiquitous and valued materials that 
play an important role in our daily life due to their broad range of 
applications, such as in packaging, coatings, fibers, adhesives, 
foams, and specialty polymers. This was reflected by their 
enormous annual worldwide demand of 348 million tons in 2017.3 
However, the massive demand for polymeric materials was 
accompanied by a severe environmental problem. The polymer 
industry is mostly dependent on the fossil feedstock and 
petroleum-based engineering processes.4, 5 This is of a great 
concern as the fossil fuels are limited and are expected to be 
depleted within a few centuries.6-8 As a consequence, polymer 
industry faces a rising pressure to develop environmentally 
friendly and sustainable production processes and materials. To 
address these challenges, it is necessary to develop sustainable 
polymer materials. One approach that has attracted considerable 
research effort is the polymerization of monomers or platform 
chemicals from renewable resources.  
 Biobased polymers are defined as “sustainable polymers 
synthesized from renewable resources such as biomass instead of 
the conventional fossil resources such as petroleum oil and natural 
gas, preferably based on biological and biochemical processes”.9 In 
recent years, the worldwide environmental awareness stimulated 
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the development of biobased polymers, since they offer a 
significantly reduced dependency on fossil fuels and are therefore 
recognized as one of the most successful innovations.5, 10-18 As 
illustrated in Figure 1.1, biobased polymers can be classified into 
three classes4, 18:  

a) The 1st class: naturally derived polymers. 
In this class, biomass (including chemically modified one) 
is directly used as a polymeric material. Some of the 
examples included in this class are cellulose, cellulose 
acetate, starches, modified starches, and chitin. 

b) 2nd class: bio-engineered polymers. 
The 2nd class of biobased polymers is bio-synthesized by 
using microorganisms and plants, for example, 
poly(hydroxyl alkanoates) (PHAs), and poly(glutamic acid). 

c) The 3rd class: synthetic polymers from renewable building 
blocks. 
The monomers used in this class are naturally derived 
molecules or obtained from the breakdown of naturally 
derived macromolecules via chemical and biochemical 
processes. Poly(lactic acid) (PLA), poly(butylene succinate) 
(PBS), and bio-poly(ethylene terephthalate) (bio-PET) are 
some of the polymers included in this class. 

 
Figure 1.1 General classification of biobased polymers and their 
examples. 
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 Biobased polymers from the 1st and 2nd class typically have a 
superior role in applications where biodegradability is required. 
However, with regard to the design of the chemical architecture, 
these first two classes of biobased polymers show a limited variety. 
In contrast, biobased polymers from the 3rd class have a 
particularly chemical structure versatility in the building blocks. 
Moreover, the renewable monomers that form this class, can 
readily be introduced to replace the common petroleum-derived 
polymers. It is also notable that since the 1990s, the applications of 
biobased polymers were gradually shifted from biodegradable to 
general and engineering materials.4 Essentially, this fact makes 
biobased polymers from the 3rd class far superior as compared to 
the other two. The use of biobased monomers with versatile 
structures enables the tailoring of novel biobased polymers with 
the potential for specific applications. Hence, all these features lead 
to an interest in the study of biobased polymers from the 3rd class. 
 Given recent developments in the area of biobased products, 
it seems reasonable to assume that nearly any petrochemical 
monomer can be produced from a renewable resource. Certainly, 
routes for the synthesis of commodity petrochemicals, such as 
succinic acid, ethylene, ethylene glycol, terphthalic acid, p-xylene, 
xylene, benzene, toluene, and 1,4-butanediol from renewable 
resources have already been demonstrated.19-27 This obviously 
provides an opportunity towards the development of various 
biobased polymers. For instance, a sustainable alternative to 
existing petrol-based polymers (e.g. polyethylene (PE), 
polypropylene (PP), and poly(methyl methacrylate) (PMMA)) or 
even novel polymers which were not yet produced from petrol-
based monomers. 

1.2 Biobased Furan Monomers 

 Shifting from petro-based feedstock to renewable resources 
can rectify some environmental problems associated with 
petrochemical extraction and render a sustainable polymer 
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production. A nearly infinite supply of biobased monomers can be 
generated from biomass as a source of raw materials.28 Biomass is 
defined by the International Union of Pure and Applied Chemistry 
(IUPAC) as a “material produced by the growth of microorganisms, 
plants, or animals”.29 Among the various types of biomass starch, 
vegetable oil, cellulose, lignin, and proteins are the most widely 
used sources to generate diverse building blocks for biobased 
polymers. Each type of this biomass gives access to different types 
of building blocks and some of them are already industrially 
produced (see Figure 1.2). In this thesis, different monomers (e.g. 
diacids, diols, and diamines), which are mostly derived from 
carbohydrates and vegetable oils, have been used. 
 Within a large variety of renewable building blocks, furan 
derivatives and furan chemistry occupy a special position in 
polymer chemistry. The similarity between furan and phenyl rings 
opens an opportunity to a biobased alternative for phenyl-based 
polymers. A whole new chapter in polymer science can be created 
from furan compounds that are readily prepared from sugars 
and/or polysaccharides.   

 
Figure 1.2 Major Conversion Pathways from Biomass to Building 
Blocks and  Polymers.30 
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 Hydroxymethylfurfuraldehyde (HMF) is a furan derivative, 
that can be prepared from C6 polysaccharides or sugars.17, 31-33 The 
conversion of fructose to HMF is, for example, performed by acid-
catalyzed dehydration in water with phase modifiers34, 
supercritical acetone35, or high boiling point solvents36.  HMF has 
received some attention because of its oxidation product, 2,5-
furandicarboxylate (FDCA), which is considered as a suitable 
alternative to terephthalic acid (TPA) and isophthalic acid.5, 16, 37 
TPA is often used in the synthesis of polyesters (e.g., poly(ethylene 
terephthalate) (PET)) and polyamides (e.g., poly(phthalamides)). 
Improved routes and the scale-up process of FDCA production have 
been actively studied so that it is currently readily produced from 
biomass feedstock. Avantium Technologies B.V. (NL) industrially 
produces FDCA without isolating the HMF intermediate, stable 
alkoxy-derivatives of HMF are used instead.38, 39 As a result, the 
FDCA price is expected to be cheaper than the petrol-based TPA 
soon.16, 40 

 
Scheme 1.1 FDCA and DMFDCA derived from HMF.  

 FDCA has two dicarboxylic acid groups and is therefore a 
potential monomer for polycondensation with, e.g., diols or 
diamines. The rigidity in the aromatic structure of the 2,5-
furandicarboxylate moiety can be useful for designing rigid 
biobased materials with high glass transition temperatures and an 
excellent thermal stability. As shown in Scheme 1.1, FDCA can be 
obtained from oxidation of HMF7, 37 or converted from HMF via a 
biocatalytic approach. 41 A set of other rigid monomers suitable for 
a polycondensation reaction can as well be derived from HMF 
(Scheme 1.2). For example 2,5-bis(hydroxymethyl)furan (BHMF) 
can be obtained after hydrogenation of the aldehyde function of 
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HMF. The conversion of FDCA into polymeric materials is 
summarized in the next section. 

 
Scheme 1.2 A selection of monomers derived from HMF as reported 
by Gandini et al.17 

1.3 FDCA-based Polymers 

 In general, two synthesis approaches were developed as the 
main fashion in furan-based polymers. In the first approach, a 
Diels-Alder reaction is applied to synthesize novel thermally 
reversible polymers from furan/maleimide and diene/dienophile 
combinations, while the second approach is via a polycondensation 
reaction and involves mostly monomers related to FDCA. A 
comprehensive review on the furan based polymers from the first 
approach has been published by Gandini et al.42 In this work, furan-
based polymers originating from the second approach are 
discussed, mainly due to interest in the utilization of FDCA and 
BHMF monomers. However, this thesis is focused on the 
polycondensation of FDCA and BHMF as these monomers are most 
relevant for enzymatic polymerization (discussed in chapter 1.4).
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 The main advantage of FDCA as a monomer is the structure 
similarity with TPA, particularly the aromatic ring with two 
carboxylic acid groups in opposite positions. The substitution of the 
phenylene ring in TPA with a furan ring in FDCA will decrease the 
covalent strength along the chain axis, due to the decrease in the 
aromaticity and the polymer chain orientation. However, it will also 
increase the polymer polarizability due to the presence of two lone 
electron pairs on the oxygen atom. Hence, it will increase the 
interaction between the different chains and eventually influence 
the properties of the polymer materials. 
  Due to the high number of aliphatic monomers, furanic-
aliphatic polyesters are one of the most actively studied families of 
furan polymers.11 The combination between FDCA monomers and 
a vast number of aliphatic diols allows to tailor various furan 
polyesters and vary the final properties of the polymers. Moreover, 
in several studies, there is a general trend to select monomers that 
can be obtained from renewable resources. Several studies 
reported enhanced thermo-mechanical properties43-50 and 
biodegradability51-56 of this novel class of polyesters. Regardless of 
the recent development of bio-TPA to produce entirely renewable 
poly(ethylene terephthalates) (PET), poly(ethylene furanoate) 
(PEF) still achieves some recognition as their furan counterpart 
and therefore becomes the most prominent member of the FDCA 
polyester family.23, 57-60 PEF is a completely new polymer with high-
performance properties (barrier, thermal, and mechanical)61, 62 and 
is expected to create its own niche market.63 It is used in many 
general applications like films and fibers; and particularly used for 
packaging of soft drinks, alcoholic beverages, and mineral water. In 
the last few years, several studies regarding PEF properties have 
been published, including the thermal properties, degradation, and 
mechanical behavior of the amorphous and/or semi-crystalline 
form. 43-46, 52, 61, 62, 64-68 
 In the late 1970s, Moore and Kelly69, 70 started their studies in 
the synthesis of furanic-aromatic polyesters. Consisting of furanic 
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and benzenic or totally furanic rings in their backbone, this family 
of furan polyesters became attractive due to their enhanced 
thermal and mechanical properties and/or their liquid crystalline 
character. For instance, Gandini et al.43, 64 have reported the 
synthesis of poly(1,4-phenylbismethylene 2,5-furandicarboxylate) 
(PHBMF), poly(2,5-furandimethylene 2,5-furandicarboxylate) 
(PBHMF), and poly(1,4-phenylene 2,5-furandicarboxylate) (PHQF). 
All described polyesters displayed a high thermal stability, 
especially PHQF with a maximum decomposition temperature 
close to 490 °C. PHQF was shown to have a high crystallinity and no 
thermal transition appeared below 400 °C, indicating that the 
melting temperature (Tm) was above its degradation temperature.  

Besides polyester, polyamides are one important family of 
polymers as well. Polyamides typically exhibit a high thermal 
stability, enhanced mechanical performance, enhanced impact 
strength and abrasion resistance. They are generally used as fibers 
and films for consumer goods, the automotive industry, and 
electronics. All these attractive features certainly have encouraged 
studies on furanic polyamides.71-76 Interestingly, compared to 
Nylon, FDCA-based polyamides display higher glass transition 
temperature (Tg) values and a comparable mechanical 
performance. The first synthesis of FDCA-based polyamides dates 
back to 1961, when Hopff and Krieger77, 78 found that the heating of 
a hexamethylene diammonium FDCA salt gave rise to strong 
decarboxylation, so that no discrete polymers were obtained from 
their attempts. Subsequently, Heertjes and Kok79 reported that the 
decarboxylation of FDCA occurred at about 195 °C. They reported 
their attempts to polymerize FDCA, dimethyl 2,5-
furandicarboxylate (DMFDCA) or 2,5-furandicarbonyl dichloride 
(FDCDCL) with C4, C6 and C8 linear aliphatic diamines and 
obtained clear, brittle and light-yellow to brown color FDCA-based 
polyamides. The Tm of PA-4F, PA-6F, and PA-8F were reported to 
be 250, 175, and 125 °C, respectively. In contrast, Grosshardt et al.74 
reported several amorphous FDCA-based polyamides (PA-6F, PA-
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decarboxylation, so that no discrete polymers were obtained from 
their attempts. Subsequently, Heertjes and Kok79 reported that the 
decarboxylation of FDCA occurred at about 195 °C. They reported 
their attempts to polymerize FDCA, dimethyl 2,5-
furandicarboxylate (DMFDCA) or 2,5-furandicarbonyl dichloride 
(FDCDCL) with C4, C6 and C8 linear aliphatic diamines and 
obtained clear, brittle and light-yellow to brown color FDCA-based 
polyamides. The Tm of PA-4F, PA-6F, and PA-8F were reported to 
be 250, 175, and 125 °C, respectively. In contrast, Grosshardt et al.74 
reported several amorphous FDCA-based polyamides (PA-6F, PA-
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8F, PA-10F, and PA-12F) with a Tg ranging from 70 to 110 °C, 
obtained from the melt-polycondensation using Sn- or Ti-derived 
catalysts. The companies, Avantium and Solvay, reported an 
improved method to produce higher molecular weight FDCA-based 
polyamides in two patents.71, 72 Here, Gruter et al. proposed a two-
step polymerization strategy to prevent the occurrence of N-
methylation of the poly(amides). In the first step of the proposed 
polymerization, DMFDCA and diamines are oligomerized, then 
subsequently the polyamide oligomers are coupled by a 
bifunctional linker.  
 Poly(ester-amide)s are interesting materials as they generally 
display properties of both polyesters and polyamides. Polyesters 
readily degrade through hydrolysis of the ester linkage, they are 
more flexible, and in general show better solubility in organic 
solvents. Due to their hydrogen bonding, polyamides show higher 
thermal and mechanical robustness. With this combination of 
features, poly(ester-amide)s are mainly suggested for applications 
that require good thermo-mechanical properties, as well as 
biocompatibility and biodegradation, for example, they would be of 
high interest for biomedical applications or as high-performance 
polymers with reduced environmental impact. Surprisingly, 
compared to the furan-based polyesters and polyamides, recent 
literature dealing with furan poly(ester-amide)s is scarce. Abid et 
al. 80, 81 developed several furan poly(ester-amide)s via bulk 
polycondensation. They found that the obtained poly(ester-
amide)s are amorphous polymers and the increase of the amide 
fraction is increasing the Tg and decreasing the degradation rate. 
Rastogi and Noordover et al.82 have successfully synthesized novel 
poly(ester amide)s containing 2,5-furandicarboxylic acid moieties 
and compared them to the terephthalic acid and isophthalic acid 
analogs. In a more recent publication, they reported the synthesis 
of FDCA-based cross-linked poly(ester amide)s via the 
polymerization of 2,5-bis(4,5-dihydrooxazol-2-yl)furan (2,5-
FDCAox) with sebacic acid.83 In addition, the importance of this 
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furan polymer family was also highlighted in a patent on the 
preparation of biodegradable furan poly(ester amide)s.84 

1.4 Enzymatic Polymerization 

 Enzymatic polymerization is defined as an in vitro enzyme-
catalyzed synthesis of polymers that does not follow biosynthetic 
pathways.85-87 For the synthesis of polymers, enzymatic 
polymerization offers numerous benefits. It enables mild 
conditions of the polymerization reaction, i.e., the presence of non-
toxic media at low temperatures. Due to the high enzyme enantio-, 
chemo- and regio-selectivity, it restricts side reactions and 
consequently results in a polymer of good quality. Enzymes can 
also be utilized in a broad range of environments, such as bulk, 
biphasic organic media (solvent-aqueous mixtures), reversed 
micelle systems, and supercritical fluids.88 The steric hindrance at 
the active site of the enzyme allows the synthesis of linear chains 
when monomers with a functionality <3 are used. Due to their 
origin, enzymes are eco-friendly, non-toxic natural catalysts. 
Therefore, unlike for organometallic catalysts (Zn, Al, Sn, or Ge), 
removal of the enzyme from the end product is often not that 
crucial. Moreover, the enzyme retains thermally or chemically 
sensitive moieties in the monomer structure during polymerization. 
Thus, the removal of moisture and oxygen during the reaction is not 
strictly necessary.89-91 When immobilized, enzymes become 
recyclable, cost-effective and can be stabilized to work at relatively 
high temperatures.85, 92-94 
 The enzymatic production of polycarbonate and polyaromatic 
compounds pioneered some of the first reported works.93 A 
significant development in the enzymatic polymerization was 
achieved when linear polyesters with high molecular weights were 
synthesized. Another important progress was the discovery of  
enzyme activity in organic solvents.95, 96 However, the activity was 
still limited due to the low stability towards organic solvents and 
high temperatures. To solve this issue immobilization techniques 
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were employed.97 The enzymatic syntheses of various aliphatic 
polyesters and polyamides from diacid diols/diamines, 
hydroxyacids, lactones, and aminoacids have been reported in the 
past.94, 98-110 However, the production of semi-aromatic and 
aromatic polyesters or polyamides via the enzymatic pathway is 
still limited. This is mainly due to low reactivity of the aromatic 
monomers during the enzymatic polymerization (low 
temperature) and the low solubility of the corresponding polymers. 
The latter causes a loss of contact between the active site of the 
enzyme and the oligomers, due to premature precipitation of the 
oligomers and thus resulting in a low degree of polymerization.109 
Nevertheless, due to the fast development of the FDCA and the 
broad potential applications of furan-based polymers, our group, in 
particular, successfully synthesized some furan-based polyesters 
and polyamides via an enzymatic route.111-114 Indicative work 
discussed herein focuses mainly on the exploration of the 
accessibility of furan polyesters, polyamides, and poly(ester 
amide)s through enzymatic polymerization. 
 

1.4.1 Categories and Role of the Enzyme 

 Enzymes are classified into six different classes (EC) according 
to the reaction type that they can catalyze108: 

i) EC.1. Oxido-reductase: catalyze redox-reactions by 
electron transfer. For example, peroxidases and 
laccases are normally used in the production of 
polyanilines, polyphenols, polythiophenes, and vinyl 
polymers. 

ii) EC.2. Transferases: catalyze the transfer of a functional 
group from a donor compound to another compound. 
For example polyhydroxyalkanoates (PHA) synthase, 
hyaluronan synthase and phosphorylase produce 
respectively, polyesters, hyaluronan, and amylose. 
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iii) EC.3.Hydrolases: catalyze the hydrolysis of different 
bonds. The most recognized enzymes in this class are 
cellulase, chitinase, xylanase, papain, and lipase.  They 
are normally used in the production of polysaccharides, 
polyesters, polycarbonates, polyamides, poly(amino 
acid)s, polyphosphates, and polythioesters. 

iv) EC.4. Lyases: catalyze the addition of chemical groups 
to break double bonds or the reverse where double 
bonds are formed by the removal of functional groups 
by means of other than hydrolysis and oxidation. 

v) EC.5. Isomerases: catalyze racemization or 
epimerization of chiral centers. 

vi) EC.6. Ligases: catalyze the coupling of two molecules 
with hydrolysis of the diphosphate-bond or other 
similar triphosphates. 

 Until now, only four classes of enzymes have been reported to 
catalyze in vitro polymerizations: oxido-reductases, transferases, 
ligases, and hydrolases. Among these enzymes, hydrolases are 
widely studied in the synthesis of polyesters and polyamides. 
Especially, Lipases are the prominent and known as the most 
efficient biocatalysts for the enzymatic polymerization of 
polyesters. Besides polyesters, in our laboratory, several 
polyamides/oligoamides, and poly(ester amide)s are successfully 
prepared using lipase as biocatalyst.105, 106, 115 

1.4.2 Lipases 

 Lipases are known as an enzyme type particularly suitable for 
polycondensation, ring opening polymerization, and polymer 
modification, due to their stability in organic solvents at moderate 
temperatures.116, 117 In general, lipases retain a high catalytic 
activity in nonpolar organic solvents with log P (logarithm of 
partition coefficient) values more than 1.9.118, 119 Some organic 
solvents that are suitable for lipases are benzene (2), toluene (2.5), 
diphenyl ether(4.05), and hydrocarbons like cyclohexane (3.2) and 
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polyamides/oligoamides, and poly(ester amide)s are successfully 
prepared using lipase as biocatalyst.105, 106, 115 

1.4.2 Lipases 

 Lipases are known as an enzyme type particularly suitable for 
polycondensation, ring opening polymerization, and polymer 
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temperatures.116, 117 In general, lipases retain a high catalytic 
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n-hexane(3.5).120 It was reported that lipases can retain their 
functionality in green solvents like ionic liquids and supercritical 
CO2 as well.121-124 Additionally, lipases show a high stability at 
elevated temperatures, can cover a wide range of pH values, and 
have a broad range for accepting unnatural substrates.125 Lipases 
can be isolated from several microorganisms and nowadays they 
are commercially available with very high purity.  
 Lipases (E.C. 3.1.1.3) originally catalyze the hydrolysis of 
water-insoluble long fatty acids triglycerides to di-glycerides, 
mono-glycerides, and glycerol with the release of free fatty acids in 
an aqueous solution. Lipases exhibit similar structures, all of them 
possess an α/β hydrolase fold. The active site is generally 
consisting of a catalytic triad consisting of a nucleophilic residue 
(serine), a histidine base, and an acidic residue (aspartate). The 
general catalytic mechanism of lipases is illustrated in Scheme 1.3. 
The whole process involves an acylation followed by a deacylation 
step.126, 127 In the acylation step, due to the proton transfer between 
the aspartate, histidine, and the serine triad, the hydroxyl group of 
the serine is activated. As the result, the nucleophilicity of the 
hydroxyl group is increased which leads to a reaction with the 
carbonyl group of the substrate (carboxylic acid or carboxylic acid 
esters). Hence, a tetrahedral enzyme-substrate intermediate with a 
negative charge on the oxygen of the carbonyl group is formed. A 
hydrogen bond between the amide groups of the amino acids in the 
enzyme and the oxygen in the carbonyl group of the substrate is 
formed. This in turn leads to an oxyanion hole. Consequently, the 
charge distribution is stabilized and the energy state of the 
tetrahedral intermediate is reduced. After that, the alcohol (R1-OH) 
is released from the intermediate. Subsequently, the acyl-enzyme 
intermediate is formed by the covalent bond between the residues 
of the substrate and the serine. The deacylation step starts when a 
nucleophile (R2-OH) enters the enzyme and attacks the acyl-
enzyme intermediate. The product (a new carboxylic acid ester or 
carboxylic acid) is released and the enzyme is regenerated. The 
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nucleophile (R2-OH) can be an alcohol (alcoholysis) or water 
(hydrolysis). 

 
Scheme 1.3 General mechanism of Lipases catalysis.127 

 Candida antartica lipase B (CALB) particularly is a well-known 
biocatalyst and it is extensively used in the synthesis of polymers. 
This is because CALB is stable over a broad pH range, and it has a 
high degree of substrate specificity, with regard to both regio- and 
enantio-selectivity.128 As illustrated in Figure 1.3, CALB is a protein 
with a known tridimensional structure which comprises an 
approximate dimension of 30 ⨉ 40 ⨉ 50 Å  and consists of 317 
amino acids with an overall molecular weight of 33 kDa. The active 
site of CALB, similar to other lipases, has a Ser-His-Asp catalytic 
triad  (Ser 105, Asp 187, and His 224) and two oxyanion holes (Thr 
40 and Gln 106).129  
 The catalytic mechanism of CALB is the same as for other 
lipases. Most lipases have a hydrophobic lid covering their active 
site and hence show a higher activity by an interfacial activation. 
The interfacial activation is caused by the opening of the lid 
structure from the enzyme when interacting with the substrate at 
different interfaces. However, the existence of the lid structure and 
the interfacial activation of CALB is still under debate. 
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Figure 1.3 The crystal structure of Candida antartica lipase B 
(Protein Data Bank ID: 1TCA). 

Some studies suggested that CALB is an interfacial activated 
enzyme with two α-helixes (α5 and α10) surrounding the CALB 
active center that could work as the lid.130-133 A more recent study 
reports that the interfacial activation of CALB is determined by the 
interface hydrophobicity and the overall size of the substrate.132 
Other studies suggest that CALB displays no interfacial 
activation134 and exhibits no lid covering the entrance of the active 
site. 129 It is also reported that the high selectivity of CALB is due to 
a very limited pocket space in the active site compared to other 
lipases.135 
   Enzyme immobilization, such as a covalent binding of the 
enzymes to water-insoluble particles, adsorption on a different 
surface, and entrapment in gels or hollow fibers, has increased the 
enzyme stability as well as promoted their recyclability.136, 137 The 
thermal stability and performance of CALB have improved in the 
immobilized form. A prominent commercial immobilized CALB 
that is used both in industry and in academia is Novozym® 435 
(N435, Novozymes A/S, Denmark). N435 consists of 10 wt% of 
CALB physically absorbed within 90 wt% of Lewatit VP OC 1600 
beads (a macroporous divinylbenzene-crosslinked methacrylate 
polymer resin).119, 138, 139 The bead size ranges from 315 – 1000 µm 
and the average pore size is 140 – 170 Å.140, 141 N435 functions as a 
hydrophobic catalyst that can work at mild conditions, but which 
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can also tolerate more extreme conditions like reactions at elevated 
temperatures up to 150 °C.103, 142, 143 

1.5 Mechanism of the Enzymatic 
Polycondensation – Targeted Polymers 

 In general, the synthesis of the targeted polymers (polyesters, 
polyamides, and poly(ester amide)s), can proceed in three 
polymerization modes (Scheme 1.4): a) step-growth 
polycondensation; b) ring-opening polymerization and; c) ring-
opening addition-condensation polymerization, which is a 
combination of the ring-opening polymerization and the 
polycondensation. However, as a consequence of the rising interest 
in FDCA, research of furan-based polymers was mostly focused on 
the step-growth polycondensation. In a polycondensation process, 
two functional groups of different or the same molecules 
(monomers or oligomers) react, resulting in the formation of 
higher molecular weight molecules. This process is often 
accompanied by the extraction of a by-product (condensate), for 
example water in the synthesis of polyesters.  
 Polyesters are polymers, in which the monomer units are 
linked together by ester bonds, while in polyamides the repeating 
units are connected by an amide/peptide bond. Polymers 
containing both ester and amide groups in their backbones are 
poly(ester amide)s. According to the composition of the main chain, 
polyesters and polyamides can be classified into three types: 
aliphatic, semi-aromatic, and aromatic.  
 Decades of research resulted in knowledge on a number of 
parameters that affect the enzymatic polymerization. The 
concentration and type of enzyme, the type and chain length of the 
monomer,  the temperature and time of the reaction, as well as the 
reaction medium were found to be crucial aspects.88 These main 
parameters can be adjusted/optimized depending on the targeted 
polymer type and will be discussed thoroughly in this thesis. 
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monomer,  the temperature and time of the reaction, as well as the 
reaction medium were found to be crucial aspects.88 These main 
parameters can be adjusted/optimized depending on the targeted 
polymer type and will be discussed thoroughly in this thesis. 
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Scheme 1.4 Main polymerization modes of lipase-catalyzed syntheses 
of polyesters and polyamides.  

1.5.1 Polyesters 

 In general, semi-aromatic polyesters possess better thermal 
and mechanical properties compared to the aliphatic polyesters. 
They are mainly used as commodity and thermal engineering 
plastics. An example for semi-aromatic polyesters is PET. PET as 
the fourth-most-produced plastic in the world, has a global 
production capacity more than 28 million tons in 2012.144, 145 PET 
is often used for packaging, textiles, engineering resins, etc. 
PlantBottle™ (Coca Cola, USA) and GLOBIO® (Toyota Tsusho 
Corporation, Japan) are some examples for the commercial use of 
biobased PET (30% biosourcing), while Avantium (NL) has 
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commercialized PEF, a 100% biobased semi-aromatic polyesters 
based on furan monomers. 16, 63, 131 The synthetic routes 
investigated so far for PEF production included several 
polycondensation and polytransesterification approaches. A two-
stage melt polymerization approach has been adapted in many 
studies including a patented one.44, 45, 65, 146-151 An in-depth 
systematic study on the parameters affecting this two-stage 
polymerization, i.e., starting monomer, temperature, and especially 
the catalyst used, has been published by Gruter et al. in 2012.152 
They discovered that a yellow discoloration of the PEF occurred 
when the polymerization temperature was increased up to 260-
280 °C and dibutylin(IV)-oxide was used as the catalyst. Noordover 
et al.153 reported similar discoloration problems for some FDCA-
based polymers and suggested that it was due to the impurities of 
the sugar in FDCA, side reactions (e.g. decarboxylation), or due to 
the additives such as the catalyst. 
 The enzymatic polymerization obviously offers a solution to 
the before mentioned issues in PEF synthesis or furan-based 
polymers in general. The mild reaction conditions (temperature 
and catalyst) offer a more eco-friendly synthetic route and prevent 
that side reactions occur. The enzymatic synthesis of polyesters 
was extensively reported in the past few years. In terms of the 
synthetic methods, decades of research have provided a useful 
guide about which parameters are affecting the enzymatic reaction 
systems for polyester synthesis.  During the lipase-catalyzed 
polyester synthesis, four modes of reversible reactions may occur 
(Scheme 1.5): hydrolysis, esterification, transesterification 
(alcoholysis and acidolysis), and interesterification. In order to 
facilitate an efficient equilibrium shift towards the polymerization, 
it is important to remove the byproducts, such as water or alcohols, 
from the reaction mixture. Among diverse reports about enzymatic 
synthesized polyesters, the most common by-product removal is 
via the application of vacuum.89, 154-156 In order to prevent the 
evaporation of volatile reactants, it is crucial to limit the vacuum 
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within the first step of the polymerization. Another method to 
circumvent this problem has been suggested by Vouyiouka et al.157 
by using molecular sieves in the pre-polymerization step and 
subsequently applying a bulk postpolymerization. Several studies 
also suggested more than one polymerization step by increasing 
the vacuum and temperature. Jiang et al.158 proposed the division 
of the reaction in two stages, applying inert conditions for 
oligomerization, and then vacuum during the second stage. A 
similar study, which is in a good agreement with these results, was 
carried out by Kanelli et al.99 Compared to the one-stage process, 
the proposed two-stage method resulted in a higher molecular 
weight. Previously, different polyesters, including the FDCA-based 
polyesters, were successfully prepared by this two-stage enzymatic 
approach in our group.113, 114  

 
Scheme 1.5 Basic elemental modes of lipase-catalyzed reactions in 
polyester synthesis. 
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1.5.2 Polyamides and Poly(ester amide)s 

 As mentioned earlier, the conventional synthesis of furan-
based polyamides faced several drawbacks. The enzymatic 
polymerization, on the other hand, gives the ability to synthesize 
polyamides in a greener way and eliminate these drawbacks. 
Lipase can catalyze the formation of amide bonds, and its use as a 
biocatalyst for the in vitro syntheses of polyamides and poly(ester 
amide)s is clearly attractive. Yet, the lipase-catalyzed 
polymerization of polyamides has not been well studied due to the 
high Tm and poor solubility of polyamides.109 At temperatures 
above the Tm of the polyamides, the catalytic activity of lipases is 
significantly decreased because of the protein deactivation and 
denaturation. In addition, many polyamides can only be dissolved 
in aggressive solvents (formic acid, concentrated H2SO4, and 
trifluoroacetic acid), in which lipases lose their activity. 
 Nevertheless, some polyamides or oligoamides have been 
synthesized via an enzymatic pathway.108, 159 The synthesis of 
polyamides by lipases is dominating the current research with 
N435 displaying the highest catalytic activity. In analogy to 
polyesters, the basic modes of elemental reactions during the 
polyamide syntheses consist of direct amidation and 
transamidation (aminolysis) (Scheme 1.6). The application of 
vacuum is still necessary for the enzymatic syntheses of 
polyamides. However, a higher water amount can be tolerated due 
to the higher reaction equilibrium constant (hundreds of times 
larger than for polyesters).160 Hence, the applied vacuum in the 
N435-catalyzed synthesis of polyamides is relatively high in 
comparison to the polyester analogs (100 to 2 mmHg). Besides that, 
molecular sieves are also used combined with a vacuum step.101, 104, 
107 
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Scheme 1.6 Basic elemental modes of lipase-catalyzed reactions in 
polyamide synthesis. 

 As one of their main research focus, Loos et al. reported the 
enzymatic pathway towards several aliphatic and semi-aromatic 
polyamides or oligoamides.105-107, 115, 161 Several polyamides 
obtained via the enzymatic polycondensation or ring opening 
polycondensation were also reported, for example, by Cheng et 
al.162, Ragupathy et al.103, and Kong et al.163 However, studies 
related to the enzymatic synthesis of poly(ester amide)s are still 
limited. For instance, Sharma et al.164 successfully obtained a 
poly(ester amide) containing silicon units from dimethyl adipate, 
diaminosiloxane, and 1,8-octanediol synthesized via a N435-
catalyzed polymerization in bulk. In addition, Ragupathy et al.103 
studied the enzymatic approach on poly(amide-co-ester)s from 
several combinations of monomers (pentadecanolide, 1,8-
diaminooctane, diethylsebacatae, and 1,12-diaminododecane). 

1.6 Scope and Outline of the Thesis 

 The major aim of this research is to develop an enzymatic 
polymerization synthesis as a greener approach to prepare a wide 
array of biobased furan polymers and to investigate the properties 
of those polymers with regard to potential applications. Due to the 
utilization of furan monomers, in this research, the main focus lay 
on the enzymatic synthesis of semi-aromatic polyesters, 
polyamides, and poly(ester amide)s. In terms of both synthetic and 
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material issues, decades of research provided a useful guide about 
which furan systems are robust and which are prone to difficulties. 
This knowledge was used to successfully combine suitable furan 
monomers with the enzymatic pathway. This thesis is composed of 
five chapters, Chapter 1 is the introductory chapter and Chapter 2-
4 describe different aspects of enzymatic polymerization of various 
furan-based polymers. 
 Chapter 2 discusses the enzymatic synthesis of FDCA-based 
semi-aromatic polyamides. Different aliphatic diamines were used 
to study the effect of diamine chain length and the enzymatic 
polymerization kinetics. A series of FDCA-based semi-aromatic 
polyamides was successfully produced and their thermal 
properties are carefully investigated and compared to those of the 
FDCA- and petrol-based counterparts- produced via conventional 
approaches. 
 In Chapter 3, the applicability of the enzymatic polymerization 
in the synthesis of FDCA-based heteroatom-containing polyamides 
was examined. In order to make the reaction greener, the 
enzymatic polymerization was also performed in bulk. The effect of 
the heteroatom functionality in the diamine monomers on the 
enzymatic polymerization were studied and three (potential) 
heteroatom diamines, namely 4,9-dioxa-1,12-dodecanediamine 
(DODA), diethylenetriamine (DETA), and 3,3-
ethylenediiminopropylamine (EDDA) were polymerized. It has 
been shown that the enzymatic polymerization offers great 
feasibility for the synthesis of these functional FDCA-based 
heteroatom-containing polyamides.  
 Chapter 4 is devoted to investigate the impact of the furan 
aromaticity on the CALB-catalyzed synthesis of furan-based 
copolyesters. The enzymatic polymerization is performed by using 
different monomers and applying different approaches. In addition, 
the synthetic mechanism was evaluated by the variation of the 
linear aliphatic monomers and their feed compositions. Finally, the 
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obtained copolyesters were thoroughly characterized and 
compared with their polyester analogs. 
 Chapter 5 outlines the enzymatic synthesis of various furanic-
aliphatic poly(ester amide)s. In this chapter, the enzymatic 
polymerization is performed in an ionic liquid to study its effect and 
applicability on the enzymatic synthesis of furanic-aliphatic 
poly(ester amide)s.  
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Chapter 2 

Enzymatic Synthesis of 2,5-
Furandicarboxylic Acid-based Semi-
aromatic Polyamides: Enzymatic 
Polymerization Kinetics, Effect of 
Diamine Chain Length and Thermal 
Properties 
 
Published in RSC Advances 2016, 6, 67941-67953. 
 
2,5-Furandicarboxylic acid (FDCA)-based semi-aromatic polyamides are novel 
biobased alternatives to petrol-based semi-aromatic polyamides 
(polyphthalamides), that have a broad commercial interest as engineering 
thermoplastics and high performance materials. In this study, a series of FDCA-based 
semi-aromatic polyamides is successfully produced via Novozym®435 (N435, an 
immobilized form of Candida antarctica lipase b (CALB))-catalyzed 
polycondensation of (potentially) biobased dimethyl 2,5-furandicarboxylate and 
aliphatic diamines differing in chain length (C4 - C12), using a one-stage method at 
90 °C in toluene. The obtained polyamides reach high weight-average molecular 
weights ranging from 15800 to 48300 g/mol; and N435 shows the highest selectivity 
towards 1,8-octanediame (C8). MALDI-ToF MS analysis indicates that no byproducts 
are formed during the enzymatic polymerization. Study of the kinetics of the 
enzymatic polymerization suggests that phase separation of FDCA-based 
oligoamides/polyamides takes place in the early stage of polymerization, and the 
isolated products undergo an enzyme-catalyzed solid-state polymerization. However, 
the isolation yields of the purified products from the enzymatic polymerizations are 
less than ~ 50 % due to the production of a large amount of low molecular weight 
products that are washed away during the purification steps. Furthermore, the 
thermal properties of the enzymatic FDCA-based semi-aromatic polyamides are 
carefully investigated, and compared to those of the FDCA-based and petrol-based 
counterparts produced via conventional synthesis techniques as reported in 
literature. 


	Chapter 1

