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Abstract 

Enzyme-catalyzed polymerization have been witnessing a growing attention in recent years as an 

eco-friendly substitute to metal-based catalysis. The objective of our work is to synthesize a series 

of polyesters via enzymatic catalysis based on different aliphatic and aromatic diols and diesters, 

where we focused on the influence of reaction parameters, monomer structures, and depicted the 

advantages and limitation of enzymatic catalysis in polymer synthesis. The enzyme used 

throughout our work was Novozym 435, a lipase from Candida antarctica, immobilized on an 

acrylic resin. In Chapter 1, we reviewed the different methods and approaches used in the 

literature to synthesize polymers via enzymatic catalysis. In Chapter 2, we performed the reaction 

between hexane-1,6-diol and diethyl adipate via a two-step polycondensation approach where we 

monitored the effect of certain parameters on the number average molecular weight (Mn). The 

influence of temperature, vacuum, and the amount of enzyme loading were determined using a 

central composite design. Other factors such as the reaction media, oligomerization time, and 

catalyst recyclability were also assessed. In Chapter 3 furan-based copolyesters were synthesized, 

where we showed that we can incorporate higher amounts of furan when using aliphatic diols with 

longer chains such as dodecane-1,12-diol. In Chapter 4, levoglucosan, an anhydrous 6-carbon 

ring structure and a pyrolysis product of carbohydrates such as starch and cellulose, was reacted 

against different chain length diesters in the presence of aliphatic diols and Novozym 435 as a 

catalyst. The polyesters produced were limited in their number average molecular weight (Mn) and 

the amount of levoglucosan that was successfully incorporated into the polymeric structure. 

Nevertheless, by increasing the chain length of the diester, we were able to produce a copolymer 

containing higher amounts of levoglucosan and a higher molecular weight.  
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Résumé 

La polymérisation catalysée par des enzymes a fait l'objet d'une attention croissante ces dernières 

années en tant qu’alternative écologique à la catalyse à base de métal. L'objectif de notre travail 

est de synthétiser une série de polyesters par catalyse enzymatique basée sur différents diols et 

diesters aliphatiques et aromatiques, où nous nous sommes concentrés sur l'influence des 

paramètres de réaction, des structures de monomères et avons décrit les avantages et les limites de 

la catalyse enzymatique dans la synthèse de polymères. L'enzyme utilisée tout au long de nos 

travaux était la Novozym 435, une lipase de Candida antarctica, immobilisée sur une résine 

macroporeuse acrylique. Dans le Chapitre 1, nous avons passé en revue les différentes méthodes 

et approches utilisées dans la littérature pour synthétiser des polymères par catalyse enzymatique. 

Dans le Chapitre 2, nous avons effectué la réaction entre l’hexane-1,6-diol et l'adipate de diéthyle 

via une approche de polycondensation en deux étapes où nous avons évalué l'effet de certains 

paramètres sur la masse molaire moyennee en nombre (Mn). L'effet de la température, du vide et 

de la charge enzymatique a été déterminé à l'aide d'un plan d’expérience de type plan composite 

centré. D'autres facteurs tels que le milieu réactionnel, le temps d'oligomérisation et la recyclabilité 

de l’enzyme ont également été évalués. Dans le Chapitre 3, des copolyesters à base de furane ont 

été synthétisés, où nous avons montré que nous pouvons incorporer des quantités plus élevées de 

dérivés furaniques lors de l'utilisation de diols aliphatiques avec des chaînes plus longues tels que 

le dodécane-1,12-diol. Dans le Chapitre 4, le lévoglucosan, un dérivé anhydre du glucose issu de 

la pyrolyse de polysaccharides tels que l'amidon et la cellulose, a réagi avec des diesters de 

différentes longueurs de chaîne en présence de diols aliphatiques et de Novozym 435 comme 

catalyseur. Les polyesters produits étaient limités en termes de masse molaire moyenne en nombre 

(Mn) et de quantité de lévoglucosan incorporée. En augmentant la longueur du diester, nous avons 

augmenté la quantité de lévoglucosan incorporée ainsi que la masse molaire moyenne en nombre.  
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General introduction 

The increasing environmental concerns of fossil fuel-based materials and their pronounced 

negative impact on our environment has been shifting the research focus towards a more 

sustainable synthetic pathway to develop polymers with adequate properties and a low carbon 

footprint. Such an approach is strongly supported with the increasing research works on the 

valorization of biomass to produce biobased polymeric materials.1–5 

Although shifting to biobased polymers is a very important step to ensure environmental 

sustainability, it is however, insufficient. In fact, when discussing biobased polymers, it is crucial 

to investigate their manufacturing process and assess the environmental concerns accordingly. In 

other words, the overall production process of such biobased polyesters should be optimized to 

insure minimal environmental damage. For example, such assessment should take into 

consideration the extraction process of the biobased building blocks, the energy consumption 

during extraction and synthesis, and the impact of other factors such as the solvents and catalysts 

used, etc.  

Focusing on optimizing the production of biobased polymers, enzymatic catalysis has been 

introduced as a greener synthetic approach towards the production of polyesters, owing to its non-

toxic nature, high selectivity, and the possibility of processing under mild conditions.6–8 When 

compared to current metal catalysts used for polyester synthesis, they are advantageous by 

avoiding any residual traces of harmful metals after synthesis and by preventing any discoloration 

and side reactions that can occur with metallic catalysis due to the elevated temperatures required.9 

In addition, the high selectivity of some enzymes can allow performing some reactions in minimal 

steps by avoiding additional steps like protection/deprotection chemistries that would otherwise 

require via these conventional catalyses.10,11 

Aims of the study 

The aims of the research conducted throughout this thesis is to develop efficient and green 

synthetic pathways for the manufacturing of biobased polymers via enzymatic catalysis. This work 

aims to highlight and define the impact of key-parameters that affect polymer growth via 
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enzymatic polycondensation. In addition, it sheds light over the limitations of using Novozym 435 

for the synthesis of polyesters containing cyclic compounds and aims at developing appropriate 

approaches and strategies to overcome them.  

 

Outline of the thesis 

Novozym 435 (N435), a Candida antarctica lipase B (CALB) immobilized on a macroporous 

hydrophobic resin was used throughout this study to catalyze the polycondensation reactions of 

different monomeric units. 

Chapter 1 starts with a general literature overview of the growing field of biobased polymers, 

their sources and challenges faced in production and competition. This chapter extends to focus 

on the use of enzymes as alternative catalysts for polymer synthesis, discussing the different types 

of enzymes, and polymers produced via enzymatic catalysis, and factors affecting it. In Chapter 

2, we present a statistical approach to predict key-parameters affecting enzymatic catalysis, 

focusing on the impact of temperature, enzyme loading, reaction medium and vacuum variation. 

Chapter 3 concerns the enzyme-catalyzed synthesis of furan-based copolyesters, where the effect 

of aromatic content, diol and diester length is assessed and studied. In Chapter 4, Novozym 435 

was used to synthesize polyesters containing levoglucosan, an anhydrous derivative of glucose 

where different approached were assessed to incorporate it into a polymeric structure.  
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1. Bibliography 

With the growing environmental concerns regarding the production of fossil fuel-based polymers 

and their significant polluting effect, research had been shifting attention towards finding 

alternative renewable resources to produce polymers with adequate properties, smaller carbon 

footprint, and an efficient economical synthetic pathway. Amongst the various approaches 

employed to reach such a goal, enzyme-based polymerization came to light as one of the green 

alternatives to conventional polymerization techniques, owing to their various advantageous 

properties such as their green renewable nature, selectivity, and the milder energy input they 

require in polymer production. In the following chapter we briefly report the different sources and 

challenges to produce biobased polymers. In addition, a thorough description of the use of enzymes 

as biocatalysts in the production of polymers have been reported. This chapter shows the 

advantages, capabilities, as well as limitations of enzyme-catalyzed polymerization focusing on 

the production of polyesters, polyamides and poly(ester-co-amide)s. The effect of monomer type, 

reaction parameters, and media, are detailed. 

Keywords: biopolymers; enzymatic polymerization; polyesters; polyamides; poly(ester-co-

amide)s; lipase. 

 

1.1 An introduction to biobased polymers 

Biobased polymers can be defined as polymers that are sustainable in nature, produced from 

renewable resources such as biomass and characterized by possessing neutral CO2 emission. Such 

definition encompasses polymers produced totally or partially from renewable resources. 

Although different criteria can be used to distinguish between the different types of biobased 

polymers and their production route, it can mainly be divided into 3 main pathways: (1) natural 

polymers extracted and/or modified such as starch and cellulose; (2) macrostructures produced and 

extracted from microorganisms such as the use of bacteria to ferment sugars and oils to produce 

poly(hydroxyalkanoates); (3) polymerization of biomonomers to form e.g polyesters, polyamides, 

and polyurethanes. Although the first two approaches are known for a long time, they however 
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As attractive as it might seem, biobased polymers are still facing with lots of limitations, especially 

in regard to their price, as their production is not capable of competing due to the high cost of raw 

materials, and low volume production in comparison to the fossil-fuel based polymers.  Therefore, 

it is becoming essential to develop a green, fast, continuous, and reliable manufacturing pathway 

that could promote biobased polymers to a more competing status. In fact, the current market of 

biobased polymers does not exceed 1% of the total amount of polymers produced. Expectations 

for 2024, show a possible increase by 282 thousand tons (Figure 2), a 13% increase from 2018. 

However, this increase is still considered very modest in comparison to fossil-fuel based plastic 

market.6,7 

 

 

Figure 2. The expectation of biobased polymer production growth till 2024.6,7 

 

The current applications of biobased polymers are limited and sparsely diversified, where up to 

53% is solely used in packaging. Other applications include textiles, agriculture, coatings, and 

adhesives, etc. Several biobased polymers have been developed in the past years and are showing 

a promising growth in production rate, due to their wide range of applications, the most common 

among them are biobased polypropylene (PP) and poly(hydroxyalkalkanoates) (PHA) with 

expectations to increase by 3 and 6 times in 2024, respectively. The current biobased plastic market 
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is dominated by starch blends that account for 21.3% of the total biobased plastics market, 

followed by polylactic acid at 13.9% and polybutylene adipate terephthalate (PBAT) at 13.4%. 

Other biobased polymers produced at a significant level include polyethylene (PE), poly(ethylene 

terephthalate) (PET), poly(trimethylene terephthalate) (PTT), polyadipates (PA), and to a lesser 

extent, poly(butylene succinate) (PBS) at 4.3%. Additionally, a promising biobased polymer 

poly(ethylene furanoate) (PEF) is expected to become industrially produced in the few years to 

come, PEF possess similar properties and characteristics to PET, but has superior barrier 

properties, and can be totally produced from bioresources.6,7 

 

 

Scheme 1. Structures of common biobased polymers. 

 

 

1.2 Biobased polymers sources and challenges 

One of the major arguments against biobased polymers is the growing risk of the competition with 

food resources, especially when edible biomass is used in their production. Such a problem could 

only be exacerbated by competition on land and water resources, in addition to the deforestation 

n

n

n

n m

PBAT

Bio-based PP
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PLA
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of huge areas and replacing a wide variety of plant species with only one (such as the case of palm 

trees for palm oil production). Such approaches would result in severe damage to our ecosystem, 

and cause problems that can be as significant as the damage done by fossil-fuel based polymers. 

Therefore, it is important to search for resources that do not inflict such damage and it is also 

important to tread carefully before branding a product as green or environment friendly. To address 

this problem, different strategies have been used to avoid the use of food related biomass and find 

alternative bioresources. For example, food waste is being a main contributor to all biowastes, can 

serve as a possible source for biogas production. Studies in this field have shown the possibility of 

producing biogas, biomethane, and other chemicals via different strategies and chemical 

procedures, such as anaerobic digestion of food waste to produce biomethane and biohydrogen 

that could serve as an energy source for electricity production.8 In addition, food wastes due to its 

richness in sugars, proteins, and oils, can serve as an important source of chemicals that are 

essential in producing biobased polymers.4 For example, monomers such as succinic acid, lactic 

acid, itaconic acid, including polymers such as PHA can be derived from fatty acids and sugars 

present in food waste through fermentation. Another important monomer (propane-1,3-diol) which 

is mainly used in the production of PTT, can be derived from glycerol, which is by turn a byproduct 

of biodiesel production.9  

 

 

Scheme 2. Structures of some monomers that can be synthesized via fermentation of biomass. 

 

Lignocellulosic biomass is another non-food competitive source for the production of biobased 

polymers, as such feedstock is considered to be the most abundant biomass in the world and 

encompasses a variety of green products such as trees, grass, and agricultural residues, etc. The 

main constituents of lignocellulosic biomass are mainly lignin and structural polysaccharides 

Lactic acid Itaconic acid Succinic acid Propane-1,3-diol
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(mainly pectin, cellulose, and hemicellulose). Although lignin remains difficult to get processed 

into small usable molecules, polysaccharides have shown to be efficiently used as building blocks. 

Indeed, microbial enzymes or chemicals can be used to decompose these polysaccharides into 

simple sugars that by turn can be used in biopolymer production.9–11 

The use of microalgae has been recently attracting much more attention as a relatively new 

chemical and energy source due to the many advantages such as superior production rate related 

with high efficiency in photosynthesis (compared to lignocellulosic biomass) and high tolerance 

to extreme environmental conditions related with their ability to grow in non-arable lands using 

wastewater and in some cases sea water depending on the species. Therefore, microalgae can be 

considered to be non-competitive with food resources. The main products of microalgae vary and 

differ in amount from species to another. Generally, microalgae can produce polysaccharides, 

lipids, and proteins. Depending on the targeted class or molecule intended to be produced, certain 

microalgae species can be favored over others. For example, Porphyridium cruentum is a 

microalgae species with a high carbohydrate composition constituting between 40 to 57% w/w. 

On the other hand, Chlorella pyrenoidosa and Chlorella vulgaris are mainly dominated by their 

protein content which exceeds 50% w/w. Similarly, lipids constitute a major part of other species 

such as Schizochytrium species with lipid content ranging between 50 and 77% w/w. Currently, 

microalgae are mainly used in dietary supplements and their advertisement takes advantage of 

many studies that show their high health benefits (anti-inflammatory, anti-viral, anti-cancer 

properties, etc.) due to the variety of nutrients in them. Microalgae is also a source of high value 

bioproducts such as β-carotene, Astaxanthin, and Omega-3 fatty acids.12–16  

The production of biobased monomers using microalgae as a source is not widely studied. 

However, as such species are rich in carbohydrates, lipids, and proteins, it is practically feasible to 

use them for that purpose. In fact, Hirayama and Ueda previously reported the direct production 

of PLA via dark anaerobic fermentation of starch produced by Nannochlorum sp. 26A4.17 

Similarly, bacterial fermentation of Hydrodictyon reticulum micro algae yielded L-lactic acid.18 

Other examples include the extraction of cellulose from certain species of microalgae, and their 

use as reinforcing material for biobased polymers, or in the production of nanocellulose fibers as 

presented by Kim et al.19 by using electrospinning of polycaprolactone and Spirulina sp. mixture. 

In this study, the polycaprolactone-Spirulina nanofiber mat was used in cell culture and was found 
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to enhance the growth and metabolic activity of primary astrocytes (glial cells in the central 

nervous system) in comparison to polycaprolactone alone. In another study, PHA was successfully 

extracted from four different species of microalgae giving variable yields and some variations in 

the PHA’s physical properties. Although microalgae show superiority over other feedstocks 

resources in different aspects, it is however more expensive and is still non-competitive, especially 

as a source of biobased molecules.20 However, certain approaches can be and are being taken to 

enhance the production: cost ratio and improve efficiency, such as the optimization of the 

cultivation, processing, and extraction methods, in addition to genetic improvements and 

modifications. This can increase the desired aspects in microalgae such as increasing the light to 

biomass conversion, pathogen resistance, temperature, and light adaptability.12,21,22 In fact, our 

current work falls within the framework of the ALPO-INTERREG project that aims at extracting 

and separating building blocks from micro-algal biomass that can be suitable for bioplastic 

material synthesis. 

 

1.3 Enzymes in polymer synthesis 

 

Enzymes are life essential substances that act as catalysts for thousands of biochemical reactions. 

Although some enzymes exist as ribonucleic acid (RNA) molecules, the majority however, are 

protein structures consisting of repeating units in amino acids and are considered essential in 

catalyzing most of the biological reactions that otherwise would take a very long time to occur. In 

fact, enzymes can accelerate reaction rates by million times. Like other catalysts, enzymes are not 

consumed in the reaction, but they simply increase the rate of reaction. Regarding their mechanism, 

as observed in Figure 3, the substrates bind to specific regions within the enzyme to form a 

complex. Afterwards, the substrate is converted into a product and detached from the enzyme.23,24  
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1.3.1 General mechanism of enzymatic catalysis 

 

 

 

Figure 3. Mechanism of enzymatic catalysis of a reaction between two substrates.24 

 

To further elaborate on enzymatic catalysis, it is important to acquire adequate understanding 

about the three-dimensional structure of enzymes and how such structure facilitates the catalytic 

pathway. In fact, although the sequence of amino acids within enzymatic structures plays an 

important role to determine the function, the intermolecular interactions between amino acids 

affecting the peptide folding into a three-dimensional structure is the key that determines their 

overall functionality. Within their three-dimensional structures, enzymes possess pockets or active 

sites that allows for specific substrate interaction. A simple model that describes their catalytic 

mechanism is the lock and key model introduced by Emil Fisher in the 19th century.25 In this model, 

it is suggested that the selectivity of enzymes allows substrates to fit accurately to the active site. 

However, in many cases, substrates alter the shape of the substrate-enzyme complex, allowing the 

substrates to achieve a specific transition state, which by turn increase the reaction rate. The role 

of enzymes is not limited to achieve the transitional state of substrates, but they can react with 

reaction intermediates via amino acids within the active sites that by turn accelerates the reaction.26 

EnzymeSubstrates

Transition state

Product

Enzyme-substrate complex
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1.3.2 Enzymatic categories, advantages, and their role in polymerization  

 

Enzymes are mainly categorized into six groups encompassing oxidoreductases, transferases, 

hydrolases, lyases, isomerases, and ligases. Although enzymes have found applications in different 

fields, the focus herein is on their application as catalysts in polymerization reactions, where three 

out of the six enzyme categories have found applications in in-vitro polymerization, particularly 

oxidoreductases, transferases, and hydrolases. Further information regarding these classes and 

their applications are detailed in Table 1. Although natural polymers are produced in-vivo via 

enzymatic catalysis, the use of enzymes for in-vitro polymer synthesis is considered relatively 

new. In fact, the first example of enzyme mediated polymerization was reported in 1951 by 

Parravano who reported oxidase mediated polymerization of methyl methacrylate27. However, it 

was not until the 1990s that the concept of enzymatic polymerization started growing rapidly, and 

the use of enzymes for synthesis and transformation of small molecules shifted towards 

polymerization. This interest arose from observations and experiments that shed light on the 

advantages of enzymes in polymerization, such as being highly selective, possess high catalytic 

power under mild condition as well as being regarded as non-toxic green catalyst. For example, 

enzymes selectivity was observed when enzymes had been successfully used to catalyze polymer 

synthesis. This yielded well-defined structures that would otherwise require extra protection and 

deprotection steps using conventional catalysts. Similarly, their non-toxic nature provided an 

alternative synthetic pathway for polymers, especially biodegradable polymers used in biomedical 

application. Such polymers are conventionally synthesized using metal-based catalysts, which can 

be harmful and require their complex removal in biomedical applications. Unlike conventional 

catalysts that require high temperatures in step growth polycondensation, another advantage is that 

enzymes can catalyze the reaction under mild conditions, thus avoiding side reactions and 

unwanted discoloration that might occur at elevated temperatures. Last but not least, the 

development of immobilized enzymes has been paving the way towards the use of enzymes on an 

industrial level owing to the increased stability of immobilized enzymes, as well as their recyclable 

and reusable nature.24,28–32 The following part includes a brief description of the different 
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enzymatic classes used in polymerization, with a focus on hydrolases which are the core of this 

chapter. 

 

Table 1. Enzyme classification, mechanism of action, and typical enzymatically synthesized 

polymers 

Enzymatic group Mechanism of action Typical examples 

oxidoreductases oxidation/reduction polyphenols, polyanilines, 

vinyl polymers 

transferases chemical group transfer polysaccharides, polyesters 

hydrolases hydrolysis 

esterification 

polysaccharides, 

polyesters, polycarbonates 

lyases cleavage  

isomerases isomerization  

ligases joining of molecules by bond formation  

 

1.3.3 Oxidoreductases: examples in polymerization 

 

Tyrosinases and laccases are both subclasses of oxidoreductases that can facilitate polymerization 

due to the presence of copper in their structures. In a study made by Desentis-Mendoza et al,33 

both enzymes were successfully used to catalyze the transformation of quercitin (a flavonol) into 

low molecular weight aggregates that possessed higher antioxidant activity than the original 

monomer. Oxidoreductases have also found application in catalyzing oligomerization and 

polymerization reaction of different types of arylamines through oxidative coupling. Perhaps the 

most studied oxidoreductase for arylamine oxidative coupling is horseradish peroxidase (HRP) 

extracted from horseradish roots, HRP is a heme peroxidase that contains iron (III) protoporphyrin 

IX prosthetic group that catalyzes the oxidative coupling reactions of arylamines in the presence 

of hydrogen peroxide as the oxidizing agent. In many cases templates were added (such as 

polymers or micelles that can have a positive impact on polymerization). The oxidoreductase 

synthesized polyanilines were proposed to have several applications such as in immunoassays, 

water treatment, and sensors.34,35 
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1.3.4 Transferases: examples in polymerization 

 

Transferases catalyze reactions of transferring groups from one molecule to another. Such 

transferred groups could contain aldehydes, ketones, sulfur, etc. Within this category, different 

subcategories are present with enzymes responsible for different reactions. For example, the in-

vitro synthesis of  poly(hydroxyalkanoate) (PHA) was demonstrated  with the synthesis  of poly(3-

hydroxybutyrate) (P3HB) using polyester synthases as catalysts.36,37 Another subcategory 

(transglutaminases), found applications in food, textiles and biomedical applications. In fact, this 

enzyme can catalyze the crosslinking of different protein types such as whey and soy proteins, etc. 

which results in better quality products.38,39 In addition, the use of transglutaminases has been 

found to enhance properties of protein-based fabrics by increasing the resistance against 

proteolysis (breaking down of proteins). This resistance was assumed to be resulting from changes 

in protein structures imposed by transglutaminases that would render protease access sites harder 

to access.40 In addition to food and fabrics, transglutaminases were used to cross-link collagen for 

applications in wound dressings that showed improved wound healing properties.41 Other 

transferases such as glycosyltransferase that can be further subcategorized into (phosphorylases, 

glucansucrases, etc), have been exploited in the production of oligosaccharides and 

polysaccharides, such as amylose.42,43 

 

1.3.5 Hydrolases: examples in polymerization and a focus on lipases 

 

Perhaps the most used and promising enzymes in the field of polymer chemistry are hydrolases. 

Although their name implies about their ability to catalyze hydrolysis reactions, they can however 

function in a reversed manner by catalyzing polymerization through ester and amide bond 

formation. The application of hydrolases in polymerization reactions ranges from ring-opening 

polymerization (ROP) to polycondensation reactions leading to polyesters and polyamides among 

others. Proteases which is a subclass of hydrolases have been mainly used in catalyzing the 

https://en.wikipedia.org/wiki/Polyhydroxyalkanoates
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formation of peptide bonds in the synthesis of polypeptides. Although different techniques are 

available for the synthesis of polypeptides, proteases offer the advantages of providing high yields, 

in addition to being stereo and regioselective.44,45 Moreover, proteases were used for incorporating 

other unnatural moieties into polypeptides such as nylon and unnatural amino acids.46–48  

Cutinases which fall within another subclass of hydrolases are naturally occurring fungal enzymes. 

As their name suggests, they hydrolyze ester bonds in cutin which is a waxy natural polyester 

found in plants. The research on cutinases in the past years have been focusing on their hydrolytic 

ability on polyesters rather than polymerization.26 However, an increasing amount of research on 

the polymerization capacity of cutinases have been on the rise. For example, in an article by Stavila 

et al.49 the author shed light on the effect of modifying cutinases by immobilization or formation 

of aggregates on its catalytic activity. As of such, cutinases from Fusarium solani pisi were first 

modified to form cross-linked enzyme aggregates (CLEA cutinase) or were immobilized on 

Lewatit beads (iCutinase immobilized on Lewatit) and were used to catalyze several 

polycondensation reactions between several diamines (butane-1,4-diamine, hexane-1,6-diamine, 

and octane-1,8-diamine) and diethyl sebacate. As observed in Table 2, following a two-step 

polycondensation reaction by applying vacuum through the second step, led to higher degree of 

polymerization (D.P.) regardless of the enzyme used. Moreover, results showed that when in the 

form of aggregates, cutinase possessed superior catalytic activity to immobilized cutinases. 

Additionally, the selectivity of cutinase was found to be better oriented towards longer diols (see 

Table 2). Other examples on cutinases include polycondensation of dicarboxylic acids and their 

esters,50,51 and ring-opening polymerization of lactones.52,53 
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Table 2. Effect of different catalysts on the degree of polymeriation (D.P.) of poly(butamethylene 

sebacamide) (nylon-4,10), poly(hexamethylene sebacamide) (nylon-6,10), and 

poly(octamethylene sebacamide) (nylon-8,10).49 

Nylons Catalysts One-step reaction Two-step reaction 

D.P. (MALDI) D.P. (MALDI) 

Nylon-4,10 iCutinase immobilized on Lewatit – 4 

CLEA cutinase 4 8 

Novozym 435 5 8 

Nylon-6,10 iCutinase immobilized on Lewatit – 5 

CLEA cutinase 8 11 

Novozym 435 7 10 

Nylon-8,10 iCutinase immobilized on Lewatit 5 5 

CLEA cutinase 13 16 

Novozym 435 12 12 

    

Within the class of hydrolases, lipases belonging to the subclass of serine hydrolases are one of 

the most studied and applied enzymes in polymerization. Although the focus here is on the role of 

lipases in catalyzing polymerization reactions, it is important to mention other applications of this 

enzymatic category, including the treatment of lipid-rich waste water, detergents to aid in fat 

hydrolysis, as well as in food processing.54 Lipases possess certain advantages over other enzymes 

in being stable in non-conventional media e.g organic media, ionic liquids, supercritical fluids as 

well as their adequate functionality towards a broad range of substrates. In nature, lipases are 

enzymes responsible for hydrolysis of fatty acids. Although hydrolysis usually occurs in aqueous 

media, when put in low water content media, some lipases act as catalysts in the synthesis of 

polyesters, polyamides, polycarbonates, as well as polythioesters. Lipases used in polymerization 

reactions are diverse, including Candida rugosa lipase (CR) also known as Candida cylindracea, 

Aspergillus niger lipase (AN), Candida antarctica lipase A (CALA), Mucor miehei lipase (MM), 

porcine pancreatic lipase (PPL), Pseudomonas cepacia lipase (PC), Candida antarctica lipase B 

(CALB), etc. Lipases are known as interfacial enzymes mainly due to their mechanism of action 

that is called interfacial activation. Lipases contain large pocket like structures that are 

hydrophobic in nature, usually protected by a polypeptide chain known as a lid which by turn have 
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an inner hydrophobic surface and an outer hydrophilic surface. When in contact with other 

hydrophobic substrates such as glyceride drops (see Figure 4), the lid opens and adsorbs on them, 

allowing for an accessible path between glycerides and the active site of the enzyme. Thus, this 

mechanism allows lipases to adsorb on hydrophobic surfaces of substrates.55–58 

 

 

Figure 4.  Conformational equilibrium and interfacial activation of lipases.58 

 

The focus in the following part is on Candida antarctica lipase B (CALB), which is the most 

widely used lipase in the field of polymer chemistry, due to its high stability in organic solvents, 

its resistance to relatively high temperatures, as well as its enantioselectivity.58 Starting with its 

structure, CALB consists of 317 amino acids, with a molecular weight of 33 kDa.59 Like other 

lipases, CALB possess α/β hydrolase fold, where an α-helix is connected to the middle of a β-sheet 

array (only seven β-strands in case of CALB), i.e., their catalytic triad; which is the active site, 

consists of serine, histidine and aspartate.60 Regarding its mechanism of action, first; as observed 

in Scheme 3, the substrate forms a complex with the enzyme known as Michaelis–Menten 

complex, this activates the hydroxyl group of the serine, allowing it to attack carbonyl groups of 

substrates such as carboxylic acids or their esters. This attack allows the formation of an 
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intermediate with a negatively charged oxygen within the carbonyl group known as a tetrahedral 

intermediate. This negative charge is then stabilized via hydrogen bonds occurring between the 

oxygen of the carbonyl group and the amide groups on the backbone of the enzyme also known as 

oxyanion hole. Similarly, the positively charged histidine is stabilized by interacting with 

aspartate. Following, proton is transferred to the alkyl oxygen on the substrate, allowing the release 

of alcohol of the substrate. This will result in the formation of the acyl-enzyme intermediate, which 

is then deacylated by a nucleophile attack such as alcohol, forming in place a second tetrahedral 

intermediate. After which, an enzyme-product complex forms and released, while the free enzyme 

is regenerated.31,61–64 

 

 

 

Scheme 3. Steps of the catalytic mechanism of CALB.61 
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1.3.6 Immobilization techniques: a focus on CALB immobilization 

 

Although CALB showed better stability in solvents and better thermal resistance when compared 

to other lipases and other enzymes in general, it is still considered as a low stability catalyst. 

Accordingly, in the past years, increasing research started arising by focusing on methods that 

could further enhance the stability of enzymes, mainly protein engineering and enzymatic 

immobilization. The focus in the following part is on immobilization techniques, especially the 

immobilization of CALB. However, it is important to establish an understanding about protein 

engineering, and how this method improves the properties of enzymes. Simply put, protein 

engineering is the process of modifying the amino acid sequence within the enzyme in a certain 

way which will subsequently result in structural changes leading to improved properties such as 

stability, selectivity, etc.65 There are many examples and techniques used in the literature regarding 

protein engineering, with applications in various fields such as the bread, beer, and detergent 

industries among many others. However, this will not be further reviewed here. 

Enzyme immobilization can be defined as the process of binding an enzyme to a solid insoluble 

material which first arose as a technique aiming to facilitate the removal of enzyme from solvents 

and products. However, the advantages of immobilization were not limited to facilitating 

separation, but also extended towards other properties, such as modifying its selectivity and 

stability, enhancing dispersion of enzyme molecules as well as its ability to recycle and reuse. 

Such improvements have made enzymatic catalysis more attractive to both the research and 

industrial sectors. Different protocols and approaches towards enzymatic immobilization have 

immerged in the past years, but principally, they can be separated into three categories, being 

entrapment, cross-linking, and binding to support. The support to which the enzyme is 

immobilized is usually a synthetic resin or a polymer, but other biomaterials such as alginates and 

chitosan can be used. Via entrapment techniques, a polymeric network is synthesized while 

enzymes are present, leading to entrapment of enzymes within the network. Cross-linking on the 

other hand, proceeds by cross-linking enzymatic aggregates to form macroparticles. 

Immobilization via binding to support can be subcategorized into physical bonding, covalent 

bonding, and ionic bonding. Physical bonding, also known as adsorption, occurs when the enzyme 

forms weak interactions (i.e., hydrophobic group interactions, Van der Waals interactions) with 
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the supporting material that had been surface modified. On the other hand, the bonds formed via 

covalent or ionic bonding methods are usually stronger and, in these methods, the support material 

is functionalized, allowing it to form covalent or ionic attachments with the enzyme. Further 

information on the advantages and disadvantages of different immobilization techniques is 

presented in Table 3.65–70 

Table 3. General advantages and disadvantages of different enzyme immobilization techniques. 

Method of immobilization Advantages Disadvantages 

Physical binding Relatively easy to prepare. 

Economical. 

High activity. 

 

Enzyme leaching. 

Low stability. 

Covalent binding Strong enzyme-support bonds. 

Lower extent of enzyme leaching. 

High thermal stability. 

Low activity due to lack of enzymatic 

free movement. 

Unrenewable support materials. 

Entrapment Allows easier movement for low 

molecular weight molecules. 

Weak physical restraints. 

Low enzymatic loading. 

Cross-linking Insoluble enzymes allow 

recyclability. 

 

Low activity. 

Low stability. 

Difficulties accessing active enzyme 

sites. 

 

The mechanism of lipases based on hydrophobic interactions can cause problems such as enzyme 

aggregation that would limit the enzymatic activity. However, this mechanism can be used 

advantageously to immobilize the enzyme on hydrophobic surfaces, rendering the enzyme more 

stable and active. The most studied immobilized enzyme in the literature is Novozym 435 (N435), 

which is a Candida antarctica lipase B (CALB) immobilized on a macroporous hydrophobic resin 

of poly(methylmethacrylate) via interfacial activation.58 The following part will focus on the use 

of Novozym 435 as a catalyst in different polymerization reactions, especially in the productions 

of polyesters and polyamides. 
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1.4 Enzymatic synthesis of aliphatic poly(alkylene dicarboxylate)s 

 

Aliphatic poly(alkylene dicarboxylate)s are considered as a subgroup of the polyester family 

synthesized from aliphatic monomers such as aliphatic diols and dicarboxylic acids. The fact that 

most of poly(alkylene dicarboxylate)s can be synthesized from biobased monomers have attracted 

increasing attention from research with the aim to find an alternative to fossil-fuel based polymers.  

1.4.1 Biobased poly(butylene succinate) 

 

Perhaps one of the most studied aliphatic poly(alkylene dicarboxylate) which is obtained 

exclusively via polycondensation is poly(butylene succinate) (PBS) as synthesized in the presence 

of a catalyst via the polycondensation reaction of butane-1,4-diol and succinic acid or its 

anhydride. It is a biodegradable polymer that possess good mechanical and thermal properties that 

are comparable to those of polyethylene and polypropylene. In fact, PBS possess a Tg = -32 °C, 

which makes it easier for melt processing in comparison to PLA with a Tg = 60 °C.71 Such 

properties have allowed PBS to find applications in packaging materials, textiles, etc. In addition 

to its good properties, the fact that succinic acid and later butane-1,4-diol, became available and 

commercialized from renewable resources, have made PBS more attractive as a biobased polymer, 

offering a possible alternative for some fossil fuel-based polymers.72 Although the production of 

biobased succinic acid derived from sugar fermentation (see Figure 5), it is still at its infancy with 

respect to the production of fossil-based analogues, many research and emerging technologies are 

reducing the competition gap between both pathways. Such research includes genetic engineering 

of bacterial strains to give higher yields and less byproducts. Additionally, research has been 

focusing on enhancing the efficiency in extracting succinic acid from the fermentation broth 

through different technologies such as precipitation, sorption, reactive extraction, electrodialysis, 

and ion-exchange.73,74 
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Figure 5. Succinic acid production pathways (fossil-fuel vs. biomass).74 

 

Richard A. Gross and his team have studied the enzymatic synthesis of PBS using a two-step 

polycondensation method.75 In this study, diethyl succinate was used as the acyl donor instead of 

succinic acid to avoid some problems related with phase separation in the reaction media caused 

by the poor solubility of succinic acid in butane-1,4-diol. As such, the reactions were carried out 

for 2 h under atmospheric pressure followed by a 72 h under vacuum (53 mbar), the temperature 

was constant in both stages (80 °C), and N435 was present in 10% w/w relative to total monomers. 

The molecular weight determined via polystyrene calibrated gel permeation chromatography 

(GPC) reached a maximum of 10,000 g.mol-1 in diphenyl ether. In the same study, a significant 

increase in molecular weight from 10,000 to > 35,000 g.mol-1 was achieved in diphenyl ether by 

simply increasing the reaction temperature from 80 to 95 °C after 21 h. This temperature increase 

allowed the formation of a monophasic mixture, prevented PBS precipitation, and thus gave a way 

to a further increase in molecular weight.  

Similarly, Sugihara et al.76 attempted a different strategy for the synthesis of high molecular weight 

PBS using N435 as a catalyst. In their work, they compared between two strategies to synthesize 

PBS, the first is the direct polycondensation of butane-1,4-diol and dimethyl succinate, while the 

second is the ring-opening polymerization (ROP) of cyclic oligoesters synthesized by the 
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condensation of the monomers in dilute toluene solution (see Scheme 4. Cyclization and direct 

polycondensation as methods in the synthesis of PBS.76.The results showed that the last method 

resulted in a PBS having a number average molecular weight (Mn) ~ 81,000 g.mol-1 and a 

dispersity ~ 1.6, in comparison to an inferior Mn ~ 12,000 g.mol-1 and a dispersity of 3.7 obtained 

via the direct polycondensation method.  

 

 

 

Scheme 4. Cyclization and direct polycondensation as methods in the synthesis of PBS.76 

 

1.4.2 Biobased poly(lactic acid) (PLA) 

 

Poly(lactic acid) (PLA) is a biodegradable and biobased thermoplastic polyester, currently used in 

medical implants such as bone fixation, drug delivery systems, as well as decomposable packaging 

material.77 PLA is considered as one of the most industrially produced biobased polymers, its 

global production capacity in 2019 exceeded that of PBS by more than 3-folds.6 The usual 

synthetic method of PLA is through the ring-opening polymerization of lactide, but, it can also be 

synthesized via the polycondensation reaction of lactic acid. However, this method is not preferred 

due to the low molecular weight it yields due to water formation as a byproduct (see Scheme 5).78  
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Scheme 5. Reaction pathways towards the synthesis of PLA. 

 

Lactic acid, the starting monomer of PLA, can be obtained from corn and other sugars via 

fermentation,79 which makes it very attractive as a replacement for polymers produced from fossil 

fuels. Lactic acid exists in the D- or L-form, and the ratio of these forms can influence the 

properties of the PLA produced.72,80 The lipase catalyzed synthesis of PLA has been reported in 

the literature and has been proposed as an adequate alternative for harmful metal catalysts, 

especially when PLA is exploited in biomedical applications. However, the specificity of lipases 

towards L- and D-lactide is ambiguous.78 In fact, the enzyme catalyzed ring-opening 

polymerization of D, L-lactide was previously reported by Mutsumara et al. yielding a PLA with 

a weight-average molecular weights (Mw) of 126,000 g.mol-1 in bulk after 7 days of incubation at 

130 °C. However, the successful conversion was achieved with Pseudomonas cepacia lipase (PS) 

rather than Novozyme 435 (N435) that showed no conversion in this case.81 On the other hand, 

Omay et al. obtained PLA having a Mn of 21,000 and 26,000 g.mol-1 via ROP of D,L-lactide in 

toluene at 80 °C using free CALB and N435, respectively.82 In another study, the use of CALB 

did not produce any polymers when starting with L,L-lactide, but the use of D,D-lactide led to 

80% conversion after a 2-days reaction at 50 °C in toluene with 15% w/w N435.83 Similarly, 

Duchiron et al. showed N435 is selective towards D-lactide polymerization, while lipase from 

Burkholderia cepacia is selective towards L-lactide.84 However, other research showed that N435 

H2O

H2O

n

Ring-opening polymerization (ROP)

Direct polycondensation
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is not stereospecific to the ROP of lactides, and both D,D- and L,L-lactides can be produced with 

good yields.85 These inconsistencies between results obtained from the enzymatic ROP of lactides 

have been proposed to originate from different factors such as water content, medium nature, lipase 

type, lipase form (immobilized or free form) and initiator used.78,86 Another study showed that 

using O-carboxylic anhydride derivative of lactic acid rather than lactide resulted in an improved 

reaction efficiency in terms of molecular weight, and reaction yields of PLA when using both 

N435 and Pseudomonas cepacia lipase (PS) as catalyst for the ROP reaction (see Scheme 6).87 

 

 

Scheme 6. Ring-opening polymerization of lactic acid O-carboxyanhydride towards the synthesis 

of PLA. 

 

As mentioned before, the production of high molecular weight PLA via polycondensation of lactic 

acid is more challenging due to the small value of its equilibrium constant. A direct 

polycondensation method to produce high molecular weight PLA from lactic acid has been 

previously reported in a study by Chen et al. 88 where PLLA was synthesized using titanium (IV) 

butoxide as a catalyst. This was achieved within a period of 7 h, reaching a molecular weight of 

130,000 g.mol-1. However, the use of lipases in catalyzing the polycondensation reaction of lactic 

acid did not prove efficient in achieving high molecular weights and gave low molecular weight 

PLA (< 2,000 g.mol-1) with various lipases (Porcine Pancreas Lipase, Lipozyme IM20, and 

Chirazyme), and at different conditions.89 
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Scheme 7. Stereoisomers of lactide.86 

 

1.4.3 Other aliphatic polyesters based on different diacids and diols 

 

Aside from the well-known polyesters such as PBS and PLA, many biobased or potentially 

biobased diols and diacids were successfully used to synthesize different biobased poly(alkylene 

dicarboxylate)s via lipase catalyzed polycondensation.  

In one study, aliphatic diacids and diols with varying chain lengths were reacted together in bulk 

and catalyzed by immobilized CALB yielding aliphatic polyesters with different molecular 

weights and yields. Although the difference in chain length of the diols and the diacids influenced 

the polymers’ molecular weight and yield, no definitive relation was obtained between them. In 

fact, when sebacic acid was reacted with different diols, the Mn (determined via gel permeation 

chromatography -GPC) of the polymer produced increased from 1,700 g.mol-1 with ethane-1,2-

diol up to 4,100 with octane-1,8-diol, suggesting a positive relation between chain length and Mn, 

however, this direct relation between chain length and D.P. was not always the case, where the use 

of decane-1,10-diol led to a decrease in Mn, while dodecane-1,12-diol did not yield any polymers.90 

Similarly in a study by Linko et al.91 varying the aliphatic diol or diacid length in an enzyme-

catalyzed polycondensation reaction showed a rather random relation between D.P. and the 

monomer length. In a much recent study by Pellis et al.92 CALB was used to catalyze a solvent-

free polycondensation reaction between different aliphatic diols varying in chain length between 

C4 and C8 and aliphatic diesters varying in chain length between C4 and C10. The maximum Mn 

was recorder for the reaction between octane-1,8-diol and dimethyl adipate reaching ~7,100 g.mol-

1. What was additionally observed in this study was that starting with methyl and ethyl diesters 

gave rise to polymers with higher molecular weights when compared to molecular weights 

achieved with butyl diesters, which according to the authors resulted from the differences in 

L-lactide D-lactide meso-lactide
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boiling points of their respective byproducts, where butanol, the byproduct of butyl diester had the 

highest boiling point and was thus harder to evacuate from the system leading to lower conversion 

and polymer growth (see Figure 6). 

 

 

Figure 6. Number average molecular weights (Mn) calculated via GPC analysis of the crude 

polycondensation products using a polystyrene calibration curve (1 Da equivalent to 1 g.mol-1). 

DMS=dimethyl succinate; DES=diethyl succinate; DBS=dibutyl succinate; DMA=dimethyl 

adipate; DEA=diethyl adipate; DBA=dibutyl adipate; DMSe=dimethyl sebacate; DESe=diethyl 

sebacate; DBSe=dibutyl sebacate; BDO=butane-1,4-diol; HDO=hexane-1,6-diol; ODO=octane-

1,8-diol.92  

 

In another study, bis(2,2,2-trifluoroethyl) sebacate was reacted with different aliphatic diols 

varying in their chain length between (C2-C6) catalyzed by Mucor miehei lipase in diphenyl 

ether.93 The degree of polymerization (D.P.) increased as a function of increasing the diol length 

from 30 with ethane-1,2-diol up to 155 with pentane-1,5-diol, to slightly decrease thereafter with 

hexane-1,6-diol to reach a D.P. of ~135. This relation between polymer growth and diol length in 

enzymatic polymerization was previously reported by Morrow,94 who showed similar increasing 



29 

 

trends in molecular weight as a function of increasing the diol length up to C6 as in the case of 

hexane-1,6-diol.  

 

1.5 Enzymatic synthesis of semi-aromatic poly(alkylene 

dicarboxylate)s 

 

Semi-aromatic poly(alkylene dicarboxylate)s are a subgroup of the polyester family usually 

synthesized by incorporating an aromatic monomer into the polyesterification reaction, such as the 

case of the reaction between terephthalic acid and ethylene glycol yielding poly(ethylene 

terephthalate) (PET). The use of aromatic structures in polymer synthesis have a positive effect on 

polymers’ properties, as they increase the strength, thermal stability, and general performance of 

the produced polymer.95 The following part will be mainly focused on two semi-aromatic 

poly(alkylene dicarboxylate)s subclasses being, polyesters based on terephthalic acid such as PET, 

and polyesters based on furan such as poly(ethylene furanoate) (PEF). 

1.5.1 Polyesters based on 6-membered aromatic rings such as PET 

 

PET is a the most commonly produced thermoplastic polyesters present in the market today, and 

is expected to reach a global market value of 68 billion U.S. dollars in 2023.96,97 It is mainly 

produced in two grades as fiber-grade used in the production of cloth fibers with molecular weights 

ranging between 15,000 and 20,000 g.mol-1 and bottle-grade PET, used in food and drink 

containers with molecular weights ranging between 24,000 and 36,000 g.mol-1.98,99 PET is the 

product of the polycondensation reaction between ethylene glycol and terephthalic acid or its 

diester. The attractiveness of PET does not only originate from its good properties and 

applications, but also from the fact that ethylene glycol can be sourced from biomass rather than 

fossil fuels. This attractiveness however is limited due to difficulties in producing terephthalic acid 

from biomass, rendering PET a partially biobased polymer that have been produced under different 

trademarks, such as PlantBottle™ with up to 30% biosourcing .100–104 
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The enzymatic catalysis for PET synthesis or PET-like polyesters has been challenging and 

scarcely reported in the literature.97 Uyama et al.105 showed that a reaction between terephthalic 

acid divinyl ester and ethylene glycol did not achieve a yield higher than 5%, with no detectable 

Mn. On the other hand, using longer chained diols such as butane-1,4-diol, hexane-1,6-diol, and 

decane-1,10-diol achieved moderate yields of 34, 72, and 58% and low Mn of 1,100, 2,300, and 

2,000 g.mol-1 respectively. In another study, Linko et al.91 showed that using N435 to catalyze the 

polycondensation reaction between terephthalic acid and different diols being butane-1,4-diol or 

hexane-1,6-diol did not yield any product with detectable molecular weight. However, when 

replacing terephthalic acid by isophthalic acid, the polycondensation reaction between the later 

and butane-1,4-diol yielded a Mw of 2,300 g.mol-1 at 60 °C, and 38,000 g.mol-1 with hexane-1,6-

diol. This finding suggests that the type of diol as well as the relative position of the carboxylic 

functional groups on the benzene ring play a critical role and have a significant influence on 

polymer growth. 

 

1.5.2 Polyesters based on furan-2,5-dicarboxylic acid (FDCA): a focus on 

poly(ethylene furanoate) (PEF) 

 

The synthesis of polyesters based on FDCA is not so new. In fact, the synthesis of poly(ethylene 

furanoate) (PEF) was reported in a patent dating back to 1946.106 Later on, in 1977, Moore and 

Kelly also derived polyesters based on FDCA.107 However, it was not until recent years that 

research on FDCA based polymers started getting thrived.108 As a matter of fact, polyesters based 

on FDCA are becoming more frequently regarded as biobased substitutions to polyesters based on 

terephthalic acid. This increased attention towards FDCA stems from two main reasons, first, the 

rigid structure of FDCA possess similar physical and chemical properties when compared to 

terephthalic acid (TPA). Secondly, and more importantly, FDCA can be produced from 5-

(hydroxymethyl)furfural which is by turn derived from carbohydrates, rendering FDCA a biobased 

monomer. This is an attractive property when comparing it to TPA that is still facing limitations 

to be produced from biomass.79,109–112The general reaction of FDCA and ethane-1,2-diol is given 

in Scheme 8. 
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Scheme 8. General reaction pathway towards the synthesis of poly(ethylene furanoate). 

 

In recent years, many works focusing on the synthesis and properties of FDCA based polyesters 

have been immerging.113–115 Gandini et al.116 described the synthesis and properties of PEF and 

other furan based polyesters synthesized with different diols via metallic catalysis.117 Other 

research found that FDCA based polyesters have shown properties that are in many cases superior 

to those of TPA based, especially in terms of their gas barrier properties, where PEF had shown 

superior gas barrier properties when compared to PET: it decreased O2 permeability 11 times more 

efficiently than PET, CO2 permeability was decreased by nineteen times, and H2O permeability 

by 2.1 times.118–120 

The synthetic method used to produce furan-based polyesters usually takes place at temperatures 

around 200 °C and uses metal catalysts. These conditions result in undesired problems such as side 

reactions and coloration.108,114,121 Enzymatic catalysis was proposed as a method to avoid the 

aforementioned issues in the production of furan-based polyesters. The enzymatic oligomerization 

reactions of FDCA, 5‐hydroxymethylfuran‐2‐carboxylic acid (HMFA), and 2,5‐bis‐

(hydroxymethyl)furan (BHMF), along with other aliphatic dicarboxylic acids and diols such as 

succinic acid, adipic acid, and butane-1,4-diol were previously reported using N435 as a catalyst 

at a temperature of 65 °C in toluene and  tert‐butanol solution. However, oligomers rather than 

polymers were produced, where the reaction between FDCA and butane-1,4-diol for 24 h led to 

products that did not exceed 2,100 g.mol-1 in terms of weight average molecular weight (Mw).122 

Later on, N435 catalyzed transesterification reactions between dimethyl furan-2,5-dicarboxylate 

H2O
Polyethylene(ethylene furanoate)

2,5-furandicarboxylic acid

Ethane-1,2-diol

n
+
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(DMFDC) and different aliphatic diols with varied chain lengths was carried on in toluene 

and  tert‐butanol solution at 75 °C, yielding only linear oligomers with shorter diols (C2, C3), but 

also cyclic esters with longer diols (C4 to C12). Such findings show that the length and flexibility 

of diols play a major role in the formation of cyclic esters.123 Jiang et al.124 reported the enzymatic 

oligomerization between BHMF and different diacid ethyl esters with varying chain lengths (C2 

to C10) at 80 °C in diphenyl ether using N435 (Scheme 9). However, unlike previous research, 

that found an increase in the molecular weight of polyesters as a function of increasing the chain 

length of the diacid esters;125,126 this research found no significant change in molecular weight 

arising from variations in the chain length of the produced oligoesters. This was proposed to result 

from the formation of ethers resulting from the dehydration of BHMF molecules together.  

 

  

Scheme 9. CALB-catalyzed synthesis of 2,5-bis(hydroxymethyl)furan-based polyesters.124  

 

 

1.6 Enzymatic synthesis of polyamides 

 

Polyamides are considered as an important class of polymers possessing adequate properties such 

as high thermal resistance and improved mechanical properties that make them suitable for 

different applications ranging from textiles to electronics.127 Although they could occur naturally 

x
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like in the case of proteins, there exists multiple synthetic pathways that can be utilized to yield 

polyamides, mainly through the polycondensation of diamines along with diacids or their esters, 

or aminoacids, or through the ROP of lactams. Polyamides can be classified based on their 

composition into aliphatic, semi-aromatic, and aromatic polymers. 

Aliphatic polyamides such as Nylon 6 and Nylon 66 currently dominate the global market as the 

most produced polyamides. Nylon 6 also called polycaprolactam is usually synthesized via the 

ROP of caprolactam and used in electronics, automobiles, and textiles. Nylon 66 on the other hand 

or poly(hexamethylene adipamide) is synthesized through the polycondensation reaction of 

hexamethylenediamine and adipic acid, and is mainly used in applications demanding high 

mechanical properties and chemical resistance such as in pipes, airbags, etc.. 

Various enzymes such as proteases and lipases are capable of catalyzing the synthesis of 

polyamides. However, there are not many studies on the subject, mainly due to several limitations 

imposed by the nature of the monomers or the enzyme itself.128 In fact, amines are not as 

nucleophilic as alcohols in lipase-catalyzed reactions, which imposes a negative effect on the 

reaction rate. Secondly, amines possess high melting points that can make them inadequate for 

enzymatic catalysis that require modest temperatures, and thirdly, amines are not very soluble in 

common organic solvents.  All these reasons among others, have limited the success in 

synthesizing polyamides via enzymatic catalysis, especially when aiming at high molecular 

weights. For example, Ragupathy et al.129 synthesized low Mn polyamides by reacting diethyl 

sebacate and 1,8-diaminooctane for 48 h in toluene at 60 °C, catalyzed by N435 (Scheme 10).  

 

 

Scheme 10. Polycondensation reaction between 1,8-diaminooctane and diethyl sebacate.129 

Ethanol

N435, 60  C, 48 h

Toluene
n

Diethyl sebacate

1,8-diaminooctane
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The resulting oligomer did not exceed an Mn of 2,000 g.mol-1 determine via calibrated GPC. In the 

same work, Ragupathy et al. performed a three-step polycondensation reaction in diphenyl ether 

between diethyl sebacate and 1,8-diaminooctane catalyzed by N435, starting at 60 °C and 667 

mbar for 20 h, in the second step, the temperature was raised to 100 °C while the pressure was 

decreased to 133 mbar for 24 h, and finally a third step for 12 h with a gradual increase in 

temperature up to 150 °C. However, the polyamide synthesized from this method did not exceed 

an Mn of 4,650 g.mol-1. In another example, Cheng et al.130 performed a series of enzyme-catalyzed 

polycondensation reactions of diamines and diesters in bulk condition, the resulting polymers did 

not exceed a Mn of 8,600 g.mol-1
.  

Another attempt on the synthesis of polyamides was performed by Fan et al.131 First, amino acid-

containing diesters were prepared by reacting different amino acid methyl ester hydrochlorides 

with sebacoyl chloride catalyzed by triethylamine. In the second step, the prepared amino acid-

containing diesters were reacted with hexamethylene-1,6-diamine in the presence of different 

proteases. Results showed that α-Chymotrypsin gave the highest yield and intrinsic viscosity with 

the monomer prepared from L-phenylalanine. As for the solvents used, it was found that reactions 

in toluene gave the highest yields, and slightly lower yields were found with chloroform and 

dimethylformamide (DMF). Poulhès et al132. performed a 240-h enzyme-catalyzed polymerization 

reaction to produce polyamides. In a comparison between different  starting monomers (see 

Scheme 11), it was found that ω-amino-α-alkoxy acetate (structure 1) showed 93% conversion 

within only 30 min in comparison to only 36 and 31% with structures 2 and 3. The superiority of 

structure 1 was attributed to the presence of an oxygen atom in the beta position, and achieved a 

Mn value of 3,880 g.mol-1 in bulk under 10 mbar of vacuum. 
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Scheme 11. Different amino-ester monomers.132 

 

1.7 Enzymatic synthesis of poly(ester-co-amide) 

 

Biobased poly(ester-co-amide)s have shown promising properties as biodegradable polymers for 

applications in the medical field. The presence of ester moieties enhance the biodegradable 

properties of such polymers, while the amide moieties contribute to their thermo-mechanical 

properties, which make it feasible to use poly(ester-co-amide)s in drug delivery, tissue 

engineering, among other applications.133–135 However, the enzymatic catalysis towards the 

production of poly(ester-co-amide)s was not frequently pursued in the literature. In a research 

work by Raguphathy et al.129, a combination of ROP and polycondensation was employed in an 

attempt to enhance polymer growth (see Scheme 12). The highest molecular weight achieved via 

this method was Mn = 17,550 g.mol-1 when pentadecanolide was reacted with equimolar ratios of 

1,8-diaminooctane and 1,12-diaminododecane in toluene, followed by the addition of diethyl 

sebacate in the second step. However, reacting pentadecanolide with only one diamine led to a 

drop in Mn to 12,930 g.mol−1 when the diamine was 1,12-diaminododecane and to Mn= 2050 g.mol-

1 with 1,8-diaminooctane. 

 

8 8

1
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Scheme 12. Synthesis of poly(amide-co-ester)s by three step N-435- catalyzed polymerization.129 

 

In another example, Sharma et al.136 conducted a two-step polycondensation reaction in bulk, 

reacting different feed mole ratios of octane-1,8-diol, diethyl adipate, and α,ω-

(diaminopropyl)polydimethylsiloxane using N435 as a catalyst at 10% w/w relative to the total 

monomers. The 70-h reaction conducted at 70 °C produced copolymers with Mn values ranging 

between 6,000 to 11,000 g.mol-1. In this study, amide linkages were formed at a faster rate than 

ester links leading to a more block-oriented repeating sequence rather than a random copolymer. 

At high molar content of α,ω-(diaminopropyl)polydimethylsiloxane, the copolymer became more 
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glue-like with low melting points that apparently decreased as a function of increasing the 

siliconamide units in the polymer. 

Furan-based poly(ester-co-amide)s were synthesized by reacting different chain-length diols, 

diamines and dimethyl-2,5-furandicarboxylate in toluene or in an ionic liquid. These lipase-

catalyzed reactions led to polymers with higher molecular weights when longer diols and diamines 

were used, resulting in a polymer with an Mn of 13,000 g.mol-1 using dodecane-1,12-diol, 1,12-

dodecanediamine, and dimethyl-2,5-furandicarboxylate as starting monomers as observed in 

Scheme 13.137 

 

 

Scheme 13. Enzymatic synthesis of furan-based poly(ester amide)s 

 

Stavila et al.138 compared the catalytic efficiency of three enzymes being N435, icutinase, and 

CLEA cutinase, in three different polycondensation reactions in an attempt to produce polyamides. 

All reactions were performed in either toluene or diphenyl ether (see Scheme 14). The first reaction 
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was the reaction between p-xylylenediamine and diethyl sebacate, the second reaction was 

between dimethyl terephthalate and 1,8-diaminooctane, and the third reaction was between p-

xylylenediamine and dimethyl terephthalate. For the first and second reactions, N435 was found 

to achieve higher conversion than the other enzymes, but both N435 and CLEA cutinase achieved 

polymers with similar degree of polymerization (D.P.). However, only short-chained amide 

products were produced in the third reaction between aromatic moieties, which was attributed to 

the bulkiness of aromatic groups and the formation of a conjugated system between the benzene 

ring and the ester which hindered the enzymatic catalysis.  

 

 

 

Scheme 14. Enzymatic polycondensation for the production of aromatic and semi-aromatic 

polyamides in toluene and diphenyl ether.138 

 

In another recent work by Meimoun et al.139 poly(ester-co-amide)s based on secondary diols were 

prepared for the first time via enzymatic catalysis. The secondary diols were first synthesized by 

diacylation of diamines followed by the reduction of ketones to alcohols. The produced diols were 

then reacted against different diesters and diacids. The polymers produced had a Mn ranging from 

1,300 to 7,200 g.mol-1 and a dispersity <1.8. (Scheme 15). 
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Scheme 15.  Synthesis of poly(ester-co-amide)s by enzymatic polycondensation.139 

 

1.8 Influence of reaction parameters and reaction media  

 

Reaction parameters such as time and temperature are key factors that influence enzymatic 

polymerization. Choosing optimal values for these conditions is therefore critical to avoid the 

denaturation of enzymes and insure adequate polymerization. In a study by Azim et al.75 the Mn of 

PBS was increased from 2,000 to 8,000 g.mol-1 by increasing the reaction temperature from 60 °C 

to 80 °C. Increasing the reaction time from 24 to 72 h did not impose any significant changes on 

Mn but was reported to decrease dispersity due to the diffusion of low molecular weight oligomers 

towards the catalyst, allowing for further transesterification reactions. Contrary to these findings, 

Mahapatro et al.140 performed an enzyme-catalyzed reaction between octane-1,8-diol and adipic 

acid in bulk conditions. Varying the reaction temperature between 65 and 90 °C did not show any 

major influence on the Mn. Using the same monomers in the presence of N435, Yao et al.140 
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increased the Mn of the polymers from 4,300 to 7,600 g.mol-1 with increasing the temperature from 

50 to 80 °C followed by a drop to 6,400 g.mol-1 after a further temperature increase up to a 90 °C. 

in terms of reaction time, the Mn increased significantly between 6 and 48 h at 70 °C, and continued 

without significant change upon extending the reaction for 72 h. 

Besides reaction temperature and time, water content plays a very important role in enzymatic 

polymerization. Water molecules can combine to the surface of the enzyme (also known as 

essential water) and can also be incorporated within its structure and is known then as “structural 

water”.84,141,142 In a study by Engel et al.143 the influence of water content was examined for its 

effect on the ROP of ε-caprolactone (-CL) in toluene. Results showed that increasing water 

content from 12 to 359 ppm led to an increase in Mn (determined via GPC) from 6,400 to 7,700 

g.mol-1 followed by a decrease to 7,200 g.mol-1 after increasing the water content to 442 ppm. 

Though this change is not considered significant, the change in dispersity was more pronounced, 

decreasing from 4.1 to 2.3, to increase again to 2.5 when the water content increase from 12 to 359 

and 442 ppm, respectively. In a similar reaction, the increase in water content in 1-Butyl-3-

methylimidazolium hexafluorophosphate [BMIM][PF6] from 0.02 to 0.09 w/w %, led to a drop in 

the Mn from 9,900 to 6,600 g.mol-1.78 In another study, freeze drying was used as a method to 

decrease essential water from N435 while preserving the content of structural water. The ROP of 

lactide showed an increment of up to 40% in Mn of polylactide.84 

It is obvious from the literature that there are many factors influencing enzymatic polymerization. 

Evidently, throughout this chapter, factors such as reaction time, temperature, enzyme nature, 

monomer structure and different reaction pathways were mentioned. The following part focuses 

on the effect of the reaction media on enzyme-catalyzed polymerization reactions. In fact, 

enzymatic polymerization reactions were performed in either bulk or solution media, and special 

emphasis was put on determining an optimal media suitable for achieving high conversions and 

molecular weights. 

Although the type of the solvent is considered to be a major factor in enzyme-catalyzed reactions, 

the relation between the properties of such solvents and the efficiency of the enzyme is not yet 

fully understood. In fact, different properties of such solvents such as their water solubility, 

polarity, dielectric constant and log P values (the logarithmic value of the partition coefficient) can 

play different roles with different degree of influence on the enzymatic activity.144,145 In a study 
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by Azim et al.75 the polycondensation reaction between diethyl succinate and butane-1,4-diol was 

performed in bulk and different solvents, being dodecane, diglyme, and diphenyl ether. A Mn of 

10,000 g.mol-1 was achieved in diphenyl ether compared to only 2,500, 4,400 and 3,300 g.mol-1 in 

dodecane, diglyme, and bulk respectively (see Figure 7) 

 

 

Figure 7. Effects of solvent on PBS molecular weight and dispersity.75 

 

The superiority of diphenyl ether as a solvent suitable for enzymatic polymerization continued to 

reoccur in the literature for different polycondensation reactions, where it was found to yield the 

highest Mn in the synthesis of poly(butylene succinate-co-itaconate) catalyzed by N435.146 In the 

same research, the effect of the concentration in diphenyl ether was also assessed, where Mn was 

found to increase as a function of increasing the amount of diphenyl ether up to 150 w/w % relative 

to the total of monomers, to decrease significantly thereafter upon further increase in the amount 

of diphenyl ether. In fact, the enhancement in Mn up to a certain point was assumed to result from 

the dilution effect that allowed for better heat and mass transfer within the system, however, 

dilution can also impact the reaction rate negatively, and make it harder to evacuate byproducts by 

vacuum application.146  



42 

 

In a study by Linko et al.93 the polycondensation reaction between butane-1,4-diol and bis(2,2,2-

trifluoroethyl) sebacate was found to yield the highest molecular weight when conducted in 

diphenyl ether with Mucor miehei lipase as a catalyst, reaching a Mw value of 27,700 g.mol-1, in 

comparison to 17,400 g.mol-1 in veratrole, and not exceeding 9,000 g.mol-1 in hexyl ether, isoamyl 

ether, triethylene glycol dimethyl ether, and dodecane. These results came in agreement with 

previous documented results showing the superiority of diphenyl ether in the polycondensation 

reaction between butane-1,4-diol and sebacic acid.147 Contrary to these results, in a study by 

Morrow.94 veratrole was found to be superior to diphenyl ether in the polymerization reaction 

between butane-1,4-diol and bis(2,2,2-trifluoroethyl) glutarate catalyzed by porcine pancreatic 

lipase. This differences in results between the last-mentioned studies was attributed to the different 

enzymes used, which could further complicate the approach towards determining the key 

parameters affecting enzyme catalysis in different solvents.  

The catalytic activity of N435 was assessed in several ROP reactions of ε-caprolactone (-CL) 

conducted in different organic solvents having different log P values ranging from -1.1 to 4.5.148 

Results showed that solvents with log P values ranging from −1.1 to 0.49 such as dioxane, 

acetonitrile and tetrahydrofuran showed low conversion not exceeding 30% in 4 h time, and low 

Mn values limited to a maximum of 5,200 g.mol-1. On the other hand, solvents with log P values 

ranging from 1.9 to 4.5 such as isopropyl ether, toluene, butyl ether and isooctane showed higher 

conversions exceeding 60% and Mn values superior to 11,500 g.mol-1. However, the increase in 

conversion and Mn was not in a direct relation with log P, as the maximum conversion and Mn of 

~80% and 15,000 g.mol-1 respectively, were achieved in toluene with a log P value of 2.5, while 

reactions conducted in butyl ether that has a higher log P value of 2.9 showed lower percent 

conversion and Mn of ~60% and 12,900 g.mol-1
, respectively (see Figure 8). Such observation 

signifies that the catalytic activity of N435 is not solely governed by the partition coefficient value 

of its solvent. Other factors such as the polarity149, water solubility123, dielectric constant145 and 

Hildebrand solubility parameter (δ)144 can influence also influence the polymerization reaction.26   
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Figure 8. Relationship between the dielectric constant of the solvent and the conversion for N435 

catalyzed polymerization of ε-CL at a monomer/solvent ratio 1:3 for 4 h at 70 °C.148 

 

The effect of solvent type on the ROP of ε-caprolactone in the presence of N435 as a catalyst was 

also assessed by Yang et al.150 where it was found that higher percent conversion and Mn were 

achieved with hydrophobic hydrocarbon solvents such as toluene, cyclohexane and n-hexane.  

In addition to organic solvents, CALB was successfully used for the ROP of five different lactones 

in ionic liquids. Even at low enzyme loading equivalent to 1% w/w relative to the weight of 

lactone, a high degree of polymerization of 170 was obtained in the ROP of β-propiolactone 

conducted in 1-butyl-3-methylimidazolium bis(trifluoromethane)sulfonimide ([BMIM][Tf2N]). It 

was also observed that water immiscible ionic liquids were a better choice than water miscible 

ionic liquids leading to higher conversion.151 The use of ionic liquids as solvents is due to the many 

advantages they possess that make them good candidates for enzymatic polymerization, such as 

their high vapor pressure, low viscosity, and thermal stability.152 

Yoshizawa‐Fujita et al. performed the ROP of L-lactide in bulk, toluene, and different ionic 

liquids. A maximum Mn of 54,600 g.mol-1 was achieved in 1-butyl-3-methylimidazolium chloride 
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(ionic liquid) ([BMIM][Cl]) at 110 °C after a 24-h reaction, but a superior yield was achieved in 

bulk (54.1%). However, not all tested ionic liquids gave high molecular weight PLA. In fact, the 

maximum Mn reached in 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PF6]) was 

limited to 3,900 g.mol-1 due to the low solubility of PLLA in it, leading to early precipitation.153  

Besides ionic liquids, other medias such as supercritical CO2 were tested for enzymatic 

polymerization.154 In a study by García-Arrazola et al.155 N435 was successfully used to catalyze 

the ring-opening polymerization of L-lactide using supercritical CO2 at 65 °C yielding a weight 

average molecular weight (Mw) of 12,900 g.mol-1, the activity of N435 was linked to their initial 

water content, where the molecular weight decreased with the increase in water content. In another 

study, enzyme was used in the ROP of poly(ɛ-caprolactone) in supercritical CO2, reaching a Mn of 

13,700 g.mol-1 and up to 90% w/w yield.156 

 

1.9 Enzymatic polymerization in unconventional systems 

 

Besides the nature of the reaction media, the use of unconventional systems such as microwave 

assisted polymerization and reactive extrusion were also reported for enzyme-catalyzed 

polymerization reactions. In a study by Pellis et al.157 the authors compared between microwave 

and heat assisted polymerization of dimethyl succinate and butane-1,4-diol catalyzed by N435. It 

was observed that both conditions yielded polymers with similar conversion with no notable 

positive or negative effect imposed by microwave energy in comparison to a traditional oil bath. 

The only detected difference was detected in bulk condition as a decrease in conversion only when 

using high power microwave energy. 

The use of enzymes in reactive extrusion (REx) have been mainly limited to depolymerization 

reactions in the literature.158,159 However, the first enzyme-catalyzed polymerization reaction was 

reported by Spinella et al.160 in the ROP of ω-pentadecalactone catalyzed by N435. In comparison 

to bulk and solution polymerization, the Mn achieved with REx reached 90,000 g.mol-1 in only 15 

min, in comparison to 22,100 and 80,000 in bulk and in solution, respectively after a 72-h reaction. 

The superiority of reactive extrusion was attributed to its efficient mixing that allows for a much 

faster polymer growth. Later, using N435, Li et al.161 performed a lipase-catalyzed ring-opening 
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copolymerization of ω-pentadecalactone and δ-valerolactone by reactive extrusion reaching within 

a 6-h time a Mn of 71,300 g.mol-1 at 90 °C. It was also observed that the degree of randomness of 

the copolymer is related to the time of the reaction, where the polymeric structure changed from a 

blocky arrangement after a 1-h reaction, to a random arrangement after 6 h. This change was due 

to the decrease in monomer concentration which results in increasing the prevalence of 

transesterification reactions. 

In a similar study, Li et al.162 performed a lipase-catalyzed copolymerization of ε‐caprolactone and 

ω‐pentadecalactone via REx. In this work, REx was found to lead to high monomer conversion 

and molecular weight, where after a 3 h reaction at 90 °C the conversion exceeded 98% and the 

Mn reached 51,300 g.mol-1 (see Figure 9) in comparison to only 25,600 g.mol-1 in bulk under 

similar conditions. In addition, increasing the time of the reaction was also found to increase the 

degree of randomness of the copolymer structure, which came in agreement to what was previously 

reported.161  

 

 

 

Figure 9. N435‐catalyzed REX ring‐opening copolymerization of ε‐caprolactone (ε-CL) and ω‐

pentadecalactone (PDL) (51.3 kDa = 51,300 g.mol-1).162 
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1.10 Conclusion 

In this chapter, the various sources of biobased polymers were introduced, with a focus on their 

production methods and the challenges encountered. The use of biomass to produce biobased 

polymers can serve as an adequate approach to decrease the carbon footprint in polymer production 

and pave the way towards a greener chemistry. This chapter then focuses on the use of different 

classes of enzymes in polymerization reactions and focuses on the use of lipases such as Novozym 

435 as appropriate catalysts for the synthesis of polyesters, polyamides, and poly(ester-co-amide). 

This chapter is then directed to establish proper relations between the efficiency of enzymatic 

catalysis and certain parameters such as temperature, solvent, and nature of the reactants. Although 

the literature provided important information regarding conditions and settings that enhance 

enzymatic catalysis and vice versa, it remained ambiguous to establish optimal conditions or a 

confident degree of control regarding the expected outcome of enzymatic catalysis. As such, in the 

next chapter, the influence of certain parameters and the extent of such influence will be assessed 

via a statistical approach that compares between in-solution and in-bulk enzyme-catalyzed 

polycondensation and test the effect of certain factors on the molecular weight. Such approach 

would provide us with a handy tool that offers higher degree of control in polymer synthesis.   
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2. Enzymatic polycondensation of hexane-1,6-diol and 

diethyl adipate: A statistical approach predicting the key-

parameters in solution and in bulk 

 

2.1 Introduction 

 

These recent years have witnessed growing research on replacing metal-based catalysts with more 

eco-friendly organocatalysts and enzymes, both of which possessed certain advantages and 

limitations.1 This work will focus on enzymatic catalysis as a replacement to conventional metal-

based catalysts, due to their selectivity, eco-friendly, and recyclable nature 1–8. The most popular 

biocatalyst used is Novozym 435 (N435 - lipase B from Candida antarctica immobilized on a 

porous acrylic resin), where it showed improved properties in terms of specificity, thermal 

stability, and selectivity, and was proposed in many research works as a versatile catalyst that can 

be beneficial in different synthetic routes, particularly in the case of aliphatic polyesters.9,10  

Many of the research in the area of enzymatic polyesterification remains very empirical, i.e., 

testing the viability and efficiency of different enzymes for the development of polyesters and 

optimizing the reaction conditions for achieving high molecular weights. However, the impact of 

certain parameters, or in a more accurate sense, the ‘degree of impact’ of these parameters can 

vary largely in different conditions and settings. Passing from solution to bulk remains very 

challenging and certain parameters, such as vacuum application can behave differently. Although 

the importance of vacuum in the two-step method is very well established,2,11–13 most research 

included vacuum at a constant value, or otherwise compared it to reactions under atmospheric 

pressure. Poojari et al.14 showed that an increase in vacuum gauge pressure from 66 to 400 mbar 

resulted in a significant increase in Mw and Mn in the polycondensation reactions between 1,3-

bis(3-carboxypropyl)tetramethyldisiloxane and butane-1,4-diol or hexane-1,6-diol. In the presence 

of octane-1,8-diol, the vacuum effect was reversed. Jiang15 showed the necessity of high vacuum 
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application to synthesize high molecular weight copolymers of ω-pentadecalactone, diethyl 

succinate, and butane-1,4-diol, by comparing the results achieved at high vacuum (<4 mbar) to 

very low levels of vacuum being ~ 800 and 1,013 mbar (atmospheric pressure) respectively, where 

the two latter conditions produced oligomers that did not exceed 1,000 g.mol-1 in Mn compared to 

values exceeding 10,000 g.mol-1 at high vacuum levels. 

Traditional methods of optimization follow a one-factor-at-a-time approach (OFAT), which 

involves varying one factor while keeping other factors constant. The main drawback of this 

method is that it does not account for interactions between the tested variables, leading to 

inaccuracy in depicting the true effect of the factors tested. On the other hand, the use of response 

surface methodology (RSM) such as central composite design (CCD) allows for an accurate 

representation of the effect of the tested variables and their interaction.16 RSM has been 

successfully employed in many research works as a tool of optimization.17,18 For example, 

Itabaiana et al.19 used a CCD to determine optimal conditions for lipase catalyzed esterification of 

waste fatty acids into useful esters. Similarly, Pellis et al.20 used a fractional factorial design to 

evaluate the effect of temperature, pressure, and water content in the polycondensation reaction 

between butane-1,4-diol or octane-1,8-diol with dimethyl adipate catalyzed by either cutinase 1 

from Thermobifida cellulosilytica or CALB, under solvent and thin film conditions. 

In order to implement our response surface methodology, we select the step-growth synthesis of 

poly(hexylene adipate) conducted in solution and in bulk, following a two-step procedure, 

transesterification followed by polycondensation. After assessing the influence of oligomerization 

time and monomer concentration, the variable impact and interaction of different experimental 

parameters (temperature, % w/w enzyme loading, and vacuum) on the polycondensation reaction 

between hexane-1,6-diol and diethyl adipate in solvent (diphenyl ether) and bulk media, using 

N435 is reported. Two central composite designs were used to build second order quadratic models 

with equations that can predict the Mn based on the conditions used. As such, these models give 

users the exact parameters that can be considered to develop a polymer with a certain desired range 

of Mn, a method that can show to be very useful for providing an efficient tool in the enzymatic 

synthesis of polyesters using a step-growth method, where the control of Mn is of importance. 

Finally, the influence of the process, bulk vs. solution, on enzyme recycling was also studied. 
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2.2 Results and discussion 

 

The solution polycondensation of equimolar amounts (4 mmol) of hexane-1,6-diol and diethyl 

adipate in the presence of N435 (see Scheme 16) was conducted in diphenyl ether, as it was 

reported to be the more suitable solvent to achieve higher molecular weights 21,22. The effect of the 

monomer concentration on the yield and molecular weight was first assessed considering a 2 h 

oligomerization step followed by a 24 h polycondensation step under a vacuum of 10 mbar and a 

temperature of 100 °C. The overall concentrations were varied by changing the amount of diphenyl 

ether used. Typical 1H NMR spectra of the monomers and synthesized polymer are presented in 

Figure 10, Figure 11 and Figure 12, whereas the results are given in  

Table 4.  

 

 

 

 

 

hexane,-1,6-diol

diethyl adipate

poly(hexylene adipate)

ethanol

n

n 2n-1

N435

Scheme 16. Polycondensation of hexane-1,6-diol and diethyl adipate in the presence of N435 as 

catalyst. 
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Figure 10. 1H NMR spectrum (CDCl3, 300 MHz) of hexane-1,6-diol (C6H14O2): δ(ppm) 1.39 
(m, 4H), 1.58 (m, 4H), 3.64 (t, J = 6.5 Hz, 4H). 
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Figure 11. 1H NMR spectrum (CDCl3, 300 MHz) of diethyl adipate (C10H18O4): δ(ppm) 1.25 (t, J 

= 7.1 Hz, 6H), 1.66 (m, 4H), 2.31 (t, J = 7.2 Hz, 4H), 4.11-4.13 (q, J = 7.1 Hz, 4H). 
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Figure 12. 1H NMR spectrum (CDCl3, 300 MHz) of poly(hexylene adipate) [-

O(CH2)6O2C(CH2)4CO-]n: δ(ppm) 1.37 (m, 4H), 1.66 (m, 8H), 2.32 (t, J = 7.1 Hz, 4H), 4.06 (t, J 

= 6.7 Hz, 4H). 
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Table 4. Effect of monomer concentration on yield, Mn and dispersity of poly(hexylene adipate). 

1 All experiments were conducted following a two-step polycondensation reaction: 1st step 

reaction conducted under atmospheric pressure, followed by the 2nd step of 24 h under vacuum 

(10 mbar). Temperature and enzyme loading were kept constant in both steps at 100 °C and 10% 

w/w of N435. 2 The number average molecular weight (Mn) was obtained from GPC analyses 

(CHCl3, 40 °C, polystyrene standards). 3 Molar mass dispersity ĐM = Mw/Mn was obtained from 

GPC analyses (CHCl3, 40 °C, polystyrene standards). 

 

An increase in Mn and yield with monomer concentration can be noticed, i.e., where the Mn passed 

from 7,400 up to 12,300 g.mol-1 by increasing the monomer concentration from 0.5 to 4 mol.L-1. 

Similarly, the yield increased from 56 to 88%. Therefore, for the next experiments carried out in 

solution, the volume of diphenyl ether was set constant at 1 mL to establish a monomer 

concentration of 4 mol.L-1. This decrease in Mn as a function of decreasing monomer concentration 

can be attributed to the decrease in the polymerization rate in dilute solutions due to the decrease 

in molecular collision as proposed by the collision theory 15,23. In fact, this drop in reactivity is 

reflected as a decrease in monomer conversion which would decrease the degree of polymerization 

(Xn) according to Carothers equation: Xn = 1 (1 − 𝑝)⁄  where p is defined as the conversion 24. 

Another proposed cause can also be attributed to the decrease in the byproduct (ethanol) removal 

efficiency in lower concentration solutions 25. As the vacuum application may result in the 

evaporation of small monomer fractions, the oligomerization step was varied between 1 and 6 h in 

both bulk and solution in order to determine a suitable time for oligomer growth before the vacuum 

application. hexane-1,6-diol and DEA were added in equimolar amounts (4 mmol) in both systems, 

while 1 mL of diphenyl ether was added for the solution polymerization method to obtain the 

previously optimized concentration (4 mol.L-1) conditions. The monomer conversion in the first 

step was determined via 1H NMR at different time intervals in order to assess the reaction kinetics 

Entry1 Concentration 

(mol.L-1) 

Yield 

(%) 

Mn  

(g.mol-1)2 

ĐM
3 

1 4 88 12,300 1.44 

2 2 86 10,700 1.49 

3 1 74 8,300 1.30 

4 0.5 56 7,400 1.18 
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and the time needed to reach the equilibrium at different temperatures and % enzyme loading, as 

reported in Figure 15.  

An example of the 1H-NMR spectra is given in Figure 13 and Figure 14 representing the reaction 

of hexane-1,6-diol and diethyl adipate in diphenyl ether after 15 mins reaction at 80 °C and 1% 

w/w enzyme loading. Conversion was calculated via the ratio of the signal representing 

poly(hexylene adipate) at δ= 4.06 relative to the summation of signals representing DEA and 

poly(hexylene adipate) at δ= 4.11- 4.13 and at δ= 4.06, respectively. The totality of the unreacted 

monomer in addition to the produced polymer was presented as an integral of 1 that can be 

calculated via two ways, either by considering the integral for poly(hexylene adipate)  and 

unreacted diethyl adipate (-OOC-CH2-CH2-CH2-CH2-COO-) represented at δ= 2.32 or by 

considering the combination of signals at δ= 4.11-4.14 of the methylene group (CH3-CH2-O-) of 

the unreacted diethyl adipate in addition to the signals at δ= 4.06 of the methylene (-O-CH2-C4H8-

CH2-O-) of the produced poly(hexylene adipate). The conversion is considered as the ratio of the 

integral presenting the methylene (-O-CH2-C4H8-CH2-O-) of the produced poly(hexylene adipate) 

to the total mentioned above given in:  

Equation 1. Conversion calculated via 1H-NMR. 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 100 ∗ 𝐼𝑏𝐼𝑎 + 𝐼𝑏 

where Ib is the integral of methylene (-O-CH2-C4H8-CH2-O-) of the produced poly(hexylene 

adipate), and Ia is the integral of the methylene group (CH3-CH2-O-) of the unreacted diethyl 

adipate. Due to partial peak overlapping between the triplets representing the methylene (-O-CH2-

C4H8-CH2-O-) of poly(hexylene adipate)  at δ= 4.06 and the right peak of the quartet representing 

the unreacted diethyl adipate (-OOC-CH2-CH2-CH2-CH2-COO-) at δ= 2.32, the conversion was 

calculated by including the mentioned peak as an integral of poly(hexylene adipate)  and 

subtracting its value represented by the left peak of the quartet (0.38-0.08= 0.3= 30% conversion). 
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Figure 13. 1H NMR spectrum (CDCl3, 300 MHz) of the crude reaction of hexane-1,6-diol and 

diethyl adipate in diphenyl ether (1 mL), and the yielded poly(hexylene adipate) after 15 mins 

reaction at 80  C and 1% w/w enzyme loading: δ(ppm) 1.25 (t, 6H), 1.37 (m, 8H), 1.66 (m, 12H), 

2.32 (t, 8H), 3.65 (t, 4H), 4.06 (t, 4H), 4.11-4.13 (q, 4H). Note: δ ~7-7.5 represent diphenyl ether 
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Figure 14. Enlarged view of figure 13 (between 2.2 and 4.2 ppm). 
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Figure 15. Conversion (expressed in %) after oligomerization step calculated via 1H NMR as a 

function of temperature and enzyme loading in bulk (a) and diphenyl ether (b) conditions. 

 

From Figure 15, it was noticed that the increase in % enzyme loading from 1 to 10% affected the 

rate of conversion, while at 10% enzyme, the maximum conversion reached a maximum within a 

time of 15 min in both solution and bulk, compared to 1 and 2 h with 1% N435 in both bulk and 

diphenyl ether conditions respectively. On the other hand, an increase in temperature by 20 °C did 

not influence the reaction rate, but rather increased the maximum monomer conversion by a 

modest value of ~4%.  

To validate the 2 h oligomerization step, a two-step polycondensation reaction was set up to run 

at constant temperature, % enzyme loading, and vacuum. This test was set to determine if 

extending the oligomerization time would have any effect on the Mn of the final product after a 24 

h vacuum application. The corresponding conditions are enclosed in  

Table 5 where the only variable was the oligomerization time, followed by a 24 h of vacuum 

application. The results confirm that, for an average value of 5.5 w/w of enzyme, there is no 

influence between 2 or 6 h oligomerization time where, e.g., the Mn after 24 h were 6,700, 7,000, 

and 6,700 g.mol-1 for 2, 4, and 6 h oligomerization respectively. In other words, there is no need 

for prolongation, and an oligomerization step of 1 or 2 h is sufficient for further experiments. 
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Table 5. Effect of oligomerization time variation on yield, Mn, and dispersity of poly(hexylene 

adipate) after a 24 h (secondary step) under vacuum. 

1 1st step reaction conducted under atmospheric pressure, followed by the 2nd step of 24 h under 

vacuum (30 mbar). Temperature and enzyme loading were kept constant in both steps at 90 °C and 

5.5% w/w of N435. 2 The number average molecular weight (Mn) was obtained from GPC analyses 

(CHCl3, 40 °C, polystyrene standards). 3 Molar mass dispersity ĐM = Mw/Mn was obtained from 

GPC analyses (CHCl3, 40 °C, polystyrene standards). 

 

Although the effect of temperature and catalyst loading were widely studied in the literature, the 

effect of vacuum variation was scarcely mentioned. The results obtained using the central 

composite design (CCD) of experiment did not only determine the effect of temperature, % 

enzyme loading, and vacuum, but also the interactions between these factors. The CCD design that 

is further explained in section 2.4.7.4 provided a series of reactions to perform at different 

conditions. For example, to determine the impact of vacuum at 10 mbar, a set of experiments was 

performed maintaining vacuum at 10 mbar while varying the values of enzyme loading and 

temperature between their minimal, middle, and maximal value. Experiments were conducted in a 

similar pattern at 30 and 50 mbar. The presence of midpoints ensures the proper definition of 

curvatures in the system that would allow for a high degree of confidence in modeling. Before 

stepping into the statistical analysis, 1H NMR confirmed >90% conversion for all samples after a 

24 h reaction under vacuum, calculated via Equation 1. Examples of the 1H NMR spectra in both 

bulk and solution conditions are given in Figure 16 and Figure 17. 

Entry Reaction time (h)1 

1st step/ 2nd step 

Yield (%) Mn (g.mol-1)2 ĐM
3 

5 2/24 88 6,700 1.38 

6 4/24 86 7,000 1.34 

7 6/24 74 6,700 1.38 





79 

 

 

Figure 17. 1H NMR spectrum (CDCl3, 300 MHz) of the crude reaction of hexane-1,6-diol and 

diethyl adipate in 1 mL diphenyl ether, and the yielded poly(hexylene adipate) after 24 h at 10 

mbar vacuum application, at 100 °C and 1% w/w enzyme loading. Note: δ ~7-7.5 represent 

diphenyl ether. 

 

For solution polymerization, and following the method detailed under statistical analysis 

(Experimental section), a quadratic model was developed. Table 6 shows the build information of 

the design model employed herein whereas Table 7 shows the fit statistics information with a 

predicted R2=0.92, which was in good agreement with the adjusted R2 value of 0.96. The adequate 

Precision value of 25.5 representing the signal to noise ratio indicated an adequate signal, where 

according to the software’s output, a ratio greater than 4 is desirable to permit the usage of the 

model to navigate the design space. Moreover, Figure 18 shows very good fit between the 

predicted and actual plots in solution polymerization. The model is presented as an equation in 
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terms of the actual factors given in Table 8. Finally, to confirm the model, additional runs were 

performed, the Mn of these additional experiments fell within 95% PI (prediction interval) range, 

which confirmed the suitability of the model (see Table 9). 

 

Table 6. Build information of the design model for in solution polymerization. 

Study Type Response Surface 
 

Subtype Randomized 

Design Type I-optimal Coordinate Exchange Runs 18 

Design Model Quadratic 
 

Blocks No Blocks 

 

Table 7. Fit statistics for in solution polymerization. 

Std. Dev. 415.60 
 

R² 0.9851 

Mean 7288.56 
 

Adjusted R² 0.9683 

C.V. % 5.70 
 

Predicted R² 0.9231 
   

Adeq Precision 25.5240 

 

 

Figure 18. Graph of the predicted vs. actual plots in solution polymerization. 
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Table 8. Final equation in term of actual factors (in-solution polymerization). 

Mn = 

-57746.63612 
 

+102.81721 % w/w enzyme loading 

+1409.90006 Temperature 

-170.83302 Vacuum 

-0.091667 % enzyme * Temperature 

-2.09306 % w/w enzyme loading * Vacuum 

-2.38562 Temperature * Vacuum 

+3.05879 % w/w enzyme loading² 

-6.82060 Temperature² 

+4.48610 Vacuum² 
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Table 9. Additional tested point for model confirmation for in solution polymerization. 

Variables Mn (g.mol-1) 

Temperature 

(°C) 

% w/w 

enzyme 

loading 

Vacuum 

(mbar) 

Predicted 

Mean 

Predicted 

Median 

Std Dev n SE Pred 95% PI 

low 

Data 

Mean 

95% PI 

high 

90 10 50 6040.86 6040.86 415.602 1 544.717 4784.74 5955 7296.98 

100 5.5 50 5814.91 5814.91 415.602 1 544.717 4558.79 6699 7071.03 

90 10 10 11533 11533 415.602 1 544.717 10276.9 10340 12789.1 

100 5.5 10 11884.6 11884.6 415.602 1 544.717 10628.4 11300 13140.7 

100 1 10 11467.9 11467.9 415.602 2 472.773 10377.6 12250 12558.1 

 

As for the effect of the tested variables, the results clearly show that vacuum was the most 

influential factor on the Mn achieved, where an increase from 50 to 10 mbar resulted in an increase 

of 4,400 g.mol-1 at 80 °C and up to 6,300 g.mol-1 at 100 °C showing that vacuum becomes more 

influential at elevated temperatures. Similarly, the temperature increase had a pronounced effect 

on the Mn, where an increase of 20 °C from 80 to 100 °C resulted in an increase in Mn by 3,300 

g.mol-1 when the vacuum was 10 mbar. The effect of temperature did not have the same influence 

at the lower vacuum level of 50 mbar where the same temperature increase, resulted only in 1,400 

g.mol-1 increase in Mn (see Figure 20 (a)) increased with the increase in Mn, with all values within 

a dispersity range of 1.2-1.7. These results arise from a significant interaction between variables, 

which in this case is an interaction between temperature and vacuum. In other words, the effect of 

vacuum on Mn is dependent on the level of temperature and vice versa. This vacuum-temperature 

interaction could be further justified by Clausius-Clapeyron equation where the vapor pressure of 

liquids increases with the increase in temperature in a non-linear manner 26,27, and thus, at higher 

temperatures, vacuum application becomes more efficient in the removal of ethanol due to a more 

pronounced increase in vapor pressure, thus pushing the reaction forward. Additionally, varying 

the % enzyme loading between 1 and 10% showed no significant effect on Mn (see Figure 20(b), 

Figure 20(c), suggesting that with 1% w/w N435, the catalyst exceeds the stoichiometric amount 

of reactive moieties present in the system and is therefore sufficient to catalyze the reaction.  
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Moving into bulk polymerization, a quadratic model was designed with an R2=0.9 using the same 

variables and levels as in solution polycondensation conditions to facilitate comparison.  

 

Table 10 shows the build information of the design model whereas the fit statistics information 

was introduced in Table 11 showing a predicted R2=0.9, which was in good agreement with the 

adjusted R2 value of 0.93. The adequate Precision value of 18.9 representing the signal to noise 

ratio indicated an adequate signal, that permits the usage of the model to navigate the design space. 

The actual vs. predicted plot in Figure 19 shows a very good fit between the predicted and actual 

plots in bulk polymerization. The equation representing the model is presented in terms of the 

actual factors given in Table 12. Finally, the model was confirmed by running additional 

experiments that fell within 95% PI (prediction interval) range (see Table 13). 
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Table 10. Build information of the design model for bulk polymerization. 

Study Type Response Surface Subtype Randomized 

Design Type Central Composite Runs 18 

Design Model Quadratic Blocks No Blocks 

 

Table 11. Fit statistics for bulk polymerization. 

Std. Dev. 292.34 
 

R² 0.9697 

Mean 7290.78 
 

Adjusted R² 0.9355 

C.V. % 4.01 
 

Predicted R² 0.9000 
   

Adeq Precision 18.9389 

 

 

Figure 19. Graph of the predicted vs. actual plots in bulk polymerization. 
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Table 12. Final equation in term of actual factors (bulk polymerization). 

Mn = 

-61780.81204 
 

+1489.13946 Temperature 

-674.83906 % w/w enzyme loading 

+43.99298 Vacuum 

+3.38892 Temperature * % w/w enzyme loading 

-0.090008 Temperature * Vacuum 

-1.79724 % w/w enzyme loading * Vacuum 

-7.95682 Temperature² 

+54.80580 % w/w enzyme loading² 

-0.874206 Vacuum² 

 

Table 13 Additional tested point for model confirmation for in bulk polymerization. 

 

However, in contrary to the results in solution, the factors tested here had different influence on 

the Mn of the synthesized polymer, where it was shown that enzyme loading had the most 

Variables Mn (g.mol-1) 

Temperature (°C) % w/w 

enzyme 

loading 

Vacuum 

(mbar) 

Predicted 

Mean 

Predicted 

Median 

Std Dev n SE Pred 95% PI 

low 

Data 

Mean 

95% PI 

high 

100 1 10 7528.28 7528.28 292.343 1 390.969 6626.7 7039 8429.85 

90 1 10 7729.96 7729.96 292.343 1 383.149 6846.42 7065 8613.5 

90 5.5 10 7587.89 7587.89 292.343 1 359.478 6758.93 8221 8416.85 

80 10 50 6625.48 6625.48 292.343 1 391.098 5723.6 5832 7527.35 

90 5.5 50 6530.09 6530.09 292.343 2 293.411 5853.49 6105.5 7206.7 

80 10 10 7970.78 7970.78 292.343 1 390.969 7069.2 7678 8872.35 

100 10 10 9768.78 9768.78 292.343 1 389.332 8870.98 9525 10666.6 



86 

 

pronounced effect (see Figure 20(d), Figure 20(e)), followed by temperature, and finally vacuum 

(see Figure 20(f)) giving a less pronounced effect. Additionally, the Mn achieved in bulk conditions 

was significantly lower than that achieved in solution following the same conditions. Dispersity 

(see Table 14) increased with Mn but did not vary beyond the range of 1.2-1.6. These variations 

are not surprising. In fact, it could be explained by the decrease in diffusion capabilities of growing 

chains in high viscous mediums. In contrast to solution polymerization, bulk polymerization shows 

fast and significant increase in viscosity within minutes of vacuum application, leading to complete 

stop of stirring applied via magnetic bars. Having the catalyst in its heterogeneous form, it becomes 

more and more crucial to maintain adequate mass transfer to allow the polymer growth. In fact, 

though 1% N435 proved to be as efficient as 10% in solution, the results in bulk conditions showed 

significant variation between both percentages. This variation should be mainly attributed to the 

limitations enforced by the decrease in mass transfer rather than the activity of the enzyme, where 

a higher loading of N435 would rationally occupy more space within the medium, resulting in 

more interaction between substrates and the enzyme active sites especially when chain movement 

in the medium is reduced.  
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(a) 

(c) 

(b) 

(d) 

(f) 

(e) 

Figure 20. (a) Effect of vacuum and temperature on Mn (solution) at 10% enzyme loading. (b) 

Effect of vacuum and % enzyme loading on Mn (solution) at 100 °C. (c) Effect of % enzyme 

loading and temperature on Mn (solution) at 10 mbar of reduced pressure. (d) Effect of vacuum 

and % loading enzyme on Mn (bulk conditions) at 100 °C. (e) Effect of % enzyme loading and 

temperature on Mn (bulk conditions) at 10 mbar of vacuum. (f) Effect of vacuum and 

temperature on Mn (bulk conditions) at 10% enzyme loading.  *(The red and pink points 
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MALDI-TOF MS was used to determine the nature of the end-groups present in the synthesized 

poly(hexylene adipate). However, due to the quite broad molar mass dispersity (i.e., >1.2) of the 

polymer samples, mass spectrometry was not useful for determining the molar masses accurately 
28. As such, 16 polymer samples (8 solution and 8 bulk conditions) were analyzed to establish a 

comparison between both conditions as represented in Table 14. From the MS spectra in Figure 

21 representing experiment 1S, three main polyester families were identified being end-

functionalized as (1) ester-ester (2) alcohol-alcohol (3) ester-alcohol. Cyclic structure was also 

probable but only traces were detected. Based on the MALDI-TOF spectrum, ester-alcohol was 

found to possess the highest intensity, showing that these structures are the most abundant in the 

sample, as expected. Those results were consistent among all the tested samples in bulk and 

solution media with no apparent differences. 
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Table 14. Experiments analyzed via MALDI-TOF MS for end group determination. 

Experimental conditions Bulk polycondensation In-solution polycondensation 
 

Determined via GPC 
 

Determined via GPC 

Enzyme Temperature Vacuum 
 

Mn Mw dispersity 
 

Mn Mw dispersity 

% w/w (°C) (mbar) Experiment (g.mol-1) (g.mol-1) 
 

Experiment (g.mol-1) (g.mol-1) 
 

1 80 50 1B 5,500 6,800 1.2 1S 4,500 5,900 1.3 

10 80 50 2B 6,600 8,200 1.2 2S 4,600 6,000 1.3 
           

1 100 50 3B 6,900 9,100 1.3 3S 5,900 7,700 1.3 

10 100 50 4B 8,400 10,700 1.3 4S 6,000 8,200 1.4 
           

1 80 10 5B 6,300 8,400 1.3 5S 8,200 11,800 1.5 

10 80 10 6B 7,900 11,200 1.4 6S 9,000 13,300 1.5 
           

1 100 10 7B 7,500 10,100 1.3 7S 11,500 17,800 1.6 

10 100 10 8B 9,700 15,700 1.6 8S 12,300 19,400 1.6 

 

 

 

The limitation imposed by the decrease in mass transfer becomes more apparent when extending 

the reaction time (see Figure 22), where the Mn of polyesters synthesized in bulk increase only by 
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Figure 22 Effect of extending polymerization time on Mn in both solution and bulk conditions. 
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vacuum showed to be the most influential factor in relation to Mn, followed by temperature, and 

finally % enzyme loading that showed no significant effect. This relation between the independent 

variables and Mn showed an opposite relation in bulk where % enzyme loading had the most 

significant impact on Mn, followed by temperature and vacuum respectively. The models were 

confirmed by running additional experiments, where their results were within the acceptable 

prediction interval, confirming that the models can be adequately used to predict the Mn of the 

polymer at any level within the tested factor ranges. Recyclability assays showed a more efficient 

recycling for N435 in bulk conditions (consistent results up to 3 cycles) in comparison to diphenyl 

ether that showed a drop of activity by 17% for the second cycle. Finally, this work introduced a 

green method to produce poly(hexylene adipate) and control its Mn. After establishing a better 

understanding on the impact of key parameters, future research will enlarge on the findings of this 

work, to explore the feasibility of using Novozym 435 for the polymerization of different 

monomers. Mainly, next chapter will focus on the enzymatic catalysis of aromatic groups, where 

we will assess the efficiency of Novozym 435 in catalyzing the synthesis of semi-aromatic 

terpolymers, and how adjusting certain variables, such as the diol length, can lead to major 

differences in polymer growth.   

2.4 Materials and Methods 

 

2.4.1 Materials  

 

hexane-1,6-diol (97%), diethyl adipate (99%) and diphenyl ether (99%) were purchased from 

Sigma-Aldrich (Lyon, France). Analytical grade methanol, tetrahydrofuran (THF), chloroform 

(99%) and toluene were purchased from VWR (Fontenay-sous-Bois, France). All the reagents and 

solvents were used as received. Novozym 435 (N435), a Candida antarctica Lipase B (CALB) 

immobilized on a porous acrylic resin was kindly provided by Novozymes (Bagsværd, Denmark) 

(activity = 10,000 propyl laurate units (PLU)/g). Chloroform D (CDCl3) (99.8%) was purchased 

from Euriso-Top (Saint-Aubin, France). 
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2.4.2 General procedure of the enzymatic polycondensation of hexane-

1,6-diol and diethyl adipate 

 

Equimolar amounts (4 mmol) of hexane-1,6-diol and diethyl adipate were weighed and added into 

a schlenk tube. A predetermined amount varied between 1 and 10% w/w of N435 (relative to the 

total weight of the monomers) was weighed and added to the mixture. For solution polymerization, 

1 mL of diphenyl ether was added as a solvent of choice, whereas for bulk polymerization, the 

reaction was commenced with no additional steps. The reaction proceeded under atmospheric 

pressure for 2 h at a preset temperature between 80 and 100 °C (using an oil bath with continuous 

stirring kept constant at 350 rpm). Afterwards, the schlenk tube was attached to a vacuum line, and 

the pressure was decreased gradually in 1 h to reach a predetermined value between 10 and 50 

mbar to remove byproduct (ethanol). After applying the vacuum, the reaction was left to proceed 

for 24 h and got stopped by adding an excess amount of chloroform under atmospheric pressure 

after a cooling step, followed by direct filtration to remove the N435 beads. The filtrate was then 

partially evaporated using a rotavap, followed by the addition of excess amount of cold methanol 

to precipitate the obtained polymer. The mixture was then filtered, and the product obtained was 

left to dry at room temperature for 24 h before collecting and weighing.  

 

2.4.3 Effect of solvent volume on the achieved number-average molecular 

weight (Mn)  

 

For solution polymerization, diphenyl ether was chosen as a solvent. To determine the effect of 

volume variation, the polycondensation reaction was carried out with different volumes at 100 °C 

at 1% w/w N435 for 2 h oligomerization followed by an additional 24 h polymerization under 10 

mbar of vacuum (see Table 4). The reaction was then confirmed via 1H NMR analysis. 
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2.4.4 Effect of the oligomerization step time on conversion in solution and 

bulk 

 

The conversion was monitored by exploiting the 1H NMR signals at δ= 4.11- 4.14 of the methylene 

group (CH3-CH2-O-) of diethyl adipate (DEA) in addition to the signals at δ= 4.06 of the methylene 

(-O-CH2-C4H8-CH2-O-) of the poly(hexylene adipate).  

 

2.4.5 Effect of the oligomerization step time on the achieved number-

average molecular weight (Mn) after 24 h of post vacuum application 

in bulk 

 

Two-step polycondensation reactions were set up to run with a tunable oligomerization time (2, 4, 

and 6 h) at constant temperature (90 °C), % w/w enzyme loading (5.5%), and followed by a 

secondary 24 h step under vacuum (10 mbar) application. Mn was determined by GPC analysis.  

 

2.4.6 N435 recyclability  

 

The polycondensation protocol of hexane-1,6-diol and diethyl adipate was followed as mentioned 

before, the temperature was kept constant at 100 °C and the oligomerization step at 2 h. At the end 

of each polymerization cycle, the separated N435 beads were washed 3 times with excess 

chloroform, then left to dry at room temperature for 24 h under atmospheric pressure and reused 

for three consecutive cycles.   
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2.4.7 Analytical methods 

 

2.4.7.1 
1H NMR analysis 

 

Approximately 5 mg of hexane-1,6-diol, diethyl adipate, and the recovered poly(hexylene adipate) 

were directly dissolved in three NMR tubes containing 0.5 mL of CDCl3. The 1H NMR spectra of 

the monomers, and the recovered polymer were recorded at room temperature on a Bruker Avance 

300 instrument (Bruker, Billerica, MA, USA), (delay time = 3 s, number of scans = 32) at 300.13 

MHz. Chemical shifts (ppm) were calibrated using the residual signal of CDCl3 at 7.26 ppm. 

Additionally, 1H NMR was used to confirm conversion. Data acquisition and analysis were 

performed using the Bruker TopSpin 3.2.  

 

2.4.7.2  GPC analysis  

 

Gel permeation chromatography analysis was performed in THF as eluent (flow rate of 1 mL/min) 

at 40 °C using Alliance e2695 apparatus (Waters, Milford, MA, USA) with a sample concentration 

around 10-15 mg.mL-1. A refractive index detector Optilab T-rEX (WYATT Optilab T-Rex, Santa 

Barbara, CA, USA) was used as a detector, and a set of columns: HR1, HR2 and HR4 (Water 

Styragel, (Water Styragel, Milford, MA, USA) were utilized. The molecular weight calibration 

curve was obtained using monodisperse polystyrene standards. 

 

2.4.7.3 MALDI-TOF MS analysis  

 

Positive-ion Matrix assisted LASER Desorption/Ionization-Mass Spectrometry (MALDI-MS) 

experiments were performed using a Waters QToF Premier mass spectrometer (Waters, Milford, 

MA, USA equipped with a Nd:YAG laser operating at 355 nm (third harmonic) with a maximum 

output of 65 µJ delivered to the sample in 2.2 ns pulses at 50Hz repeating rate. Time-of-flight mass 
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analysis was performed in the reflectron mode at a resolution of about 10 k (m/z 569). All samples 

were analyzed using trans-2-[3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile 

(DCTB) as a matrix. Polymer samples synthesized in bulk as well as in solution conditions were 

dissolved in THF to obtain 1 mg.mL-1 solution. Additionally, 40 µL of 2 mg.mL-1 NaI solution in 

acetonitrile was added to the polymer solution.  

 

2.4.7.4 Statistical analysis  

 

A face centered central composite design (CCD) was used to optimize the polycondensation 

reaction of poly(hexylene adipate) in terms of the established number-average molecular weight 

(Mn). A CCD is an experimental designed used to determine the effect and interaction of several 

factors and develop a response model. This design consists of 3 levels represented as (-1, 0, 1), 

where the center point (0) is replicated several times to determine variability and improve 

predictability. In the following work, 3 factors were tested at 3 levels being temperature (80, 90, 

100 °C), % w/w enzyme loading (1, 5.5, 10%), vacuum (10, 30, 50 mbar). The models were 

developed and analyzed by Design-Expert 11®. The models were confirmed by running additional 

experiments that fell within 95% PI (prediction interval) range (see Table 9 and Table 13). 
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In general, semi-aromatic polyesters are structurally designed on the basis of both aliphatic as well 

as aromatic (co)monomeric units. The incorporation of aromatic units into the polymer structure 

helps increasing the rigidity, hydrophobicity, and thermal properties of the polymeric backbone, 

whereas the aliphatic units in the form of aliphatic diacids or diols serve enhancing the flexibility 

of the polymeric structure and lowering its glass transition temperature (Tg).13,14 Accordingly, the 

combination of aliphatic and aromatic groups in semi-aromatic polyesters such as PET, and PBT 

have shown a great enhancement of properties and expanded the scope of their applications, 

ranging from plastic bottles to synthetic fibers and food packaging.15,16 

In recent years, many furan-based polyesters and polyamides have been synthesized,17 and many 

research works focused on comparing them to their TPA-based counterparts.18–20 For example, via 

a two-step polycondensation process in the presence of Titanium isopropoxide (Ti(O‐i‐Pr)4) as 

catalyst, Knoop et al.11 synthesized a series of polyethylene (PEF), polypropylene (PPF), and 

polybutylene (PBF) furanoates of medium molecular weights that are comparable to their TPA 

analogs, and showing less coloration. Moreover, furan-based polyesters have shown to present 

enhanced gas barrier properties when compared to their TPA counterparts.21,22 Regarding their 

mechanical properties, PEF was found to be similar to PET in terms of its Young’s modulus and 

maximum stress values. In contrast, PEF was shown to be significantly more brittle than PET.23 

In another interesting study, the PBF ductility was found to significantly increase as a function of 

the molecular weight, reaching Young’s modulus and elongation values comparable to the reported 

values of commercial PBT when the number average molecular weight (Mn) was > 16,000 g.mol-

1. In contrast, lower values of Young’s modulus and elongation at break were reported when the 

Mn was ~7,000 g.mol-1. This difference was suggested to originate from the insufficient number 

of entanglements at lower molecular weight values.12  

Although the literature is rich in examples of enzyme-catalyzed polyesterification to produce 

aliphatic polyesters, the synthesis of aromatic polyesters remains less studied mainly due to the 

need to use elevated reaction temperatures when dicarboxylic aromatic (co)monomers are used. 

Nevertheless, several promising attempts have been noted to synthesize aromatic and semi-

aromatic polyesters via enzymatic catalysis, which can be manageable at lower temperatures by 

substituting diacid monomers with their methyl or ethyl diester analogous. However, such 

polyesters were ill-defined with their low molecular weights, mainly due to side reactions such as 
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ether formation as well as to the low temperature used, leading to phase separation of the end-

product and limited the polymer growth.24,25 In an attempt to overcome this limitation, Jian et al.26 

performed a two-step polycondensation reaction using Novozym 435 (N435) as a catalyst, which 

is a Candida antarctica lipase B (CALB) immobilized on an acrylic resin. The results obtained 

showed that for the polyesterification reaction between dimethyl furan-2,5-dicarboxylate 

(DMFDCA) and different aliphatic diols, being hexane-1,6-diol, octane-1,8-diol, and decane-1,10-

diol at a temperature of 140 °C, the polyesters obtained possessed a high number average 

molecular weight (Mn) of 41,100, 41,000, and 51,600 g.mol-1, respectively. Those values exceeded 

the values obtained at 80 °C by more than 10-folds. As enzymatic catalysis proved to be better 

suitable for oligomer production, several attempts to synthesize furan-based oligomers via 

enzymatic catalysis were approached in recent years, where different aromatic and semi-aromatic 

oligomers were produced.27,28Other attempts to synthesize semi-aromatic diesters via enzymatic 

catalysis were reported by Pellis et al.29 Aliphatic diols varying in chain length between C4-C8 

were reacted with several aromatic monomers such as diethyl furan-2,5-dicarboxylate, diethyl 

terephthalate, diethyl isophthalate, in addition to different isomers of pyridine dicarboxylic acid. 

The results showed that the reaction between 2,4-diethyl pyridine dicarboxylate and octane-1,8-

diol in diphenyl ether led to the highest molecular weight (Mn = 14,300 g.mol-1).  

Although semi-aromatic polyesters such as PET and PBT or their furan counterparts possess good 

physical properties, they are however resistant to biodegradation.30,31 To tackle this, semi-aromatic 

terpolyesters such as polybutylene adipate terephthalate (PBAT) were developed, consisting of 

aromatic and aliphatic units, showing adequate mechanical properties while being biodegradable 

at the same time.32 In fact, the biodegradation of such copolyesters was due to the presence of 

aliphatic repeating units such as butylene adipate (BA) in PBAT, which were more susceptible to 

hydrolysis and microorganism attacks than the semi-aromatic butylene terephthalate (BT).32,33 In 

a study conducted by Herrera et al.34 PBAT with an adipate/terephthalate ratio of 60/40 was found 

to degrade at a faster rate than PBAT with a higher terephthalate content (40/60). Such findings 

could allow for an adequate control over the properties and degradation time of semi-aromatic 

copolyesters such as PBAT simply by tuning the adipate/terephthalate ratio. With the 

biodegradability advantage of such copolyesters, in addition to the advantages of furan based 

polyesters, research have been focusing in recent years on developing furan based copolyesters 
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such as polybutylene adipate furanoate (PBAF) aiming to produce biobased polymers which are 

also biodegradable and possess adequate properties allowing them to compete with TPA based 

polymers.35–40  

Although enzymatically catalyzed synthesis of furan-based polyesters such as PBF, among other 

types were recently reported in the literature,17,25,26 the enzymatic synthesis of furan-based 

terpolyesters, on the other hand, was less studied. Morales-Huerta et al.41 synthesized 

poly(butylene furan-2,5-dicarboxylate-co-succinate) via the ring-opening polymerization of cyclic 

butylene furan-2,5-dicarboxylate and butylene succinate oligomers yielding copolyesters with a 

Mn ranging between 16,000 and 31,000 g.mol-1 where Novozym 435 was loaded at 40% w/w 

relative to the totality of the concentration of the monomers. On the other hand, the enzymatic 

polycondensation approach towards semi-aromatic copolyesters was reported by Maniar et al.42 

by reacting DMFDCA, 2,5‐bis(hydroxymethyl)furan (BHMF), along with aliphatic linear diols 

and diacid ethyl esters. The highest Mn was achieved when using octane-1,8-diol reaching 16,000 

g.mol-1 after 72 h under vacuum and a temperature varied between 80 and 95 °C.  

Previously, we have introduced a statistical approach that allowed us to predict the Mn of 

poly(hexylene adipate) simply by tuning the values of certain parameters such as vacuum, enzyme 

loading and temperature.43 In our current work, and based on the promising properties of furan-

based terpolyesters, such as their excellent mechanical properties and biodegradability we 

investigate herein the enzyme-catalyzed synthesis of furan-based semi-aromatic terpolyesters by 

reacting diethyl furan-2,5-dicarboxylate (DEFDC), with variable aliphatic linear dicarboxylic 

esters, and diols. A special emphasis was made on the influence of furan loading, and the chain 

length of diols and diesters, and how such factors can influence the reactivity, molecular weight, 

and thermal properties of the end-product. In addition, amorphous fatty dimer diol such as Pripol 

2033 ((9Z,12Z)-18-[(6Z,9Z)-18-hydroxyoctadeca-6,9-dienoxy]octadeca-9,12-dien-1-ol) was 

tested for its influence on improving the reactivity in the system where enzymatic catalysis was 

limited. 
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Figure 25. 1H NMR spectrum (CDCl3, 300 MHz) of the crude reaction of octane-1,8-diol, diethyl 

furan-2,5-dicarboxylate and diethyl adipate in diphenyl ether (1 mL), and the yielded copolyester 

after a two-step polycondensation reaction at 100 °C and 20% w/w enzyme. 
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Table 15. Molecular structure analysis (X-furan), % conversion, % yield, Mn, ĐM and D.P. of 

furan-based co-polyesters with variable furan content and aliphatic diols. 

Entry Diol1 DEFDC feed 

(%)2 

X-furan 

(%)3 

Conversion 

(%)4 

Yield by weight 

(%) 

M
n
 (g.mol-1) 

5 

Đ
M

6 D.P.7 

1 C4 0 0 98 85 16,000 1.80 80 

2 C4 10 12 86 68 4,900 1.93 24 

3 C4 25 27 95 62 1,300 6.9 6 

4 C4 50 - - - - - - 

5 C6 0 0 97 91 9,200 1.80 40 

6 C6 10 12 95 77 9,400 1.61 41 

7 C6 25 27 98 82 11,100 2.13 48 

8 C6 50 51 98 87 9,600 2.09 41 

9 C6 75 75 96 90 3,800 1.91 16 

10 C6 90 78 48 0 - - - 

11 C8 0 0 94 88 9,000 1.94 35 

12 C8 10 12 95 87 10,900 1.82 42 

13 C8 25 27 95 86 8,900 1.75 34 

14 C8 50 49 91 74 9,900 1.91 38 

15 C8 75 75 96 84 7,500 2.14 28 

16 C8 90 87 96 87 4,700 1.85 18 

17 C10 0 0 95 98 9,100 2.05 32 

18 C10 10 12 95 93 8,300 1.91 29 

19 C10 25 27 95 92 8,600 1.78 30 

20 C10 50 50 94 83 10,300 1.84 35 
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21 C10 75 74 95 92 7,300 2.04 35 

22 C10 90 89 97 99 8,500 2.27 29 

23 C12 0 0 95 98 7,700 2.07 25 

24 C12 10 11 95 97 9,900 2.01 31 

25 C12 25 26 96 93 9,700 2.21 31 

26 C12 50 50 95 95 8,700 1.97 27 

27 C12 75 74 95 89 6,300 1.98 20 

28 C12 90 88 97 100 7,300 2.19 23 

1 C4 = butane-1,4-diol, C6 = hexane-1,6-diol, C8 = octane-1,8-diol, C10 = decane-1,10-diol, C12 

= dodecane-1,12-diol; 2 DEFDC feed (%) = represents the molar percentage of diethyl furan-2,5-

dicarboxylate added, relative to the total diester amount; 3 X-furan (%) = defined as the molar 

fraction of alkylene furan-2,5-dicarboxylate repeating unit in the copolymer and determined via 
1H NMR as per equation 2: X-furan (%) = Ia2/(Ia1+ Ia2) x 100, where (Ix) represents the 1H NMR 

integration of the relative peak; 4 Conversion (expressed in %) = represents the total amount of 

reacted diols in relative to the overall diols in the system and was calculated by 1H NMR via 

equation 3: Conversion (%) = Ia1 + Ia2/(Ia1+ Ia2 + I(residual diol)) x 100, where (Ix) represents 

the 1H NMR integration of the relative peak; 5 The number average molecular weight (Mn) was 

obtained from GPC analyses (CHCl3, 23 °C, polystyrene standards); 6 Molar mass dispersity ĐM 

= Mw/Mn was obtained from GPC analyses (CHCl3, 23 °C, polystyrene standards). 
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From Table 15, it was observed that the increase in DEFDC content had a negative impact on X-

furan, conversion, yield, Mn, and D.P. of copolymers synthesized from shorter diols, mainly 

butane-1,4-diol and to a lesser extent hexane-1,6-diol, where the maximum quantities of furan 

successfully incorporated into these copolymer structures were 27 and 75%, achieving yields of 

62 and 90% (as observed in entries 3 and 9), respectively. Increasing the feed molar percentage of 

DEFDC with these short diols limited the copolymer growth and led to a failure in precipitation, 

which was assumed to result from the low reactivity and the formation of short oligoesters that did 

not precipitate in methanol. No detectable conversion or yield was observed (see entry 4), when 

the DEFDC feed was increased to 50%, while only 48% conversion was calculated when the 

DEFDC feed was increased to 90% (as observed in entry 10); without any detectable yield. 

Similarly, the D.P. of the copolymers prepared with butane-1,4-diol was highly influenced by 

DEFDC feed, where increasing the DEFDC feed by only 10% led to a drop in D.P. from 80 (entry 

1) to 24 (entry 2), and further decreased to 6 (entry 3) with 25% DEFDC. Inversely, the ĐM 

increased from 1.93 at 10% DEFDC in the feed up to 6.9 with 25% DEFDC, indicating a broad 

distribution in the molecular weight as a function of DEFDC addition. On the other hand, 

copolymers based on octane-1,8-diol, decane-1,10-diol, and dodecane-1,12-diol showed a stable 

conversion (>90%) and high yields without any noticeable variations as a function of DEFDC feed 

increase. The D.P. of copolymers based on octane-1,8-diol was partially affected at high DEFDC 

content, decreasing from 38 to 28 to 18 with the increase in DEFDC feed from 50 to 75 to 90%. 

Longer diols were not significantly affected by the increase in DEFDC feed %, where copolymers 

based on decane-1,10-diol and dodecane-1,12-diol maintained a relatively stable D.P. at high 

DEFDC feed. The formation of poly(alkylene alkanoate-co-alkylene furan-2,5-dicarboxylate) 

rather than poly(alkylene alkanoate) and poly (alkylene furan-2,5-dicarboxylate) homopolymers 

was confirmed by performing DOSY NMR scans. The spectrum provided in Figure 26 shows a 

single diffusion coefficient for the produced poly(dodecylene adipate-co-dodecylene furan-2,5-

dicarboxylate) representing entry 26. 
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shorter diols which precipitated rapidly due to the reasons mentioned above and prevented polymer 

growth. Surprisingly though, and contrary to previous results in the literature,45 increasing the diol 

length in the absence of DEFDC, did not seem to cause any increase in the D.P. of the 

corresponding aliphatic polyesters. On the contrary, the polymer based on butane-1,4-diol and 

diethyl adipate (entry 1) was found to possess the highest D.P. (80) amongst the aliphatic 

polyesters, while the D.P. was maintained within a range of (25-40) for polymers based on hexane-

1,6-diol (entry 5), octane-1,8-diol (entry 11), decane-1,10-diol ((entry 17) and dodecane-1,12-diol 

(entry 23). However, it should be noted that the limitations in polymer growth could have stemmed 

from the diminishing in the mixing speed due to the increase in the viscosity of the samples, which 

might have posed a negative effect on the heat and mass transfer. In fact, it was observed that the 

mixing efficiency decreased rapidly in the reactions containing long diols, while it took more time 

to notice the same decrease when shorter diols were used. This observation could further justify 

the limited D.P. values with long diols. 
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Table 16. Molecular structure analysis (X-furan), % conversion, % yield, Mn, ĐM and D.P. of 

furan-based copolyesters with variable furan content and aliphatic diesters. 

Entry Diol/Diester1 
DEFDC feed 

(%)2 
X-furan 

(%)3 
Conversion 

(%)4 
Yield by weight 

(%) 
Mn (g.mol

-1
) 

5 
ĐM

6 D.P.7 

29 C6/C2 0 - - 0 - - - 

30 C6/C2 10 - - 0 - - - 

31 C6/C2 25 - - 0 - - - 

32 C6/C10 0 0 98 91 12900 1.89 45 

33 C6/C10 10 10 98 87 11800 1.91 42 

34 C6/C10 25 26 97 74 12800 1.71 48 

35 C6/C10 50 50 98 72 10800 1.84 43 

36 C6/C10 75 74 96 63 2700 1.93 12 

37 C6/C10 90 75 28 0 - - - 

38 C12/C2 0 0 97 93 8600 2.28 33 

39 C12/C2 10 14 97 95 8900 2.2 34 

40 C12/C2 25 28 97 90 9400 2.14 34 

41 C12/C2 50 50 98 94 8500 2.36 29 

42 C12/C2 75 74 96 91 7900 2.19 26 

43 C12/C2 90 87 97 96 8900 2.2 28 

44 C12/C10 0 0 97 90 3600 2.14 10 

45 C12/C10 10 14 97 84 4600 2.04 13 

46 C12/C10 25 29 97 87 4900 1.93 14 

47 C12/C10 50 54 98 85 6200 2.01 18 

48 C12/C10 75 77 96 89 5100 2.09 15 

49 C12/C10 90 n.d n.d 95 5100 2.13 16 

1 C6/C2 = hexane-1,6-diol + diethyl oxalate, C6/C10= hexane-1,6-diol + diethyl sebacate, C12/C2 = 

dodecane-1,12-diol + diethyl oxalate, C12/C10 = dodecane-1,12-diol + diethyl sebacate; 2 DEFDC 

feed (%) = represents the molar percentage of diethyl furan-2,5-dicarboxylate added, relative to 

the total diester amount; 3 X-furan (%) = defined as the molar fraction of alkylene furan-2,5-

dicarboxylate repeating unit in the copolymer and determined via 1H NMR as per equation 2: X-

furan (%) = Ia2/(Ia1+ Ia2) x 100, where (Ix) represents the 1H NMR integration of the relative 

peak; 4 Conversion (expressed in %) = represents the total amount of reacted diols in relative to 

the overall diols in the system and was calculated by 1H NMR via equation 3: Conversion (%) = 

Ia1 + Ia2/(Ia1+ Ia2 + I(residual diol)) x 100, where (Ix) represents the 1H NMR integration of the 
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relative peak; 5 The number average molecular weight (Mn) was obtained from GPC analyses 

(CHCl3, 23 °C, polystyrene standards); 6 Molar mass dispersity ĐM = Mw/Mn was obtained from 

GPC analyses (CHCl3, 23 °C, polystyrene standards); 7 D.P. = degree of polymerization = Mn/M0 

where Mo is the molecular weight of the repeating unit. 

With the exception of 1,2-diethyl oxalate that did not yield any polymers when reacted against 

hexane-1,6-diol, the increase in the diester length from C6 to C10 did not have a significant impact 

on the molecular weight of the copolymers produced as observed in Figure 27 (a). On the other 

hand, in Figure 27 (b), reacting dodecane-1,12-diol with diethyl oxalate (C2) in the presence or 

absence of DEFDC led to copolymers with a D.P. ranging between 26 and 34. The D.P. decreased 

on average with increasing the diester length down to a D.P. (20-31) with diethyl adipate (C6) and 

a further decrease in D.P. down to (10-18) with diethyl sebacate (C10). However, as mentioned 

before, the decrease in D.P. with longer diesters could have resulted from the high viscosity built 

up in the system that could have limited polymer growth. Moreover, unlike copolyesters based on 

hexane-1,6-diol, copolyesters based on dodecane-1,12-diol and regardless of the aliphatic diester 

used, did not show significant variations in term of conversion, yield, and D.P. as a function of 

increasing the DEFDC feed. 

Taking advantage of the difference in reactivity between different chain length diols, a kinetic 

study was performed comparing hexane-1,6-diol and dodecane-1,12-diol in terms of conversion 

during the oligomerization step as a function of DEFDC content in the feed. The results showing 

the evolution of conversion in addition to X-furan representing the furan content (%) in the 

oligomers produced is given in Figure 28.  
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and 14% with C6 (25%) and C12 (25%). Similarly, the amount of furan (X-furan) in the copolymer 

structure was similar with both diols reaching 10% with C6 (10%) and C12 (10%), and 25% with 

C6 (25%) and C12 (25%), respectively. Such values represented accurately the DEFDC in the feed. 

However, as the DEFDC feed content increased to 50% and 75%, variations in terms of conversion 

and X-furan were observed when comparing hexane-1,6-diol to dodecane-1,12-diol-based 

oligoesters, where at 50% DEFDC feed content, the conversion calculated for C6 (50%) and C12 

(50%) reached values of 25 and 29%, and the X-furan values were 45 and 49%, respectively. The 

superior reactivity of dodecane-1,12-diol with DEFDC was further confirmed at higher DEFDC 

content (75%), where for C6 (75%), conversion did not increase beyond 29% after 4 h 

oligomerization time, compared to 43% with C12 (75%) within the same time limit. Similarly, the 

X-furan was limited to 61% with C6 (75%) but was equivalent to the DEFDC feed percentage with 

C12 (75%) with a X-furan value of 75%. These results further confirmed the results obtained in 

Table 15, suggesting that in the presence of N435 as a catalyst, longer diols were more reactive 

towards DEFDC than their shorter counterparts. However, at low DEFDC content (<25%), and in 

the presence of diethyl adipate, the conversion of both seemed to proceed at a very similar rate 

regardless of the diol length. 

As the reactivity differences between hexane-1,6-diol and dodecane-1,12-diol appeared to be more 

significant in the presence of high amounts of DEFDC, another kinetic study was performed 

comparing hexane-1,6-diol and dodecane-1,12-diol reactivity using the same system as detailed 

under the experimental section. The evolution of X-furan and X-adipate for both hexane-1,6-diol 

and dodecane-1,12-diol are given in Figure 29. 
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Figure 29. Microstructure of co-polyesters during oligomerization showing the evolution of furan 

(X-furan) and adipate content (X-adipate) in oligomers produced, determined via 1H NMR. 

Reactants: hexane-1,6-diol (2 mmol), dodecane-1,12-diol (2 mmol), DEFDC (3 mmol), diethyl 

adipate (1 mmol). Medium: 1 mL diphenyl ether, N435: 20% w/w, temperature: 100 °C. 

 

It was evident from Figure 29 that after only 15 mins from the start of the reaction, the oligoester 

structures were dominated by hexanediol-adipate and dodecanediol-adipate ester units recording 

32 and 36% respectively, relative to the total esters formed in the system, while hexanediol-furan 

and dodecanediol-furan esters were limited to 13 and 19%, respectively.  The domination of diol-

adipate esters during the first minutes of the reaction resulted from the higher reactivity of diols 

towards aliphatic diesters under N435 mediated catalysis. As the reaction proceeds, the X-adipate 

for both diols started to decrease gradually while the X-furan increased simultaneously, where 

after 4 h, the X-adipate(hexane-1,6-diol) and X-adipate(dodecane-1,12-diol) decreased to reach 

values of 13 and 18%, whereas the X-furan(hexane-1,6-diol) and X-furan (dodecane-1,12-diol) 

increased to reach 33 and 37%, respectively. Unlike what was observed in Figure 28 in the case of 

hexane-1,6-diol; where the X-furan was limited to 61% after 4 h, the presence of the two diols in 

the same system allowed the oligoesters’ microstructure to rearrange as the reaction proceeds to 
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reach after 4 to 6 h a microstructure that accurately represent the feed ratio of diols and esters based 

on the summation of X-furan of both hexane-1,6-diol  and dodecane-1,12-diol.  

These two kinetic studies showed how N435 showed minimal catalytic differences between 

hexane-1,6-diol and dodecane-1,12-diol at low DEFDC content, which is evident from the 

conversion profiles presented in Figure 28. On the other hand, it was also clear how in the presence 

of an aromatic group such as DEFDC, N435 tended to catalyze the transesterification reaction 

between dodecane-1,12-diol and DEFDC at a faster rate compared to similar reactions with 

hexane-1,6-diol. These observations suggest that in enzymatic catalysis based on N435, longer 

diols are better suitable to react against high furan content. 

The impact of % N435 w/w loading was tested by comparing the polycondensation reaction of 

hexane-1,6-diol with diethyl adipate and DEFDC at 10 and 20% w/w N435 enzyme loading. The 

results in Table 17 showed modest variations in results at low DEFDC % (entries 50 and 54). 

However, as the DEFDC feed content increased, it became evident that a higher enzyme loading 

was necessary for conducting the reaction, where copolymers based on 10% N435 (see entries 52 

and 53) had a minute amount of furan in their structures (3-4%), and a low conversion of 24 and 

17%, respectively. While elevated conversions and yields were persistent in copolymers based on 

20% N435 loading.   
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Table 17. Molecular structure analysis (X-furan), % conversion, % yield, Mn and ĐM of 

copolyesters with variable furan content and N435 % loading. 

Entry % N435 w/w Diol1 DEFDC feed (%)2 X-furan3 Conversion (%)4 Yield by weight (%) M
n
 (g.mol

-1
)5 Đ

M
6 

50 10 C6 10 10 97 81 8,400 2.05 

51 10 C6 25 20 91 19 7,600 1.84 

52 10 C6 50 3 24 0 - - 

53 10 C6 75 4 17 0 - - 

54 20 C6 10 12 95 77 9,400 1.61 

55 20 C6 25 27 98 82 11,100 2.13 

56 20 C6 50 51 98 87 9,600 2.09 

57 20 C6 75 75 96 90 3,800 1.91 

 

1 C6 = hexane-1,6-diol; 2 DEFDC feed (%) = represents the molar percentage of diethyl furan-2,5-

dicarboxylate added, relative to the total diester amount; 3 X-furan (%) = Molar percent of alkylene 

furan-2,5-dicarboxylate unit in the copolymer; 4 Conversion (expressed in %) calculated via 1H 

NMR; 5 The number average molecular weight (Mn) was obtained from GPC analyses (CHCl3, 23 

°C, polystyrene standards); 6 Molar mass dispersity ĐM = Mw/Mn was obtained from GPC analyses 

(CHCl3, 23 °C, polystyrene standards). 
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As the reactivity of diols and the Mn of the copolyesters tend to decrease with high amounts of 

DEFDC, especially with shorter diols, small amounts of Pripol 2033 were incorporated in the 

reaction media as mentioned in the experimental section and observed in Scheme 19 in an 

attempt to overcome the limitations of producing copolyesters with high aromatic content via 

enzymatic catalysis. As observed in Table 18, the yield by weight and Mn increased 

significantly with the addition of Pripol 2033 from 68% and 2,700 g.mol-1 up to 90% and 5,300 

g.mol-1 upon the addition of 10 and 20% of Pripol 2033 relative to DEFDC.  

 

 

Scheme 19. Enzyme-catalyzed polycondensation reaction of octane-1,8-diol, Pripol 2033 and 

DEFDC. 
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Table 18. % conversion, % yield, Mn, ĐM, Tm and ΔHm of co-polyesters based on octane-1,8-

diol and DEFDC with or without Pripol 2033. 

Entry Pripol 2033 (%) Conversion (%) Yield by weight (%) Mn (g.mol-1) ĐM Tm ΔHm(J/g) 

58 0 93 68 2,700 1.71 141 63 

59 10 93 88 3,100 2.08 135 52 

60 20 96 90 5,300 2.08 128 38 

 

As semi-aromatic copolyesters based on small diols such as butane-1,4-diol were limited to 

small amounts of DEFDC (~25%) and to small molecular weights and yields, Pripol 2033 was 

used in a similar approach as before to enhance the polycondensation reaction in the presence 

of butane-1,4-diol. The reactions proceeded as observed in Scheme 20 in equimolar ratios 

between the diols and the diesters, where Pripol 2033 was added at 10, 25, and 50% relative to 

the diesters. Similar to what was observed before in the case of butane-1,4-diol at high DEFDC 

loading, and even after extending the reaction time for 72 h and increasing the volume of 

diphenyl ether up to 3 mL to avoid mixing issues, butane-1,4-diol did not react with DEFDC 

when the latter was added at 75% relative to the total diesters in the reaction, and no 

copolyesters were collected. In fact, the 1H-NMR of the sample collected from the reaction 

media after 72 h did not show any peaks representing the formation of an ester bond between 

butane-1,4-diol and DEFDC. The same observation continued upon the addition of 10% Pripol 

2033, with no detected changes in the reactivity towards DEFDC whether for butane-1,4-diol 

or for Pripol 2033. However, upon further increase in Pripol 2033 molar loading up to 25%, 

the X-furan detected in the 1H-NMR sample was equivalent to the DEFDC molar feed percent 

(75%), with 56% resulting from the esterification of butane-1,4-diol and DEFDC and 19% of 

Pripol 2033 and DEFDC, and a high conversion ~99%. Likewise, when butane-1,4-diol and 

Pripol 2033 were in equimolar amounts, the reaction proceeded to reach a high conversion, and 

the X-furan reached 75% divided equally between butane-1,4-diol and Pripol 2033. The 

increase in Pripol 2033 feed ratio had a positive impact on reactivity and as a result, a higher 

Mn was achieved, reaching 7,700 and 12,000 g.mol-1 with 25 and 50% Pripol 2033.    
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Scheme 20. Enzyme-catalyzed polycondensation reaction of butane-1,4-diol, Pripol 2033, 

diethyl adipate and DEFDC. 
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Table 19. X-furan, % conversion, % yield and Mn, of copolyesters based on octane-1,8-diol 

and DEFDC with or without Pripol 2033. 

Entry Pripol 2033 

(%) 

X-furan 

(1,4-BD) 

X-furan (Pripol) X-furan(total) Conversion (%) Yield by weight 

(%) 

Mn (g.mol-1) 

61 0 0 0 0 - - - 

62 10 0 0 0 - - - 

63 25 56 19 75 99 88 7,700 

64 50 37 38 75 99 91 12,000 

 

The DSC profiles of the prepared polymers were determined following the protocol stated in 

the experimental section. The results given in Figure 30 representing the entries in Table 15 

showed the evolution of major melting endotherms (Tm) and crystallization enthalpies (ΔHc) 

during the second heating cycle as a function of DEFDC molar ratio and diol length. Up to 

25% DEFDC feed, the melting endotherms of the copolymers showed a gradual decrease as a 

function of the increase in DEFDC molar content, where longer diols showed higher melting 

endotherms. However, as the DEFDC content increased beyond 25%, the melting endotherms 

started increasing. Copolymers based on hexane-1,6-diol showed an increase in their melting 

endotherms from 34 °C at 25% DEFDC feed up to 81 and 119 °C at 50 and 75% DEFDC molar 

content. Similarly, copolymers based on octane-1,8-diol showed a similar increase in their 

melting endotherms exceeding that of hexane-1,6-diol based copolymers, where Tm increased 

from 49 °C at 25% DEFDC feed ratio up to 92, 124, and 134 °C for 50, 75, and 90% DEFDC 

feed ratio. Although the increase in DEFDC molar content also resulted in a positive shift in 

the melting endotherms of copolymers based on C10 and C12 diols, this increase was not as 

significant as those for shorter diols. It is to be noted that copolymers based on C8, C10, and C12 

diols showed a second but minor melting endotherm at 50% DEFDC which appeared to fall 

within close proximity to the main endothermic peaks suggesting the coexistence of two 

crystalline structures. In fact, the thermal behavior of these copolyesters represented in Figure 

30 and showing a decrease followed by an increase in the melting endotherms, and the 

coexistence of two crystalline phases at certain molar ratios, suggests a pseudo-eutectic 

behavior and isodimorphic cocrystallization.47,48 The crystallization enthalpy, which was 

higher for aliphatic copolymers based on longer diols, showed a gradual decrease as a function 
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of DEFDC feed ratio until reaching a transitional point (~50% DEFDC), followed by an 

increase upon further DEFDC addition (>50% DEFDC). In fact, the pseudo-eutectic point in 

copolymers that is usually characterized by the coexistence of two crystalline phases and 

represents the minimal crystalline value, usually falls around equimolar monomer ratios, but it 

can vary according to the nature of the repeating unit.47,49The different crystal phases were later 

confirmed via WAXS analysis. Regarding the glass transition temperature (Tg), Table 20 

depicts its evolution as a function of diol length and DEFDC molar content. Due to the high 

crystallinity in some samples, the Tg was not detected in all copolyesters. As observed in Table 

20, the Tg appeared to increase as a function of increasing DEFDC % with all tested 

copolymers, but no specific pattern that relates the length of the tested diols to the value of Tg 

was observed. During the first heating cycle, and at 50% DEFDC molar feed, the polymer 

based on C6 (entry 8) showed two glass transition temperatures at -47 and 43 °C belonging to 

adipate-rich and furan-rich blocks, respectively. However, during the second heating cycle, the 

Tg at 43 °C disappears and only a Tg at -40 °C is observed, suggesting that the furan-rich 

amorphous structures tend to dissolve in the melt and recrystallize thereafter with the cooling 

step. The same observation was noticed at 75% DEFDC (entry 9). Similarly, polymers based 

on C8 diol showed similar behavior at 50 and 75% DEFDC feed (entries 14 and 15), but at 90% 

DEFDC (entry 16), only the Tg at 45 °C appeared during the first heating cycle, while no Tg 

was observed during the second heating cycle. The polymers based on C10 diol only showed 

two Tg at 75% DEFDC feed, while polymers based on C12 showed a direct transition towards 

an elevated Tg value (42 °C) with 75 and 90% DEFDC feed (entries 27 and 28). What was 

noticeable from these results was that although changes in the melting endotherms as a function 

of furan content were observed for all copolymers, their change was more pronounced with 

copolymers based on shorter diols achieving higher Tm values at high DEFDC content, which 

comes in agreement with previous reports in the literature associating the decrease in Tm to the 

increase in the number of methylene groups.5,26 Regarding the influence of diester length on 

the DSC profiles of the copolymers produced, (Figure 31) shows the evolution of both the 

melting endotherms and crystallinity as a function of both DEFDC % and diester length. The 

increase in % DEFDC showed a similar effect on the DSC profiles as what was observed in . 

Variations in melting endotherms (°C) and crystallization enthalpies (J/g) as a function of diol 

length and furan content. However, no direct relation was found relating the evolution of the 

DSC profiles as a function of the diester length. 
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Figure 30. Variations in melting endotherms (°C) and crystallization enthalpies (J/g) as a 

function of diol length and furan content. 
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Table 20. The evolution of the glass transition temperature (Tg) as a function of diol length and 

DEFDC molar content. 

Entry Diol DEFDC feed (%) 

T
g 

(°C) 

 
1

st
 heating cycle 2

nd
 heating cycle 

1 C4 0 -57 -59 

2 C4 10 -56 -56 

3 C4 25 -52 -47 

6 C6 10 -52 -53 

7 C6 25 -50 -47 

8 C6 50 (-47) (43) -41 

9 C6 75 (-30) (44) -30 

12 C8 10 -48 -51 

13 C8 25 -50 -51 

14 C8 50 (-48) (43) -47 

15 C8 75 (-31) (47) -31 

16 C8 90 45 - 

19 C10 25 -47 - 

20 C10 50 -45 -44 

21 C10 75 (-37) (45) -35 

22 C10 90 46 - 

25 C12 25 -38 - 

26 C12 50 -38 -36 

27 C12 75 41 - 

28 C12 90 42 - 
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Figure 31. Variations in melting endotherms (°C) and crystallization enthalpies (J/g) as a 
function of diester length (C2= diethyl oxalate; C6= diethyl adipate; C10= diethyl sebacate) 

and furan content. 

 

Regarding the thermal properties of the copolyesters based on Pripol 2033, octane-1,8-diol and 

DEFDC depicted in Scheme 19, and during the second heating cycle, all polymers showed an 

endothermic peak that gradually decreased as a function of increasing Pripol 2033 content, 

from 141 °C in entry 58 in the absence of Pripol 2033, down to 135 and 128 °C with 10 and 

20% Pripol 2033, respectively (entries 59 and 60). Similarly, the crystallinity also decreased 

from 66 to 38 J/g (see Table 18).  

The incorporation of Pripol 2033 at 25% along with butane-1,4-diol, diethyl adipate, and 

DEFDC as depicted in Table 19 resulted in a highly viscous yellow sticky liquid, which during 

the first heating cycle of the DSC, the copolymer given in entry 63, showed a Tg at -36 °C and 
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a broad melting endotherm peaking at 110 °C with an enthalpy of 16 J/g. The cooling cycle did 

not show any recrystallization peaks. During the second heating cycle, the first Tg increased by 

6 °C up to -30 °C, followed by a cold crystallization peak at 39 °C. The Tm peaked at 109 °C 

with a slight decrease in enthalpy from 16 to12 J/g. The decrease in crystallinity might have 

risen from the incomplete crystallization during the second heating cycle and the close 

proximity between the crystallization and melting point. Regarding entry 64, the increase in 

Pripol 2033 feed to 50% led to the formation of a copolyester with a  Tg appearing at -47 °C 

during the first heating cycle, and a Tm at 51 °C with an enthalpy not exceeding 5.5 J/g. During 

the second heating cycle, the Tg shifted slightly towards 43 °C, followed by a cold 

crystallization peak at 46 °C. Directly after crystallization, the Tm peaked at 77 °C, with 

minimal enthalpy that did not exceed 1 J/g. The big shift in the Tm peak from 51 °C during the 

first heating cycle to 77 °C on the second cycle, could have resulted from the presence of the 

cold crystallization and the melting peaks in very close quarters, masking any melting that 

might have occurred at similar intervals (see Figure 32). The copolymer in entry 64 appeared 

as a white flexible film. The decrease in Tg as a function of increasing Pripol 2033 content 

reflects an increase in the flexibility of the polymer structure and increases the distance between 

the rigid blocks which subsequently decreases the crystallinity and the crystallization rate.50  

 

 

Figure 32. DSC profiles of entries 63 (a) and 64 (b) showing the 1st and 2nd heating cycle. 
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To further study the influence of the DEFDC molar content and diol length on the crystallinity 

of the copolymers, Wide-angle X-ray scattering (WAXS) was employed following the protocol 

stated under the experimental section. Regarding the influence of DEFDC feed %, copolymers 

based on octane-1,8-diol with DEFDC content varying between 0 and 90% were examined and 

compared (see Figure 33). For C8 (0%), the WAXS profile was dominated by two major peaks 

at 22 ° and 25 ° which appeared to be very similar to the profiles of similar aliphatic polymers 

tested in the literature such as the case of poly(hexylene succinate).51 Up to 25% DEFDC feed, 

the crystallinity continued to be dominated by poly(octylene adipate) crystals. However, upon 

the increase in DEFDC to 50%, a new peak started appearing at 17 ° with a significant decrease 

in the intensity of the peak at 22°, suggesting a mixture of poly(octylene adipate) and 

poly(octylene furanoate) crystal phases. Upon further increase in DEFDC % up to 75 and 90%, 

the peak at 20 ° completely disappears. These WAXS profiles of furan rich copolymers were 

very similar in pattern to what was previously reported in the literature with poly(octylene 

furanoate), suggesting that at high furan content; regardless of the presence of small amounts 

of diethyl adipate, the crystalline structures of the copolymers is dominated by the 

poly(octylene furanoate) crystal phase.26The pseudo-eutectic behavior of these copolyesters is 

thus confirmed by the WAXS results, and is a characterstic of isodimorphic copolymers 

showing adipate-rich crysalline phase at one side of the pseudo-eutectic region, furan-rich 

crystalline phase at the other, and the coexistance of both crystalline phases at the pseudo-

eutectic point which is observed in the case of C8(50%) in Figure 33. This does not mean that 

only one of the crystalline phases can exist at either sides of the the pseudo-eutectic region, but 

rather that the two crystalline phases coexist at any given ratio of the two repeating unit, but 

appear as a single crystalline phase resembling that of the the repeating unit present in 

abundance.14,47,52 

The influence of diol length was studied by comparing the WAXS profiles of copolymers based 

on hexane-1,6-diol, octane-1,8-diol, decane-1,10-diol, and dodecane-1,12-diol at a constant 

50% DEFDC molar ratio as observed in Figure 34. All tested copolymers appeared to be semi-

crystalline in nature, where C6 (50%) showed dominating peaks at 17 ° and 25 ° belonging to 

furan-rich blocks, in addition to a minor peak at 14 ° that appeared to move gradually to lower 

theta angles as a function of increasing the diol length, reaching 10 ° with C12 (50%), while 

maintaining a stable intensity. As the diol length increased, peaks at 17 ° started to diminish 

and new crystalline peaks at 21 ° belonging to the adipate-rich blocks started appearing, where 

C8 (50%) showed a mixture of both poly(octylene adipate) and poly(octylene furanoate)  crystal 
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aliphatic diesters in presence of DEFDC showed no variations as a function of DEFDC feed 

but copolymers produced in the presence of long aliphatic diesters such as diethyl sebacate had 

low Mn when compared to reactions with diethyl oxalate and diethyl adipate that were relatively 

similar in results. The increase in N435 loading from 10 to 20% w/w did not seem to impose 

major changes when aliphatic monomers were in high excess, but it appeared to be essential in 

the success of the reactions when the amount of DEFDC was higher in the feed. The melting 

behavior and crystallinity of the prepared copolymers were principally affected by the DEFDC 

content, showing a decrease in the melting endotherm and crystallinity at low DEFDC content 

followed by an increase in both at elevated DEFDC content, where it was noticed that longer 

diols were somehow less affected by DEFDC content increase. All copolymers acquired a 

semi-crystalline structure, with both poly(alkylene alkanoate) and poly(alkylene furanoate) 

crystal blocks existing alone or together in the same polymeric structure depending on DEFDC 

content. The introduction of the amorphous Pripol 2033 improved the polymerization reaction 

in systems containing high furan content and butane-1,4-diol which otherwise did not yield any 

polymers without the long chain fatty dimer diol. Finally, this work introduced a green method 

to produce semi-aromatic furan based copolyesters that could be further optimized, studied, 

and compared with other semi-aromatic copolyesters already on the market such as 

polybutylene adipate terephthalate. Based on the findings of this work, and the feasibility of 

incorporating high amounts of DEFDC into the polyesters via enzymatic catalysis using 

strategies such as increasing the diol length, the next chapter will further explore the suitability 

of Novozym 435 in the synthesis of polyesters containing other cyclic compounds. Chapter 4 

will therefore assess Novozym 435 in terms of its ability to catalyze the incorporation of cyclic 

compounds having more challenging properties (such as levoglucosan) and will shed light over 

the limitations and approaches that would allow for polymer growth enhancement, and how 

the regioselectivity of Novozym 435 can be advantageous in performing certain reactions that 

might not be accessible via other catalytic systems.  

 

3.4 Materials and Methods 

 

3.4.1 Materials  
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hexane-1,6-diol (97%), diethyl adipate (99%), sebacic acid (99%) and diphenyl ether (99%) 

were purchased from Sigma-Aldrich. butane-1,4-diol (99%), octane-1,8-diol (98%), dodecane-

1,12-diol (98%) were purchased from Acros Organics. decane-1,10-diol (97%) and diethyl 

oxalate were purchased from Alfa Aesar. Furan-2,5-dicarboxylic acid (99.7%) was purchased 

from Satachem co. Pripol 2033 fatty dimer diol ((9Z,12Z)-18-[(6Z,9Z)-18-hydroxyoctadeca-

6,9-dienoxy]octadeca-9,12-dien-1-ol) ( ࣙࣙ996.5) was kindly provided by Croda Chemicals. 

Analytical grade methanol, absolute ethanol, and chloroform (99%) were purchased from 

VWR. All the reagents and solvents were used as received. Novozym 435 (N435), a Candida 

antarctica lipase B (CALB) immobilized on an acrylic resin was kindly provided by 

Novozymes. Chloroform D (CDCl3) (99.8%) and deuterated dimethyl sulfoxide DMSO-d6 

were purchased from Euriso-Top. 

 

3.4.2 Synthesis of diethyl furan-2,5-dicarboxylate (DEFDC) 

 

 5 g of furan-2,5-dicarboxylic acid (FDCA) were added to 60 mL of absolute ethanol and 2 mL 

of sulfuric acid and refluxed overnight under continuous stirring at 100 °C. The mixture was 

allowed to cool followed by evaporation to remove the excess amount of ethanol. The solution 

was added dropwise into distilled water under continuous stirring, resulting in FDCA 

precipitation. The product was washed multiple times with distilled water before suspending 

in 100 mL H2O solution and neutralizing by adding 5% NaCO3 and finally filtering using a 

Buchner funnel under vacuum application. The white crystalline powder obtained was dried 

overnight under high vacuum and the yield by weight achieved was >75% w/w. 1H-NMR 

analysis confirmed the structure of diethyl furan-2,5-dicarboxylate (DEFDC) with no 

detectable impurities 1H NMR (CDCl3, 300 MHz): δ 1.39 (t, 6H), 4.4 (m, J = 7.1 Hz, 4H), 7.2 

(s, 2H) ppm (see Figure 35).  
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Figure 35. 1H NMR spectrum (CDCl3, 300 MHz) of diethyl furan-2,5-dicarboxylate: δ 7.20 (s, 

2H), 4.40 (q, J = 7.1 Hz, 4H), 1.39 (t, J = 7.1 Hz, 6H). 

3.4.3 General procedure for the enzymatic synthesis of poly(alkylene 

alkanoate-co-alkylene furan-2,5-dicarboxylate)  

 

3.4.3.1 The effect of diol length (C4 to C12) and DEFDC molar ratio 

 

Furan-based semi-aromatic copolyesters were prepared by reacting DEFDC and diethyl adipate 

with diols of different chain lengths varying from C4 to C12. As an example, the synthesis of 

poly(hexyleneadipate-co-hexylene furan-2,5-dicarboxylate) containing 25% furan was 

prepared as following: hexane-1,6-diol (4 mmol), diethyl adipate (2 mmol), and DEFDC (2 

mmol) were weighed and added into a schlenk tube. A predetermined amount (20% w/w) of 

N435 relative to the total weight of hexane-1,6-diol (4 mmol) and diethyl adipate (4 mmol) 

was weighed and added to the mixture. 1 mL of diphenyl ether was added as a solvent of choice. 

The reaction proceeded under atmospheric pressure for 2 h at 100 °C (using an oil bath with 

continuous stirring kept constant at 350 rpm). Afterwards, the schlenk tube was attached to a 
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vacuum line, and the pressure was decreased gradually within 1 h to reach a predetermined 

value of 10 mbar to remove the byproduct (ethanol). The reaction was left to proceed for 24 h, 

then was stopped by adding an excess amount of chloroform under atmospheric pressure after 

a cooling step, followed by direct filtration to remove the N435 beads. The filtrate was then 

partially evaporated, and then added dropwise to excess amount of cold methanol under stirring 

to precipitate the obtained polymer. The mixture was then filtered, and the product obtained 

was left to dry at room temperature for 24 h before collecting and weighing. 

 

3.4.3.2 The effect of diester length (C2-C6-C10) and DEFDC molar ratio  

 

Following the same procedure as before, the influence of diester length was examined by 

performing the copolymerization reaction between hexane-1,6-diol and different chain length 

diesters being diethyl oxalate (C2), diethyl adipate (C6), and diethyl sebacate (C10), at variable 

DEFDC molar feed percent (0-90%). The same approach was used starting from dodecane-

1,12-diol.  

3.4.4 Effect of diol length on DEFDC conversion during 

oligomerization: “A comparison between hexane-1,6-diol and 

dodecane-1,12-diol based co-polyesters” 

 

In the first part of this study and following the same procedure as before, different samples 

containing either hexane-1,6-diol or dodecane-1,12-diol, in addition to diethyl adipate and 

DEFDC were prepared keeping an equimolar ratio between the diol and diesters, while varying 

the DEFDC content from 10 to 75%. The conversion of DEFDC into alkylene furanoate was 

monitored by withdrawing samples at different time intervals and exploiting the 1H NMR 

signals at δ= (4.32-4.34) of the methylene (-O-CH2-CnH2n-CH2-O-) of the alkylene furanoate, 

δ= (4.06-4.07) of the methylene (-O-CH2-CnH2n-CH2-O-) of the alkylene adipate, and δ= 3.65 

of the methylene (HO-CH2-CnH2n-CH2-OH) of the residual diol. Conversion of DEFDC during 

oligomerization was calculated via the ratio of the signal representing alkylene furanoate at δ= 

(4.32-4.34) relative to the summation of signals representing alkylene furanoate, alkylene 

adipate and residual diols at δ= (4.32-4.34), δ= (4.06-4.07), and δ= 3.65, respectively. 
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In the second part of this study, hexane-1,6-diol and dodecane-1,12-diol were added into the 

same reaction in equimolar amounts and reacted against 75% DEFDC and 25% of diethyl 

adipate while maintaining an equimolar ratio between the diols and diesters. The conversion of 

DEFDC into either hexylene furanoate or dodecylene furanoate was monitored via 1H NMR in 

the same fashion as previously mentioned and by taking advantage of the Global spectral 

deconvolution technique to distinguish between overlapping signals of hexylene furanoate and 

dodecylene furanoate. The aim was to monitor how two different chain length diols could 

compete in the same reaction media.  

 

3.4.5 Effect of N435 % loading 

 

 hexane-1,6-diol was chosen as a model monomer to see the effect of enzyme loading on the 

polymerization reaction. Similar to the general procedure mentioned above, hexane-1,6-diol 

was reacted with diethyl adipate and DEFDC at different molar percentages (10, 25, 50, and 

75%), the N435 % loading was varied between 10 and 20%, while maintaining similar reaction 

conditions. 

 

3.4.6 Effect of fatty dimer diol (Pripol 2033) 

 

 The effect of Pripol 2033 was tested in two experimental parts. In the first experimental 

approach, octane-1,8-diol and Pripol 2033 were reacted with DEFDC in equimolar (diol-

diester) ratios (4 mmol). Pripol 2033 was added at 10 and 20% relative to DEFDC, the reactions 

proceeded for 2 h at 100 °C in 1 mL diphenyl ether and 20% w/w N435 loading, followed by 

24 h under vacuum (10 mbar). The polyesters synthesized were compared in terms of 

conversion, X-furan, Mn and their thermal properties. 

In the second experimental procedure, butane-1,4-diol and Pripol 2033 were reacted against 

diethyl adipate (25%) and DEFDC (75%). Pripol 2033 was added at 10, 25, and 50% relative 

to the diesters while maintaining an equimolar (diol-diester) ratio (4 mmol). The reactions 

proceeded for 2 h at 100 °C in 3 mL diphenyl ether and 20% w/w N435 loading, followed by 
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72 h under vacuum (10 mbar). The polyesters synthesized were compared in terms of 

conversion, X-furan, Mn and their thermal properties. 

 

3.4.7 Analytical methods 

 

3.4.7.1 Nuclear Magnetic Resonance (NMR) analysis 

 

The 1H NMR spectra of the monomers, and the recovered polymer were recorded at room 

temperature on a Bruker Avance 300 instrument (delay time = 3 s, number of scans = 32) at 

300.13 MHz using either CDCl3 or DMSO-d6 as solvents. Chemical shifts (ppm) are given in 

δ-units and were calibrated using the residual signal of CDCl3 and DMSO-d6 at 7.26 ppm and 

2.5 ppm, respectively. Additionally, 1H NMR was used to confirm conversion and determine 

its rate (as mentioned in the previous section). DOSY spectra were recorded on Avance II 400 

Bruker spectrometer (9.4 T) regulated at 298 K respectively in CDCl3 and toluene d8.  Data 

acquisition and analysis were performed using the Bruker TopSpin 3.2 and MestReLab 6.0.  

 

3.4.7.2  Gel Permeation Chromatography (GPC) analysis  

 

Gel permeation chromatography (GPC) analysis was performed in chloroform as eluent (flow 

rate of 1 mL/min) at 23 °C using Alliance e2695 (Waters) apparatus and with a sample 

concentration around 10-15 mg.mL-1. A refractive index detector Optilab T-rEX (Wyatt 

Technology) was used as a detector, and a set of columns: HR1, HR2 and HR4 (Water Styragel) 

were utilized. The molecular weight calibration curve was obtained using monodisperse 

polystyrene standards. 

 

3.4.7.3 Differential scanning calorimetry (DSC)  

 

The thermal transition was recorded with a Differential Scanning Calorimetry (DSC) on a TA 

Discovery DSC 25 using a cooling-heating-cooling-heating method. First, samples of ~10 mg 
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were sealed in aluminum pans, the temperature was equilibrated at - 90 °C, followed by a 

heating ramp of 10 °C/min to 200 °C, then a cooling ramp of 10 °C/min to - 90 °C, and a second 

heating ramp of 10 °C/min to 200 °C. The thermograms were analyzed using TA instruments 

TRIOS software. 

 

3.4.7.4 Wide-angle X-ray scattering (WAXS) 

 

Wide-angle X-ray scattering (WAXS) analysis were performed on a Xeuss 2.0 apparatus 

(Xenocs) equipped with a micro source using a Cu Kα radiation (λ= 1.54 Å) and point 

collimation (beam size: 500×500μm²). The sample to detector distance, around 15 cm, was 

calibrated using silver behenate as standard. Through view 2D diffraction patterns are recorded 

on a Pilatus 200k detector (Dectris). Integrated intensity profiles were computed from the 2D 

patterns using the Foxtrot® software. Exposure time: 15 min. 
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4. Enzymatic synthesis of levoglucosan based polyesters 

and co-polyesters. 

 

4.1 Introduction 

 

Amongst the different products issued from biomass, cellulose is the most abundant one, 

constituting more than 50% of the overall biomass weight.1,2 While other constituents of the 

biomass such as hemicellulose and lignin are also present, certain processes can be utilized to 

separate them apart from, allowing a more selective valorization of each component such as 

the Kraft and Organosolv procedures.3–5 

The importance of cellulose stems from the wide array of products that it can convert to, 

including their use in different fields and applications. This polysaccharide consisting of 

thousands of linearly arranged β-1,4 linked D-glucose units can be chemically converted to 

glucose and furan-based derivatives. The use of cellulose as a precursor to produce such 

molecules is an important aspect of the environmental sustainability, especially that cellulose 

unlike starch, is not in competition with food sourcing.1,6,7 

Levoglucosan (Scheme 21) is an anhydrous derivative of glucose that is produced mainly via 

starch and cellulose pyrolysis.8,9 The increasing focus on levoglucosan production and other 

related anhydro carbohydrates from cellulose is due to the likelihood of these molecules to be 

valorized in multiple fields such as the polymer industry and pharmaceuticals.10 In addition to 

its promising applications, the pyrolysis process of cellulose can be efficiently upscaled for 

commercial use with minimal impact on the environment due to the solvent-free nature of this 

process.5 

As aforementioned, different approaches have been studied and optimized for converting 

cellulose into ethanol, lipids, glucose, and other important molecules. However, the use of pure 

levoglucosan has not been completely neglected. In fact, some studies have focused on pure 

levoglucosan to produce certain molecules with attractive applications. One of the main issues 

limiting the use of levoglucosan is its highly hydrophilic nature. Indeed, the hydrophilicity of 

levoglucosan prevents the use of certain organometallic catalysts, and limits reactions with 
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certain hydrophobic moieties. In addition to the aforementioned limitations, the localization of 

the hydroxyl groups on levoglucosan in the axial position provides a certain degree of structural 

stability due to certain intermolecular interactions (hydrogen bonding). This occurs mainly 

between the C2 and C4 hydroxyl groups, in addition to the hydrogen bonding between the 

oxygen positioned on C6 and the hydroxyl group at the C3 carbon as observed in Scheme 21. 

The high structural stability however decreases the reactivity of levoglucosan towards other 

moieties.11,12  

 

 

Scheme 21. Conformational structures for levoglucosan in the axial position (in red: hydrogen 

bonding).13 

 

Nevertheless, the esterification of levoglucosan has been reported in the literature.14–16 Galletti 

et al.17 reported the enzyme-catalyzed esterification and transesterification of levoglucosan 

with different acids and vinyl esters. The study also compared between different enzymes and 

solvents and compared yields after performing 5 days reactions. The use of acetonitrile and 1-

(2-hydroxyethyl)-3-methylimidazolium dicyanamide [MOEMIm][dca] ionic liquid was 

favored and resulted in better yields. An example is provided in Scheme 22, showing the 

reaction between levoglucosan and vinyl acetate catalyzed via Novozym 435 in 

[MOEMIm][dca], and the structures of the obtained esters. The main product was 4-O-acetyl 

levoglucosan represented as structure (a) in scheme, with 61% yield. The other structures did 

not exceed 9% yield each. 
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Based on these findings, the successful esterification of levoglucosan with multiple esters, in 

addition to the equireactivity towards the C2 and C4 hydroxyl groups, we perform for the first 

time, in collaboration with Prof. Ivaldo Itabaiana Jr and his team, the enzyme-catalyzed 

polycondensation of levoglucosan with different chain length diesters and diols aiming to 

produce levoglucosan-based copolymers and terpolymers. The use of different chain length 

monomers was based on our previous work and previous reports in the literature that showed 

lipases have a preference and a better catalytic performance towards longer aliphatic 

moieties.18,19 
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4.2 Results and discussion 

 

The reaction of levoglucosan with excess amounts of diethyl adipate is depicted in Scheme 23 

and detailed in section 4.4.2. The conversion was determined via 1H NMR analysis on the crude 

sample recovered at the end of the reaction before any purification.  

 

 

Scheme 23. Enzyme-catalyzed reaction of levoglucosan and diethyl adipate in 0.5 mL diphenyl 

ether. Note that the reaction might have occurred at positions C2, C3 and C4 hydroxyl groups, 

but was simplified in the scheme. 

 

From the 1H NMR spectrum given in Figure 36, it was clear that the reactivity between 

levoglucosan and diethyl adipate was minimum, where after 24 h of the reaction, the 1H NMR 

showed high amounts of unreacted diethyl adipate. Conversion did not exceed 18% and was 

calculated by subtracting the amount of unreacted diethyl adipate represented by the end group 

(4’) at 4.03 ppm from the total amount of diethyl adipate (reacted + unreacted) represented by 

(2’) and (2”) at 2.28 and 2.35 ppm, respectively. In fact, it was even visually evident that high 

amounts of levoglucosan remained undissolved in the reaction media even after a 24 h reaction, 

suggesting that the poor solubility of levoglucosan in the reaction media is a major limiting 

factor in the polycondensation reaction.  

 

 

 

+
Novozym 435, 100  C

0.5 mL diphenyl ether
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Figure 36. 1H NMR spectrum (DMSO-d6, 300 MHz) of the product obtained from the reaction 

between levoglucosan and diethyl adipate. 
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In the second approach detailed in 4.4.3.2, levoglucosan in combination with an aliphatic diol 

got reacted against diethyl adipate in both bulk and solvent conditions (i.e., in diphenyl ether) 

as observed in Scheme 24. 

 

 

Scheme 24. Enzyme-catalyzed reaction between levoglucosan, diethyl adipate and different 

chain length diols (butane-1,4-diol, octane-1,8-diol, and dodecane-1,12-diol) in bulk and 

solvent conditions. 

 

In an attempt to overcome the poor reactivity and polymer growth observed before; 

levoglucosan was added at lower amounts, being 25 and 50% relative to diethyl adipate, overall 

while maintaining an equimolar diol: diester ratio by incorporating butane-1,4-diol, octane-1,8-

diol, or dodecane-1,12-diol as comonomers. As presented in Table 21, the influence of medium 

nature, levoglucosan molar loading and diol length were all assessed in terms of molecular 

microstructure (X-levo), yield by weight and number average molecular weight (Mn), where 

X-levo is defined as the percentage of levoglucosan incorporated into the polymeric structure 

and is calculated following Equation 4.  

+

Novozym 435, 100  C

diphenyl ether/ bulk

+
n Where n= 2, 6, 10

n

a b
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Equation 4. X-levo (%) showing the percentage amount of levoglucosan incorporated into the 

polymeric structure. 𝑿 − 𝒍𝒆𝒗𝒐(%) = 𝑰𝒍𝒆𝒗𝒐−𝒆𝒔𝒕𝒆𝒓/(𝑰𝒍𝒆𝒗𝒐−𝒆𝒔𝒕𝒆𝒓 + 𝑰𝒅𝒊𝒐𝒍−𝒆𝒔𝒕𝒆𝒓),  
where (Ilevo-ester) represents the 1H NMR integration value of the peak representing levoglucosan 

ester at ~ 2.38 ppm, while Idiol-ester represents the 1H NMR integration value of the peak 

representing diol-ester at ~ 2.28 ppm. (An example of 1H NMR peak assignments is given later 

in the chapter in Figure 37 and confirmed with 2D COSY (Figure 38) 

From Table 21, it is observed that when butane-1,4-diol was used as a comonomer with 

levoglucosan and diethyl adipate, the 1H NMR spectrum did not show any detectable evidence 

about the reaction between levoglucosan and diethyl adipate in diphenyl ether, and no 

precipitate was collected (entry 1). On the other hand, minimal traces were detected when the 

reaction was conducted in bulk conditions (entry 2). However, the yield by weight did not 

exceed 17%. Increasing the diol length up to C8 with octane-1,8-diol showed a positive impact 

on reactivity when the reaction was performed in diphenyl ether (entry 3), where the 

introduction of levoglucosan at 25 mol % in the feed, led to a polymer with a Mn of 5,300 

g.mol-1, 62% yield by weight, and 14% of levoglucosan were detected in the polymer 

microstructure after precipitation. On the other hand, performing the same reaction in bulk 

conditions (entry 4) led to a lower Mn of 3,300 g.mol-1, a similar 58% yield by weight, but the 

levoglucosan detected in the microstructure of the precipitated polymer did not exceed 3%. It 

must be noted that the conversion was not calculated in this case as any residual levoglucosan 

present at the end of the reaction did not get dissolved in CDCl3. Similarly, peaks related to 

unreacted diethyl adipate observed as a quartet peak at ~ 4.08 ppm representing the CH2 in the 

end group, interlapped with other peaks such as the endo hydrogen on the C6 of levoglucosan. 

Increasing levoglucosan feed loading to 50% in the presence of octane-1,8-diol, led to a 

significant drop in yield to 11 and 9% w/w in diphenyl ether and bulk conditions, respectively 

(entries 5 and 6). The amount of levoglucosan detected in the microstructure did not exceed 

14%, suggesting a large remaining portion of unreacted levoglucosan. 

Although the increase in diol length from C8 to C12 in dodecane-1,12-diol (entries 7 and 8) did 

not show any positive or negative influence on the amount of X-levo compared to the reactions 

with octane-1,8-diol, the yield by weight significantly increased to 47 and 48%, and the Mn 

recorded 2,200 and 2,500 g.mol-1 in diphenyl ether and bulk, respectively. The yield increase 
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might have resulted from the fact that lipases catalyze the transesterification reactions of longer 

diols in a more efficient manner.18,19  

In all tested samples, the Mn was limited <5,300 g.mol-1 and the dispersity did not exceed 1.6. 

It was also evident from the results in Table 21, that the detected amount of levoglucosan (X-

levo) before precipitation (measured at the end of the reaction) was significantly higher than 

X-levo detected in the precipitated polymer, suggesting that although higher amounts of 

levoglucosan did react, the chain growth was rather limited, together with the fact that a certain 

amount of low molecular weight oligomers did not precipitate. These observations could have 

resulted from a number of factors, such as the weak selectivity of N435 towards secondary 

diols leading to poor reactivity towards the hydroxyl groups of levoglucosan, in addition to the 

intermolecular interactions occurring within the levoglucosan structure as seen in Scheme 21. 

This might have further limited reactivity.13,20Another major limiting factor, is the high polarity 

of levoglucosan which limits its solubility and interaction with diesters.5,17,21 
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Table 21. Molecular structure analysis (X-levo), % yield, Mn, and ĐM of levoglucosan-based co-polyesters with variable levoglucosan content and 

aliphatic diols in bulk and diphenyl ether conditions. 

Entry Aliphatic diol1 Levoglucosan feed (%)2 Medium X-levo 

(Before precipitation)3 

X-levo 

(After precipitation)4 

Yield by weight (%) M
n
(g.mol

-1
)5 Dispersity 

(ĐM) 6 

1 C
4
 25 Diphenyl ether 0 0 0 ND ND 

2 C
4
 25 Bulk Traces Traces 17 4700 1.32 

3 C
8
 25 Diphenyl ether 15 13 62 5300 1.53 

4 C
8
 25 Bulk 12 3 58 3300 1.51 

5 C
8
 50 Diphenyl ether 25 8 11 3000 1.24 

6 C
8
 50 Bulk 30 14 9 4100 1.1 

7 C
12

 50 Diphenyl ether 22 12 47 2200 1.44 

8 C
12

 50 Bulk 23 12 48 2500 1.4 

1 C4 = butane-1,4-diol, C8 = octane-1,8-diol, C12 = dodecane-1,12-diol. 2 Levoglucosan feed (%) = represents the molar percentage of levoglucosan 

added, relative to the total diol amount. 3 X-levo (before precipitation) = defined as the molar fraction of levoglucosan ester repeating unit in the 

copolymer at the end of the reaction and determined via 1H NMR as per equation 4. 4 X-levo (after precipitation)  = defined as the molar fraction 

of levoglucosan ester repeating unit in the copolymer in the polymer structure collected after precipitation and determined via 1H NMR as per 

equation 4.5 The number average molecular weight (Mn) was obtained from GPC analyses (CHCl3, 23 °C, polystyrene standards). 6 Molar mass 

dispersity ĐM = Mw/Mn was obtained from GPC analyses (CHCl3, 23 °C, polystyrene standards).



157 

 

The amount of levoglucosan successfully incorporated into the polymeric structure was limited 

to a maximum of 14% in all tested reactions of Table 21 . We have therefore substituted diethyl 

adipate (C6) with the longer diethyl sebacate (C10) and proceeded with the reaction as observed 

in and detailed in Scheme 25 and detailed in section 4.4.3.2. 

 

 

Scheme 25. Enzyme-catalyzed reaction between levoglucosan, diethyl sebacate and dodecane-

1,12-diol in diphenyl ether. 

 

As depicted in Table 22, increasing the length of the diester had a positive influence on 

reactivity in general. Apart from entry 12, the yield by weight exceeded 80% in all reactions, 

with a slight superiority to reactions performed in diphenyl ether. Additionally, the detected X-

levo in the precipitated polymers increased significantly and was better related to the feed ratio 

of levoglucosan with up to 35% detected in entry 11. In addition, the Mn almost doubled in 

value compared to the reactions performed with diethyl adipate. These results suggest that 

increasing the length of the diester had a positive effect on the enzyme-catalyzed 

+

+

n m

Levoglucosan

Diethyl sebacate

Dodecane-1,12-diol

Novozym 435, 100  C

1 mL diphenyl ether
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polycondensation of levoglucosan, which comes in agreement with previous reports in the 

literature stating a similar increase in reactivity as a function of increasing the chain length of 

the diacids.19,22,23
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Table 22.  Molecular structure analysis (X-levo), % yield, Mn, and ĐM of levoglucosan-based co-polyesters with variable levoglucosan content in 

bulk and diphenyl ether conditions. 

Entry Aliphatic diol1 Levoglucosan feed (%)2 Medium X-levo 

(before precipitation) 3 

X-levo 

(after precipitation) 4 

Yield by weight (%) Mn (g.mol-1) 5 Dispersity 

(ĐM) 6 

9 C12 25 Diphenyl ether 18 14 94 5400 1.82 

10 C12 25 Bulk 11 6 88 3900 1.83 

11 C12 50 Diphenyl ether 40 35 81 4300 1.73 

12 C12 50 Bulk 34 30 58 4000 1.68 

 

1 C4 = butane-1,4-diol, C8 = octane-1,8-diol, C12 = dodecane-1,12-diol. 2 Levoglucosan feed (%) = represents the molar percentage of levoglucosan 

added, relative to the total diol amount. 3 X-levo (before precipitation) = defined as the molar fraction of levoglucosan ester repeating unit in the 

copolymer at the end of the reaction and determined via 1H NMR as per equation 4. 4 X-levo (after precipitation)  = defined as the molar fraction 

of levoglucosan ester repeating unit in the copolymer in the polymer structure collected after precipitation and determined via 1H NMR as per 

equation 4.5 The number average molecular weight (Mn) was obtained from GPC analyses (CHCl3, 23 °C, polystyrene standards). 6 Molar mass 

dispersity ĐM = Mw/Mn was obtained from GPC analyses (CHCl3, 23 °C, polystyrene standards).
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1H NMR and 2D COSY NMR were used to confirm the microstructure of the terpolymers 

produced. As a case study in this chapter, entry 11 in Table 22 was selected based on its high 

levoglucosan incorporation (35%), high yield of 81%, and good Mn of 4,300 g.mol-1. The 

structure of the polyester was confirmed via 1H NMR (Figure 37) and COSY analysis, where 

starting from C2 of levoglucosan, we were able to assign the rest of the peaks following the 

homonuclear correlations patterns as shown in Figure 38. The X-levo calculated via Equation  

is visually depicted in Figure 37 and is based on the integration ratio of levoglucosan ester 

represented by 2’(red) relative to the total diesters in the reaction represented by 2’ (blue) and 

2’ (red) at 2.28 and  2.38, respectively. In addition, the formation of a terpolymer between the 

respective monomers rather than two separate copolymers was confirmed by performing 

DOSY NMR scans. The spectrum provided in Figure 39 shows a single diffusion coefficient 

representing entry 12. 

 

 

 

 

 



161 

 

 

Figure 37. 1H NMR spectrum and peak assignment for entry 11, where R can represent an ester 

or a hydrogen atom. 1H NMR (300 MHz, CDCl3) δ 5.45 (s, 1H), 4.78 (s, 1H), 4.66 (s, 1H), 

4.57 (s, 1H), 4.15 (dd, J = 16.9, 7.3 Hz, 1H), 4.05 (t, 4H), 3.78 (dd, J = 5.9 Hz, 1H), 2.38 (s, 

4H), 2.28 (t, 4H), 1.74 – 1.49 (m, 16H), 1.28 (d, J = 9.7 Hz, 26H). Note: the regioselectivity 

towards C2 in levoglucosan is chosen arbitrarily and might occur at C3 and C4.  
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Figure 38. An enlarged 2D-COSY NMR (300 MHz, CDCl3) spectra of entry 11 showing the 

correlation between adjacent protons of levoglucosan and was used to confirm the 

microstructure of the polymer produced.  
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Figure 39. A DOSY NMR (400 MHz, CDCl3) spectrum of a levoglucosan based polymer (entry 

12). 

 

In another approach to incorporate levoglucosan into a polymeric structure, diethyl adipate was 

substituted with divinyl adipate, as presented in Scheme 26 and detailed in section 4.4.3.3. 
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Scheme 26. Enzyme-catalyzed reaction between levoglucosan, divinyl adipate and dodecane-

1,12-diol in diphenyl ether. 

 

The advantage of using divinyl esters is due to the production of ethenol as a byproduct, which 

tautomerizes under normal conditions to the more stable acetaldehyde. Besides being a highly 

volatile substance it can easily evacuate the system, preventing the backward reaction which is 

a limiting factor in polycondensation reactions.24 From Figure 40, it was evident that 

levoglucosan fully reacted with divinyl adipate, where the 1H NMR spectra of a sample taken 

after 24 h of the reaction showed the formation of two esters, an ester of levoglucosan and 

divinyl adipate (X-levo = 46%) and an ester of dodecane-1,12-diol and divinyl adipate at 54%, 

which is in good agreement with the feed molar ratio of the reacting monomers. This 
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observation confirms that the reactivity of levoglucosan towards divinyl esters is superior to 

that towards diethyl adipate that only led to X-levo value of 22% (entry 7). Surprisingly, the 

polymer growth appeared to be limited since the precipitation did not yield any polymers. In 

one research work, the limitations in polymer growth were related to the hydrolysis of the vinyl 

esters during the reaction due to the use of high amounts of enzymes containing bound water.25 

Therefore, further experimentation and structural analysis could shed light on the underlying 

causes.  

 

 

Figure 40. 1H NMR (300MHz, CDCl3) spectrum of the reaction between levoglucosan, divinyl 

adipate, and dodecane-1,12-diol. (Sample withdrawn after 24 h from the start of the reaction). 
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Like the effect of levoglucosan incorporation on the thermal behavior of the final polymer, 

Figure 41 depicts the effect of increasing the amount in levoglucosan on the polymer 

synthesized via reacting levoglucosan, dodecane-1,12-diol and diethyl adipate (entries 9 and 

11 in Table 22, in addition to a reference reaction without levoglucosan). The glass transition 

temperature (Tg) was only detected for entry 11 (Tg = 31 °C) due to the high content of 

levoglucosan that led to a decrease in crystallinity and an increase in the amorphous phase. The 

melting endotherm and crystallinity showed significant variations as a function of the 

levoglucosan content. As observed, the incorporation of only 14% levoglucosan into the 

polymeric structure led to a decrease in the melting point by around 8 °C and a drop in 

crystallinity from 134 J/g down to 97 J/g. Similarly, a further increase in levoglucosan to 35% 

led to a further decrease in the melting endotherm and crystallinity to 57 °C and 56 J/g, 

respectively. This trend is similar to what was observed in our work on diethyl furan-2,5-

dicarboxylate (DEFDC) in Chapter 3 that showed a similar decrease in both crystallinity and 

melting point as the DEFDC content increases up to a certain percentage and was linked to the 

isodimorphic behavior that is usually observed with certain random copolymers.26,27   
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Figure 41. Variations in melting endotherms (°C) and crystallization enthalpies (J/g) as a 

function of increasing levoglucosan incorporation into the polymer structure. (Blank: no 

levoglucosan, and entries 9 and 11).  

 

4.3 Conclusion 

 

It was evident from the results that although the reaction between levoglucosan and diethyl 
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diester chain length, showing the highest X-levo value of 35% with dodecane-1,12-diol and 
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growth was rather limited as no precipitates were collected. Regarding the thermal properties 
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Finally, this work introduces for the first time the successful enzyme-catalyzed 
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polycondensation of levoglucosan to produce a series of levoglucosan-containing terpolymers. 

Further work should build on these findings to optimize reactivity and analyze the properties 

of such polymers and their possible applications. 

 

4.4 Materials and Methods 

 

4.4.1 Materials 

 

Levoglucosan (99%) was acquired from Chem-Impex Int’l Inc. Diethyl adipate (99%), and 

diphenyl ether (99%) were purchased from Sigma-Aldrich. Butane-1,4-diol (99%), octane-1,8-

diol (98%), dodecane-1,12-diol (98%) were purchased from Acros Organics. furan-2,5-

dicarboxylic acid (99.7%) was purchased from Satachem co. Divinyl adipate was purchased 

from Tokyo Chemical Industry. Analytical grade methanol, absolute ethanol, and chloroform 

(99%) were purchased from VWR. All the reagents and solvents were used as received. 

Novozym 435 (N435), a Candida antarctica lipase B (CALB) immobilized on a porous acrylic 

resin was kindly provided by Novozymes. Chloroform D (CDCl3) (99.8%) and deuterated 

dimethyl sulfoxide DMSO-d6 were purchased from Euriso-Top. 

 

4.4.2 Enzymatic polycondensation of levoglucosan and diethyl adipate 

 

Levoglucosan (2 mmol) and diethyl adipate (3 mmol) were weighed and added into a schlenk 

tube. 20% w/w of N435 (relative to the total weight of the monomers) was weighed and added 

to the mixture. 0.5 mL of diphenyl ether was added as a solvent of choice and the reaction was 

commenced with no additional steps. The reaction proceeded under atmospheric pressure for 

2 h at 100 °C (using an oil bath with continuous stirring kept constant at 350 rpm). Afterwards, 

the schlenk tube was attached to a vacuum line, and the pressure was decreased gradually in 1 

h to reach 10 mbar to remove byproduct (ethanol). After applying the vacuum, the reaction was 

left to proceed for 24 h and got stopped by adding an excess amount of chloroform under 

atmospheric pressure after a cooling step, followed by direct filtration to remove the N435 

beads. The filtrate was then partially evaporated using a rotavap, followed by the addition of 
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excess amount of cold methanol to precipitate the obtained polymer. The mixture was then 

filtered, and the product obtained was left to dry at room temperature for 24 h before collecting 

and weighing. The polyesters synthesized were compared in terms of conversion, X-levo and 

Mn. 

 

4.4.3 Enzymatic polycondensation approach towards biobased 

levoglucosan-containing co-polyesters.  

 

4.4.3.1 Influence of aliphatic diol length. 

 

Levoglucosan in addition to an aliphatic diol and diethyl adipate were reacted via a two-step 

reaction following a similar approach to the one stated in the previous section. Keeping an 

equimolar diol: diester ratio, levoglucosan was added at 25-50 mol% relative to the total diols 

in the reaction, and the effect of its molar loading was assessed. In addition, the effect of diol 

length was assessed by performing the polycondensation reaction with butane-1,4-diol (C4), 

octane-1,8-diol (C8) and dodecane-1,12-diol (C12). The reactions were performed in bulk and 

diphenyl ether for comparison.  

 

4.4.3.2 Influence of increasing the length of the diester. 

In a similar approach to the previous section, diethyl adipate (C6) was substituted with diethyl 

sebacate (C10) to assess the influence of increasing the diester length. The reaction was 

performed against dodecane-1,12-diol and levoglucosan at 25 and 50 mol% relative to the total 

diols present.  

 

4.4.3.3 Influence of substituting diethyl adipate with divinyl adipate. 

Levoglucosan (2 mmol), dodecane-1,12-diol (2 mmol) were reacted against divinyl adipate (4 

mmol) catalyzed via a 20% w/w N435 in diphenyl ether. The reaction proceeded in a two-step 

reaction similar to the previous sections. 
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4.4.4 Analytical methods 

 

4.4.4.1 Nuclear Magnetic Resonance (NMR) analysis 

 

The 1H NMR, 2D-COSY spectra were recorded at room temperature on a Bruker Avance 300 

instrument (delay time = 3 s, number of scans = 32) at 300.13 MHz using either CDCl3 or 

DMSO-d6 as solvents. Chemical shifts (ppm) are given in δ-units and were calibrated using the 

residual signal of CDCl3 and DMSO-d6 at 7.26 ppm and 2.5 ppm, respectively. DOSY spectra 

was recorded on Avance II 400 Bruker spectrometer (9.4 T) regulated at 298 K respectively in 

CDCl3. Additionally, 1H NMR was used to confirm conversion and determine its rate. Data 

acquisition and analysis were performed using the Bruker TopSpin 3.2 and MestReLab 6.0.  

 

4.4.4.2  Gel Permeation Chromatography (GPC) analysis  

 

Gel permeation chromatography (GPC) analysis was performed in chloroform as eluent (flow 

rate of 1 mL/min) at 23 °C using Alliance e2695 (Waters) apparatus and with a sample 

concentration around 10-15 mg.mL-1. A refractive index detector Optilab T-rEX (Wyatt 

Technology) was used as a detector, and a set of columns: HR1, HR2 and HR4 (Water Styragel) 

were utilized. The molecular weight calibration curve was obtained using monodisperse 

polystyrene standards. 

 

4.4.4.3 Differential scanning calorimetry (DSC)  

 

The thermal transition was recorded with a Differential Scanning Calorimetry (DSC) on a TA 

Discovery DSC 25 using a cooling-heating-cooling-heating method. First, samples of ~10 mg 

were sealed in aluminum pans, the temperature was equilibrated at - 90 °C, followed by a 

heating ramp of 10 °C/min to 200 °C, then a cooling ramp of 10 °C/min to - 90 °C, and a second 

heating ramp of 10 °C/min to 200 °C. The thermograms were analyzed using TA instruments 

TRIOS software. 
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5. General conclusion and perspective 

 

The general objective of this research work was to develop an efficient, ecofriendly synthetic 

approach towards the synthesis of biobased polyester via enzymatic catalysis based on 

Novozym 435, a lipase B from Candida antarctica immobilized on a porous acrylic resin.  In 

Chapter 1, we generally discussed biobased polymers in terms of their different production 

methods, sourcing and challenges encountered. In this chapter, we showed the importance of 

moving towards greener synthetic methods that do not compete with food supply, mainly food 

waste, lignocellulosic biomass and microalgae. Different enzymes used in polymerization were 

assessed in terms of their different classifications and how they are used in polymerization 

reactions. Among the different enzymes mentioned, lipases were found to be the most common 

for the synthesis of polyesters, particularly we have focused on the applications of Novozym 

435. This enzyme was successfully used in the literature to catalyze the synthesis of different 

polyesters, polyamides and other polymers through polycondensation or ring-opening 

polymerization. In addition, this chapter also discussed the different parameters that can 

influence enzyme-catalyzed reactions, such as the solvent, temperature, and the nature of the 

reactants. It was evident that lipases were generally better active in non-polar solvents, and low 

temperatures not exceeding a 100 °C. The nature and structure of the monomers were a major 

factor affecting the end-product of lipase-catalyzed reactions, with an evident preference 

towards aliphatic diols and diesters. In Chapter 2, we developed a statistical model that allows 

a proper prediction of the number average molecular weight (Mn) of polyesters based on 

hexane-1,6-diol and diethyl adipate by tuning certain parameters during the reaction such as 

the temperature, enzyme loading amount, and vacuum level. From these results, it was 

determined that enhancing the vacuum power and temperature led to a significant increase in 

Mn. In addition, the recyclability of Novozym 435 was assessed, and it was successfully reused 

for three consecutive cycles in both bulk and solution conditions, confirming the efficiency and 

eco-friendly nature of this enzyme. Based on the findings of our work, we continued to explore 

the capabilities of Novozym 435 in Chapter 3 towards the synthesis of semi-aromatic 

copolymers and terpolymers based on diethyl furan-2,5-dicarboxylate. The biobased furan-

based monomer was successfully reacted with several aliphatic diols with a superior reactivity 

towards long chain diols (9C8). This was further confirmed by performing a kinetic study 

comparing between hexane-1,6-diol and dodecane-1,12-diol reactivity towards diethyl furan-
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2,5-dicarboxylate. Based on these findings, the incorporation of long diols such as Pripol 2033 

alongside short diols such as butane-1,4-diol was found to aid the polymerization reaction to 

yield polymers with high furan content and an acceptable molecular weight. It was also noticed 

that higher amounts of Novozym 435 were necessary for a successful polymerization reaction 

when higher amounts of diethyl furan-2,5-dicarboxylate were reacted. In contrast, increasing 

the enzyme amount from 10 to 20% w/w showed no effect on the properties of aliphatic 

polymers. The thermal and crystallography analysis of furan-based polymers showed the 

formation of semi-crystalline structures, with both poly(alkylene alkanoate) and poly(alkylene 

furanoate) crystal blocks. The successful synthesis of furan-based polyesters via enzymatic 

catalysis was encouraging to pursue the polymerization of other non-aliphatic monomers, such 

as levoglucosan, an anhydrous derivative of glucose produced from the pyrolysis of 

carbohydrates like cellulose or starch. Therefore, in Chapter 4, we were able to produce 

polymers with variable amounts of levoglucosan. Although the high polarity of levoglucosan, 

strong intermolecular interactions within its structure, and the absence of primary hydroxyl 

groups were all limiting polymer growth and reactivity, the use of long chain diols and diesters 

was found to be a suitable approach to enhance polymerization and levoglucosan incorporation 

into the polymeric structure, reaching up to 35% levoglucosan when reacted alongside 

dodecane-1,12-diol and diethyl sebacate. 

Throughout our work, we have successfully used Novozym 435 to synthesize several biobased 

polymers with interesting properties. The different approaches used through this study did not 

only confirm the suitability of Novozym 435 in polymer synthesis, but also improved our 

understanding of enzymatic catalysis in polymer synthesis, especially in terms of advantages 

and limitations. Although the efficiency of enzymatic catalysis at the moment, still do not 

compete with more vigorous approaches based on some metal-based catalysts, it does offer a 

set of advantages that can allow enzymes to compete and even surpass other catalytic systems 

in specific applications and fields. Taking advantage of the regioselectivity of enzymes can 

allow a certain degree of control over certain polymeric structures, that might not be accessible 

via other approaches. In addition, the use of enzymes can prove to be better suited for polymers 

intended to be used in drug delivery and medical applications, when safety is of high concern. 

Therefore, future work could enlarge our findings to enhance enzyme-based catalysis, and 

further study the properties and applications of polymers produced via enzymatic catalysis. 

Other approaches can aim at improving the synthetic process by substituting traditional 

methods such as in-solution and in-bulk batch techniques with more efficient ones. For 
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example, the use of reactive extrusion (REx) can be a promising approach to improve the 

efficiency of enzymatic catalysis in terms of time, energy, and solvent use. Such approach 

would also allow the transition from a batch-based towards a continuous manufacturing 

process, especially that the recyclable nature of Novozym 435 could allow for its reuse in 

multiple cycles. Other approaches such as the combination of multiple enzymes with different 

properties and selectivity could allow the manufacturing of novel polymers that might be 

otherwise not possible through alternative catalytic systems. Moreover, current and future 

advances in enzyme immobilization techniques and protein engineering, can lead to enzymes 

towards a more competing position in polymer synthesis, and possibly towards a superior 

position for certain applications. It is also very important to mention that certain enzymes such 

as lipases can catalyze the depolymerization of polyesters and polyamides under certain 

conditions, such as in aqueous media. From the different approaches to improve polymeric 

breakdown, embedding enzymatic particles within the polymer matrix can speed-up polymer 

degradation. Therefore, future work can focus on developing efficient systems where the 

enzymes that are used for polymerization can be efficiently redirected via minimal 

modifications to act as catalysts for polymer breakdown. Finally, the application of enzymatic 

catalysis for polymerization and depolymerization is still considered as novel, and not 

extensively discovered, and therefore its future is abundant in possibilities that awaits 

unfolding. 

 


