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F. Abstract 

The production of polymers from fossil feedstocks and the greenhouse gases associated with 

these processes are becoming unstainable. The development of drop-in bio-based plastics 

to replace current petrochemical derived polymers is one solution to resetting our 

relationship with polymers. One potential solution is the replacement of petrochemically 

derived polyethylene terephthalate (PET) with bio-based polyethylene furanoate (PEF). 

Chapter 1 discusses the synthesis of polyesters and the challenges associated with their 

production as well as the catalysts currently available for their synthesis.  

 

Chapter 2 details the initial optimisation of a large-scale glass reactor and small-scale thin-

film parallel reactor for PEF synthesis. A range of molecular and metal-organic framework 

catalysts are tested for their activity towards PEF synthesis. The polymer molecular weight 

and colour are analysed via size exclusion chromatography (SEC) and UV/VIS spectrometry 

respectively and promising catalysts identified. 

 

In chapter 3, ultra-pure titanium (IV) citrate is investigated as a replacement for the current 

antimony-based polycondensation catalysts. The activity of ultra-pure titanium (IV) citrate 

towards PEF synthesis, in melt-phase reactions, is compared with antimony (III) oxide and 

titanium (IV) isopropoxide at different catalyst loadings and reaction conditions. Thermal 

stability is investigated via melt degradation tests and the effect on polymer colour analysed. 

Phosphorous additives are added to improve the thermal stability of the polymer. 

 

Chapter 4 discusses the solid-state polymerisation (SSP) of PEF produced from melt-phase 

reactions. A process to increase molecular weight to application grade-levels is described. 

End group quantification is carried out before and after SSP, and the acetaldehyde content 

of application-grade PEF determined before and after thermal degradation. Ultra-pure 

titanium (IV) citrate (20 ppm), in the presence a phosphorous additive, is found to give higher 

polymerisation activity and similar colour performance to antimony (III) oxide (250 ppm), in 

the presence of a phosphorous additive. 

 

Chapter 5 investigates the melt-phase activity of titanium and zirconium frameworks, 

demonstrating their use for the first time as polycondensation catalysts. PEF produced with 

MOF catalysts are trialled for SSP activity, and the polymer thermal degradation probed. 
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Chapter 1  Introduction  

 Plastics 

Plastics are an integral part of our society, economy and environment. In the past 50 years, 

plastic production has increased from 15 million tonnes in 1964, to 311 million tonnes in 

2014.1 Production is set to double again over the next two decades.2 The impetus increasing 

production is the versatility plastics offer, with applications in packaging, electronics, 

manufacturing and construction, to name just a few, figure 1.1.2 

 

 
Figure 1.1. Sectors of application of plastics in the EU(Copyright © Plastics Europe).2 

 

Plastic packaging, is the largest application of plastic, making up 26 % of worldwide plastics 

used.1 The use of plastic in packaging applications has many benefits, including reductions in 

material costs, food waste and fuel consumption for transportation.2,3 

 

There are two main issues surrounding plastics packaging. The first is the feedstock used for 

their production, and the second is their subsequent disposal.  

Over 90 % of plastics are produced from finite virgin fossil feedstocks, and consume 6 % of 

global oil production, equivalent to that consumed by the aviation sector.1 This is expected 

to rise to 20 % by 2050 and correspond to an increase in the global annual carbon budget to 

15 % from 1 %. Significant CO2 emissions are associated with plastic manufacturing, with 

around half of the emissions as a result of the production of plastic feedstocks.4,5 

The economic and societal impact of the polymer industry is also an important point to be 

considered. In the EU for example, over €320 billion of turnover in Europe each year is 
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generated from polymer manufacturers and processors with over 1.45 million people 

employed in those sectors. It is one of the sectors that provides the greatest contribution to 

EU manufacturing and provides a multiplier effect through its growth by feeding into the 

growth of other sectors.2  

The disposal of plastic packaging is of particular concern due to their persistence in the 

environment. Globally, only 14 % of disposed plastic packaging is recycled annually, of which 

only 2 % is suitable for use in similar quality applications, i.e. closed-loop recycling, figure 1.2. 

4 % of recycled plastic packaging is of unsuitable quality for use due to processing issues, and 

8 % is recycled for lower value applications. A further 14 % of plastic packaging disposed 

undergoes some form of incineration for energy recovery. This allows some of energy 

‘locked’ into the plastic to be recovered, albeit with the release of carbon in the form of CO2. 

The remaining plastic packaging not dealt with by these means is either send to landfill (40 

%) or leaks into the environment (32 %).  

 

 
Figure 1.2. Global flows of plastic materials in 2013(Copyright © Ellen MacArthur Foundation 2018)1 

 

Whilst the environmental consequences of the current end of life situation for plastic 

packaging are becoming ever clearer, less explored is the material value loss incurred 

through the short first use and then subsequent disposal.1,5 95 % of the material value of 

plastic packaging, 80 – 120 billion USD, that is lost annually, due to the poor economics 
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surrounding the current recycling arrangement.1 If recycling rates are to increase, the 

economic argument needs to improve. 

Even with a significant increase in recycling rates, the demand for virgin fossil-based 

feedstocks for plastics would increase, and so would the greenhouse gas emissions 

associated with their production. Decoupling the production of plastics from fossil fuels and 

using a sustainable feedstock is one potential solution. A bio-based feedstock for polymer 

production fixes atmospheric carbon, in the form of CO2, into the polymer, where it remains 

until disposal. This carbon would only return to the atmosphere upon incineration/energy 

recovery and would otherwise remain fixed in the polymer. This leads to a net loss of CO2 

from the atmosphere, and potentially its reintroduction upon incineration/energy recovery. 

This contrasts the current situation with fossil feedstocks, where there is either no change 

or a net gain upon incineration. The transition towards bio-based feedstocks also has the 

potential to reduce CO2 emissions during the production processes too.6 From an economic 

standpoint, the transition towards bio-based feedstocks also presents the possibility to 

mitigate the price volatility of fossil-based feedstocks, which are subject to price fluctuations 

and geopolitical pressures.7 

 

The solution for the end of life options for plastics requires a multi-faceted approach. The 

versatility that plastics offer should be extended and applied to their disposal, to design 

plastics that can be disposed of effectively, be it via recycling or composting. Without such 

fundamental redesign, ca. 30 % of plastic packaging may not be able to be recycled.1 

The creation of an effective post-use plastics economy is one potential solution to some of 

these issues.1 This creates an economic incentive to reduce the leakage and landfilling of 

plastic packaging, as there currently is with single-use aluminium, for example. The recycling 

of plastics, at this time, is preferable, as the material value is kept within the economy, 

whereas this is lost with compostable plastics. This will require a bold change to the 

economics around plastic packaging, but has the potential to make the recycling of ca. 50 % 

of plastic economically attractive.1 

Compostable bio-based plastics have the potential to solve part of the disposal issue, 

particularly for nutrient contaminated applications e.g. coffee capsules, organic waste bags 

and food packaging. However, currently there is consumer confusion regarding the issue, 

with the term’s biodegradable, compostable and industrially compostable used 

interchangeably.8,9 Industrially compostable plastics must be collected in the same way 

recyclable plastics are in order to be effectively composted. With the current societal 
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relationship between plastics and recycling collection, this may lead to the contamination of 

recycling streams, and further leakage/landfilling of plastics into environments where 

industrially compostable plastics will persist.10  

An overhaul of our relationship with plastic packaging needs to be realised. Fundamental to 

this is a move away from a linear economy, where products are created, used, disposed, and 

their value lost. A new plastics economy based upon the principles of a circular economy has 

been championed by charity groups such as The Ellen MacArthur Foundation, figure 1.3.1 

This approach describes a move away from fossil-based feedstocks, radically improving 

recycling economics and quality, and with far less material leakage.  

 

 
Figure 1.3. Vision of the new plastics economy (Copyright © Ellen MacArthur Foundation 2018)1 

 

We sit now at a crossroads, where the public’s perception of plastics is growing increasingly 

negative, and where policy makers are pulling legislative levers, making it ever more difficult 

for the current status quo for plastics production to persist. This presents a unique 

opportunity to fundamentally redefine the way we produce, consume and dispose of 

plastics, utilising recent technological advances. This should not be seen as just a way to 

replace what has gone before, but to design innovative new plastics for novel applications, 

fit for the new plastics economy. 
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 Bio-based Polymers 

The majority of polymers are synthesised from the petrochemical products of fossil fuels 

with a small, but growing, bio-based polymer industry providing an alternative material.11 

There are several issues surrounding the use of fossil fuels as a feedstock for polymers. The 

price of crude oil, as well as other fossil fuels, is increasing due to an increase in world 

population and demand for the products of fossil fuels. This is also compounded by the 

dwindling reserves of fossil fuels, which some estimates project to diminish by 2050 by 

current utilisation rates.12–14 The environmental concerns associated with the exploration 

and production of fossil fuels, the geopolitical issues surrounding oil supplies and the 

production of CO2 when manufacturing polymers provide a clear and present need to move 

away from fossil fuel-based polymers.2,14 

The waste generated from polymers also causes issues, with landfilling of polymer still the 

preferred option of disposal in many EU countries. Recycling rates of polymers have been 

increasing over time in the EU, with a 40 % increase between 2006 and 2012 and an increase 

in energy recovery from polymers seeing a 27 % increase in the same time period. 

Increasingly, polymer waste is being seen as a resource to be utilised through recycling or 

energy recovery, with landfill bans in place in several EU countries.2 

There is therefore an opportunity for a move away from petrochemical feedstocks for 

polymer production. The main alternative feedstock is biomass, a renewable resource, which 

includes trees, plants, crops, agricultural food and feed crop residue, wood and waste 

materials.14 The U.S. Department of Agriculture and the U.S. Department of Energy estimate 

that 1.3 billion tonnes of biomass per year could be attained with very few changes to 

agricultural practices and food supplies.14,15 The main constituents of biomass are 

carbohydrates, proteins, lignin and fats, with vitamins, flavours and dyes available to a lesser 

extent. The abundance of this underused resource has attracted attention for its use in 

renewable / bio polymer production.14 

Polymers from renewable resources can be split into three main groups: 1) natural polymers, 

2) polymers from microbial fermentation and 3) synthetic polymers derived from natural 

monomers (synthetic biopolymers), figure 1.4.14,16  
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Figure 1.4.Polymers from renewable resources.17 

 

It is also important to make clear that there is ambiguity over the term bio-based polymer. 

A bio-based polymer, also known as a renewable polymer or biopolymer, is a polymer that 

can be produced from a renewable resource. This is not to imply that because the feedstock 

is renewable that the polymer is biodegradable or sustainable. While bio-based polymers are 

renewably sourced, they are not necessarily biodegradable. 

 Natural Polymers 

Natural polymers are those which can be directly extracted from biomass and are currently 

used in applications where biodegradability is desired. Three prominent examples are starch, 

chitosan and cellulose, figure 1.5.  

 

 
Figure 1.5. Starch (left), cellulose (centre) and chitosan (right). 

 

1.3.1. Starch 

Starch is polysaccharide that is widely available from plants such as corn, rice, cereal grain 

and potatoes. It is of interest due to its abundance, easy availability, low cost and 

biodegradability.9,18 Starch has been used to form biodegradable or edible films. Self-

supporting films, cast from aqueous solution, give moderate oxygen barrier properties, but 
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lack in terms of mechanical properties and moisture barrier properties. This limits the wider 

applications of starch films. Starch can also play the role of a filler in synthetic polymers, (6 – 

30 %) to increase the biodegradability of the polymer blend.9,18 Starch-based polymers are 

currently widely used for shopping bags, packaging materials and compostable bags.11 

1.3.2. Cellulose  

Cellulose is the most abundant natural polymer on earth, with the major source of it coming 

from wood, which is composed of 40 – 50 % cellulose by weight and is essentially a linear 

polymer of anhydroglucose.9,18 Cellulose has found use in cellophane film, which has good 

mechanical properties, but is sensitive to water. Further use has been in the replacement of 

glass fibres with cellulose fibres for use in reinforcing synthetic plastics, again, as with starch, 

improving biodegradability of the products.9,18 Cellulose is the largest bio-based polymer 

produced globally for film and fibre applications for textiles, hygienic disposable products 

and furnishing.11 

1.3.3. Chitosan 

Second only to Cellulose, chitin is one of the most abundant polysaccharides in nature and 

the bio-based polymer, chitosan, can be derived from the deacetylation of chitin. Chitosan is 

particularly attractive due to its biocompatibility, as well as biodegradability and abundance. 

Films of chitosan possess good oxygen barriers and are flexible, tough and clear. The 

potential applications are reduced due to poor water barrier properties and lack of long term 

stability, but have been considered for use in protecting food from fungal decal. 9,18 

 Polymers from microbial fermentation 

Polyhydroxyalkanoates (PHAs) are polyesters produced by a fermentation process, using 

bacteria and occur naturally in organisms. PHAs can be made by exploiting microorganisms, 

using different waste feedstocks, cellulosics, organic waste, vegetable oils and municipal 

solid waste, along with different varieties of bacteria.  

 

 
Figure 1.6. Poly-(R)-3-hydroxybutyrate. 

 

Various PHAs can be produced and their mechanical properties vary depending on their 

composition, Tg of -40 °C to 5 °C and Tm of 50 °C to 180 °C. PHAs can be processed by existing 

polymer equipment and have applications in common polymers such as fibres, laminates, 
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disposable items, foams and adhesives to name a few. They are also suitable for food contact 

applications and are widely used in biomedical implant materials and drug delivery systems 

due to their biocompatability.11 

 Synthetic bio-based polymers derived from natural monomers 

Synthetic bio-based polymers are polymers synthesised using classical chemical techniques 

from monomers produced from bio-based resources. Significant research has been applied 

to the synthesis of monomers from bio-based feedstocks and their subsequent 

polymerisation, leading to a wide range of synthetic bio-based polymers.9,16,19  

1.5.1. Polylactic Acid  

Polylactic acid (PLA) is a renewable, biodegradable and biocompatible polymer, based on a 

lactic acid repeating unit, scheme 1.1.  Lactic acid is sourced from the fermentation of 

carbohydrates and therefore feedstocks such as corn, potatoes, sugar cane, sugar beet or 

dairy are available.  

There are two main methods of polymerisation, either the polycondensation reaction of 

lactic acid, or the ring-opening polymerisation of the cyclic dimer, lactide. The most common 

route is the latter, in the presence of a metal initiator, and allows a high degree of control 

over molecular weight and the ability to tune the tacticity of the polymer through initiator 

design. This route has been subject to a significant amount of research, with various initiator 

and ligand systems explored.20–24 

 

 
Scheme 1.1. Ring opening polymerisation of lactide. 

 

PLA possesses good thermal and mechanical properties, but this is dependent upon the ratio 

of the D and L stereoisomers present in the polymer, for example enantiopure L-PLA gives 

higher melting temperatures. PLA is used as a food and bottle packaging material but is 

somewhat limited by its brittleness and poor heat resistance. High value biomedical 

applications such as sutures, stents and bone screws, for example, have also been explored 

with PLA.25 PLA has also been utilised for drug delivery for cancer treatments, antimicrobial 

drugs and also as use as a scaffold material for tissue growth.14,18 PLA has achieved successful 
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commercialisation by several companies, such as Total Corbion and NatureWorks, and is 

used in general and semi-engineering applications.26 

1.5.2. Polybutylene Succinate 

Polybutylene succinate (PBS) is an aliphatic polyester, with similar properties to polyethylene 

terephthalate (PET), figure 1.9. A polycondensation reaction between monomers succinic 

acid and 1,4-butanediol is undertaken to produce the polymer. Both monomers are available 

from a petrochemical source and from renewable resources; DSM and Roquette are 

investigating a commercially feasible process involving fermentation for monomer 

production.11 Succinity, a joint venture between BASF and Corbion, are currently producing 

over 10,000 tonnes of bio-based PBS annually.26 

 

 
Figure 1.7. Polybutylene succinate. 

 

PBS possess a higher melting point than PLA. The mechanical properties and crystallisation 

behaviour are similar to polyethylene and applications include food packaging, mulch films, 

and flushable hygiene products due to its biodegradability, and are often seen as a 

replacement for polyolefins in the packaging industry. The applications are somewhat limited 

by poor flexibility of the polymer and so it is often blended with PLA or starch to improve 

these properties.11 

1.5.3. Bio-Polyethylene 

Polyethylene (PE) is traditionally produced from fossil fuel feedstocks, and is one of the most 

important polymers industrially, with its demand rivalling polypropylene (PP) in the EU in 

2013.2 An alternative feedstock for the ethylene monomer is through dehydration of bio-

ethanol, produced via microbial fermentation. With the increase price of oil, and predicted 

supply constraints, the production of ethylene from a renewable feedstock is proving 

economically viable and is being demonstrated on an industrial scale.11  

 

 
Figure 1.8. Polyethylene. 
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With the same mechanical, physical and chemical properties as petrochemical PE, bio-PE has 

the ability to replace current applications of PE which include packaging, commodity 

applications, agricultural applications and engineering applications.11 Bio-PE production, in 

direct competition to petroleum-based PE, has fluctuated due to oil price decreases, but is 

being produced commercially by companies such as Brasken due to increasing 

environmental awareness.26 

1.5.4. Bio Polyethylene Terephthalate  

Polyethylene terephthalate (PET) is the dominant polymer for the drinks bottle packaging 

industry due to its competitive performance to cost ratio, optical clarity and barrier 

properties.27 It makes up 6.9 % of polymer demand in the EU and the PET bottle market 

amounts to 5.9 % of global polymer production, figure 1.11.2 Two monomers are involved in 

the production of PET, terephthalic acid (PTA) and monoethylene glycol (MEG), which are 

polymerised via a polycondensation reaction. Traditionally both monomers have been 

sourced from petrochemicals, but there has been a move away from this recently and 

towards obtaining the monomers from renewable resources to produce Bio-PET.  

So called Bio-PET produced at the moment is only partly bio-based, the ethylene glycol is 

sourced from a renewable feedstock, i.e. the catalytic oxidation of ethylene, already an 

established industrial process. The terephthalic acid is still from petrochemical sources.17 

This gives a polymer made from ca. 30 % plant-based materials, scheme 1.2. 

 

 

 
Scheme 1.2. Synthesis of polyethylene terephthalate. 

 

The PlantBottleTM campaign, launched by The Coca-Cola Company, has been one of the major 

driving forces behind Bio-PET adoption with over 30 billion bottles distributed in 40 different 

countries.28 This has led to a significant increase in production of Bio-PET30, as it is also 

known, particularly in rigid packaging applications.  
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Figure 1.9. Global production capacities of bio-based plastics.2 

 

The company has also begun work and filed patents for a 100 % bio-based PET polymer, 

along with several other companies such as Virent, Anellotech and Amyris,  who are also 

establishing processes for synthesising bio-terephthalic acid.28,29 The synthesis of bio based 

terephthalic acid starts from the biotechnological production of isobutanol from which is bio-

terephthalic acid is synthesised through isobutylene and paraxylene intermediates.28 

Currently this technology is in its infancy, but is attracting further research.9 

1.5.5. Polyethylene Furanoate 

The desire to find a renewable replacement to PET has led to a surge in research and interest 

into polyethylene furanoate (PEF). PEF is produced via the same polycondensation reaction 

as PET but using ethylene glycol and 2,5-furandicarboxylic acid (FDCA) as monomers, scheme 

1.3.  

 

 
Scheme 1.3. Synthesis of polyethylene furanoate. 

2,5-furandicarboxylic acid is obtained from renewable resources and has a similar structure 

to terephthalic acid. Most synthetic routes to FDCA are based oxidation of 5-hydroxymethyl-

2-furaldehyde (HMF), scheme 1.4, which is obtained by the cyclodehydration of 

carbohydrates such as glucose and fructose.30 There are also routes to FDCA from non-
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digestible agro-residues, like bagasse or sugar beet pulp, which open the possibility of the 

conversion of pectinic sugars into FDCA, allowing FDCA synthesis from a waste product and 

therefore negating unethical food chain competition. 30 

 

 
Scheme 1.4. Routes to FDCA from HMF. 30 

 

Isomers of FDCA are also available, 2,4- or 3,4-FDCA, and are also amenable to 

polycondensation reactions with ethylene glycol to give.30 PEF has the advantage of being 

suitable for processing on already pre-existing polymer processing equipment for PET, 

qualifying it as a drop-in polymer, requiring little change of processes. This is a feature lacking 

from other bio-based polymers such as PLA. Considering the end-of-life of PEF, it is amenable 

to chemical and mechanical recycling in the same way as PET, allowing existing recycling 

systems and processes to be utilised.5,31,32 PEF also has the advantage of superior oxygen, 

carbon dioxide and water barrier properties compared to  PET, which when applied to 

packaging, could extend the shelf life of products.17 PEF has the capacity to not only be a bio-

based replacement for PET, but to outperform it too. Due to this, PEF has seen growing 

industrial interest. Avantium are currently operating a FDCA pilot plant (40 tonnes per 

annum) and have plans to build a commercial-scale plant. They also have a partnership with 

The Coca-Cola Company linked to its ‘XYX technology’ to produce FDCA monomer for use in 

PEF bottles.17,33–35 The environmental credentials for PEF are also growing, with a recent 

process analysis, energy and greenhouse gasses (GHG) balance of the replacement of PET 

with bio-based PEF. A reduction of GHG emissions will be realised in its production, as well 

as lower GHG emissions than other bio-based polymers such as PLA, PHA and PE.6 

There is an opportunity with PEF to make an impact in the polymer industry, with not only 

the replacement of PET, which accounts for 6.9 % of the EU polymer demand and 5.9 % of 
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global polymer production in terms of the bottle market,2 but also with expansion into new 

markets utilising the superior properties of PEF.  

These expansions into new markets are possible due to the favourable barrier, mechanical 

and thermal properties of PEF over PEF, table 1.1 below. The better barrier properties allow 

for the elimination of O2 scavenger compounds used in PET applications with juice or beer 

and the possibility of a smaller serving size bottles for carbonated drinks. The increased 

modulus value for PEF allows for lighter bottles with the same structural integrity of a PET 

bottle, leading to lower transportation costs. The higher Tm allows lower processing 

temperatures for preform production, leading to a reduction of energy used. It is clear that 

many of the properties PEF possesses makes it a superior material to PET. 

 

Table 1.1. PEF and PET barrier, mechanical and thermal properties.36 

Property PEF PET Application 

Barrier O2 / m3 6 – 10 x 1 x Elimination of O2 scavenger 

 CO2 / m3 4 – 6 x 1 x Carbonated drinks 

 H2O / m3 2 x 1 x Water bottles 

Mechanical Modulus /  kg m−1 s−2 ca. 1.6 x 1 x Lighter bottles 

Thermal Tg / °C 86 – 87 74 – 79 Hot fill applications 

 Tm / °C 213 - 235 234 - 265 Energy reduction 
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 Polycondensation  

1.6.1. Introduction  

Condensate polymers, such as polyesters, polyamides and polycarbonates are produced on 

an industrial scale every year for a range of commercial and high-end engineering 

applications. They are defined by the synthetic method required to produce them. This 

proceeds as a step-growth polymerisation, where active sites react successively to form 

longer polymer chains. Each step links two molecules together, and results in the creation of 

a by-product. 

Polyesters, such as PET, have been studied since the beginning of the last century. Carothers 

was an early pioneer of the synthesis of polyesters and investigated the mechanism behind 

their production.37 Commercial interest only increased upon the production of the first 

polyester fibre by Whinfield, known at the time as Terylene or Dacron, but more commonly 

known today as PET.37 This thesis is concerned with the polycondensation reaction of a 

diacids and diols to produce polyesters. 

1.6.2. Synthesis of Polyesters 

The synthesis of polyesters with diacid and a diol monomer takes place in two consecutive 

steps, esterification/transesterification and polycondensation. The fundamental process 

remains analogous regardless of the carboxylic acid and diol monomers used, here the 

processes are explained with FDCA and ethylene glycol.  

Different derivatives of FDCA/PTA can be used as monomers for PEF/PET synthesis. In the 

case of PET, dimethyl terephthalate (DMT) was predominantly used up until the 1960’s from 

which purified terephthalic acid became available on an industrial scale. Industrial PET 

synthesis now predominantly relies on a PTA feedstock.37 Concerning PEF, many variants of 

FDCA have been explored as monomers, for example, the dichloride, dimethyl, diethyl or bis-

(hydroxyethyl). Most commonly used is FDCA or dimethyl FDCA (dmFDCA).34,37 

The first stage consists of an esterification/transesterification reaction between the 

carboxylic acid/diester and the diol. The reaction is acid-catalysed so a metal catalyst isn’t 

needed, scheme 1.5, however, a catalyst is often added to improve efficiency of industrial 

processes.38 

The esterification/transesterification is carried out under inert atmosphere and high 

temperature, up to 215 °C. This yields a glycolate diester, as well as short chain oligomers, 

and water or methanol, depending on the monomer used.34,37 The by-product is removed by 

distillation column to drive the equilibrium towards the formation of the products. The 

monomer monoethylene glycol (MEG) also acts as a solvent in this stage. 
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Scheme 1.5. The esterification/transesterification reaction between FDCA/dmFDCA and monoethylene glycol. 

 

The direct esterification reaction, scheme 1.6, proceeds via an AAC2 mechanism. This starts 

with the deprotonation of a carboxylic acid group alcohol by a carbonyl oxygen, followed by 

nucleophilic attack on the now activated carbonyl carbon by the hydroxyl group of MEG, 

leading to the liberation of water. 

 

 
Scheme 1.6. The mechanism of direct esterification of FDCA. 

 

The second stage is a solvent-free melt-phase polycondensation reaction of the glycolate 

diester in the presence of a catalyst. The removal of by-products, such as excess diol and 

water/methanol from the melt-phase is achieved with high temperature, above 240 °C, and 

low pressures, below 1 mbar.34,37 This serves to liberate of diols via transesterification, 

leading to molecular weight increase by shifting the equilibrium towards the product. 

Typically, antimony(III) or germanium(III) -based catalysts are used industrially for PET 

synthesis, with titanium(IV) and tin(II) - based catalysts seeing minimal use. Catalysts for 

PET/PEF synthesis are explored in depth in section 1.7.  

 

 
Scheme 1.7. Polycondensation reaction of the diester transesterification product to produce PEF. 
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Polycondensation, in the context of polyesters, is a step-growth polymerisation where an 

ester bond between carboxyl and hydroxyl functional groups is created, liberating water, 

under equilibrium. The monomers react in steps, first to form dimers, then trimers, longer 

chain oligomers and as the chain length increases, polymers. 

Common to macromolecular processes, an average chain length (polymerisation degree) is 

achieved where the molecular weight distribution can be described by the Schulz-Flory 

distribution, which assumes that the probability that a functional group has reacted is 

independent of chain length.37,39,40 This assumption holds true if functional groups are 

separated by more than three atoms, if less, then the reactivity of monomers and dimers 

differs. 

The molecular weight can be predicted by the Carothers equation, equation 1.  

 

                                                                         𝐷𝑃# =
%

(%'()
      (1) 

 

Where DP is the degree of polymerisation, and p is the degree of conversion of the reactive 

groups. In order to obtain high molecular weight polymer a high degree of polymerisation 

(DP) is needed, therefore a degree of conversion (p) > 0.99 is required.40 

 

The mechanism for polycondensation depends on the catalysts used. Antimony or titanium 

catalysts, of most interest in this work, react initially via a ligand-exchange mechanism, 

where the ligands initially coordinated to the metal are exchanged by hydroxyl end groups 

of monomers or oligomers, to form the active species, often a glycolate. In the case of 

titanium catalysts, the ligand system, monodentate or chelating, impacts the nature of the 

active form of the catalyst.41   

Mechanisms published for the polycondensation of PET/PEF in the presence of a metal 

catalyst which can be divided into two categories. The first is the formation of 7- or 5-

member ring chelating complex activates the carbonyl group to allow nucleophilic attack on 

the carbonyl carbon by a hydroxyl end group, figure 1.12. This is driven by the formation of 

a more stable titanium glycolate complex.41,42 

 
Figure 1.10. The formation of a 7 membered (1) and 5 membered (2) ring during metal catalysed 

polycondensation.41 
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Weingart et al. built upon this further and extensively studied the mechanism of titanium 

(IV) catalysts for PET synthesis, demonstrating that the titanium metal exchanges alkoxide 

ligands by reacting with a hydroxyl group to form a 5-membered ring, scheme 1.8.42 

 

 
Scheme 1.8. Mechanism for polycondensation reactions with titanium (IV) catalysts.42 

 

The second mechanism proposed is the complexation of the metal to the carbonyl oxygen, 

which then facilities nucleophilic attack by a hydroxyl group, scheme 1.9. 

 
Scheme 1.9. Complexation of the metal catalyst to the carbonyl oxygen prior to nucleophilic attack by a hydroxyl 

end group.41 

 

1.6.3. Solid State Polymerisation 

Solid state polymerisation (SSP) is widely utilised in polyester synthesis to increase the 

molecular weight to values suitable for applications. The polymer is heated, between the Tg 

and Tm, and a vacuum/inert carrier gas is applied to remove by-products. Under these 

conditions the polymer chains are mobile enough to allow polycondensation to take place.  

This technique is widely used in industrial PET manufacturing, especially to achieve bottle-

grade molecular weights, ca. Mn 25 - 30 kg mol–1.27,43–50 The polymer is first dried and 

crystallised, before heating between the Tg and Tm of the polymer and a vacuum or inert 

carrier gas is used to remove by-products. These conditions allow enough mobility in the 

polymer chains for the polycondensation reaction to take place.  
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SSP is often used where technical or commercial limitations mean that achieving these 

molecular weights is not possible in melt-phase polymerisation.51 For example, with SSP the 

issues due to the stirring of a viscous melt reaction mixture are no longer present. This 

becomes even more detrimental to molecular weight increase at higher viscosities. Another 

factor is the lower investment and running costs of SSP plants, which use lower 

temperatures. Furthermore, thermal degradation of the polyester due to degradation 

reactions are reduced. This reduces colouration and acetaldehyde content, which are often 

present in high amounts when accessing high molecular weight polymer via melt-phase 

reactions. 

1.6.4. Side reactions 

1.6.4.1. Diethylene Glycol 

Diethylene glycol (DEG) formation during the synthesis of polyesters is an important side 

reaction. Several mechanisms have been proposed for the formation of DEG, and recent 

work shows direct etherification, via the condensation of two hydroxyl groups, is the most 

likely mechanism for the formation of DEG, scheme 1.10. DEG is predominantly formed 

during the esterification reaction and, as a less volatile diol than EG, can be incorporated into 

the polymer as a co-monomer.41 An increase in diethylene glycol content leads to a decrease 

in polymer crystallinity and a lower Tm and Tg. This is undesirable for certain applications due 

to the decrease in thermal stability.41 The etherification reaction is acid catalysed, but metal 

catalysts, often present during the esterification stage of the polyester synthesis, have been 

shown to catalyse the etherification reaction of ethylene glycol.52  

 

 
Scheme 1.10. Formation of diethylene glycol.  

 

1.6.4.2. Oligomer formation 

Linear or cyclic oligomers are present in PET at ca. 2-3 % and can cause issues in polymer 

processing. The cyclic trimer has been found to be the most stable, this is possibly due to its 

formation being mechanistically favoured (kinetic control), or the trimer having lower energy 

than other oligomers, decreasing rate of rather reaction (thermodynamic control). A back-

biting mechanism has been proposed for the formation of cyclic oligomers.51 
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1.6.5. Thermal Degradation 

The thermal degradation of PET/PEF becomes an issue above the melt temperature (PEF: Tm 

= 213 – 235 °C, PET Tm = 234 – 265 °C) of the polymer, i.e. during melt polymerisation and 

polymer processing. The process is influenced by the nature of the catalyst used for the 

polymerisaiton.53 The activation energies of the primary degradation reactions are higher 

than those for the polycondensation reaction, and so become more relevant at higher 

temperatures.51 This leads to a reduction of molecular weight/intrinsic viscosity, due to 

degradation, and leads to an increase in carboxylic acid end groups and vinyl end groups, 

scheme 1.11. Vinyl end groups are produced via a β-elimination reaction during the 

polycondensation step of the reaction.54 The β-methylene hydrogen is transferred to the 

carbonyl of the ester via a six-membered ring intermediate, scheme 1.11, and a carboxylic 

acid end group and vinyl end group is produced. Carboxylic acid end groups reduce the 

thermal and hydrolytic stability of the polymer and limits for application-grade polymer are 

typically 25 mmol kg-1. 

 

 
Scheme 1.11. Production of vinyl groups via a β-elimination reaction. 

 

The quantity of vinyl end groups is an important consideration as they are an intermediate 

in the production of acetaldehyde, which effects the organoleptic properties of the 

plastic.54,55 Acetaldehyde limits of 1 ppm are common for applications where PET, is used for 

food or beverage packaging, to reduce tainting of the product with acetaldehyde due to 

migration into the contents of the plastic container. 

Acetaldehyde is produced by the interaction of a vinyl end group with a hydroxl end group, 

yielding acetaldehyde and an anhydride. Vinyl end groups are often known as ‘potential 

acetaldehyde’ in this context. At sufficient temperatures, acetaldehyde can diffuse through 

the polymer to the surface, where it can leave, however it often remains locked in the 

polymer matrix. If the degradation is via the scission of a terminal ester group, rather than a 

bound ester group then a vinyl alcohol is produced, which rearranges to form acetaldehyde.  
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Scheme 1.12 shows the reaction a carboxylic acid end groups with a vinyl end group to give 

an anhydride and acetaldehyde.  

 

 
Scheme 1.12.The degradation of vinyl end groups, in the presence of carboxyl end groups, to give anhydride and 

acetaldehyde.56 

A second route to the production of acetaldehyde is via the interaction of a vinyl end group 

with a hydroxyl end group or free MEG, scheme 1.13. 

 

 
Scheme 1.13. The degradation of vinyl end groups, in the presence of hydroxyl end groups, to give an polyester 

and acetaldehyde.56 

 

Another route to the production of acetaldehyde is via the thermal degradation of a hydroxyl 

end group to give a carboxylic acid end groups and acetaldehyde, scheme 1.14. 

  

 
Scheme 1.14. The degradation of hydroxyl end groups, in the presence of hydroxyl end groups, to give carboxyl 

end group and acetaldehyde.56 

 

All synthesis or processing of PET is undertaken under an inert atmosphere in order to reduce 

thermo-oxidative degradation, which occurs at a much faster rate than thermal 

degradation.51 

1.6.6. Polymer Colouration 

The colour of a polymer, such as PET, is linked to its quality. Low quality grades of PET often 

show increased yellow colouring. The most common system used to measure colour is the 

CIELAB system. L* indicates the lightness of the sample (L* = 100, white, L * = 0, black). a* 
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represents the red-green axis (positive values indicate red, negative values indicate green). 

b* represents the yellow-blue axis (positive values indicate yellow, negative values indicate 

blue).  The factor of most interest is b* which relates to the yellowing of the polymer.  

An increase in the yellow colour of PET is caused by thermal and thermal-oxidative 

degradation and is indicative of depolymerisation. Thermal-oxidative degradation can be 

limited by the use of an inert atmosphere, when processing the polymer above the Tm. 

Thermal degradation, on the other hand, can only be limited by a decrease in reaction 

temperature, which will serve to also decrease the rate of polycondensation. 

The formation of chromophoric species that result in polymer yellowing, is caused by several 

factors. The first is postulated to be due to the formation of polyenaldehydes as a result of 

the aldol condensation of acetaldehyde, scheme 1.15.51 

 

 
Scheme 1.15. Polycondensation of acetaldehyde, via aldol condensation, to yield polyenaldehydes. 

 

Another contribution towards polymer yellowing is the formation of polyenes from vinyl end 

groups, scheme 1.16. This involves the polymerisation of vinyl end groups to give polyvinyl 

esters, followed by the elimination of polymer with carboxylic acid end groups to form 

polyenes.51  

 

 
Scheme 1.16. Formation of polyenes from vinyl end groups.51 

 

In the presence of oxygen, the formation of chromophores is due to the hydroxylation of the 

benzene ring in PTA, followed by the formation of unsaturated quinoid and ester species. 57 

1.6.7. Phase Equilibria, Molecular Diffusion and Mass Transfer 

The solubility of the monomers is an important consideration. In PET synthesis, PTA is 

relatively insoluble in MEG. Often in industrial PET production PTA is dissolved in 

prepolymer/PET oligomers to improve solubility and reduce the quantity of MEG needed.  

In melt-phase polycondensation two phases are involved in the reaction, diffusion and mass 

transport through between the phases plays a major part in achieving high molecular weight 
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polymer. The process involves the diffusion of by-products through the bulk phase, before 

mass transfer through the liquid/gas phase interface. Removal of by-products effectively, 

leads to high polymerisation activity, and low side-product concentrations. The rate-

determining step of the overall polycondensation process is the removal of MEG.  

1.6.8. Technical Perspective 

The conversion of monomer into a finished polymer product involves several synthesis and 

processing steps, figure 1.13. Traditionally to produce PET with molecular weights suitable 

for bottle applications, ca. Mn 25 - 30 kg mol–1, melt polymerisation followed by SSP was used. 

Recently. the development of direct-melt phase polymerisation in some plants has allowed 

application grade polymer to be produced with no solid-state polymerisation step.38 Once 

sufficient molecular weight has been achieved, processes such as extrusion or injection 

moulding produce the polymer product. These involve elevated temperatures in excess of 

the Tm and can often result in degradation of the polymer through molecular weight decrease 

and colouration. This effect is exacerbated through the use certain catalysts and is a 

particular issue with recycled feedstocks.32,51  

 

 
 

Figure 1.11. Summary of reaction steps, from monomer to product of PEF product synthesis. 
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1.6.9. Routes to Thermal Degradation of PEF 

The synthesis of PEF is more complex than it first appears, side reactions form various by-

products which negatively affect the final polymer properties. The most important of these 

are thermal degradation reactions. An overall scheme of the possible reactions, scheme 1.17, 

details the chain scission and chain growth reactions and their products. In polymer 

processing, above the Tm, under an inert atmosphere and with no mixing, the diffusion of by-

products is poor, leading to low instances of chain growth. As a result, these processes lead 

to a decrease in molecular weight, an increase in carboxylic acid end groups and vinyl end 

groups. In melt-polymerisation, under vacuum and with stirring, the diffusion of by-products 

is improved, allowing chain growth and further reactions to occur. This counters the chain 

scission seen with thermal degradation, leading to a smaller overall decrease in molecular 

weight. Dispersity is however affected, due to the transesterification of different length 

polymer chains. 

 

 

 
Scheme 1.17. Thermal degradation reaction scheme. 
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 Catalysts for PET 

The logical starting point for an investigation into polycondensation catalysts for PEF 

synthesis is with PET catalysts, due to the vast quantities produced annually since the 1960s 

and identical reaction mechanisms. 

The majority of PET production is with antimony-based catalysts such as Sb2O3 and Sb(OAc)3, 

often dissolved in ethylene glycol to give [Sb2(OCH2CH2O)3]n or [Sb(OCH2CH2O)(OAc)]n. The 

use of 150 – 300 ppm of antimony yields polymer with sufficient molecular weight values 

and good thermal stability.  

Despite the industrial inertia associated with antimony catalysts, there are several 

disadvantages to its use. These include quality issues such as grey discolouration at high 

loadings, processing problems such as catalyst precipitation and loss of catalyst in MEG 

recycling loop.58 There is also growing consumer demand for antimony-free catalysts, due to 

a number of conflicting reports drawing attention to the migration of antimony into 

beverages and foodstuffs.59  

1.7.1. Non-Antimony Catalysts  

Despite the widespread use of antimony in PET synthesis, the patent literature features 

claims to a wide range of antimony-free catalysts for such synthesis. Most commonly listed 

are germanium(IV), tin(II/IV), calcium(II), lead(IV), aluminium(III), zinc(II), manganese(II), 

magnesium(II), cerium(IV), titanium(IV), zirconium(IV) and hafnium(IV) oxides, alkoxides and 

acetates.41,60–64  

Germanium(IV) catalysts, in the form of GeO2, are also used industrially for PET synthesis. 

Germanium is used primarily for Japanese markets, where the high clarity/brilliancy of the 

PET produced is preferred. It is used with phosphorous-based stabilisers to reduce oxidative 

degradation. The relatively high cost of germanium, in comparison to antimony has held back 

further widespread use.62 

Aluminium(III) compounds have also been explored as polycondensation catalysts for PET 

synthesis. The first case of the use aluminium as a polycondensation catalyst was in 1955 in 

a patent by ICI. The catalyst, however, showed high affinity for side reactions, leading to low 

quality polymer.65 Aluminium, in the form of a zeolite, consisting of an aluminium, oxygen 

and silicon framework, has also been used as a polycondensation catalyst. The zeolite was 

semi-soluble in the reaction mixture and the aluminium dissolved was found to be the 

catalytically active component.66 Another example of use of aluminium catalyst, in tandem 

with antimony, has been reported by Zhang et al.67 An aluminium/antimony composite 

system, aluminium diacetate hydroxide and antimony glycolate, was used to 
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synthesise poly(ethylene terephthalate-co-isophthalate). The use of this composite catalyst 

system affected the crystallisation properties of the polyester, which resulted in superior 

optical properties and higher polymerisation activity than antimony glycolate alone. The 

widespread use of aluminium catalysts is limited due to high propensity for side reactions.62 

Tin-based catalysts for PET synthesis have been known since the 1950s, with initial patent 

activity by Eastman Kodak Co claiming a wide range of organo-tin compounds.68 This was 

followed by improvements in the process through the use of dibutyl tin-di-(methyl 

terephthalate), dibutyl tin-di-(ethyl maleate) and dibutyl tin-di-(methyl adipate) catalysts.69 

Recent work by Svec et al. with C,N-chelated diorganotin(IV) compounds gave the lower 

activity than antimony-based catalysts, highlighting the issues with using tin as a 

replacement. 70 

Manganese (II) and zinc (II) compounds, which were used predominantly for the DMT-based 

synthesis of PET, are less active for the PTA-based process, due to poisoning of the catalyst 

by carboxylic acid end groups.51 

Other than antimony, it is generally accepted that titanium compounds show most potential 

for PET synthesis and these are discussed in detail in the next section.51  

1.7.2. Titanium-Based Catalysts 

The potential alternative to antimony-based polycondensation catalysts comes from 

titanium, where extensive patent activity and academic research has been taking place over 

the last few decades.32,38,42,53,71–75 Producing PET on a commercial scale with titanium-based 

catalysts is currently limited to fibre applications, as the molecular weight of the polymer is 

lower, and therefore polymer colour is less of an issue.41,58 

Titanium(IV)-based catalysts find extensive use in poly(butylene terephthalate) (PBT) and 

poly(propylene terephthalate) (PPT) synthesis, due to high activity at low catalyst loading. 

The use of titanium–based catalysts in PET synthesis has been hampered by the formation 

of undesired by-products in high concentrations, often leading to unacceptable levels of final 

polymer colour.76 Titanium(IV) catalysts allow for the customisation of the ligand system, 

which has the potential to effect the selectivity of the catalyst towards polymerisation or 

degradation reactions.57,76–78 

Ahmadnian et al.76 screened various titanium(IV) catalysts, figure 1.14, for the synthesis of 

PET and found that the nature of the ligand system plays an important part in catalyst activity 

and selectivity. Monodentate ligands were more active towards the polymerisation reaction, 

but less selective, leading to more thermal degradation.  
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Figure 1.12. Catalysts used in the study by Ahmadnian et al.41 

 

Catalysts with monodentate ligand systems showed varying levels of activity and selectivity. 

1 showed slightly higher activity than 2, despite the same molecular weight. This is thought 

to be due to the reduction in steric hindrance of nBu compared to tBu, especially for 

coordination of reactants. Comparing 3 and 4 with 1 and 2, it was seen than substituting an 

oxygen for a chlorine or nitrogen coordinated to the metal centre results in no observable 

difference in activity. The presence of a more electronegative atoms such as chlorine on the 

active site of titanium in 3, gave no significant change in activity from 1. Overall, the nature 

or structure of the monodentate ligands only influenced activity in the case of alkoxides. 

Greater differences were observed among catalysts with chelating ligands. 5 gives the lowest 

activity, due to bulky chelating groups and a poor hydroxyl leaving group in comparison to 

the alkoxide leaving groups of 6 and 7. Catalysts with chelating groups gave lower activity 

than those with monodentate ligands, but better selectivity for polymerisation over 

degradation and therefore better polymer stability. 

Titanium aminoalcohol compounds were investigated by Yang et al.79 for the synthesis of 

PET, scheme 1.18. The titanium catalyst with the methyl substituents Ti (1), gave the highest 

activity for PET synthesis, followed Ti (2) and Ti (3), which gave comparable results. All three 

catalysts with chelating ligand systems gave higher activity than Ti(OEt)4 implying N(Me)2 

ligands are more easily dissociated, differing with the previous study by Ahmadnian et al.76  

 

 
Scheme 1.18. Synthesis of aminoalchol compounds by Yang et al. 79 
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Finelli et al.77 compared commercially available titanium(IV) dioxide-based catalyst to 

titanium butoxide and for the synthesis of PET on a multi-gram scale. Both catalysts 

demonstrated similar activity, concentration of end groups and DEG content, along with 

similar thermal properties. There was a difference in the hydrolytic stability of the polymers, 

with the commercial titanium dioxide-based catalyst showing less thermal degradation. Both 

titanium butoxide and the commercial catalyst gave higher activity with respect to the 

antimony-based catalyst. 

The use sodium titanium(IV) tris(glycolate) [Ti(EG)3Na2],  figure 1.15, as a catalyst for the 

chemical recycling and re-polycondensation of PET, was investigated by Wang et al.32 The 

use of one catalyst for both recycling and re-polycondensation removes the need to include 

the costly step of separating the catalysts between the two reactions.  

 

 
Figure 1.13. Sodium titanium tris(glycolate) catalyst investigated by Wang et al. 32 

 

The re-polycondensation was initially conducted on a 10 g scale, and the activity of 

[Ti(EG)3Na2], was compared to Ti(OBu)4, Sb2(OCH2CH2O)3 and Zn(OAc)2. Using DSC data of the 

endothermic peak of EG evaporation, Tmax, to examine polycondensation rate and the first 

degradation endothermic peak, Tdeg, to determine the beginning of thermal degradation, the 

polymer activity could be compared, table 1.2 A lower Tmax indicates a higher activity, 

representing the removal of MEG at an earlier point and a lower Tdeg indicates a higher 

catalyst activity for the degradation reaction. 

 

Table 1.2. The thermal data for varying catalyst analysed for PET re-polycondensation by Wang et al.32 

Catalyst Tmax / °C Tdeg / °C 

[Ti(EG)3Na2] 223.7 298.5 

Ti(OBu)4 218.8 275.9 

Sb2(OCH2CH2O)3 237.5 325.7 

Zn(OAc)2 227.1 269.3 

 

Whilst [Ti(EG)3Na2], did not show polymerisation activity as high as Ti(OBu)4, the resultant 

polymer did show better thermal stability. [Ti(EG)3Na2] gave better polycondensation activity 
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than Zn(AcO)2 and Sb2(OCH2CH2O)3, but caused degradation at lower temperatures than 

Sb2(OCH2CH2O)3, demonstrating a lower thermal stability. 

An increase in scale to 500 g was conducted and [Ti(EG)3Na2] compared to a mixture of 

Sb2(OCH2CH2O)3 and Zn(AcO)2. [Ti(EG)3Na2] not only showed higher molecular weight, but 

also far less yellowing and colouration of the recycled PET was visible, indicating better 

selectivity for the polycondensation reaction. 

Patent activity for titanium compounds as polycondensation catalysts has shown a significant 

increase in the past few decades, with many different catalysts, formulations and processes 

claimed. Many examples of titanium(IV) alkoxides used in conjunction with cobalt, to give a 

neutral colour tone, and phosphorous compounds to improve the thermal stability of PET 

are claimed.53,60,80,81  A different process, utilising titanium(IV) oxides/hydroxides in a mixed 

titanium/silicon precipitate, which becomes partially soluble under polycondensation 

conditions have also been claimed in patent literature.64,75,82  

The synthesis of stable titanium(IV) catalysts via complexation with various chelating ligand 

systems, with the aim of increasing catalyst selectivity towards polymerisation, have been 

claimed. Titanium (IV) 2-hydroxy carboxylic acids, such as citric acid, lactic acid, malic acid 

and tartaric acid are mainly featured, used alongside with cobalt and phosphorous 

additives.80 The use of 2-hydroxy carboxylic acids has been claimed in several patents as a 

means of improving the efficacy of titanium catalysts for polyester synthesis.83–87 This is 

discussed in further detail in chapter 3, section 3.1. 

 Polyethylene Furanoate 

1.8.1. Catalysts for Polyethylene Furanoate Synthesis 

Due to the commercial success, and vast quantity of PET produced annually since the 1960s, 

most polyester catalyst research has, until recently, focused on the production of PET. 

Research into PEF has been restricted by the availability of the FDCA monomer and therefore 

has been sporadic and preliminary in nature. 

The first patent application for PEF was filed by Celanese Corporation of America, only five 

years after the first patent application for PET was filed by Calico Printers Association.88,89 

NaOCH3 and Mg(OCH3)2 were used as a catalyst to produce PEF from the dimethyl ester, at a 

relatively low polycondensation temperature of between 190 – 220 °C. The reported product 

had a melting point of 205 – 210 °C, implying low molecular weight PEF, no other properties 

were reported. 

In 1958 an Osaka University publication describes the synthesis of PEF with a lead (II) 

catalyst.90 The polymer possessed a melting point between 220 – 225 °C, was brown to grey 
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/  white in colour and was suitable for forming fibres. The tri, tetra, penta and hexamethylene 

diol analogues of PEF were also reported. 

One of the more detailed studies of the use of a catalyst for PEF synthesis was reported by 

Moore et al. in 1978, where PbO was used to produce PEF with an IV of 0.17 dLg-1 from 

dmFDCA.91 A mixture of Ca(AcO)2 and Sb2O3, effective for the preparation of PET, was also 

used for PEF. The product was a black, insoluble solid when produced at a temperature of 

270 °C. Upon the addition of an oxygen scavenger, triphenylphosphine, and at a lower 

temperature of 250 °C, the subsequent polymer was partially soluble in chloroform or 

hexafluroisopropanol (HFIP), and the soluble polyester had an IV of 0.21 dL g-1. 

A tin(II) / titanium(IV) catalyst was used in a patent filled by Canon Kabushiki Kaisha for the 

synthesis of polypropylene furanoate (PPF) and polybutylene furanoate (PBF).92 The catalyst 

was added at the start of the esterification reaction with a 3-fold excess of the diol. This was 

followed by polycondensation, and then solid-state polymerisation. The reaction conditions 

for each reaction step are shown in table 1.3 and the molecular weight, thermal properties 

and decomposition (Tdec) temperature in table 1.4.  

 

Table 1.3. Polymerisation reaction data from the patent filled by Canon Kabushiki Kaisha.92 

Polymer Esterification Polycondensation SSP 

PEF 280 °C, 4 h 280 °C, 6.5 h 180 °C 

PPF 230 °C, 4 h 230 °C, 6.5 h 140 °C 

PBF 170 °C, 4 h 180 °C, 6.5 h 150 °C 

 

Table 1.4. Polymerisation and thermal data from the patent filled by Canon Kabushiki Kaisha.92 

Polymer Mn / kg mol–1 Tg / °C Tc / °C Tm / °C Tdec / °C 

PEF 23 85 156 170 332 

PPF 15 39 102 150 335 

PBF 60 31 90 170 338 

 

Between polycondensation and SSP the polymer samples were purified by dissolution in HFIP 

and subsequent precipitation and drying. This is most likely due to the high colour of these 

polymer samples due to a combination of the choice of catalyst metal and high reaction 

temperatures particularly for PEF synthesis (280 °C).  
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Mitsubishi filed a patent application in 2007 describing the use of a Ti(OnBu)4 / Mg(AcO)4 

mixed catalyst system for PEF and PBF synthesis from the dmFDCA.93 The rationale behind 

the use of a mixed system is to make use of the high activity of titanium, but at a low loading 

to limit polymer degradation. Whilst the polymer gave good heat resistance and mechanical 

properties, the polycondensation time needed to reach high molecular weight/solution 

viscosities was 7.5 h. 

Recent work establishing HMF as a platform chemical has reignited research activity into PEF 

and other furan-based polymers.94–96 

Gruter et al. published an in-depth study in 2012 investigating furan-based polyesters.35 The 

study focused on the variation of starting monomer, reaction temperature and tested a wide 

range of metal catalysts. A comparison between the use of FDCA as a monomer, and its 

methyl ester derivative, dmFDCA, showed that when using FDCA monomer PEF with higher 

absorbance is produced. Therefore, more coloured polymer is produced with FDCA in 

comparison to dmFDCA, table 1.5. 

 

Table 1.5. Absorbance of polymer solution of PEF synthesised with various monomers.35  

Monomer Absorbance (400 nm) Mn / kg mol–1 ÐM 

FDCA 0.228 12.5 2.60 

dmFDCA 0.042 11.0 2.63 

    

In a subsequent study investigating PBF synthesis, increasing concentrations of FDCA relative 

to dmFDCA gave higher values of absorbance and more coloured polymer. The effect of 

increasing temperature was also studied, and an increase in polycondensation temperature 

from 200 °C to 240 °C to 275 °C showed a significant increase in colour for 

poly(hexamethylene furan 2,5 - dicarboxylate) synthesis. 45 different metal catalysts were 

screened in this study for the synthesis of PBF. The highest yields were observed with 

Sn(O)Bu2, Ti(OiPr)4, Zr(acac)4 and Hf(acac)4 The lowest absorbance and highest yield was 

observed for Ti(OiPr)4. Further work with the two most active catalysts, Sn(O)Bu2 and 

Ti(OiPr)4, showed that whilst increasing the concentration of Sn(O)Bu2 gave an increase in 

molecular weight, this was not seen when increasing the concentration of titanium (IV) 

isopropoxide, where above 0.04 mol % relative to dmFDCA monomer no increase in 

molecular weight was observed. The addition of a phosphorous compound, tris(nonylphenyl) 

phosphite, considerably reduced polymer colouration when added on a 1:2 catalyst to 

tris(nonylphenyl) phosphite ratio. Whilst this work screened a wide range of catalysts and 
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additives with a range of monomers, no work into the polymer colour after thermal 

processing is present, an important consideration. Furthermore, no scale-up of the most 

promising catalysts and additives is presented. This is important because higher 

temperatures are often needed to overcome the lower vacuum present in larger polyester 

plants and this would impact polymer stability. 

Gubbels et al. reported in 2013 a novel polyester produced with FDCA/dmFDCA and 2,3-

butanediol by a range of commercially available catalysts including: Ti(OnBu)4, Sn(Oct)2 and 

Zr(OnBu)4.97 Under polycondensation conditions of 220 °C and 4 hours, poly(2,3-butylene-

2,5-furandicarboxylate) was produced. The most active catalyst was found to be Sn(Oct)2 and 

Ti(OnBu)4 and Zr(OnBu)4 were far less active, table 1.6. 

 

Table 1.6. Molecular weight and dispersity of polymer prepared from different monomers with various 
catalysts from a study by Gubbels et al.98 

Monomer Catalyst Mn / kg mol–1 ÐM 

FDCA Ti(OnBu)4 2.5 1.8 

FDCA Sn(Oct)2 3.7 2.1 

FDCA Zr(OnBu)4 2.0 1.5 

dmFDCA Ti(OnBu)4 2.2 1.6 

dmFDCA Sn(Oct)2 7.0 2.6 

dmFDCA Zr(OnBu)4 2.4 1.7 

 

The activity of several catalysts, Ti(OnBu)4, Sn(Oct)2, SnOH(O)Bu, GeO2 and Sb(Ac)3, for PEF 

synthesis from FDCA and dmFDCA at 240 °C was investigated by Yu et al.99 The highest 

molecular weight PEF, and therefore highest catalyst activity, was of the following order : 

SnOH(O)Bu > GeO2 > Sn(Oct)2 > Sb(Ac)3 > Ti(OnBu)4, table 1.7. The effect of reaction time on 

the molecular weight of PEF produced with SnOH(O)Bu was also studied and an increase was 

seen in the first 4 hours, before a slight decrease after 5 hours. Increasing temperature to 

260 °C and 270 °C increases the intrinsic viscosity, and the same increase is seen with 

increasing catalyst loading, 0.05 to 0.3 to 0.5 wt% relative to the furan monomer. One 

omission, in terms of analysis, is the quantification of polymer colour, a property crucial to 

the industrial scale-up and commercial roll out of PEF as a competitor to PET. 
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Table 1.7. Molecular weight and dispersity of polymer prepared with various catalysts from a study by Yu et 
al.99  

Catalyst Mn / kg mol–1 ÐM 

Ti(OnBu)4 1.55 1.21 

Sn(Oct)2 3.20 1.24 

SnOH(O)Bu 4.61 1.31 

GeO2 3.42 1.32 

Sb(Ac)3 2.41 1.78 

 

The most recent study of the effect of catalyst type on molecular weight and coloration of 

PEF is in a 2017 paper by Terzopoulou et al., where Ti(OnBu)4, Ti(OiPr)4, Sn(Oct)2 and Sn(O)Bu2 

were employed as catalysts at 400 ppm with dmFDCA.78 It was observed, by monitoring the 

initial 4 h transesterification reaction between dmFDCA and EG via the amount of methanol 

distilled, that Ti(OnBu)4, Ti(OiPr)4and Sn(O)Bu2 show high activity, whilst Sn(Oct)2 did not, with 

only 17% conversion after 4 h. Ti(OnBu)4, Ti(OiPr)4 and Sn(O)Bu2 appear to differ slightly in 

activity in the first 2.5 h, after which the differences become negligible. The 

polycondensation reaction was conducted at 230 °C, for different times, and the intrinsic 

viscosity determined, figure 1.16 below.  

 

 
Figure 1.14. Intrinsic viscosity melt polymerisation kinetic data from the study by Terzopoulou et al. with 

Ti(OnBu)4 (TBT), Sn(Oct)2 (TEH), Sn(O)Bu2 (DBTO) and Ti(OiPr)4 (TIS). 

 

Catalysts containing titanium were found to be the most active, with Ti(OiPr)4 showing higher 

activity than Ti(OnBu)4, followed by Sn(O)Bu2 and Sn(Oct)2. It is though that the reason for 
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the low activity of Sn(Oct)2 is due to a higher production of cyclic products, therefore 

decreasing molecular weight and increasing dispersity. 

It is reported that all polymers had a light-yellow to brown colour, with the intensity of colour 

decreasing in the order Ti(OnBu)4 > Ti(OiPr)4 > Sn(Oct)2 > Sn(O)Bu2.  The polymer colour is 

seen to develop over the course of the polycondensation reaction, due to prolonged 

exposure time at an elevated reaction temperature of 230 °C. The high degree of yellowing 

at this temperature is attributed to polymer degradation due to either the formation of 

carbonised sugar impurities present in the monomers, or polymer oxidation by nitrogen 

oxides of the air. The nitrogen oxide in the air is said to form nitrogen derivatives, similar to 

the phenolic yellowing seen when processing polyesters at high temperatures. Another 

explanation of the yellowing of the polymer is proposed, where coloured furan-metal 

complexes are formed at elevated temperatures, due to the strong chelating nature of furan 

dicarboxylic acid. A purification step of the final polymer was undertaken, where the PEF was 

dissolved in trifluoracetic acid/chloroform (1/4 v/v) and precipitated from cold methanol. 

After precipitation, the colour of the polymer was significantly improved, and all polymers 

were white to light-yellow in colour, a particularly large increase in the lightness value (L*) 

was seen. The reduction of yellow colour from the polymer is proposed to be due to the 

removal of any possible coloured impurities, and the increase in the lightness value (L*) 

explained by the presence of a conjugation within the furan dicarboxylate structure, which 

can act as light absorbing and emitting species, increasing the L* value and acting as a typical 

optical brightener agent.  

The change in the polymer properties before and after purification was investigated further 

with Fourier Transform-Infrared Spectroscopy (FT-IR). It was observed that prior to 

purification there were two clear separated peaks corresponding to compounds with 

carboxyl end groups 1714 and 1749 cm-1, after purification these merged into one peak with 

a reduced intensity at 1738 cm-1, indicating these compounds had been extracted from the 

polyester. This shift in the carbonyl ester group from 1749 to 1738 cm-1 indicated that some 

compounds containing ester groups were also removed, which they proposed are possibly 

unreacted dmFDCA, or oligomers containing methylester end groups. A reduction was seen 

in the peak area of -OH groups, which indicates the removal of oligomers with hydroxyl end 

groups are also removed. These changes were seen regardless of catalyst used.  

The thermal properties of the PEF before and after purification were also investigated. The 

Tg of the polymer was shifted to a higher temperature after purification which it is proposed 

is due to removal of oligomers or decomposition side-products, which may act as plasticisers, 
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reducing the Tg. The polymer crystallised at a much lower temperature due to a lower cold 

crystallisation temperature (TCC) after purification and has a slightly higher Tm. This is due to 

better alignment of the polymer macromolecules due to the precipitation process, and 

therefore a higher crystallinity.  

HR-MS (High resolution mass spectrometry) was employed to analyse the composition of the 

by-products dissolved in the TFA/chloroform solution that was used to purify the PEF. The 

solution contained a large number of by-products detected by HR-MS with the major peaks 

assigned to hydroxyl-methylene furanic acid compounds, furanoic ester compounds with 

hydroxylmethylene and methyl ester end groups and dimers of furanic acid esters, 

containing carboxyl and methyl ester end groups. Whilst this work details the activity of the 

catalyst and polymer colour, there is no comparison to antimony-based catalysts.  

The SSP of PEF has also been investigated in a number of literature studies. In 2016, Hong et 

al. demonstrated the SSP of PEF over 48 h, at 195 °C under a constant flow of nitrogen.100 A 

small increase of from 0.60 dL g-1 to 0.72 dL g-1 was observed after 48 h, much slower than 

that of PET under similar conditions. This low activity was attributed to imperfect crystals 

formed during the annealing of the polymer, which then go on to form larger crystals during 

SSP, reducing the number of amorphous regions where end groups can react to increase 

molecular weight. 

Achilias et al., studied the SSP of PEF prepared with Ti(OnBu)4 (400 ppm) in the presence of 

SiO2 and TiO2 nanofillers, added during melt polymerisation.101 Nanofillers have been 

previously reported to increase crystallisation rate, and improve thermal stability of 

polymers.102,103 Various reaction times and temperatures for SSP were investigated with and 

without nanofillers, under vacuum. A higher reaction temperature, in all cases, lead to an 

increase in IV, and most of the IV increase occurred in the first 6 h. Both nanofillers were 

found to act as nucleating agents, increasing polymer crystallinity, with the effect most 

pronounced with TiO2. The addition of nanofillers gives PEF with slightly higher Mn, 

particularly at lower SSP temperatures. At 200 °C, the highest final IV was seen with the SiO2 

nanofiller, with the effect most noticeable after longer reaction times, figure 1.17. 
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Figure 1.15. The IV increase over time of PEF and PEF nanocomposites at 200 °C.101 

 

Upon end group analysis, little difference is seen with the addition of nanofillers on 

carboxylic acid end group content over time.  

Kinetic rate constants were estimated from fitting of experimental of PEF and 

nanocomposites at all temperatures. This determined that nanofillers gave a higher 

transesterification rate constant than neat PEF, reflected in the higher IV values. The same is 

true of the esterification rate constant, and in this case is explained by the nanofiller 

facilitating end group mobility, allowing more reaction of end groups than in neat PEF. Neat 

PEF was also found to have a greater quantity of inactive carboxylic acid end groups, i.e. 

those that cannot come into contact with hydroxyl end groups. Correlation of kinetic rate 

constants with temperature, through an Arrhenius type expression, shows an expected 

increase of all rate constants with temperature.  

Activation energy determination showed that the addition of the TiO2 nanofiller results in a 

similar activation energy, whilst SiO2 addition gives a much lower esterification and 

transesterification reaction activation energy, table 1.8. This implies SiO2 may have co-

catalytic effects, promoting the reactions. Finally, PEF SSP was found to have a higher 

activation energy compared to PET SSP, reflecting the slower SSP rate for PEF. This work is 

one of the few studies investigating the SSP of PEF, however no polymer colour data is 

presented and no comparison to antimony catalysts is given. 
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Table 1.8. Activation energies and correlation coefficients of esterification (E1) and transesterification (E2) 
reactions of PEF and PEF nanocomposites in the study by Achilias et al.101 

Sample E1 / kJ mol-1 R2 E2 / kJ mol-1 R2 

PEF 160 0.959 7 0.999 

PEF/SiO2 88 0.995 13 0.977 

PEF/TiO2 150 0.988 39 0.995 

 

The effect of catalyst type on molecular weight increase during SSP was studied by Kasmi et 

al.104 Ti(OiPr)4, Ti(OnBu)4 and Sn(O)Bu2 were used at 400 ppm at varying temperatures and 

reaction times, under vacuum. The highest activity was seen with Ti(OiPr)4, particularly at 

higher temperatures. End group analysis showed a decrease in carboxylic acid end groups 

with increasing temperature for all catalysts, matching an increase in IV. Hydroxyl end group 

content determination showed that DBTO catalysed PEF gave the smallest change in 

hydroxyl end groups over the SSP reaction, reflecting the lower IV increase. Ti(OiPr)4 and 

Ti(OnBu)4 gave similar results. The reduced activity when using a DBTO catalyst is discovered 

to be due to a higher degree of crystallinity (Xc), which reduces chain mobility and the 

diffusion rate of by products, leading to a higher concentration of inactive carboxylic acid 

end group and hydroxyl end groups. This study, whilst presenting interesting data on the rate 

of SSP using different catalysts, features no information relating to polymer colour. 

Further work by Kasmi et al. demonstrated a process to reach high molecular weight polymer 

suitable for food packaging applications.46 Ti(OnBu)4 (400 ppm) was used as a catalyst for the 

process which consisted of an initial melt polymerisation, followed by SSP, a remelting step 

and another SSP. The PEF produced after the melt polymerisation had an IV of 0.38 dL g-1. 

This was followed by SSP at various temperatures to give IV values of 190 °C = 0.47 dL g-1, 

200 °C = 0.50 dL g-1 and 205 °C = 0.54 dL g-1 after 5 h. A re-melting step, often used in industrial 

polyamide synthesis, of 240 °C for 30 min under an inert atmosphere was applied to the PEF 

sample after SSP, with an IV of 0.54 dL g-1. This was followed by the second SSP reaction at 

varying temperatures, after 5 h samples with IV of 190 °C = 076 dL g-1, 200 °C = 0.86 dL g-1 

and 205 °C = 1.02 dL g-1 were obtained. The remelting step serves to homogenise reactive 

end groups and reduce water content, both improving end group diffusion. The change in IV 

over time for different temperatures after the remelting step is shown in figure 1.18. 
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Figure 1.16. Variation of intrinsic viscosity with time during SSP of PEF with TBT (Ti(OnBu4)) (400 ppm) at 

different temperatures after a remelting process.46  

 

End group analysis showed a significant increase in carboxylic acid end groups after the 

remelting process, as a result of degradation reaction leading to creation of a carboxylic acid 

end groups and vinyl end groups. The PEF after remelting also gave a much lower Xc, leading 

to increased chain mobility and rate of diffusion of by-products. Whilst the melting process 

described in this work provides a useful way to increase SSP rate, no description of the impact 

on polymer colour is presented. Furthermore, acetaldehyde content of the polymer or the 

effect of the melting step on end group content is absent from this work. 

1.8.2. Patent Literature of Catalysts for Polyethylene Furanoate Synthesis 

The patent literature contains numerous examples of processes for the preparation of PEF. 

These focus on optimisation of reaction conditions and the use of additives to improve 

process and polymer properties. The most active company in this field is Synvina, a joint 

venture between Avantium and BASF. 

Synvina have been granted a patent which relates to a process and method for preparing 

PEF.105 The patent provides examples of PEF produced with Sb2O3 (314 ppm) in the presence 

of N(CH3)4
+OH- (TMAOH) (42 ppm). The work demonstrates that a lower FDCA:MEG ratio, 

1:1.15 compared to 1:1.30, gives a faster polycondensation rate (P rate) and the resulting 

polymer contains higher levels of carboxylic acid end groups, 19 mmol kg–1 and 6 mmol kg–1 

respectively, table 1.9.  
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Table 1.9. Effect of FDCA:MEG ratio on rate of polycondensation and carboxylic acid end group content.105 

FDCA:MEG P rate* / min CEG / mmol kg–1 

1:1.15 5.18 19 

1:1.30 2.61 6 

*P rate is the rate of IV increase (*1000) in dL g–1 per minute. 

 

A further example compared the effect of different FDCA/MEG ratio and temperatures. The 

results show that a lower FDCA:MEG ratio and lower esterification temperature, yield a 

polymer with a higher IV, due to higher polycondensation rate and higher carboxylic acid end 

group content, table 1.10. 

 

Table 1.10. Effect of FDCA:MEG ratio and polycondensation temperature on rate of intrinsic viscosity and 
carboxylic end group content.105 

FDCA:MEG T / °C IV / dL g-1 CEG / mmol kg–1 

1:1.18 225 0.41 16 

1:1.12 214 0.61 25 

 

Further examples demonstrate the lack of SSP activity in PEF with low carboxylic acid end 

group content ca. 35 mmol kg–1, with appreciable IV, > 0.70 dL g–1, values only accessible 

after ca. 970 h. 

Similar work by Synvina presents a patent for the suppression of diethylene glycol content in 

PEF with a base, ammonium compound or a salt.106 The general use of a tin(II), zinc(II), 

titanium(IV) or antimony(III) catalyst is claimed as part of the process, but no specifics are 

given. The addition of a base or ammonium compound is said to allow the production of PEF 

with reduced diethylene glycol residues. The use of N(C2H5)4
+OH- (TEAOH) or TMAOH 

resulted in PEF with DEG content of 0.045 mol mol–1 or less, given in moles of diethylene 

glycol per mole of 2,5-furandicarboxylate moieties. This offers a significant improvement in 

comparison to reactions without this additive, table 1.11. A similar decrease in DEG content 

was also seen with the addition of Na2HPO4 or Na2SO4. 
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Table 1.11. Effect of The addition of a base or ammonium compound on diethylene glycol content.105 

Additive / ppm DEG / mol mol–1 

0 0.048 

TEAOH 120 ppm 0.041 

TEAOH 135 ppm 0.038 

TEAOH 270 ppm 0.033 

TEAOH 450 ppm 0.028 

TMAOH 43 ppm 0.041 

TMAOH 86 ppm 0.036 

TMAOH 172 ppm 0.031 

 

The work also shows that the diethylene glycol content of PEF is affected by ratio of FDCA to 

ethylene glycol, as well as different esterification and polycondensation temperatures. The 

impact of the DEG content on the thermal properties of the polymer was also investigated, 

with an increase in DEG leading to lower Tm, Tg and decreased levels of polymer crystallinity.  

A further patent by Synvina claims a process for preparation of PEF with improvements in 

esterification conditions, with specific reference the term ‘Esterification Potential.’107 The 

esterification potential relates the ratio of MEG and FDCA to the pure component vapour 

pressure of water at the esterification reaction temperature. The patent makes claim to a 

method where the esterification potential is at least 0.03. The examples presented use Sb2O3 

(314 ppm [Sb]) as a catalyst and TEAOH (42 ppm or 80 ppm) as an additive. 

The first example shows that with a MEG:FDCA ratio of 1.15 and a given esterification 

potential of 0.76, then the polycondensation reaction is much faster, and the PEF has a higher 

quantity of carboxylic acid end groups, than with a higher MEG:FDCA ratio of 1.30 and a 

higher esterification potential of 3.21. A second example investigates the effect of different 

MEG:FDCA ratios and different temperatures. A lower MEG:FDCA ratio and temperature for 

the esterification reaction, gave higher IV and higher carboxylic acid end group content. The 

final example investigates the activity in solid state polymerisation. An increase in IV was 

seen over time, with a value of 0.79 dLg-1 seen after 50 h, table 1.12. The increase in IV was 

accompanied with an increase in peak melting point (Tm) and crystallinity (dHm), determined 

by DSC. 
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Table 1.12. Effect of SSP time on intrinsic viscosity, melting point and polymer crystallinity.108 

SSP time IV / dL g–1 Tm / °C  dHm / J g–1  

0 0.56 204  50 

13 0.67 209  58 

50 0.79 217  66 

 

A patent focused on the solid-state polymerisation of PEF has been granted to Synvina. The 

work details the effects of particle size and carboxylic acid end group content on SSP rate. At 

a higher carboxylic acid end group content of 66 mmol kg–1 particle size seems to have no 

impact on SSP rate. However, with a lower carboxylic acid end group content of < 10 mmol 

kg–1 smaller particles show increased SSP rate. A further experiment shows that heat 

treatment of PEF in the solid state at ca. 40 °C less than the Tm  gives a higher crystallinity and 

increased molecular weight. Finally, the carboxylic acid end group content was shown to be 

crucial to SSP activity, with the PEF with carboxylic acid end group of 9 mmolkg-1 reaching the 

desired IV values after 972 h, compared with 50 h for PEF with carboxylic acid end group of 

25 mmol kg–1. 

Cannon Inc. have also been active in the patent literature, detailing a process for PEF 

synthesis.92 The patent details an example for the synthesis of PEF in the presence of a 

titanium(IV) catalyst (0.05 wt %) and tin(II) catalyst (0.05 wt %).  

Natura Cosmeticos SA have a patent for PEF co-polymer produced with a specific process of 

purifying FDCA and specific quantities of 3,4-FDCA and a triol, 1,1,1-tris(hydroxlmethyl) 

propane in the polymer.109 In this process claims are made for Ti(OiPr)4 and Sb2O3 as 

polycondensation catalysts. The examples show Ti(OiPr)4 is added during the esterification 

reaction, followed by more Ti(OiPr)4 and Sb2O3 for the polycondensation reaction. The 

polycondensation reaction was conducted at 240 °C for 5 h and Mn of 46 kg mol–1 and Mw of 

178 kg mol–1 were obtained. 

A patent from Furanix Technologies claims a process from melt polymerisation to SSP, 

outlining specific conditions and polymer properties.110 Transesterification catalysts such as 

calcium (II) or zinc (II) are claimed as part of the process and antimony is used as the 

polycondensation catalyst. A polymerisation with a Ca(II) – Sb(III) system on a 15-litre scale 

gave a Mn of 16 kg mol–1, SSP for 72 h gave polymer with a Mn of 30 kg mol–1. A Zn-Sb system 

was used on a 100 mL scale giving polymer with Mn of kg mol–1 and following SSP for 48 h Mn 

of 52 kg mol–1 was obtained. 
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Uhde Inventa-Fischer have been granted a patent for a continuous process of PEF 

production, which claims use of a titanium salt derived from an organic acid as a catalyst, 

along with a stabiliser/co-catalyst.111  An example details the process, which starts with the 

dmFDCA monomer and uses titanium butoxide as a catalyst gave a final polymer with an IV 

of 1.05 dL g–1 and with active titanium metal content of 350 ppm.  

Whilst there is a growing body of literature and patents relating to PEF synthesis, no clear 

process has been developed for the production of PEF that utilises a sustainable catalyst and 

competes with antimony–based catalysts. Many studies present only part of the story, such 

as demonstrating catalyst activity for melt-phase polymerisation or analysing polymer colour 

after a degradation test. Up to this point, no study has presented a comprehensive overview 

from synthesis to processing, and all the analysis required in-between, that demonstrates a 

viable alternative to an antimony-based catalyst. 

 Industrial Perspective 

The average sized PET plant produces 1000 kt of polymer a year via a continuous process. At 

a given loading of 100 ppm, this plant would require 11.5 kg of catalyst an hour, figure 1.19. 

This is often higher for an antimony-based catalyst, where catalyst loadings are usually ca. 

150 – 300 ppm. It is important to also highlight that the catalyst is not recovered from the 

polymer, and therefore catalyst reuse is not possible. Clearly, if a catalyst can deliver similar 

performance, at a lower loading, a range of economic and environmental benefits can be 

realised. 

 

 
Figure 1.17. PET synthesis at different scales and the catalyst mass needed at those scales at 100 ppm. 

 

Whilst potential economic gains are a ‘pull-factor’ towards antimony-free catalysts, there are 

several ‘push-factors’ to move away from antimony-based catalysts to consider. Antimony is 

listed as one of 14 critical raw materials for the EU, identified due to economic factors, 

availability and strategic relevance.112 There are also availability issues surrounding 
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antimony, with it scoring negatively in terms of supply risk and vulnerability to supply 

restriction, figure 1.20.  

 

 
Figure 1.18. Criticality scores of metals and metalloids (A) supply risk, (B) environmental implications and (C) 

vulnerability to supply restriction.112 

 

There are further issues with the use of antimony and the environmental and health risks 

associated with it.57 Antimony is listed as possibly carcinogenic for humans by The 

International Agency for Research on Cancer, however, the range of studies at present are 

inconclusive.77 Glycol residues, a by-product of PET production, contain antimony and have 

to be disposed of as hazardous waste due to the toxicity of antimony.77  

There is also concern over the levels of antimony in food and drink, due to leaching of the 

catalyst from the plastic packaging. A study in 2007 by Shotyk et al. on 132 brands of bottled 

water in 28 countries showed an increase in antimony concentration in the water over 6 

months in storage at room temperature.59 A further study of 48 brands of water from 11 

European countries indicated a 90 %, increase in antimony levels on average.59 Concerns over 

the potential detrimental health effects of antimony, justified or not, serves to increase 
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public interest and leads to the more health conscious of consumers erring on the side of 

caution, leading to demand antimony-free PET.113 

Herein lies an opportunity, to design a process that twins sustainable bio-based feedstocks, 

with sustainable catalysis, to create a bio-based polymer that meets the challenges of today.  

Catalytic and bio-catalytic advances have led to an increased availability of bio-based 

monomers, making the transition away from fossil feedstocks more feasible. This is reflected 

in the commercial activity of companies active in this sector. Corbion is leading research into 

FDCA production via bio-catalytic routes, whilst Avantium are focusing on catalytic 

production of FDCA and bio-based MEG on a larger scale.36,114,115 Synvina have a PEF 

reference plant planned (50 kt).115  

Whilst the obvious application for PEF is to replace PET as a bio-based drop in, taking 

advantage of similarities in synthesis and processing, new applications are also possible. The 

superior thermal and gas barrier properties of PEF make it suitable for applications 

traditionally fulfilled by glass or aluminium. Furthermore, a replacement of multi-layered 

PET/Nylon bottles for carbonated drinks is also possible with PEF, opening up another new 

market. This means that initially PEF doesn’t have to compete with PET, where economies of 

scale make are a major limiting factor to any new product. It is fundamentally easier to 

introduce a new technology where there is growth, rather than well-established 

competition.  

One of the key technological challenges of commercial PEF production is the development 

of new efficient, robust and selective sustainable catalysts. In spite of the recent increase in 

interest in catalysts for PEF synthesis, there is still no alternative catalyst available that can 

compete with antimony-based catalysts in terms of activity, polymer colour and polymer 

stability under industrially relevant conditions. Until a suitable catalyst is found, the adoption 

of PEF in preference to PET remains challenging. 
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 Project Aims 

 

1. Design, commission and optimise a sub-gram small-scale parallel reactor and 

multi-gram lab-scale reactor suitable for effective screening of 

polycondensation catalysts. 

2. Test a range of commercially available, known and novel catalysts for PEF 

synthesis, investigating catalyst activity and polymer colouration. 

3. Investigate ultra-pure titanium(IV) citrate as an industrially viable catalyst 

for PEF synthesis.  

4. Investigate the effect of phosphorous additives on catalyst activity and 

polymer colouration. 

5. Develop a process for solid-state polymerisation (SSP) of PEF in a small-scale 

parallel reactor to yield PEF with application grade molecular weights. 

6. Develop a process for the synthesis of application grade PEF with an ultra-

pure titanium citrate and a phosphorous formulation, from melt 

polymerisation to solid state polymerisation. 

7. Investigate the thermal stability of PEF catalysed with different catalysts and 

formulations. 
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Chapter 2  Optimisation, Reaction Analysis and Catalyst 

Screening of Polyethylene Furanoate Synthesis 

 Introduction 

A detailed review of PEF catalysts is given in chapter 1 section 1.8. Whilst there has been 

research into different catalyst systems for PEF synthesis, most studies have focused on the 

effect of changing metal, with few studies investigating the effect of the ligand system. Few 

studies take the colour of the final polymer into account, a factor which needs to be carefully 

considered considering PEF’s potential for film and food/drink packaging applications, where 

polymer colour and degradation products are subject to strict limits. Furthermore, there are 

no tests of the polymer performance post melt polymerisation e.g. solid-state 

polymerisation (SSP) or conditions that mimic polymer extrusion, and the effect of these 

processes on the polymer colour.  

In this chapter, a lab-scale polymerisation setup is commissioned and optimised to provide 

a means to reliably synthesise PEF for catalyst screening and in sufficient quantities for 

subsequent processing and analysis. A small-scale thin-film parallel reactor is designed, 

commissioned and optimised to support this work.  Various titanium and zirconium catalysts 

are tested and their molecular weight and colour, along with other polymer properties, are 

investigated. 
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 Optimisation of a Lab-Scale Glass Polycondensation Reactor 

A glass reactor suitable for polycondensation reactions was designed and commissioned 

based on already existing designs common throughout the literature.1–4 The design consists 

of a 4-neck round bottom flask, with fittings for a thermocouple, tap, condenser and 

overhead stirrer. A custom-made half-moon impeller linked to a magnetic coupler, which 

allows a vacuum to be achieved is connected to an overhead stirrer. The overhead stirrer 

allows the measurement of torque, which gives an indication of molecular weight due to the 

relationship between molecular weight and viscosity. This provides a way to monitor the 

progress of the reaction via torque evolution over time. PEF was synthesised via a two-step 

reaction, an initial esterification reaction between FDCA and MEG under an inert 

atmosphere, followed by polycondensation under reduced pressure. A common issue with 

reactors of this type is poor removal of polycondensation products e.g. water, and glycols, 

from the polymer melt. Even at low molecular weights, viscosity can become high during the 

reaction, and this limits the mass transfer of polycondensation by-products. It was hoped 

that the use of a half-moon impellor, to give good stirring, and subsequent optimisation of 

the setup, would result in a system that would give reproducible molecular weight and colour 

data. 

An initial optimisation of the glass reactor setup was conducted to determine the optimum 

reaction flask volume and stirring speed, in order to get a useful response in torque. This 

would ideally relate to an appreciable molecular weight increase to values of between ca. 

Mn 15 – 20 kg mol–1, in a reasonable time ca. 3 – 4 h. The colour of the polymer was 

determined with solution UV/VIS spectroscopy. The CIELAB colour space system was used to 

evaluate the colour, figure 2.1. L* indicates the lightness of the sample (L* = 100, white, L * 

= 0, black). a* represents the red-green axis (positive values indicate red, negative values 

indicate green). b* represents the yellow-blue axis (positive values indicate yellow, negative 

values indicate blue).  The factor of most interest is b* and upon visual inspection, with a 

typical polymer sample thickness of ca. 1 cm, any value below b* = 2 does not appear yellow 

in colour to the naked eye. 
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Figure 2.1.The CIELAB colour space system.5 

 

As a reference, antimony(III) oxide dissolved in ethylene glycol (SbEG), 250 ppm, was used to 

catalyse the synthesis of PEF for varying amounts of time in a 250 mL round bottom flask at 

75 rpm. 

The torque vs time graphs show an initial period where there is no appreciable increase in 

viscosity, this is known as the induction period. This is then followed by an increase in torque 

as the viscosity increases. In the case of antimony catalysts, the induction period is due to 

the interaction of the antimony metal with hydroxyl end groups of the monomer, which 

prevents the formation of active sites. As hydroxyl end groups are consumed during the 

course of the polycondensation, the viscosity increases due to increasing molecular weight, 

in turn due to increased availability of active sites. The induction period has been shown to 

vary between catalysts.6 The torque vs time graph shows that a longer polycondensation 

time gives a higher final torque value, as expected, figure 2.2. Molecular weight data, table 

2.1, demonstrates a slight difference between the reaction time of 2 h 30 m, and 2 h 45 m, 

and no significant difference between at 3 h.  
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Figure 2.2. Torque variation of PEF prepared with SbEG for varying time points (250 mL, 75 rpm).  

 

Table 2.1. Molecular weight data of PEF prepared with SbEG (250 ppm)* at varying stirring speeds and 
durations in a 250 mL round bottom flask. 

PC time / h Mn
a / kg mol–1 Mw

a / kg mol–1 ÐM
a 

2 h 30 m 13 21 1.64 

2 h 45 m 13 24 1.83 

3 h 14 24 1.70 
*[M] by mass relative to FDCA. aAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. 

 

A titanium catalyst, titanium(IV) citrate (10 ppm), was also used in the same 250 mL setup at 

a higher stirring speed of 100 rpm, figure 2.3. Longer polycondensation times gave a higher 

value of final torque, as seen for SbEG. Little difference between 2 h 45 h and 3 h for Mn was 

observed, but a higher ÐM was seen, table 2.2. 
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 Figure 2.3.Torque variation of PEF prepared with Ti Citrate for varying time points (250 mL). 

 

Table 2.2.Molecular weight data of PEF prepared with Ti Citrate (20 ppm)* at varying stirring speeds and 
durations in a 250 mL round bottom flask. 

PC time / h Mn
a / kg mol–1 Mw

a / kg mol–1 ÐM
a 

2 h 30 m 15 26 1.73 

3 h 14 33 2.36 

3 h 30 m 19 31 1.63 
*[M] by mass relative to FDCA. aAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. 

 

The lack of appreciable and reliable increase in molecular weight with time is thought to be 

due to poor removal of polycondensation of by-products during the polycondensation, due 

to inadequate stirring. The presence of significant amounts of pre-polymer or glycolate 

diester from the esterification reaction on the upper parts of the flask due to sublimation, 

also serve to influence results, and may vary from reaction to reaction.  

A larger round bottom flask, 500 mL, was trialled as a more suitable vessel for the reaction 

in the hope of improving the stirring of the reaction mixture, the homogeneity of the polymer 

melt and facilitating better by-product removal. SbEG (250 ppm) was charged into the vessel 

and the reaction monitored via torque measurement, figure 2.4. At a stirring speed of 75 

rpm, no appreciable increase in torque was observed until after 3 h, and only minimal 

molecular weight increase was observed, table 2.3. To resolve this, an increase in stirring 

speed was trailed, with the aim of increasing mixing and torque response. At a higher stirring 
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speed of 100 rpm, a reasonable and useful value of torque was seen throughout the reaction, 

providing a means to monitor reaction progress in this particular setup. The final torque 

value reflected the higher molecular weight seen with a longer reaction time, 3 h vs 3 h 30 

m, and this is also seen in the higher IV, [η]. The molecular weight values indicate appreciable 

conversion had been reached after 3 h. 

 
Figure 2.4.Torque variation of PEF prepared with SbEG at varying stirring speeds and time points (500 mL).  

 

Table 2.3. Molecular weight and intrinsic viscosity data of PEF prepared with SbEG (250 ppm)* at varying 
stirring speeds and durations in a 500 mL round bottom flask. 

PC time / h Stirring speed / rpm Mn
a / kg mol–1 Mw

a / kg mol–1 ÐM
a [η]b / dL g–1 

3 h 75 12 22 1.76 - 

3 h 100 18 30 1.76 0.474 

3 h 30 m 100 20 34 1.61 0.493 
*[M] by mass relative to FDCA aAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. b Intrinsic viscosity 

determined externally according to ATSM 4603-03, phenol/1,1,2,2-tetrachlorethane (3:2). 

 

The colour data of the polymer produced show a slight difference with an increased stirring 

speed, no significant difference with increased reaction time, table 2.4. Further details of the 

significance of colour measurements is shown table 2.6. 
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Table 2.4. Solution UV/VIS data for SbEG (250 ppm) catalysed PEF synthesised for varying durations and 
stirring speeds in a 500 mL round bottom flask. 

PC time / h Stirring speed / rpm L*a a*a b*a 

3 h 75 99.69 -0.25 1.32 

3 h 100 99.90 -0.21 1.08 

3 h 30 m 100 98.86 -0.38 1.06 
*[M] by mass relative to FDCA. aL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. 

 

In order to assess the reproducibility of the equipment, three reactions under the same 

conditions were conducted. SbEG (250 ppm) was used as the catalyst with a reaction vessel 

volume of 500 mL, a stirring speed of 100 rpm and reaction time of 3 h. The molecular weight 

and colour of the resulting polymer was analysed. 

Each experiment produced polymer with Mn of 18 kg mol–1, with similar dispersity values, 

indicating good reproducibility between experiments, table 2.5. 

Table 2.5. Molecular weight data for triplicate experiments of SbEG (250 ppm)* catalysed PEF in a 500 mL 
round bottom flask. 

Experiment no. Mn
a / kg mol–1 Mw

a / kg mol–1 ÐM
a 

1 18 30 1.76 

2 18 28 1.56 

3 18 30 1.76 
*[M] by mass relative to FDCA. aAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. 

 

Solution UV/VIS data for each experiment were analysed in triplicate, and average values 

presented, table 2.6. 

Variation in L* of ± 1.39, a* of ± 0.17 and b* of ± 0.04 was seen between polymer samples. 

The output of most interest from the analysis due to its measurement of yellow, b*, shows 

good reproducibility between experiments, whilst L* and a* show more variation. 

 

Table 2.6. Solution UV/VIS data for triplicate experiments of SbEG (250 ppm) catalysed PEF in a 500 mL round 
bottom flask. 

Experiment no. L*a a*a b*a 

1 99.90 (0.06) -0.21 (0.03) 1.08 (0.01) 

2 98.51 (0.09) -0.38 (0.02) 1.06 (0.04) 

3 99.10 (0.10) -0.31 (0.06) 1.04 (0.03) 
*[M] by mass relative to FDCA. aL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. 
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It is clear that under the right experimental conditions, reproducible molecular weight and 

colour data can be produced from the 500 mL apparatus, allowing us to see determine 

differences between catalysts and loadings.  

PEF with molecular weight values of between Mn 15 – 20 kg mol–1 are achieved within 3 h, 

and sufficient polymer can be extracted from the reaction vessel for subsequent analysis and 

processing, ca. 40 g. The colour of the polymer produced was consistent between runs, 

allowing for effective colour analysis of polymer synthesised with different catalysts. 

The 250 mL round-bottom flask did not provide the consistency needed moving forwards 

due to a combination of poor stirring of the reaction vessel, and sublimation of the reagents 

to the reaction vessel. Both of these factors are due to the design of the flask and appear to 

be overcome with a larger volume flask. 

The final torque value gives an indication of the final molecular weight of the polymer and 

provides a useful way of monitoring the reaction, but it is not a direct replacement for 

molecular weight data. This provides a good baseline from which to begin to explore novel 

and industrially relevant catalysts and processes for PEF synthesis. 

 Optimisation of a Thin-Film Parallel Reactor  

A thin-film small-scale parallel reactor was custom-made and based on modified designs 

from the literature.7,8 The creation of a thin film of less than 0.5 g cm-2 removes mass transfer 

limitations from the polycondensation reaction. This allows the effect of the catalyst and 

loading used to be examined, as by-product removal is no longer a limiting factor. The 

reproducibility of reactions in this setup were examined as a basis for further experiments. 

The reactor was used exclusively for the polycondensation reaction, with the pre-polymer/ 

glycolate ester starting material. The pre-polymer was produced in a larger glass reactor to 

improve the consistency of the reaction through use of the same batch. Full conversion of 

the esterification reaction was assumed after the vapour temperature reached beneath 100 

°C, and was confirmed with 1H NMR spectroscopy. 

An initial experiment to compare the effect of the use of a catalyst on molecular weight, 

table 2.7, showed a significant difference with catalyst addition. A minimal molecular weight 

increase still occurred in the absence of a catalyst. The pre-polymer molecular weight was 

below the limits of detection for SEC. 
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Table 2.7. Molecular weight data for pre-polymer, PEF prepared with no catalyst and with 250 ppm of SbEG in 
a thin-film parallel reactor for 3 h. 

Experimenta Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
b 

Pre-polymer - - - 

No catalyst 5 9 1.78 

SbEG (250 ppm) 12 23 1.88 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml.. 

 

The reproducibility of the setup was assessed with 10 identical vials, loaded with pre-polymer 

and 40 ppm of TTIP catalyst, table 2.8. Good reproducibility was seen between reaction vails 

and low standard deviations are seen. 

 

Table 2.8 Molecular weight and solution UV/VIS colour data for parallel reactor reproducibility experiments, 
TTIP (40 ppm)*, with standard deviation values.  

Vial 
Mn

a /  

kg mol–1 

Mw
a / 

 kg mol–1 
ÐM

a L*b a*b b*b 

1 11 16 1.45 96.93 -0.34 3.32 

2 11 16 1.45 96.11 -0.44 3.49 

3 10 17 1.70 97.12 -0.61 3.79 

4 10 16 1.60 96.14 -0.55 3.71 

5 10 16 1.60 98.01 -0.29 3.11 

6 11 17 1.55 96.77 -0.44 3.81 

7 10 16 1.60 96.12 -0.62 3.41 

8 10 16 1.60 96.65 -0.41 3.54 

9 11 16 1.45 96.78 -0.52 3.31 

10 10 17 1.70 96.33 -0.39 3.12 

 10±0.52 16±0.48 1.57±0.09 96.70±0.59 -0.46±0.11 3.46±0.25 
*[M] by mass relative to FDCA. aAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. bL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 
 

An experiment to investigate the effect of an increase in catalyst loading, table 2.9, 

demonstrated that up to 80 ppm an increase in catalyst loading, leads to an increase in 

molecular weight. Past this point little increase is seen in molecular weight. With increased 

catalyst loading came a decrease in L*, indicating a less ‘light’ polymer, a* also decreased, 

indicating a greener polymer. b* also increased, indicating a yellower polymer. The 

continued increase in colour, particularly b*, indicates that above 80 ppm any increase in 
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catalyst loading only serves to increase reactivity towards degradation reactions. These 

reactions include chain scission, a reduction in molecular weight, and the production of vinyl 

end groups, which react further to form chromophores. 

 

Table 2.9 Molecular weight and colour data for PEF prepared with increase catalyst loading of TTIP in a thin-
film parallel reactor. 

Loadinga / ppm Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
b L*c a*c b*c 

0 5 9 1.80 98.11 -0.12 2.11 

20 8 12 1.50 98.01 -0.43 3.41 

40 10 15 1.50 97.79 -0.49 3.76 

60 12 19 1.58 97.66 -0.66 3.88 

80 12 21 1.75 96.42 -0.78 4.12 

100 12 21 1.75 96.66 -0.77 4.51 

150 12 20 1.67 95.91 -0.83 4.78 

200 11 21 1.91 95.93 -0.81 5.14 

250 10 22 2.20 95.55 -0.82 5.87 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 
 

In conclusion, experiments with a thin-film, small-scale, parallel reactor provide a useful way 

to screen multiple variables in one experiment. The setup produces significant differences 

upon the addition of a catalyst, and good reproducibility with low standard deviations 

between reactions. 

 Matrix-Assisted Laser Desorption/Ionization – Time of Flight Analysis  

End group analysis was conducted with MALDI-ToF on selected polymer samples. All samples 

post-melt polymerisation gave MALDI-ToF mass spectra with the expected repeat unit of  

182 g mol–1, and identical distribution paten. A representative example for SbEG catalysed 

PEF is shown in figures 2.5 and 2.6 and other catalysts produce identical spectra, available in 

the appendix. 

Only polymer with a m/z of up to ca. 2000 is observed, whilst the polymer used has a Mn of 

18 kg mol–1. This indicates that only low molecular weight species are able to be detected 

with this technique, therefore, the end group analysis is only representative of those species.  
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Figure 2.5. MALDI-ToF mass spectrum for PEF catalysed with SbEG, ran in reflector positive mode with a ratio of 

20:50:2 of polymer dithranol to NaTFA. 

 

The major series visible in the MALDI-ToF mass spectrum are assigned in figure 2.7. The 

largest series observed, A, is that of cyclic oligomers, commonly formed during polyester 

synthesis.9 Series B corresponds to species with ethylene glycol end groups, expected due to 

the excess of ethylene glycol in the reaction mixture. Series C corresponds to vinyl end 

groups, formed from the thermal degradation of polymer chains above the Tm. Series D 

features end groups from thermal degradation, a vinyl end group, formed by chain scission, 

and a furan end group, formed by the loss of CO2 from a carboxyl terminated unit.10 
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Figure 2.6. MALDI-ToF mass spectrum (magnified) for PEF catalysed with SbEG. 

 

 

 
Figure 2.7. End group assignment for PEF catalysed with SbEG. 
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 Polycondensation Distillate Analysis of Polyethylene Furanote 

To increase understanding of the polymerisation reaction, the by-products produced during 

the polycondensation reaction were analysed via NMR spectroscopy and mass spectrometry. 

Few studies analyse the distillate of PET synthesis and none are reported for PEF synthesis.11 

During the polycondensation reaction, a distillate containing white solid particles is 

produced. It was hoped that determining the identity of the components within the distillate, 

would yield more information about the reaction. It is expected that the majority product of 

the distillate would be ethylene glycol, with smaller quantities of diesters or oligomers.  

Distillate from PEF synthesis catalysed with SbEG is analysed below. The 1H NMR spectrum, 

figure 2.8, shows a resonance corresponding to ethylene glycol at 3.7 ppm, a furan resonance 

at 7.3 ppm and what is suspected to be a water resonance (broad) at 2.2 ppm. 

 

 

 
Figure 2.8. 1H NMR of the polycondensation distillate in CDCl3. 

 

Figure 2.10 shows the magnified ethylene region. 4 distinct multiplets with similar values for 

integration are observed, indicating 4 distinct proton environments. This is consistent with a 

FDCA diethylene glycol ester, figure 2.9. 

 
Figure 2.9. FDCA diethylene glycol ester. 
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Figure 2.10. Magnified ethylene region 1H NMR spectrum of the polycondensation distillate in CDCl3. 

 

Four other smaller resonances are seen, labelled x in figure 2.10, the low intensity of these 

resonances make them difficult to interpret. The 4 different proton environments imply that 

it is not the presence of free diethylene glycol. It can be envisaged that these could also be 

diethylene glycol protons that make up part of a different ester, perhaps the FDCA diethylene 

glycol diester, figure 2.11, this would also give 4 different proton environments. 

 

 

Figure 2.11. FDCA diethylene glycol diester. 

 

The magnified furan region of the 1H NMR spectrum, figure 2.12, gives the expected furanic 

proton resonance and integration, fitting with the integration of the proposed FDCA 

diethylene glycol ester. The two smaller resonances at higher ppm may be related to the 

secondary FDCA diethylene glycol diester. 
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Figure 2.12. Magnified furan region 1H NMR spectrum of the polycondensation distillate in CDCl3. 

The homonuclear correlation spectroscopy (COSY) spectrum, figure 2.13, shows through 

bond coupling between the diethylene glycol protons, confirming the assignment in the 

previous spectra. 

 

 
Figure 2.13. COSY 2D NMR spectrum of the polycondensation distillate. 

 

The 13C{1H} spectrum, figure 2.14, shows the expected resonances for the ester compound. 

There is however no visible aldehyde 13C resonance present. 
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Figure 2.14. 13C{1H} NMR spectrum of the polycondensation distillate in CDCl3. 

A magnified spectrum is shown below, figure 2.15, with assignments for each diethylene 

glycol carbon in the ester compound.  

 

 
Figure 2.15. Magnified 13C{1H} NMR spectrum of the polycondensation distillate in CDCl3. 

Heteronuclear single quantum coherence spectroscopy (HSQC), figure 2.16, shows the 

through bond coupling of the diethylene glycol hydrogen atoms with the carbon atoms and 

matches the expected structure. 
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Figure 2.16. HSQC 2D NMR spectrum of the polycondensation distillate CDCl3. 

A 13C Distortionless enhancement by polarization transfer 135 (DEPT) experiment displays 

the expected CH2 resonances in phase with the ethylene protons of DEG in the diester and 

free ethylene glycol, figure 2.17. The only observable other resonance is the furan carbon (-

C-C=C-) which is in the opposite phase. 

 

 
Figure 2.17. 13C DEPT 135 NMR spectrum of the polycondensation distillate CDCl3. 

The distillate was further analysed with mass spectrometry, figure 2.18. The sample was 

dissolved in methanol and run in positive mode using loop injection scanning between 50 

and 500 m/z. 
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Figure 2.18. Mass spectrum of the polycondensation distillate. 

 

The spectrum shows four major peaks which have been assigned below, table 2.10 and figure 

2.19, these correspond to the molecular ion peak and sodium as the ionisation source. The 

peak observed at 267 m/z corresponds to the FDCA diethylene glycol ester proposed in figure 

2.9 and is in agreement with the NMR analysis. The peaks observed at 311 m/z support the 

presence of FDCA diethylene glycol esters. 

 

Table 2.10. Mass spectrometry data from distillate analysis. 

m/z I % 

267.05 100.0 

129.05 24.1 

311.08 23.1 

173.08 16.2 
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Figure 2.19. Mass spectrum assignment of the polycondensation distillate. 

 

In summary, the composition of the distillate from the polycondensation reaction was 

analysed with 1H NMR and mass spectrometry and the major product, other than ethylene 

glycol, was found to be the FDCA diethylene glycol ester, figure 2.9. The fact that the 

diethylene glycol, mostly formed in the esterification reaction, is removed in the 

polycondensation step as the major product, other than ethylene glycol, is beneficial for 

polymer properties. The more diethylene glycol that is removed via esterification with FDCA 

and removal from the reaction mixture, the less DEG in the polymer, which is desired. DEG 

is difficult to remove during the esterification reaction, due to a high boiling point. Future 

work on this topic could potentially adjust conditions, to remove DEG that has been fixed as 

an ester, before incorporation into the polymer occurs. The quantification of the distillate 

mixture would also be of interest to determine, but not within the scope of this project. 
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 Screening of Catalysts for Polyethylene Furanoate Synthesis 

Titanium-based catalysts have been researched extensively for polyester synthesis and are 

the catalyst of choice for poly(butylene terephthalate) synthesis.6,12 They have been limited 

in their application for PET synthesis due to the formation of undesirable levels of side 

products that reduce molecular weight, increase polymer colour and ultimately affect 

polymer application performance.13 The use of various ligand systems coordinated to the 

titanium centre has been suggested as one way of improving catalyst performance 6,12,14–16 

Many studies have shown that the nature of the ligand coordinated to titanium affect the 

activity of the catalyst.6,12,15,17 The deactivation of titanium catalysts, through the formation 

of polymeric titanium species via hydrolysis, has also been investigated. Interestingly, the 

polymeric titanium species were shown to have similar catalytic activity as the species prior 

to hydrolysis.15,18  

It is widely accepted that the catalyst can be considered to be a pre-catalyst, which interacts 

with one or more ethylene glycol compounds to form the active species, discussed further in 

section 1.8.12 Therefore, the ligand attached to the metal would impact the accessibility of 

the titanium metal, both during the formation of the active species, and during the 

polycondensation reaction.  

The two major reactions to consider are the polymerisation reaction, which leads to the 

increase of molecular weight, and the degradation reaction. The degradation reaction, 

section 1.17, decreases molecular weight and produces vinyl end groups, which react further 

to increase polymer colour. Carboxylic acid end groups are also produced and can engage in 

polymerisation again, increasing molecular weight. As a result, catalysts that show high 

selectivity for degradation often give polymer with an increase in colour and decrease in 

molecular weight. This of course depends on the consumption of carboxylic end groups 

produced from the degradation reaction. 

This section investigates a range of titanium catalysts, with varying ligand systems, for their 

activity for the polymerisation and degradation of PEF in the melt using the glass reactor 

setup. 

 

 

 

 



 

 74 

2.6.1. Titanium(IV) Isopropoxide as a Catalyst for PEF Synthesis 

Titanium(IV) isopropoxide (TTIP), figure 2.20, which has been investigated in several 

literature studies, was tested as a commercially available titanium catalyst featuring 

monodentate ligands to compare results to.3,17,19 

 
Figure 2.20. Titanium(IV) isopropoxide catalyst used in this study. 

 

All the samples tested show an inhibition time which decreased with increasing catalyst 

concentration, figure 2.21. A higher catalyst loading also gave a higher final value of torque. 

This was also reflected in the molecular weight data, with molecular weight increasing with 

loading, table 2.11. The yellowness of the polymer, b*, was consistent between PEF catalysed 

with 20 and 30 ppm of TTIP. 50 ppm produced PEF with a higher b* value.  

 
Figure 2.21. Torque variation of PEF prepared with TTIP at various catalyst loadings. 
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Table 2.11. Molecular weight data for PEF prepared with TTIP at various catalyst loadings. 

Catalyst Loadinga 
Mn

b / kg 

mol–1 

Mw
b / kg 

mol–1 
ÐM

b L*c a*c b*c 

50 21 36 1.71 98.73 -0.08 2.00 

30 18 31 1.72 98.96 -0.04 1.60 

20 16 29 1.81 98.26 -0.01 1.63 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 

Titanium–based catalysts show a shorter induction period compared to antimony–based 

catalysts, and this is dependent on the nature of the ligand attached to the metal.6 The 

titanium catalysts need to be activated by the reaction mixture, and therefore can be seen 

as precursors. Ahmadnian et al. found that titanium catalysts with monodentate ligands have 

a shorter induction period than those with chelating ligands, in a study which added the 

catalyst after the esterification reaction for PET synthesis.6 

2.6.2. Sodium Titanium(IV) Tris(glycolate) as a Catalyst for PEF Synthesis 

Sodium titanium(IV) tris(glycolate) (Ti Glycolate), was tested as a catalyst for PEF synthesis 

to study the effect of the use of a catalyst featuring chelating ligands on a titanium metal 

centre, figure 2.22. Ahmadnian et al., found that for PET, synthesis non-chelated titanium 

catalysts were more active than chelated titanium catalysts.20 Chelated titanium catalysts did 

however show higher selectivity towards the polymerisation reaction and lower selectivity 

towards the degradation reactions that cause an increase in polymer colouration.   

 
Figure 2.22. Sodium titanium(IV) tris(glycolate), catalyst used in this study. 

 

It is also understood that titanium, with one or more glycolate ligands, is the active species 

formed in the reaction mixture as a result of pre-catalyst interaction with the excess ethylene 

glycol.6,12 Therefore, by introducing a pre-catalyst with a very similar nature to the active 

species it is hoped a positive effect on activity is achieved. 
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The use of the sodium salt of titanium glycolate offers the advantage of increasing the 

coordination of titanium, favouring faster ligand exchange. The addition of sodium also 

increases solubility as without sodium, titanium glycolate is polymeric, with poor solubility 

in ethylene glycol. Both of these factors are envisaged to lead to increased polymerisation 

activity.12 The torque vs time graph, figure 2.23, shows that sodium titanium tris(glycolate) 

catalysed PEF gave longer induction times at all catalyst loadings when compared to TTIP. 

This is due to the easier ligand exchange of monodentate ligands compared to chelating 

ligands, and is demonstrated in previous work.6 

Sodium titanium(IV) tris(glycolate) catalysed PEF had molecular weight values similar to PEF 

synthesised with TTIP at the same loading, table 2.12. The colour values for titanium 

glycolate catalysed PEF were, however, slightly higher at each loading.  

 
Figure 2.23.Torque variation of PEF prepared with Ti glycolate at various catalyst loadings. 

 

Table 2.12. Molecular weight data for PEF prepared with Ti glycolate at various catalyst loadings. 

Catalyst Loadinga 
Mn

b / kg 

mol–1 

Mw
b / kg 

mol–1 
ÐM

b L*c a*c b*c 

50 20 35 1.75 97.64 0.23 2.26 

30 18 30 1.67 97.13 0.06 1.87 

20 13 24 1.85 98.26 0.08 1.79 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 

0

2

4

6

8

10

12

14

16

18

20

01:26 01:48 02:09 02:31 02:52 03:14

To
rq

ue
 / 

N 
cm

Polycondensation time / h

Ti Glycolate 50 ppm

Ti Glycolate 30 ppm

Ti Glycolate 20 ppm



 

 77 

The apparent insensitivity in activity for polyester synthesis contrasts work undertaken by 

Ahmadnian et al., where non-chelated titanium catalysts were found to be significantly more 

active for PET synthesis than chelating titanium catalysts.6 Ahmadnian also found that 

chelating catalysts were more selective towards the polymerisation reaction and less 

selective towards the degradation reactions, again contrasting this work.  

 

One explanation may be that the sodium salt negatively impacts the reaction, which has been 

found to have a slight catalytic effect on thermal degradation and therefore degradation.9 

This is explored further by Wang et al., where sodium titanium tris(glycolate) was used as a 

catalyst for the glycolysis and further re-polycondensation of PET.12 FT-IR spectroscopy was 

used to analyse interactions between the catalyst and bis(2-hydroxyethyl) terephthalate 

(BHET) and MEG. The ligand exchange mechanism involving the titanium alkoxide was found 

to be the principle mechanism for glycolysis, but this was promoted by the presence of the 

sodium salt.  

This may explain the increased colour of PEF produced with a sodium containing catalyst. 

During either the first stage esterification reaction, or early in the second stage 

polycondensation reaction, conditions would be similar to those in a glycolysis reaction.  

This may lead to increased selectivity towards degradation reactions, reducing molecular 

weight and hindering any increased activity shown. The similarities in molecular weight 

between sodium titanium (IV) tris(glycolate) catalysed PEF and TTIP catalysed PEF in this 

study imply that sodium may impact the activity of the catalyst for polycondensation more 

than first thought.  

 

 Ultra-Pure Titanium Citrate as a Catalyst for Polyethylene Furanoate 
Synthesis 

Titanium citrate, figure 2.24, has been used previously for polyester synthesis, specifically 

PET synthesis, and has been mentioned in several patents, often used as the sodium salt.21–

23 The chelating citrate ligands serve to protect the titanium metal from hydrolysis, and in 

this case preventing aggregation or clustering. This provides stabilisation of the catalyst 

during storage and use. 

An ‘ultra-pure’ titanium citrate catalyst has recently been developed for PET synthesis.24 The 

titanium citrate catalyst is synthesised from ultra-pure titanium alkoxide, ultra-pure referring 

to the presence of ≤ 10 % titanium oxide species, i.e. any compound of the formula TiOx(OR)4-

2x. The use of this ultra-pure catalyst, in the form of titanium citrate, for the production of 
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PET yields a superior polyester with high thermal stability and high viscosity.24 It is therefore 

of interest to test this catalyst for the production of PEF to see if the activity and polymer 

stability gains are also applicable to this work. 

 

 
Figure 2.24. Ultra-pure titanium citrate as a catalyst for polyethylene furanoate synthesis.  

 

Titanium citrate was employed as a catalyst at various loadings for the synthesis of PEF, figure 

2.25. Increasing catalyst loading gave an increase in final torque and molecular weight table 

2.13. A significant increase in activity between 15 ppm and 20 ppm is observed when 

compared to the difference between 10 ppm and 15 ppm. This is indicated by the molecular 

weight, table 2.13, and implies a non-linear relationship between loading and activity. At 30 

ppm a maximum torque limit, 20 N cm, was reached after ca. 2 h 20 m, a limitation of the 

setup. 

 
Figure 2.25. Torque variation of PEF prepared with Ti citrate at various catalyst loadings. 
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Table 2.13. Molecular weight data for PEF prepared with Ti citrate at various catalyst loadings. 

Catalyst Loadinga / ppm Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
b 

30 18 34 1.89 

20 18 32 1.78 

15 12 23 1.92 

10 9 21 1.89 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. 

 

Solution UV/VIS spectroscopy was employed to measure the colour of polymer samples, 

table 2.14. As catalyst loading increases, and higher molecular weights are reached, L* values 

show little variation.  A slight decrease in a* is observed, indicating an increase in green 

colour with increased catalyst loading. With a higher catalyst loading, a higher value of b* is 

observed, indicating a more yellow polymer. The increase in polymerisation activity between 

15 ppm and 20 ppm loadings is consistent with degradation activity, indicated by colour 

measurements. 

 

Table 2.14. Solution UV/VIS data for PEF prepared with Ti citrate at various catalyst loadings. 

Catalyst loadinga / ppm L*b a*b b*b 

30 97.94 -0.65 2.73 

20 97.78 -0.52 1.97 

15 97.83 -0.13 0.82 

10 98.42 -0.11 0.14 
a[M] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP 

 

Ti Citrate shows promising results, demonstrating greater polymerisation activity than TTIP 

at a lower catalyst loading. This merits further work and comparison to other catalysts and 

is explored in greater detail in chapter 3. 
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 Zirconium Catalysts for Polyethylene Furanoate Synthesis 

Zirconium catalysts for the synthesis of furanic polymers have received only minor attention 

in the literature, with only two studies featuring their use available.7,25 In this study, we 

further investigate the use of a zirconium alkoxide, Zr(acac)4, for the synthesis of PEF, figure 

2.26. Antimony, in the form of Sb2O3 dissolved under reflux in ethylene glycol (SbEG), was 

used as a comparison. 

 

 
Figure 2.26. The zirconium molecular catalyst used in this study. 

 

Interestingly, the behaviour of the reaction mixture in the presence of zirconium catalysts 

appeared to contrast with antimony and titanium catalysts. No torque increase was observed 

for most of the reactions, yet appreciable molecular weights were achieved. The 

unrepresentative torque values were concluded to be due to the polymer melt climbing up 

the stirrer, the Weissenberg effect. Zirconium catalysts’ exacerbation of this effect still 

requires further work but was not within the scope of this project. As a result of this effect, 

the reactions involving zirconium were concluded after 3 h.  

The zirconium species demonstrated activity for PEF synthesis and 3 h a Mn value of 16 kg 

mol–1 was observed, table 2.15. A high b* value is seen, indicating high colouration in the 

polymer. This agrees with work by Gruter et al. in which Zr(acac)4 was employed for PBF 

synthesis.7 They report higher absorbance values (400 nm) for Zr(acac)4 than Sb(OAc)3, 0.076 

vs. 0.046 respectively.  

 

Table 2.15. Polymerisation and colour data for PEF prepared with zirconium catalysts. 

Catalysta Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
b L*c a*c b*c 

Zr(acac)4 50 ppm 16 28 1.71 95.83 -0.87 7.54 

SbEG 188 ppm* 16 28 1.65 99.50 -0.28 1.55 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP.*Reaction time for SbEG 1 h 36 m. 
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Whilst the activity of Zr(acac)4 is comparable to SbEG the polymer produced shows 

significantly higher b* values, indicating a much more yellow polymer.  

Zirconium catalysts appear to catalyse the degradation reaction more than titanium or 

antimony catalysts. The polymerisation of vinyl end groups to form chromophores may also 

be accelerated by zirconium catalysts more so than titanium and antimony-based catalysts. 

This may also explain the tendency of the polymer to climb up the stirrer, due to significant 

amounts of side products changing the nature of the polymer reaction mixture.   

 

2.8.1. Metal Organic Frameworks as Catalysts for PEF Synthesis 

In an attempt to further the research into novel sustainable catalysts for PEF synthesis, we 

propose the use of metal organic frameworks (MOFs) as polycondensation catalysts.  

There are several examples relating to the use of metal organic frameworks as 

polymerisation catalysts in the literature as heterogeneous catalysts. Examples include, 

controlled radical polymerisation of methacrylate monomers26, olefin polymerisation27 and 

RAFT polymerisation of vinyl esters.28 The only example showcasing a metal organic 

framework acting as a homogenous catalyst/pre-catalyst is by Chuck et al., where a MOF 

featuring a dimeric titanium metal centre, with 1,4-butanediol linker compounds, is 

employed for the ring-opening polymerisation of cyclic esters.29 

Other notable literature relating to MOFs and PET describes the glycolysis of PET using a zinc 

and cobalt MOF’s as catalysts (ZIF-8, ZIF-67 and MOF-5),30 and the synthesis of UIO-66 and 

MIL-53 using waste PET bottles as the terephthalic acid source.31 

Titanium 1,4 butanediol (Ti-BD), figure 2.27, was investigated as a catalyst for PEF synthesis 

at various catalyst loadings.  
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Figure 2.27. The titanium metal organic framework catalysts used in this study (fragments shown).  

 

The MOF catalyst was added at the start of the esterification reaction and compared to the 

commercially available titanium alkoxide, TTIP. Reactions were monitored using torque, 

figure 2.28. In all reactions a ‘clear point’ was observed after the esterification, and the final 

polymer was homogenous, indicating the MOFs dissolved into the reaction mixture and are 

acting as homogeneous catalysts.  

No torque increase was observed at 20 ppm of Ti-BD. 30 ppm of Ti-BD gave a lower final 

torque value than 20 ppm of TTIP. The highest increase in torque was seen from Ti-BD at 50 

ppm. 

The molecular weight data in table 2.16 agrees with the observations from the torque 

reaction monitoring. An increase in catalyst loading follows the logical increase in molecular 

weight for the MOF catalyst. Ti-BD at 50 ppm gives polymer of similar Mn to TTIP at 20 ppm, 

but with a higher ÐM, indicating a wider distribution of molecular weights.  
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Figure 2.28. Torque variation of PEF prepared with the Ti-BD MOF catalyst at different loadings over time.  

 

A similar polymer colouration is seen for PEF prepared with Ti-BD, regardless of catalyst 

loading. This implies the increase in catalyst loading is having little impact on the production 

of vinyl end groups, but is positively influencing the polymerisation reaction. 

 

Table 2.16. Polymerisation and colour data for PEF prepared the Ti-BD MOF catalyst with TTIP as a control 
reference. 

Catalysta Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
b L*c a*c b*c 

TTIP 20 ppm 16 29 1.81 98.26 -0.01 1.63 

Ti-BD 50 ppm 16 33 2.06 99.87 -0.05 1.37 

Ti-BD 30 ppm 10 17 1.70 99.91 -0.11 1.34 

Ti-BD 20 ppm 8 15 1.78 99.92 -0.41 1.66 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 

 

In summary, titanium-based metal organic frameworks have been shown to be active 

catalysts for the melt polymerisation reaction of PEF, yielding polymer with comparable 

molecular weights and colour performance to molecular catalysts, albeit at a higher loading. 

This is an interesting finding as it demonstrates the first example of MOFs for this application 

and the range of MOFs available with various metal centres and linker compounds provide a 

vast area of future research.  
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2.8.2. Diethylene Glycol Content of Polyethylene Furanoate  

A polyester property also of interest is the diethylene glycol (DEG) content in the final 

polymer. DEG is predominantly formed during the esterification reaction, and, as a less 

volatile diol than EG, can be incorporated into the polymer as a co-monomer.20 The 

esterification is acid catalysed, however, Hornof et al.,32 found that metal salts catalysed the 

formation of ether bonds, producing DEG in increased quantities than acid catalysed 

esterification alone.32 An increase in diethylene glycol content leads to a decrease in polymer 

crystallinity and a lower Tm and Tg, undesirable for certain applications due to the decrease 

in thermal stability.20  

The DEG content of selected polymers was analysed with 1H NMR spectroscopy and is shown 

in table 2.17, along with other relevant data. No clear trend is seen between DEG content, 

catalyst type, catalyst loading or esterification time. This indicates that another variable, or 

combination of variables, is responsible for the differences, but cannot be observed here. 

Future work should utilise design of experiments to explain these findings, and investigation 

of DEG content in the esterification reaction step and polycondensation reaction step in 

isolation would be of interest. 

Table 2.17.Molecular weight data, esterification time and DEG content of PEF produced with various catalysts. 

Catalyst 
Loadinga 

/ ppm 

Mn
b / kg 

mol–1 

Mw
b / kg 

mol–1 
ÐM

b 
Esterification 

time / h 

DEG contentc / 

molmol-1 

SbEG 250 18 30 1.76 01:19 0.070 

TTIP 50 20 35 1.75 01:15 0.073 

TTIP 30 18 30 1.67 01:39 0.068 

TTIP 20 13 24 1.85 01:42 0.078 

Ti Glycolate 50 20 35 1.75 01:44 0.058 

Ti Glycolate 30 18 30 1.67 01:30 0.048 

Ti Glycolate 20 13 24 1.85 01:30 0.055 

Ti Citrate 30 18 34 1.89 01:28 0.065 

Ti Citrate 20 18 32 1.78 01:35 0.070 

Ti Citrate 15 12 23 1.92 01:43 0.060 

Ti Citrate 10 9 21 1.89 01:38 0.060 

Ti-BD 50 16 33 2.06 01:47 0.065 

Ti-BD 20 8 15 1.78 01:51 0.065 

Zr (acac)4 50 16 28 1.71 01:36 0.083 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml.bDEG content 

calculated from 1H NMR DEG residue resonance (4 protons) divided by two, relative to furan proton resonance (2 protons).33 
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2.8.3. Summary of Catalysts for Polyethylene Furanoate synthesis 

A range of molecular and supramolecular catalysts were screened for PEF synthesis in the 

melt-phase. The most promising results, in terms of molecular weight and colour are shown 

in table 2.18 below.  

 

Table 2.18. Molecular weight data and colour data for PEF produced with promising catalysts. 

Catalysta Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
b L*c a*c b*c 

SbEG 250 ppm 18 30 1.76 99.90 -0.21 1.08 

TTIP 30 ppm 18 31 1.72 98.96 -0.04 1.60 

TTIP 20 ppm 16 29 1.81 98.26 -0.01 1.63 

Ti Citrate 30 ppm 18 34 1.89 97.94 -0.65 2.73 

Ti Citrate 20 ppm 18 32 1.78 97.78 -0.52 1.97 

Ti-BD 50 ppm 16 33 2.06 99.87 -0.05 1.37 

Ti-BD 30 ppm 10 17 1.70 99.91 -0.11 1.34 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 

 

Ti Citrate is the most promising catalyst investigated, with higher polymerisation activity than 

TTIP at a lower loading. Ti Citrate is less prone to hydrolysis than TTIP and does not have a 

flammable vapour. This results in easier and safer handling, an important consideration for 

considering the scales at which a polycondensation catalyst would be employed, as 

mentioned in chapter 1 section 1.9 These findings merit further work, and Ti citrate for PEF 

synthesis is explored in great detail for melt-phase reactions in chapter 3 and for solid-state 

polymerisation in chapter 4. 

MOFs as polycondensation catalysts is an area previously unexplored. The high stability of 

MOFs and their apparent activity for polycondensation deserves further work and is 

investigated in melt-phase and solid-state polymerisations in chapter 5.  
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 Conclusion and Future Work 

A lab-scale glass reactor setup was tested in two sizes, 250 mL and 500 mL, in order to 

produce a procedure to give reproducible and consistent results. The optimum setup was 

found to be a with a 500 mL flask with a stirring speed of 100 rpm, which gave appreciable 

molecular weights of Mn 15 – 20 kg mol–1 after 3 h. The final value of torque seen in the 

reaction was found to be a good indication of activity, and the torque increase over time a 

means to monitor the reaction. A thin-film small-scale parallel reactor was designed and 

commissioned. The reactor reproducibility was demonstrated, and the setup provided an 

effective way of examining the effect of catalyst increase on polymer molecular weight and 

colour.  

MALDI-ToF analysis of polymer produced showed no difference between PEF synthesised 

with different catalysts, and only species below a molecular weight of ca. 2000 g mol–1 were 

observable. The repeat unit of 182 g mol–1 was confirmed and the major series was found to 

be comprised of cyclic oligomers. 

The polycondensation distillate produced during the reaction was analysed with various 

NMR techniques and mass spectrometry. The major product other than ethylene glycol was 

found to be the FDCA diethylene glycol ester. Improving the removal of DEG fixed as a diester 

is of interest for future setups as a means of decreasing DEG content in the final polymer, 

improving properties. 

A range of molecular and metal organic framework-based titanium catalysts, with varying 

ligand systems were investigated for activity for PEF synthesis. TTIP was used as a reference, 

from which to compare other catalyst systems to, and gave higher activity polymerisation 

and degradation reactions as catalyst loading increased. Sodium titanium tris(glycolate) gave 

similar activity to TTIP, but with slightly higher polymer colour values, likely due to the 

presence of the sodium salt. Ti citrate gave the most promising results, displaying higher 

activity than TTIP at a lower catalyst loading, and with comparable polymer colour.  

The use of the zirconium catalyst Zr(acac)4 for PEF synthesis was also investigated and 

compared with SbEG. The zirconium catalyst displayed unusual behaviour with respect to 

the reaction mixture and no torque increase was observed, due to the polymer melt climbing 

up the stirrer, the Weissenberg effect. This was less of an issue when using other metal 

catalysts. Mn values between 16 kg mol–1 after 3 h were seen. The low activity and high colour 

seen with molecular zirconium catalysts in this study meant they were not perused further. 

However the seemingly higher activity for the degradation reaction and the degradation 
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products produced could be investigated further through pyrolysis followed by gas 

chromatography/mass spectrometry analysis.10  

A metal organic framework, Ti-BD. was employed as polycondensation catalyst. This is the 

first example of the use of a titanium MOF for this application. The MOF was observed to 

dissolve in the reaction mixture, indicating homogeneous catalysis and behaviour as a 

catalyst delivery system. The MOF showed activity for PEF synthesis and comparable activity 

and colour was seen at 50 ppm for the MOF as with TTIP at 20 ppm, yielding polymer of with 

Mn values of ca. 15 - 16 kg mol–1.  

The diethylene glycol content of polymer produced with different titanium catalysts at 

different loadings was analysed with 1H NMR. No clear trend was observed between catalyst 

loading, catalyst type, esterification time or DEG content. Further work should aim to 

determine the significance of these results, comparing the widely used 1H NMR 

determination technique to more traditional methods of DEG determination such as 

hydrazinolysis or a more recent technique, reactive pyrolysis.33  

Two main areas of work into PEF catalysts were identified in this chapter that merit future 

work, Ti citrate and MOFs as polycondensation catalysts, and these are explored in 

subsequent chapters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 88 

 References 

 

1 C. F. Araujo, M. M. Nolasco, P. J. A. Ribeiro-Claro, S. Rudić, A. J. D. Silvestre, P. D. Vaz 

and A. F. Sousa, Macromolecules, 2018, 51, 3515–3526. 

2 J. G. Rosenboom, J. De Roo, G. Storti and M. Morbidelli, Macromol. Chem. Phys., 2017, 

218, 1–10. 

3 Z. Terzopoulou, E. Karakatsianopoulou, N. Kasmi, M. Majdoub, G. Z. Papageorgiou 

and D. N. Bikiaris, Polym. Chem., 2017, 126, 357–370. 

4 Z. Yu, J. Zhou, F. Cao, Q. Zhang, K. Huang and P. Wei, J. Macromol. Sci. Part B Phys., 

2016, 55, 1135–1145. 

5 T. Mouw, Color Space vs. Color Tolerance, 

https://www.qualitydigest.com/inside/metrology-article/color-space-vs-color-

tolerance-040918.html, (accessed 16 November 2018). 

6 F. Ahmadnian, F. Velasquez and K.-H. Reichert, Macromol. React. Eng., 2008, 2, 513–

521. 

7 G.-J. M. Gruter, L. Sipos and M. A. Dam, Comb. Chem. High Throughput Screen., 2012, 

15, 180–188. 

8 United States Patent Office, US 2004/0014225, 2004. 

9 J. Scheirs and T. E. Long, Modern Polyesters : Chemistry and Technology of Polyesters 

and Copolyesters, John Wiley & Sons, Ltd, 2003. 

10 Z. Terzopoulou, E. Karakatsianopoulou, N. Kasmi, M. Majdoub, G. Z. Papageorgiou 

and D. N. Bikiaris, J. Anal. Appl. Pyrolysis, 2017, 126, 357–370. 

11 O. Kadkin, K. Osajda, P. Kaszynski and T. A. Barber, J. Polym. Sci. Part A Polym. Chem., 

2003, 41, 1114–1123. 

12 S. Wang, C. Wang, H. Wang, X. Chen and S. Wang, Polym. Degrad. Stab., 2015, 114, 

105–114. 

13 E. De Jong, M. a. Dam, L. Sipos and G. J. M. Gruter, ACS Symp. Ser., 2012, 1105, 1–13. 

14 M. Yin, C. Li, G. Guan, D. Zhang and Y. Xiao, Polym. Polym. Compos., 2013, 21, 449–

456. 

15 M. I. Siling and T. N. Laricheva, Russ. Chem. Rev., 1996, 279, 279–286. 

16 U. K. Thiele, Chem. Fibers Int., 2004, 54, 162–163. 

17 E. Le Roux, Coord. Chem. Rev., 2016, 306, 65–85. 

18 K. Ioda, Chem.Soc.Jpn., Ind. Chem. Seet, 1971, 74, 1476. 

19 J. Yang, Z. Xia, F. Kong and X. Ma, Polym. Degrad. Stab., 2010, 95, 53–58. 



 

 89 

20 F. Ahmadnian, PhD Thesis, University of Berlin, 2008. 

21 United States Patent Office, US20120088898A1, 2015. 

22 United States Patent Office, US5656716, 1997. 

23 World Intellectual Property Organization, WO 01/56694 A1, 2001. 

24 European Patent Office, EP2765149A1, 2014. 

25 E. Gubbels, L. Jasinska-Walc, B. A. J. Noordover and C. E. Koning, Eur. Polym. J., 2013, 

49, 3188–3198. 

26 H.-C. Lee, M. Antonietti and B. V. K. J. Schmidt, Polym. Chem., 2016, 7, 7199–7203. 

27 R. J. Comito, K. J. Fritzsching, B. J. Sundell, K. Schmidt-Rohr and M. Dinca, J. Am. Chem. 

Soc., 2016, 138, 10232–10237. 

28 J. Hwang, H.-C. Lee, M. Antonietti and B. V. K. J. Schmidt, Polym. Chem., 2017, 8, 

6204–6208. 

29 C. J. Chuck, M. G. Davidson, M. D. Jones, G. Kociok-Kohn, M. D. Lunn and S. Wu, Inorg. 

Chem., 2006, 45, 6595–6597. 

30 Q. Suo, J. Zi, Z. Bai and S. Qi, Catal. Letters, 2017, 147, 240–252. 

31 W. P. R. Deleu, I. Stassen, D. Jonckheere, R. Ameloot and D. E. De Vos, J. Mater. Chem. 

A, 2016, 4, 9519–9525. 

32 V. Hornof, J. Macromol. Sci. Part A - Chem., 1981, 15, 503–514. 

33 World Intellectual Property Organization, WO2015137805A1, 2015. 



 

 90 

 

 

 

 

 

 

Chapter 3 

The Role of Titanium(IV) Citrate as a Catalyst 

for the Melt-Phase Polymerisation of 

Polyethylene Furanoate  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 91 

Chapter 3  The Role of Titanium(IV) Citrate as a Catalyst for the 

Melt-Phase Polymerisation of Polyethylene Furanoate  

 Introduction 

In industrial PET synthesis the catalyst of choice for over 90 % of production is antimony-

based. Germanium-based catalysts make up the remaining 10 % and satisfy the Japanese 

market where polyester with high brilliance and transparency is desired. The use of 150 – 

300 ppm of antimony yields polymer with sufficient molecular weight for bottle applications, 

Mn = 40 – 45 kg mol–1, and good thermal stability.1  

Despite the industrial inertia associated with antimony catalysts, there are several 

disadvantages to its use. These include quality issues such as grey discolouration at high 

loadings, processing problems, such as precipitation, and loss of catalyst in the EG recycling 

loop.2 There is also growing consumer demand for antimony-free catalysts, due to a number 

of conflicting reports drawing attention to the migration of antimony into beverages and 

foodstuffs.3–6 Furthermore, a 2016 report by the European Commission, identified antimony 

as one of 14 critical raw materials for the EU, identified due to economic factors, availability 

and strategic relevance.7 This is of concern for a commodity material, where an average sized 

PET plant, 1000 kt / y would require ca. 25 kg / h of antimony-based catalyst.8  

Due to pre-existing industrial processes and supply chains for PET production, antimony 

oxide is likely to become the catalyst of choice for PEF productions. However, significant 

improvements may be realised if a process can be designed from the ground-up which uses 

a sustainable feedstock and utilises sustainable catalysis. Titanium catalysts can potentially 

meet this challenge, with significantly lower catalyst loading than antimony catalysts, due to 

higher activity, which becomes increasingly relevant considering the potential commodity 

applications of PEF.9,10 This highlights not just the necessity to find new catalysts, but the 

opportunity available to take advantage of the benefits a new process may give. 

Most studies of titanium catalysts for polyester synthesis investigate only the melt 

polymerisation activity, with little focus on polymer processing and its effect on colour, or 

with molecular weights suitable for packaging applications. There is also a lack of comparison 

to the industrial standard for polyester synthesis, antimony trioxide.11–16  

More work is available in the patent literature, with various titanium catalysts listed in the 

claims as polycondensation catalysts for PEF synthesis. However, most of the examples 

provided are with antimony-based catalysts. 17–21 
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Industrial application of titanium catalysts for PET synthesis has traditionally been hampered 

by the poor thermal stability and increased colour of the final polymer. Logically, this would 

also apply to PEF. State-of-the-art titanium catalysts claimed in patent literature, impart 

greater colour on the polymer the higher the final viscosity of the polymer is.22  

Fundamentally, the lower catalyst loading, crystallisation advantages and sustainability gains 

accessible through the use of antimony-free catalysts, may never be realised unless a 

superior process for polyester production is developed. The development of PEF as a 

commercial polymer presents an opportunity for a process to be designed, from the ground 

up, that twins a sustainable feedstock with sustainable catalysis, overcoming the industrial 

inertia present with PET synthesis. The challenge is to find a process which can compete with 

antimony in terms of polycondensation activity and give good colour performance. 

The use of 2-hydroxy carboxylic acids such lactic acid, citric acid, malic acid and tartaric acid 

has been claimed in several patents as a means of improving the efficacy of titanium catalysts 

for polyester synthesis.23–27 Tioxide Specialties Ltd. initially claimed a process involving an 

orthoester (RC(ORʹ)3) or condensed orthoester titanium or zirconium catalyst. The catalyst 

was comprised of a titanium or zirconium metal, an alcohol containing at least two hydroxyl 

group, a 2-hydroxy carboxylic acid and a base. The use of citric acid to produce this catalyst 

resulted in a less hazy polymer product with better thermal stability.23 This work was 

followed by a patent filed by Johnson Matthey (formerly ICI/Synetix). This describes an 

improvement on the previous work by Tioxide Specialties Ltd. by specifying the molar ratio 

of the base to 2-hydroxy carboxylic acid.24 As with the previous patent, the examples focus 

specifically on citric acid as the 2-hydroxy carboxylic acid. Further patent filings by Acma Ltd. 

and ICI also make claim to polyester catalysts featuring citric acid, with various metals, 

alcohols and bases.25,26 A second patent filed by Johnson Matthey describes a catalyst 

comprised of titanium, zirconium or hafnium, a 2–hydroxy carboxylic acid and a quaternary 

ammonium compound selected from the tetraethylammonium hydroxide or 

tetramethylammonium hydroxide. With the optional addition of an alcohol or water for 

dilution.27 The citric acid based titanium catalyst in this patent gave superior activity and 

polymer colour than previous inventions.  

As initially trialled in chapter 2, an ‘ultra-pure’ titanium(IV) citrate catalyst has recently been 

developed for PET synthesis, figure 3.1, by Catalytic Technologies LTD.28  The use of this ultra-

pure catalyst, in the form of titanium citrate, for the production of PET yields a superior 

polyester with high thermal stability and high viscosity in comparison to ‘non-purified’ 

titanium(IV) citrate.28 The titanium citrate catalyst is synthesised from ultra-pure titanium 



 

 93 

alkoxide, ultra-pure referring to the presence of ≤ 10 % titanium oxide species, i.e. any 

compound of the formula TiOx(OR)4-2x.  It is evident, therefore, that the purity of the titanium 

catalyst has a beneficial impact on polyester synthesis and suggests that the titanium oxide 

impurities play a role in the degradation reactions that decrease polymer stability. 

 

 
Figure 3.1. Ultra-pure titanium citrate as a catalyst for polyethylene furanoate synthesis.  

 

This chapter investigates and applies the recent technological advances in titanium catalysis, 

previously applied to the synthesis of PET, to PEF synthesis. A lab-scale glass reactor is used 

to synthesise PEF with an ultra-pure titanium citrate catalyst which is analysed and subjected 

to stability tests. The results were compared to PEF synthesised with antimony and titanium 

catalysts. 

 Ultra-Pure Titanium Citrate as a catalyst for Polyethylene Furanoate 
Synthesis 

Building upon the initial findings in chapter 2 that Ti citrate gave higher activity at a lower 

catalyst loading than TTIP for PEF synthesis, a more detailed comparison to TTIP and SbEG 

was made in this chapter. The results from chapter 2, along with intrinsic viscosity 

measurements (IV / [η]) to provide further detail are shown in tables 3.1 and 3.2.  

 

Table 3.1. Molecular weight data for PEF prepared with Ti citrate at various catalyst loadings. 

Catalyst loadinga / ppm Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
b [η]c / dL g–1 

30 18 34 1.89 0.500 

20 18 32 1.78 0.480 

15 12 23 1.92 0.402 

10 9 21 1.89 0.388 
a[M] by mass relative to FDCA.bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cIntrinsic viscosity 

determined externally according to ATSM 4603-03, phenol/1,1,2,2-tetrachlorethane (3:2). 
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Table 3.2. Solution UV/VIS data for PEF prepared with Ti citrate at various catalyst loadings. 

Catalyst loadinga / ppm L*b a*b b*b 

30 97.94 -0.65 2.73 

20 97.78 -0.52 1.97 

15 97.83 -0.13 0.82 

10 98.42 -0.11 0.14 
a[M] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. 

 

A comparison with SbEG was initially made, figure 3.2, table 3.3 / 3.4. At 20 ppm and 30 ppm 

titanium citrate gives a torque vs time profile with a shorter induction time than SbEG at 250 

ppm, and similar induction times are seen at 10 ppm and 15 ppm. Induction times vary 

between catalysts. In the case of SbEG, this induction period is due to the interaction of 

antimony with hydroxyl end groups of the monomer, which prevents the formation of active 

sites. As hydroxyl end groups are consumed during the course of the polycondensation, the 

viscosity increases, due to increased availability of active sites.29 Titanium-based catalysts 

show a shorter induction period, which is dependent on the nature of the ligand attached to 

the metal.29 The titanium catalysts need to be activated by the reaction mixture, and 

therefore can be seen as precursors. Therefore, the nature of the ligand attached to the 

titanium metal is of significance for the delivery of the metal, due to the varying rates of 

ligand exchange to form the active titanium glycolate species. 

To achieve an equivalent molecular weight to SbEG at 250 ppm, 20 ppm of Ti citrate is used, 

Mn = 18 kg mol–1. This is further reflected in the IV data, SbEG 0.474 dL g–1, Ti Citrate 20 ppm 

0.480 dL g–1. The colour of the polymer produced at 20 ppm of Ti citrate is higher than that 

for SbEG. This higher colour for a given molecular weight when using titanium catalysts, has 

been attributed to the formation of  titanium vinylates from titanium glycolates.30 The 

titanium vinylates increase the production of acetaldehyde and cause an increase in vinyl 

end groups in PET chains. 
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Figure 3.2.Torque variation of PEF prepared with Ti citrate at various catalyst loadings, compared to SbEG.  

 

Table 3.3. Molecular weight and solution UV/VIS data for PEF prepared with SbEG. 

Catalysta 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
ÐM

b L*c a*c b*c 
[η]d / 

dL g–1 

SbEG 250 ppm 18 30 1.76 99.90 -0.21 1.08 0.474 
 

a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. dIntrinsic viscosity determined externally according to ATSM 4603-03, phenol/1,1,2,2-tetrachlorethane 

(3:2). 

 

The performance of Ti citrate as a catalyst for PEF synthesis was compared to that of TTIP, to 

investigate the impact of an ultra-pure titanium catalyst. At a lower loading, titanium citrate 

gives shorter induction times, and reaches higher values of final torque, figure 3.3. The 

molecular weight and IV data agree with this observation, table 3.4/3.5, 30 ppm Mn = 18 kg 

mol–1. This is further reflected in the IV data, TTIP 30 ppm 0.471 dL g–1, Ti Citrate 20 ppm 

0.480 dL g–1. These results contrast previous findings by Ahmadnian et al., who found that 

titanium catalysts with monodentate ligands have a shorter induction period than those with 

chelating ligands, in a study which added the catalyst after the esterification reaction for PET 

synthesis.29 The shorter induction period seen in this study with Ti citrate, in comparison to 

TTIP, is not expected to be due to faster ligand exchange of chelating ligands over 

monodentate ligands, but due to the amount of catalytically active titanium alkoxide 
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delivered to the reaction mixture. This may be exacerbated by the addition of the catalysts 

at the beginning of the reaction, where the water produced would deactivate the TTIP 

catalyst. In the case of Ti citrate however, the citrate acts to protect the titanium metal 

centre. Therefore, the ligand effects become negligible and the purity of the delivered 

catalyst takes precedent. 

The colour of the final polymer produced with TTIP is shown in table 3.4. When compared 

the results with Ti citrate, table 3.2, for a given molecular weight, Ti citrate displays slightly 

higher b* values, implying higher activity for the degradation reaction.  

This is interesting in the case of 20 ppm Ti citrate when compared to 30 ppm TTIP, because 

it implies that despite 10 less ppm of catalyst, the activity of Ti citrate for the degradation 

reaction is higher. This degradation reaction produces more vinyl end groups, which go on 

to form chromophores, and carboxylic acid end groups, which can be polymerised further. 

From a purity of catalyst standpoint, it is expected that TTIP, with more catalytically inactive 

and potentially colour-causing Ti-oxo species mentioned earlier, would deliver less active 

catalyst to the reaction mixture.  

In the case of Ti citrate at 20 ppm, it is envisaged that there would be less catalytically active 

titanium centres than at 30 ppm of TTIP. However, the increased purity and stability of the 

Ti citrate catalyst used may result in a higher quantity in the final polymer than TTIP, due to 

the deactivation of TTIP in the esterification reaction. Therefore, more active catalyst would 

be available to polymerise both the polymerisation and degradation reaction.  

 
Figure 3.3.Torque variation of PEF prepared with Ti citrate at various catalyst loadings, compared to TTIP. 
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Table 3.4. Molecular weight and solution UV/VIS data for PEF prepared with TTIP. 

Catalysta 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
ÐM

b L*c a*c b*c 

TTIP 50 ppm 21 36 1.71 98.73 -0.08 2.00 

TTIP 30 ppm 18 31 1.72 98.96 -0.04 1.60 

TTIP 20 ppm 16 29 1.81 98.26 -0.01 1.63 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP.  

 

Table 3.5. Intrinsic viscosity data for PEF prepared with TTIP. 

Catalysta [η]b / dL g–1 

TTIP 30 ppm 0.471 

TTIP 20 ppm 0.461 
a[M] by mass relative to FDCA  bIntrinsic viscosity determined externally according to ATSM 4603-03, phenol/1,1,2,2-

tetrachlorethane (3:2). 

 

Overall, the use of Ti citrate gives comparable activity for the melt polymerisation of PEF, to 

SbEG (250 ppm), at a loading of 20 ppm, but with higher polymer colour. In comparison to 

TTIP, for a given catalyst loading Ti citrate yields polymer of a higher molecular weight, but 

also slightly higher polymer colour, due to vinyl end groups forming degradation reactions. 

Carboxylic acid end groups, also formed during this degradation, can go on to participate in 

polymerisation.  

 Trimethylphosphate as an Additive for Polyethylene Furanoate 
Synthesis. 

The addition of the phosphorus additive trimethylphosphate (TMP), figure 3.4, was 

investigated as a means to improve the colour performance of PEF. 

 

 
 

Figure 3.4.Trimethyl phosphate. 

Phosphorous additives are commonly used in the industrial manufacture of PET as a 

stabiliser, effectively deactivating the metal catalyst causing a reduction in activity but 

improving colour performance by limiting degradation reactions. The reaction of alkoxide 

groups on the phosphorus atom, with the titanium catalyst, forms adducts with Ti atoms and 
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this compound reduces the activity for degradation  reactions, figure 3.5.31 In reality, a 

balance is struck between colour performance and catalyst formulation activity. TMP was 

chosen due to its already existing use in industrial PET production and stability over other 

phosphates. 

 
Figure 3.5. The species formed between a titanium alkoxide and trimethyl phosphate. 

 

The effect of the addition TMP on SbEG and TTIP, and its effect on PEF synthesis was 

investigated, table 3.12. 20 ppm of TMP was added to the reaction mixture along with each 

catalyst. All catalysts showed a decrease in activity in comparison to the reactions without 

TMP. The addition of TMP impacted the activity of titanium catalysts the most, which is 

expected due to the lower catalyst loadings. Only a minimal reduction in SbEG catalysed PEF 

molecular weight is seen with the addition of TMP. Ti citrate + TMP gives a wider distribution 

of molecular weight in PEF than TTIP + TMP. 

 

Table 3.6. Polymerisation data for PEF prepared with different catalysts with the addition of TMP. 

 Without TMP With TMP 

Catalysta 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
ÐM

b 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
ÐM

b 

SbEG (250 ppm) 18 30 1.76 17 25 1.47 

TTIP (20 ppm) 16 29 1.81 13 21 1.62 

Ti Citrate (20 ppm) 18 32 1.78 13 26 2.00 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml 

 

A small decrease is seen with the addition of TMP for SbEG and TTIP, table 3.13. Ti citrate 

shows little change in polymer colour with or without TMP. As stated earlier, it is important 

to consider that whilst colour in the melt-phase polymerisation step is an important factor, 

the major concern is with polymer processing, and a b* value of ca. 2.00 appears clear to the 

naked eye with no visible yellow colour. 
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Table 3.7. Solution UV/VIS data for PEF prepared with different catalysts and TMP. 

 Without TMP With TMP 

Catalysta L*a a* a b* a L*a a* a b* a 

SbEG (250 ppm) 99.90 -0.21 1.08 97.75 -0.05 0.66 

TTIP (20 ppm) 98.26 -0.01 1.63 98.34 -0.05 0.37 

Ti Citrate (20 ppm) 97.78 -0.52 1.97 99.58 0.02 1.96 
aL*a*b* values, 60 mg/ml 8:2 DCM:HFIP 

 

The addition of TMP serves to impact the activity of titanium-based catalysts more than 

antimony-based catalysts, likely due to higher availability of antimony because of the higher 

loading needed to see appreciable activity. 

This work for PEF synthesis using an ultra-pure titanium citrate catalyst finds similar 

conclusions to previous patent work using the catalyst for PET synthesis.28 In previous work, 

a comparison was made between a standard antimony catalyst (270 ppm) with a 

phosphorous additive (20 ppm), a standard titanium citrate catalyst (9.6 ppm) phosphorous 

additive (20 ppm) and the ultra-pure titanium citrate catalyst (9.6 ppm) phosphorous 

additive (20 ppm).  

The IV of the polymers produced from the patent show similar for the antimony standard + 

phosphorous additive and the ultra-pure titanium citrate + phosphorous additive catalysed 

PET after 3 h. Our results contrast this, where the molecular weight is lower for Ti citrate + 

TMP, than SbEG + TMP.  

Agreement between our results and the patent mentioned above is seen with the superior 

IV/molecular weight of the ultra-pure catalyst over the ‘standard’ catalyst. This 

demonstrates the increased activity of the purified catalyst.  

An initial investigation into the addition of TMP has demonstrated its use as a catalyst 

inhibitor, with little effect on polymer colouration at this reaction stage. Further investigation 

is needed to explore the effect of the addition of TMP during polymer processing and is 

discussed later in this chapter.  
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 Ti Citrate and Trimethylphosphate as a Catalyst Formulation for 
Polyethylene Furanoate Synthesis  

Further investigation into the effect of TMP on Ti Citrate is discussed in this section. As 

mentioned earlier a balance is struck between catalyst activity and polymer colouration 

through the addition to TMP. This next section explores this balance further and optimises 

the addition of TMP for the Ti Citrate catalyst. 

A 1:1 ratio of [P] to metal by weight was used as a catalyst formulation for PEF synthesis at 

different loadings, figure 3.6. All Ti citrate loadings gave polymer of a lower molecular weight 

with the addition of TMP than without TMP. At 30 ppm of Ti citrate and TMP there was a 

decrease in activity, with decreased molecular weight and IV, table 3.6. This implies that 

above a certain loading, despite the ratio of catalyst to additive remaining the same, TMP 

can deactivate the catalyst more than at lower loadings.  

 

 
Figure 3.6. Torque variation of PEF prepared with Ti citrate + TMP at various catalyst loadings. 
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Table 3.8. Molecular weight and intrinsic viscosity data for PEF prepared with Ti citrate + TMP. 

Catalyst loadinga / ppm Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
b [η]c / dL g–1 

30 / 30 11 18 1.64 0.332 

20 / 20 13 26 2.00 0.423 

15 / 15 13 25 1.92 0.405 

10 / 10 13 21 1.62 0.363 
a[M] and [P] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cIntrinsic 

viscosity determined externally according to ATSM 4603-03, phenol/1,1,2,2-tetrachlorethane (3:2). 

 

The colour data, table 3.7, shows an increase in colour matching the increase in IV. 

Table 3.9. Solution UV/VIS data for PEF prepared with Ti citrate + TMP. 

Catalyst loadinga / ppm L*b a*b b*b 

30 99.87 -0.04 0.41 

20 99.58 0.02 1.96 

15 98.48 -0.24 1.12 

10 98.71 -0.46 0.66 
a[M] and [P] by mass relative to FDCA. bL*a*b*values, 60 mg/ml 8:2 DCM:HFIP 

 

 

Interestingly, despite a 1:1 ratio of catalyst to additive, there is an increase in IV of the 

polymer as the loading is increased. These results indicate there is an absolute optimum 

loading of Ti Citrate and TMP at a 1:1 ratio, seen by the increase with increasing loading up 

to 20 ppm and then decrease in activity at 30 ppm. The b* values reflect the increase in IV 

seen with the increase in catalyst and TMP loading. Further work to explore the effect of 

TMP and optimise the ratio is needed and is explored in the next section. 

3.4.1. Variation of Trimethylphosphate Loading in Polyethylene Furanoate Synthesis 
with a Small-scale Parallel Reactor 

To further investigate the effect of TMP at different loadings on Ti citrate, a small-scale thin 

film parallel reactor was utilised, table 3.8. To the furandicarboxylic glycol diester, 20 ppm of 

Ti citrate catalyst and different loadings of TMP were added, the reaction was then 

performed for 3 h. The polymer molecular weight and colour were analysed with size-

exclusion chromatography and solution UV/VIS spectroscopy respectively. 

The vials with no catalyst had molecular weight values too low to be measured. The Mn values 

showed a general decrease with increase TMP loading, expected due to catalyst inhibition. 

The change in b* values with increasing TMP addition is more interesting, with the lowest 
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values seen at 15 ppm, followed by 5 ppm and 20 ppm. The highest Mn values and lowest b* 

values are seen for samples with 20 ppm of Ti citrate and 15 ppm of TMP.  

 

Table 3.10. Solution UV/VIS data for PEF prepared with Ti citrate + TMP at various TMP loadings in a small-
scale thin film parallel reactor. 

TMP 

loadinga / 

ppm 

L*b a*b b*b 
Mn

c /  

kg mol–1 

Mw
c /  

kg mol–1 
ÐM

c 

No catalyst 99.91 -0.41 2.32 - - - 

No catalyst 99.87 -0.31 2.75 - - - 

5 98.31 -0.21 3.17 13 19 1.46 

5 98.49 -0.42 3.48 14 19 1.36 

10 98.81 -0.55 5.74 13 19 1.46 

10 98.13 -0.49 4.26 13 20 1.54 

15 98.78 -0.39 2.64 13 19 1.46 

15 99.49 -0.39 2.37 13 19 1.46 

20 99.96 -0.36 3.52 12 18 1.50 

20 99.81 -0.31 3.44 12 19 1.58 

25 98.11 -0.14 4.54 10 18 1.80 

25 98.70 -0.08 4.62 11 19 1.73 

30 97.66 -0.31 3.86 8 16 2.00 

30 99.55 -0.15 4.04 9 17 1.89 
a[M] and [P] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. cAbsolute molecular weight and ÐM 

determined by SEC (HFIP), 2 mg/ml 

 

These small-scale reaction results provide a good basis from which to investigate Ti : P ratios 

on a larger scale, which is discussed in the next section. 

3.4.2. Variation of Titanium to Phosphorous Feed Ratios in a Lab-Scale Glass Reactor 

Based on the small-scale experiment carried out prior, the ratio of Ti citrate and TMP was 

varied to investigate the effect on the final molecular weight and colour, table 3.9.  

With decreasing Ti : P ratio, a molecular weight increase is seen, due to there being less P to 

deactivate that catalyst. Interestingly little impact was seen on the polymer colour during 

the melt polymerisation, implying that lower Ti : P ratios at this molecular weight have little 

effect on colour. Impact on the colour at various feed ratios will be more evident during 

thermal degradation tests, section 3.7.3.   



 

 103 

Table 3.11. Molecular weight and solution UV/VIS data for PEF prepared with various Ti : P ratios. 

Ti : P ratioa Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
b L*c a*c b*c 

1:1 13 26 2.00 99.58 0.02 1.96 

1:0.75 16 29 1.81 98.91 -0.04 1.91 

1:0.5 20 32 1.60 98.61 -0.07 1.93 
a[Ti] 20 ppm. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 mg/ml 8:2 

DCM:HFIP.  

 

A variation of the Ti : P ratio indicates that a balance can be struck between additive loading, 

activity and colour. At these relatively low molecular weights, little impact is seen upon 

polymer colour. This implies that a 1 : 0.5 ratio would be suitable and gives increased 

molecular weight with no impact on colour. The interesting differences may be seen when 

they polymer is processed above the melt temperature, this is explored in section 3.7.2.  

 The Effect of Catalyst Addition Post-Esterification Reaction 

The esterification reaction between FDCA and MEG to produce diesters and oligomers is 

acid-catalysed, and therefore no catalyst is required. Throughout industrial PET synthesis, 

however, the catalyst is often added at the start of the reaction.28,32  

The effect of adding the catalyst after the esterification reaction, rather than before, was 

investigated and compared to prior results, table 3.12, in order to optimise future 

experiments. SbEG, TTIP and Ti Citrate were compared, along with Ti Citrate + TMP to 

investigate if any change is seen with the addition of TMP. 

Adding the catalyst after the esterification reaction leads to a little increase in molecular 

weight in the case of SbEG, implying little effect from varying the catalyst addition point. Ti 

Citrate and Ti Citrate + TMP, both show an increase in molecular weight, whilst TTIP gives a 

decrease. Adding the catalyst before the esterification reaction exposes the catalyst to the 

excess ethylene glycol in the reaction mixture, and the water produced during the 

esterification reaction. These conditions appear to deactivate the catalyst in the case of and 

Ti Citrate yet have little effect on TTIP. 
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Table 3.12. Molecular weight data for PEF prepared with various catalysts added at different reaction stages. 

 Before esterification After esterification 

Catalysta 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
ÐM

b 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
ÐM

b 

SbEG (250 ppm) 18 30 1.76 20 31 1.55 

TTIP (20 ppm) 16 29 1.81 14 24 1.71 

Ti Citrate (20 ppm) 18 32 1.78 24 37 1.68 

Ti Citrate + TMP (20 ppm 

/ 20 ppm) 
13 22 1.78 15 27 1.74 

a[M] and [P] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml 

 

All polymer samples show some variation in colour depending on when the catalyst is added, 

table 3.13. The yellow colour of most interest is represented by b*. SbEG catalysed polymer 

gives an increase in b* with the catalyst added after esterification. TTIP also shows an 

increase in b* in after esterification reaction. The decrease in activity in the polymerisation 

reaction for TTIP when added after the esterification and the increase in activity for the 

degradation reaction that causes an increase in colour, implies that the conditions of the 

esterification reaction serve to make TTIP a more selective catalyst to polymerisation. Ti 

citrate catalysed PEF shows little difference in colour, whilst Ti citrate + TMP shows a slight 

decrease in colour. How significant these changes are needs to be looked at further, but the 

possibility of a higher proportion of the TMP additive being active when added after 

esterification may be a factor.  

 

Table 3.13. Solution UV/VIS data for PEF prepared with various catalysts added at different reaction stages. 

 Before esterification After esterification 

Catalysta L*b a*b b*b L*b a*b b*b 

SbEG (250 ppm) 99.90 -0.21 1.08 98.01 -0.38 1.82 

TTIP (20 ppm) 98.26 -0.01 1.63 97.91 -0.07 2.85 

Ti Citrate (20 ppm) 97.78 -0.52 1.97 97.48 -0.07 2.10 

Ti Citrate + TMP (20 ppm / 20 ppm) 99.58 0.02 1.96 98.20 -0.38 1.44 
a[M] and [P] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. 

 

It can be seen from these results that the change in catalyst and additive addition point 

impacts the nature of the polymer produced. This implies that the nature of the reaction 

mixture that the catalyst is added to impacts the catalyst activity. In the case of addition 
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before the esterification reaction environment of the reaction mixture is one featuring 

alcohol and carboxylic acid groups. There is also water produced in this stage of the reaction, 

which, whilst removed via distillation, may deactivate the catalysts. The excess ethylene 

glycol is expected to form glycolate complexes with the metals also. The nature of the 

reaction mixture after the esterification reaction is different, with little water and a much 

lower quantity of carboxylic acid groups, with the majority of the alcohol groups now part of 

a diester rather than free ethylene glycol.  

The higher activity of Ti citrate, when added after the esterification reaction, implies that the 

citrate ligands do not protect the metal centre as much as first thought, and are likely 

stripped off during the esterification reaction to yield titanium species that are less reactive. 

The addition post-esterification reaction delivers a higher content of catalytically active 

titanium species, leading to higher values of molecular weight. The low b* value, 2.10, in 

comparison to the lower molecular weight TTIP b* value, 2.85, indicates that the delivered 

Ti citrate catalyst shows greater selectivity towards the polymerisation reaction and 

catalyses the degradation reaction to a lesser extent. 

 

 The Effect of Increased Reaction Temperature and Reduced Pressure 
on Polyethylene Furanoate Synthesis 

To further assess the stability of Ti citrate under industrial conditions the polycondensation 

reaction temperature was increased from 240 °C to 260 °C, the pressure limited to a 

minimum of 1 mbar and the reaction time was shortened from 3 h to 2 h, table 3.14. These 

conditions reflect the need to increase temperature to increase reaction rate in a large 

reactor, where a low pressure may be difficult to achieve.  

SbEG, Ti citrate and Ti citrate + TMP all give polymer of a higher molecular weight, expected 

due to the increased reaction temperature which appears to have outweighed the slower 

removal of by-products from a reduced vacuum. Conversely, TTIP yields polymer of a lower 

molecular weight, indicating that the high temperature leads to a decrease in catalyst 

activity. One explanation for this could be that the increased lability of the monodentate 

isopropoxide groups leads to the formation of inactive species at these temperatures. 

Whereas Ti citrate, with less labile chelating groups. has greater stability. 
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Table 3.14. Molecular weight data for PEF prepared with various catalysts at different reaction conditions. 

 240 °C / 0.2 mBar 260 °C / 1 mBar 

Catalysta 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
ÐM

b 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
ÐM

b 

SbEG (250 ppm) 18 30 1.76 22 37 1.68 

TTIP (20 ppm) 16 29 1.81 13 20 1.54 

Ti Citrate (20 ppm) 18 32 1.78 25 42 1.68 

Ti Citrate + TMP (20 

ppm / 20 ppm) 
13 22 1.78 19 33 1.74 

a[M] and [P] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml 

 

Interestingly, despite the higher temperature of the reaction, and the increased molecular 

weights for some of the polymer, little change is seen in polymer colour, table 3.15. The 

shorter reaction time of 2 h results in the polymer being subjected to high temperatures for 

less time, despite the temperature being 20 °C higher, therefore less degradation occurs. 

SbEG catalysed PEF shows a slight increase in b*, whilst Ti citrate shows a minimal increase. 

TTIP shows a decrease in b*, indicative of the low conversion and therefore molecular weight 

of the polymer. Ti citrate + TMP gives a significant reduction in polymer colour at high 

temperature, despite a higher molecular weight, due to the stabilising effect of the 

phosphorous in the TMP. This implies that under higher temperature and lower vacuum the 

Ti Citrate + TMP formulation is more selective towards the polymerisation reaction and 

degradation is inhibited. 

Table 3.15. Solution UV/VIS data for PEF prepared with various catalysts at different reaction conditions. 

 240 °C / 0.2 mBar 260 °C / 1 mBar 

Catalysta L*b a*b b*b L*b a*b b*b 

SbEG (250 ppm) 99.90 -0.21 1.08 99.01 -0.24 1.73 

TTIP (20 ppm) 98.26 -0.01 1.63 99.54 -0.11 0.48 

Ti Citrate (20 ppm) 97.78 -0.52 1.97 98.67 -0.35 2.31 

Ti Citrate + TMP (20 ppm / 20 ppm) 99.58 0.02 1.96 99.71 -0.10 0.68 
a[M] and [P] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. 

 

In conclusion, it appears that with the Ti Citrate + TMP catalyst formulation, a reaction at a 

higher temperature, for less time, may give superior results. The stability provided by the 

citrate ligand to Ti centre, allows higher molecular weights to be accessed in shorter times, 

at higher temperatures, than with TTIP, with minimal increase in colour.  
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 The Effect of Thermal Degradation on Polyethylene Furanote 
Properties 

An important characteristic of the catalyst used in polyester synthesis, is its effect not only 

on the melt-phase polymerisation, but also in the subsequent processing steps. This is the 

area which has traditionally held back the replacement of antimony-based catalysts with 

titanium-based catalysts. Polymer from melt-phase polymerisations up to certain molecular 

weights can be produced with acceptable levels of colour, but upon processing titanium-

based catalysts would often produce unacceptable levels of polymer colour, even with the 

addition of phosphorous stabilisers. One potential solution is the use of toner compounds to 

improve the polymer colour, however, at the high molecular weights needed for bottle 

applications the colour is so pronounced the use of a toner is often not an option. Also, upon 

processing the polymer colour increase is accompanied by a molecular weight decrease due 

to bond scission.  

The thermal degradation of polyesters such as PET and PEF is of most concern above the 

melting point, which has led to the adoption of solid-state polymerisation as a means to 

increase molecular weight, explored further in chapter 4. This has implications not only 

during polymer synthesis under melt conditions, but also during processing steps, such as 

injection moulding or extrusion, where the temperature used is often higher than during 

polymer synthesis. The activation energies of the primary degradation reactions are higher 

than those of the polycondensation reaction, and so become more relevant at higher 

temperatures.32 

Samples previously synthesised from melt-phase reactions earlier on in this chapter were 

subject to thermal degradation tests. In order to mimic polymer processing conditions, such 

as extruding, where colour development is at its most obvious and problematic, the PEF 

samples were dried and subject to heating above the melt temperature, 280 °C, under an Ar 

atmosphere, for 20 minutes.  

3.7.1. Effect of Thermal Degradation of Polyethylene Furanoate Synthesised with 
Various Catalysts 

An inert atmosphere was used to ensure only thermal degradation and not thermo-oxidative 

decomposition was not taking place. Under these conditions both the titanium catalysts 

show a large increase in b*, and a slight decrease in a* and L*, this being more prominent 

with Ti Citrate than TTIP, table 3.16. SbEG shows little increase in polymer colour during 

melting. This demonstrates the high activity of titanium catalysts even at a significantly lower 

catalyst loading, not only for the polycondensation reaction, but also for the degradation 
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reactions that cause an increase in colour due to production of vinyl end groups. This agrees 

with thermal stability tests by Terzopouloua et al., where titanium-based catalysts give the 

highest increase in yellow colouration.14 The increased stability of antimony catalysts over 

titanium catalysts is also seen in work by Ahmadnian et al., where thermal degradation of 

PET produced with antimony catalysts occurs at a higher temperatures.29 The two main 

causes of an increase in chromophores are suggested to be due to the production of polyenes 

from polyvinyl esters and polyenaldehydes from the aldol condensation of acetaldehyde. 

Both are formed through degradation, leading to the production of vinyl end groups. 

Weingart et al. ascribe the increase in this yellowing from titanium catalysts in PET to the 

formation of titanium vinylates from titanium glycolates.30 The titanium vinylates increase 

the production of acetaldehyde and cause an increase in vinyl end groups. 

 

Table 3.16. Solution UV/VIS data for PEF prepared with different catalysts after a degradation test. 

Catalysta L*b a*b b*b Db*b 

SbEG (250 ppm) 97.12 -0.32 1.93 0.87 

TTIP (20 ppm) 95.65 -2.71 10.50 8.87 

Ti Citrate (20 ppm) 95.40 -3.72 14.46 12.49 
a[M] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. 

 

The degradation, reaction leading to an increase in colour, begins with a thermal degradation 

of an ester bond, leading to a decrease in molecular weight. The effect of the melt 

degradation test on molecular weight is shown in table 3.17 below.  

All polymer samples show a decrease in molecular weight after degradation as expected. The 

decrease in molecular weight relates to the Db*, with Ti citrate showing the greatest 

decrease in molecular weight, followed by TTIP and SbEG. Carboxylic acid end groups 

produced at this stage are not under the correct reaction conditions to undergo 

polycondensation. This concurs with work by Terzopouloua et al., where titanium catalysts 

gave the largest decrease in intrinsic viscosity, therefore molecular weight.11 
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Table 3.17. Molecular weight data of PEF samples prepared with different catalysts before and after 
degradation tests. 

 Before Degradation After Degradation 

Catalysta 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
ÐM

b 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
ÐM

b 

SbEG (250 ppm) 18 30 1.76 16 28 1.75 

TTIP (20 ppm) 16 29 1.81 11 21 1.91 

Ti Citrate (20 ppm) 18 32 1.78 10 26 2.00 
a[M] and [P] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. 

 

3.7.2. Effect of Trimethylphosphate on the Thermal Degradation of Polyethylene 
Furanoate 

As mentioned earlier, due to the higher activation energies of the primary degradation 

reactions, the stage of most interest in polymer stability is during melt processing at elevated 

temperatures. Phosphorous additives serve to limit this degradation at high temperatures 

and are investigated below as stabilisers for polymer processing. 

Following a melt degradation test, the best performance is seen with the Ti citrate + TMP 

formulation, where the lowest increase in b* is observed, table 3.18. All PEF samples 

conclude the melt degradation test with b* values between 2.22 and 2.99. In comparison to 

the melt test without TMP, table 3.17, titanium catalysts show much better colour 

performance, with far smaller increases in b*, table 3.17. SbEG + TMP conversely gives a 

higher final value of b*, after the melt degradation test, than without TMP, 2.99 and 1.93 

respectively. This indicates that SbEG, in the presence of TMP, impacts degradation reactions 

more than without TMP.  

This is a particularly interesting result considering the molecular weight of samples. Ti citrate 

+ TMP has a higher molecular weight and IV than TTIP + TMP, table 3.19, which implies Ti 

citrate has higher catalytic activity, which should be reflected in the degradation. This, 

however, is not the case, as a lower Db* is seen. Therefore, the catalytic species formed in 

the reaction mixture between Ti citrate + TMP appears to give superior selectivity towards 

the polymerisation reaction, producing less vinyl end groups and therefore chromophores. 
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Table 3.18. Solution UV/VIS data for PEF prepared with different catalysts +TMP after a degradation test. 

Catalysta L*b a*b b*b Db*b 

SbEG + TMP (250 ppm / 20 ppm) 97.83 -0.49 2.99 2.33 

TTIP + TMP (20 ppm / 20 ppm) 98.35 -0.34 2.22 1.85 

Ti Citrate + TMP (20 ppm / 20 ppm) 98.91 -0.48 2.57 0.61 
a[M] and [P] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. 

 

Table 3.19. Polymerisation data for PEF prepared with different catalysts with the addition of TMP prior to 
degradation. 

Catalysta 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
ÐM

b 

SbEG + TMP (250 ppm / 20 ppm) 17 25 1.47 

TTIP + TMP (20 ppm / 20 ppm) 13 21 1.62 

Ti Citrate + TMP (20 ppm / 20 ppm) 13 26 2.00 
a[M] and [P] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. 

 

A similar degradation test was conducted in the patent referring to the use of ultra-pure Ti 

citrate as a catalyst for PET, 290 °C, for 10 mins. The largest change in b* was seen for 

antimony and phosphorous additive catalyst formulation, with smaller and comparable 

changes seen for the ‘standard’ and ‘purified’ titanium and phosphorous additive catalyst 

formulations. The work presented here, for PEF synthesis, agrees with the finding that the 

antimony catalyst formulation gives a greater change in b*, however the ultra-pure titanium 

citrate formulation used in this work, gives a lower increase in b* than the ‘standard’ TTIP 

formulation. 

3.7.3. Thermal Degradation of Polyethylene Furanoate Synthesised with Various 
Titanium to Phosphate Ratios 

PEF samples catalysed with varying ratios of Ti : P, through different loadings of Ti citrate and 

TMP were subject to a melt degradation test, table 3.20. With increasing Ti : P ratio an 

increase in Db* is observed, due to less phosphorous available to inhibit the titanium 

catalyst. The results prior to degradation testing are shown in table 3.21. 
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Table 3.20. Solution UV/VIS data for PEF prepared with different TI:P ratios after a degradation test. 

Ti : P ratioa L*b a* b b*b Db*b 

1:1 98.91 -0.48 2.57 0.61 

1:0.75 98.12 -0.55 4.11 2.20 

1:0.5 97.77 -0.61 5.98 4.05 
a[Ti] 20 ppm. aL*a*b* values, 60 mg/ml 8:2 DCM:HFIP, b 1 : 1 ratio at 20 ppm : 20 ppm. 

 

Table 3.21. Molecular weight and solution UV/VIS data for PEF prepared with different Ti : P ratios. 

Ti : P ratioa 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
ÐM

b L*c a*c b*c 

1:1 13 26 2.00 99.58 0.02 1.96 

1:0.75 16 29 1.81 98.91 -0.04 1.91 

1:0.5 20 32 1.60 98.61 -0.07 1.93 
a[Ti] 20 ppm. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 mg/ml 8:2 

DCM:HFIP. 

 

In summary, whilst the addition of TMP reduces the activity of the catalyst during 

polymerisation, significantly better colour performance for titanium-based catalysts is 

observed in thermal degradation tests. The selection of the optimum ratio of Ti : P can be 

used as a mechanism to tune activity for the polymerisation or degradation  reaction, 

producing a polymer of a suitable molecular weight, but with acceptable colour 

performance. The polymer produced, can then be subject to molecular weight increase via 

solid state polymerisation. This is explored further in chapter 4. 

 Differential Scanning Calorimetry 

The thermal properties of polyesters is an important when considering potential 

applications, and the effect of the catalyst on these properties needs to be understood. 

The thermal properties of selected PEF samples were investigated with differential scanning 

calorimetry (DSC), table 3.22. Samples were dried for 12 h in a vacuum oven at 120 °C prior 

to analysis. The values are consistent with those reported in the literature.14 No cold 

crystallisation temperature is observed, implying a high level of crystallinity imparted from 

the drying of the polymer. All samples had a Tg in the range of 71 °C to 77 °C, and Tm in the 

range of 200 °C – 206 °C. No relationship is observed between Mn and Tg or Tm
. 
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Table 3.22. Thermal data for various catalysts and formulations used for PEF synthesis. 

Catalysta 
Tg (heating)

b
 / 

°C 

Tm(heating)
b

 / 

°C 
Mn

c / kg mol–1 ÐM
c 

SbEG (250 ppm) 71.4 204.5 18 1.76 

TTIP (20 ppm) 75.0 200.3 16 1.81 

Ti Citrate (20 ppm) 75.8 205.4 18 1.78 

SbEG + TMP (250 ppm / 20 ppm) 76.0 204.0 17 1.47 

TTIP + TMP (20 ppm / 20 ppm) 76.9 205.5 13 1.62 

Ti Citrate + TMP (20 ppm / 20 

ppm) 
75.6 201.1 13 2.00 

a[M] and [P] by mass relative to FDCA. bTg and Tm data from heating cycle. cAbsolute molecular weight and ÐM determined by 

SEC (HFIP), 2 mg/ml. 

 

Titanium catalysts with no phosphorous additive give a higher Tg than SbEG, this is also seen 

in similar work by Terzopoulou et al. Further work is required to determine the significance 

of this finding and any potential cause. No clear difference is seen with addition of TMP, 

indicating little impact on polymer crystallinity, which may be expected due to the potential 

increase in nucleation sites with added material. 

 Diethylene Glycol Content of Polyethylene Furanoate 

A polyester property also of interest is the diethylene glycol (DEG) content in the final 

polymer. Several mechanisms have been proposed for the formation of DEG, as mentioned 

earlier in chapter 2. Recent work shows direct etherification, via the condensation of two 

hydroxyl groups, is the most likely mechanism for the formation of DEG. DEG is 

predominantly formed during the esterification reaction, and, as a less volatile diol than EG, 

can be incorporated into the polymer as a co-monomer.10 An increase in diethylene glycol 

content leads to a decrease in polymer crystallinity and a lower Tm and Tg, undesirable for 

certain applications due to the decrease in thermal stability.10  
1H NMR spectroscopy was used to quantify DEG by integrating the DEG resonance relative 

to the furan resonance.33 The DEG resonance at 4.00 ppm is used, representing the protons 

bonded to the carbon next to the ether bond, as it overlaps less with end group signals.  

The quantity of DEG in PEF polymerisation with various metal catalysts, at various loadings 

was investigated. 

No clear trend is observed in DEG content between PEF catalysed with different catalysts, at 

different loading, or with additives, table 3.23. There is also no trend between esterification 

reaction time and DEG content, a variable of interest as mentioned earlier most of the DEG 
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is formed during the esterification reaction. No trend is seen with increasing molecular 

weight. These findings contrast work by Hornof et al., who found that Zn, Pb and Mn acetates 

catalysed etherification reactions to varying extents, with Zn showing highest activity.34 

Similarly, Yamada et al. found that Sb2O3 and potassium titanium oxyoxalate catalysed the 

synthesis of DEG, with a higher DEG formation rate with Sb2O3 than with potassium titanium 

oxyoxalate.32 No such correlation is found with these sets of experiments. 

 

Table 3.23. DEG content and polymer data for PEF prepared with different catalysts. 

Catalyst 
Loadinga 

/ ppm 

Mn
b /kg 

mol–1 

Mw
b / kg 

mol–1 
ÐM

b 
Esterification 

time / h 

PC 

time / 

h 

DEG 

content c / 

molmol–1 

SbEG 250 18 30 1.76 01:19 03:00 0.070 

Ti Citrate 30 18 34 1.89 01:28 02:26 0.065 

Ti Citrate 20 18 32 1.78 01:35 03:00 0.070 

Ti Citrate 15 12 23 1.92 01:43 03:00 0.060 

Ti Citrate 10 9 21 1.89 01:38 03:00 0.060 

Ti Citrate 

+ TMP 
20 13 26 2.00 01:49 03:00 0.068 

Ti Citrate 

+ TMP 
15 13 25 1.92 01:37 03:00 0.068 

Ti Citrate 

+ TMP 
10 13 21 1.62 01:17 03:00 0.073 

a[M] and [P] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml.c DEG content 

calculated from 1H NMR DEG residue resonance (4 protons) divided by two, relative to furan proton resonance (2 protons).33 

 

Whilst the majority of DEG is formed during the esterification reaction, it is worth also noting 

that DEG can be formed during the PC reaction.29 Ti citrate at 30 ppm, had a shorter 

polycondensation reaction time of 02:26, due to the torque limit of 20 N cm being reached. 

The PEF produced from this reaction also gives polymer with lower DEG content than PEF 

produced with 20 ppm Ti citrate with a similar molecular weight. Further work employing 

design of experiments would allow a constructive approach to any variables that effect DEG 
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content. Further analysis of the quantity of catalyst and additive concentration in the final 

polymer may shed further light on the DEG values. 

3.9.1. The effect of Trimethyl Phosphate on the Diethylene Glycol Content of 
Polyethylene Furanoate 

The effect of the addition of TMP on the DEG content is shown in table 3.24. In comparison 

to PEF catalysed without phosphorous additive, little difference is seen in the DEG content 

of Ti citrate with or without TMP.  

SbEG + TMP catalysed PEF gives a lower value of DEG content than SbEG catalysed PEF, whilst 

TTIP + TMP catalysed PEF gives a higher value of DEG content than TTIP catalysed PEF. Again, 

no clear trend between any polymer property and DEG observed. 

This contrasts data by Furanix Technologies B.V where the addition of disodium phosphate 

or sodium sulphate gave reduced levels of DEG content, although in this case it appears the 

sodium is responsible for this decrease rather than the phosphate.20  

With most of the DEG produced during the esterification step future work should focus on 

the impact of catalysts and additives in isolation after this reaction step and then determine 

if any difference is observed subsequently after the polycondensation step, this is explored 

further in section 3.9.2. 

 

Table 3.24. DEG content and polymer data for PEF prepared with different catalysts and TMP. 

Catalyst 
Loadinga 

/ ppm 

Mn
b /kg 

mol–1 

Mw
b / kg 

mol–1 
ÐM

b 
Esterification 

time / h 

DEG 

contentc / 

molmol–1 

SbEG + TMP 250 / 20 17 25 1.47 01:56 0.058 

TTIP + TMP 20 / 20 13 21 1.62 01:59 0.083 

Ti Citrate + TMP 20 / 20 13 26 2.00 01:49 0.068 
a[M] and [P] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml.c DEG content 

calculated from 1H NMR DEG residue resonance (4 protons) divided by two, relative to furan proton resonance (2 protons).33 

 

3.9.2. The effect of the Addition of Catalyst Post-esterification Reaction on the 
Diethylene glycol Content of Polyethylene Furanoate 

The effect of the addition of the catalyst post-esterification and its effect on the DEG content 

of the produced polymer was investigated, table 3.25. This is of interest because, as 

mentioned earlier, the majority of DEG is produced during the esterification reaction step.10 
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Other than Ti citrate, all PEF samples show an increase in DEG content with catalyst addition 

post-esterification.  

Assuming that after the esterification reaction step, under the same conditions, the DEG 

content would be consistent between reactions, the difference is due to catalyst activity 

during the polycondensation step. This finding that titanium-based catalysts in this 

experiment show lower DEG content than antimony-based catalysts implies higher 

etherification activity during the polycondensation reaction. This agrees with findings by 

Yamada et al. where potassium titanium oxyoxalate less active than Sb2O3 for DEG 

production.35,35,36  

 

Table 3.25. DEG content and polymer data for PEF prepared with different catalysts and TMP added post-
esterification reaction. 

Catalyst 
Loadinga 

/ ppm 

Mn
b /kg 

mol–1 

Mw
b / kg 

mol–1 
ÐM

b 
Esterification 

time / h 

DEG contentc 

/ molmol–1 

SbEG 250 20 31 1.55 01:50 0.085 

TTIP 20 14 24 1.71 01:55 0.080 

Ti Citrate 20 24 37 1.68 01:29 0.070 

Ti Citrate + TMP 20 15 27 1.74 01:36 0.083 
a[M] and [P] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml.c DEG content 

calculated from 1H NMR DEG residue resonance (4 protons) divided by two, relative to furan proton resonance (2 protons).33 

 

3.9.3. The effect of the Variation of the Titanium to Phosphorous Ratio on the 
Diethylene Glycol Content of Polyethylene Furanoate 

Samples with varying Ti : P ratio, and their DEG content were investigated, table 3.26. It is 

seen that whilst a very low value for DEG content is seen for 1 : 0.5, there is no clear trend in 

decreasing ratio. 

 

Table 3.26. DEG content and polymer data for PEF prepared with different Ti:P ratios. 

Ti : P ratioa 
Mn

b / kg 

mol–1 

Mw
b / kg 

mol–1 
ÐM

b 
Esterification 

time / h 

DEG contentc / 

molmol–1 

1:1 13 26 2.00 01:49 0.068 

1:0.75 16 29 1.81 01:41 0.073 

1:0.5 20 32 1.60 01:42 0.053 
a[Ti] = 20 ppm. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml.c DEG content calculated from 1H NMR 

DEG residue resonance (4 protons) divided by two, relative to furan proton resonance (2 protons).33 
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In summary, no clear trend between catalyst type, catalyst loading, molecular weight, or 

esterification time is observed with PEF samples in this study. Despite previous work finding 

that metals catalysed etherification reactions, the suggest mechanism for DEG formation, 

little meaningful difference can be seen with catalyst type.32,34 It could be possible that any 

effects seen with metals, in catalytic amounts, are not identifiable from the many other 

variables at play during the esterification stage of PEF synthesis. The reaction between 

terminal MEG and free EG has been shown to be exceptionally fast, this is suggested to be 

due to intramolecular assistance by the carbonyl oxygen of an ester group, in this case from 

FDCA.37,38 As a result, any effects seen by metal catalysts, at loadings of between 20 - 250 

ppm, may be insignificant in comparison to the excess ethylene glycol. Further work, utilising 

design of experiments, with careful control of variables in a more detailed study would be of 

interest but was not within the scope of this work.  
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 Conclusion and Future Work 

In conclusion, ultra-pure titanium (IV) citrate, is a highly active catalyst for the polymerisation 

of PEF under melt conditions, with similar activity and colour performance to SbEG under 

selected conditions. At 20 ppm of Ti citrate, similar activity for PEF synthesis is observed to 

SbEG at 250 ppm, albeit with slightly diminished colour performance. In comparison to the 

TTIP, Ti citrate gives higher activity at a particular loading, reflecting the increased purity of 

the catalyst, and the increased protection of the metal centre afforded by the citrate ligands. 

The yellow colour, b*, of the polymer produced with Ti citrate, is slightly higher than polymer 

produced with equivalent molecular weight produced with TTIP. This implies that a higher 

quantity of active species is present in Ti citrate catalyst PEF, despite the lower loading, which 

gives greater activity for the polymerisation and degradation reactions. To elucidate 

catalytically active species content in the final polymer, atomic absorption spectrometry 

analysis should be undertaken, in order to better understand the activity of Ti Citrate in 

comparison to other titanium catalysts. 

 

The addition of the phosphorous additive TMP, to the metal catalyst reduced the activity in 

comparison of use of just the catalyst alone in all cases. This affected titanium-based 

catalysts more than antimony, due to the lower loading. The formulation of 20 ppm of Ti 

citrate and 20 ppm of TMP was shown to give a good balance between rate and colour 

performance. The variation of Ti : P ratio showed that in fact a lower quantity of TMP additive 

could be used, increasing activity, and still give comparable b* values from the melt 

polymerisation. Ti citrate + TMP gave a higher b* value than SbEG + TMP and TTIP + TMP, 

indicating higher activity for the degradation reaction in this case. The screening of other 

phosphorous additives, and their impact on activity and colour performance of PEF synthesis, 

is currently unexplored in the literature, and would be of interest for future work.  

 

A change in the addition time of the polycondensation catalyst post-esterification reaction 

was found to affect the catalyst activity, indicating catalyst deactivation during the 

esterification reaction. Ti citrate gave a large increase in activity when added post-

esterification reaction, SbEG and Ti citrate + TMP gave a more modest increase, with TTIP 

showing a decrease. This change in activity for the polymerisation reaction was reflected in 

the degradation reaction, with a change seen in b* values.  
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Increasing polycondensation reaction temperature, 240 °C to 260 °C, and using a higher 

pressure allows a reduction in reaction time, while reaching appreciable molecular weights. 

Under these more industrially relevant conditions Ti citrate and Ti citrate + TMP gave 

polymer of a higher molecular weight and showed a higher activity than SbEG. TTIP 

conversely gave decreased activity, indicating stability is provided by the citrate ligands 

coordinated to the titanium in Ti citrate. The higher temperatures also saw a variation in b* 

values, indicating a difference in activity of the degradation reaction. Further work at higher 

temperatures with phosphorous additives would be of interest, to determine optimum 

conditions. The possibility of using high temperature, combined with phosphorous additives 

to increase molecular weight to packaging grade values, without an SSP step, would be of 

interest. This is currently done in some cases of industrial PET synthesis and is known as 

direct melt-phase polymerisation. 

 

A study into the thermal stability of the PEF samples produced from melt polymerisation 

reaction showed that SbEG (250 ppm) gave excellent colour performance, whilst TTIP (20 

ppm) and Ti citrate (20 ppm) gave large increases in b*, indicating more yellow polymer. This 

was reflected in a decrease in molecular weight after degradation, indicating chain scission. 

The addition of TMP saw better colour performance in the thermal stability testing, with the 

best performance observed with Ti citrate + TMP (20 ppm / 20 ppm). The variation of the 

ratio of Ti : P and a thermal stability test on the PEF produced, showed that with decreasing 

Ti : P ratio there was an increase in the b* value. This demonstrates the inhibiting effect of 

TMP on catalyst activity for the degradation reaction that increases colour. It also shows the 

value in tuning the ratio of catalyst to additive to achieve a balance between molecular 

weight and colour performance in a given time. 

 

The thermal properties of selected samples showed Tg between ca. 71 - 77 °C and Tm between 

ca. 200 - 206 °C, agreeing with literature values for PEF of similar molecular weight.11 Analysis 

of the DEG content of produced polymer showed no clear trend, the lowest value was found 

to be from PEF catalysed with 30 ppm of Ti Citrate in the absence of any additive, and Ti 

Citrate + TMP at a 1 : 0.5 Ti : P ratio, with additive.  

 

This melt-phase polymerisation work and subsequent polymer analysis shows promise for Ti 

Citrate + TMP as a competitor to SbEG + TMP, the current formulation used for industrial PET 

synthesis. The formulations activity for solid-state polymerisation is explored in chapter 4. 



 

 119 

 References  

 

1 A. J. J. E. Eerhart, A. P. C. Faaij and M. K. Patel, Energy Environ. Sci., 2012, 5, 6407–

6422. 

2 U. K. Thiele, Chem. Fibers Int., 2004, 54, 162–163. 

3 Studies confirm the safety of the use of antimony compounds for PET bottles., 

https://www.antimony.com/files/cms1/publications2016/i2a-ntp-study-

assessment-final-170130.pdf, (accessed 1 July 2018). 

4 WHO, Antimony in Drinking-water., 

www.who.int/water_sanitation_health/dwq/chemicals/antimony.pdf, (accessed 21 

November 2018). 

5 W. Shotyk, Environ. Sci. Technol., 2007, 41, 1560–1563. 

6 C. Bach, X. Dauchy, M. C. Chagnon and S. Etienne, Water Res., 2012, 46, 571–583. 

7 European Commission, Critical raw materials for the EU, Report of the Ad-hoc 

Working Group on defining critical raw materials, 2010, vol. 39. 

8 U. K. Thiele, Polyester Producing Plants - Principles and Technology, Verlag Moderne 

Industrie, 1996, 1st Editio., 1996. 

9 F.-A. El-Toufaili, PhD Thesis, University of Berlin, 2006. 

10 F. Ahmadnian, PhD Thesis, University of Berlin, 2008. 

11 Z. Terzopoulou, E. Karakatsianopoulou, N. Kasmi, M. Majdoub, G. Z. Papageorgiou 

and D. N. Bikiaris, Polym. Chem., 2017, 126, 357–370. 

12 G. Z. Papageorgiou, D. G. Papageorgiou, Z. Terzopoulou and D. N. Bikiaris, Eur. Polym. 

J., 2016, 83, 202–229. 

13 D. S. Achilias, A. Chondroyiannis, M. Nerantzaki, K.-V. Adam, Z. Terzopoulou, G. Z. 

Papageorgiou and D. N. Bikiaris, Macromol. Mater. Eng., 2017, 302, 1–15. 

14 Z. Terzopoulou, E. Karakatsianopoulou, N. Kasmi, M. Majdoub, G. Z. Papageorgiou 

and D. N. Bikiaris, J. Anal. Appl. Pyrolysis, 2017, 126, 357–370. 

15 E. De Jong, M. a. Dam, L. Sipos and G. J. M. Gruter, ACS Symp. Ser., 2012, 1105, 1–13. 

16 G.-J. M. Gruter, L. Sipos and M. A. Dam, Comb. Chem. High Throughput Screen., 2012, 

15, 180–188. 

17 United States Patent Office, US20120088898A1, 2015. 

18 United States Patent Office, US9714320B2, 2017. 

19 United States Patent Office, US9765183B2, 2015, 354. 

20 United States Patent Office, US 2017/0066870 A1, 2017. 



 

 120 

21 United States Patent Office, US 2017/0015780 A1, 2017. 

22 United States Patent Office, US5656716, 1997. 

23 UK Patent Application, GB2314081A, 1996. 

24 World Intellectual Property Organization, WO2004050239A2, 2004. 

25 World Intellectual Property Organization, WO2001056694A1, 2001. 

26 World Intellectual Property Organization, WO2002042537A2, 2002. 

27 World Intellectual Property Organization, WO2005035622A1, 2005. 

28 European Patent Office, EP2765149A1, 2014. 

29 F. Ahmadnian, F. Velasquez and K.-H. Reichert, Macromol. React. Eng., 2008, 2, 513–

521. 

30 F. Weingart, P. Hirt and H. Herlinger, Chem. Fibers Int., 1996, 46, 96–97. 

31 B. Fortunato, A. Munari, P. Manaresi and P. Monari, Polymer, 1994, 35, 4006–4010. 

32 J. Scheirs and T. E. Long, Modern Polyesters : Chemistry and Technology of Polyesters 

and Copolyesters, John Wiley & Sons, Ltd, 2003. 

33 World Intellectual Property Organization, WO2015137805A1, 2015. 

34 V. Hornof, J. Macromol. Sci. Part A - Chem., 1981, 15, 503–514. 

35 T. Yamada, J. Appl. Polym. Sci., 1992, 45, 765–781. 

36 T. Yamada and Y. Imamura, Polym. Plast. Technol. Eng., 1989, 28, 811–876. 

37 J. W. Chen and L. W. Chen, J. Polym. Sci. Part A Polym. Chem., 1998, 36, 3073–3080. 

38 L. Chen and J. Chen, J. Appl. Polym. Sci., 1999, 75, 1229–1234. 



 

 121 

 

 

 

 

 

 

Chapter 4 

The Role of Titanium(IV) Citrate in the Solid-

State Polymerisation of Polyethylene 

Furanoate 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 122 

Chapter 4  The Role of Titanium(IV) Citrate in the Solid-State 

Polymerisation of Polyethylene Furanoate 

 Introduction 

Solid state polymerisation (SSP) is widely utilised in polyester synthesis to increase the 

molecular weight to values suitable for applications.1–10 The polymer is heated, between the 

Tg and Tm, and a vacuum/inert carrier gas is applied to remove by-products. Under these 

conditions the polymer chains are mobile enough to allow polycondensation to take place.  

The rate of SSP is based upon the physical processes of diffusion and crystallisation. The end 

groups and polymer chains are required to diffuse throughout the polymer until they are 

within a distance where a reaction can take place. The side products produced from this 

reaction, ethylene glycol and water, are also required to diffuse through the solid polymer 

to be removed at the surface. The rate is dependent upon end group mobility, the diffusion 

of by-products through the semi-crystalline polymer and the removal of by-products from 

the surface. This process takes place whilst the semi-crystalline solid polymer is undergoing 

crystallisation throughout the SSP process, inhibiting the mobility of end groups and by-

products.6,11  

The SSP of polyesters is a well-studied industrial process subject to a number of variables 

explained herein. One of the most important considerations, with respect to SSP, is that 

within the semi-crystalline polymer, the reactive end groups and the catalyst are in the 

amorphous regions, whilst it is assumed no reaction occurs in the crystalline region. 

Crystallinity affects the diffusion rate and mobility of end groups, and increases over time 

during SSP, which in turn decreases SSP rate. Therefore, a trade-off is struck between the 

degree of crystallisation within the polymer and the SSP rate. Without sufficient initial 

crystallinity, the polymer particles aggregate and diffusion of by-products from the surface 

is hindered, leading to decreased SSP rate.12–14 

The reactions involved in SSP are the same as those involved in the melt-polymerisation 

process. The main reactions to consider are the transesterification and esterification 

reactions. The relatively low hydroxyl end group concentration results in minimal diethylene 

glycol formation, in comparison to melt polymerisation. The temperature chosen for SSP 

varies depending on the particle size, the range of temperatures suitable is narrow because 

of the compromise that needs to be reached between maximising reaction rate and 

preventing aggregation of the polymer particles.11 
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The SSP reaction rate is impacted also by the ratio of hydroxyl end groups to carboxyl end 

groups. The transesterification reaction is favoured at low carboxyl end group 

concentrations liberating monoethylene glycol (MEG), whilst the esterification reaction is 

favoured at high carboxyl end group concentrations and liberating water.15 

The catalyst used for the melt polymerisation also effects the SSP reaction; Kokkolas et al. 

determined that the transesterification reaction rate of SSP for PET increased linearly with 

Sb2O3 concentration, whilst the esterification reaction rate was unaffected.16 Kasmi et al. 

found that PEF prepared with titanium isopropoxide (TTIP) gave higher reaction rates for SSP 

than dibutyltin oxide (DBTO), but DBTO produced polymer with higher crystallinity.17 

Finally, the starting molecular weight impacts the achievable molecular weight. Higher final 

molecular weights can be achieved from higher initial molecular weights, due to the 

tendency of lower molecular weight polymer to increase in crystallinity to a greater extent 

during SSP.18 This inhibits polymer chain mobility. 

 

Polymerisation lower than the Tm serves to overcome some of the problems associated with 

melt phase polymerisations, such as the stirring of viscous reaction mixtures and degradation 

reactions, which result in undesirable polymer properties such as high carboxyl end group 

and high acetaldehyde content.8,19–21 Whilst several studies investigate the SSP of PET, only 

a few are available for PEF.4,17,22 Of these studies, there is little focus on polymer colour post-

SSP, which, is crucial for the commercial adoption of PEF. No reports of simulating polymer 

processing conditions, which exacerbate the colour producing side reactions at elevated 

temperatures, are found. Only one study investigates the effect of different catalysts for PEF 

SSP.17 

No research is available for PEF SSP that compares titanium-based catalysts to antimony-

based catalysts, nor with any phosphorous additive commonly used in industry. In this 

chapter, polymer produced with titanium-based catalysts, from melt polymerisation 

reactions, is used for SSP. The effect on the rate, colour, end group content and thermal 

stability is investigated and compared to antimony-based catalysts. 
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 Solid–State Polymerisation Kinetics of Polyethylene Furanoate 

A metal reactor heating block was used to run samples at different time points. The particle 

size is particularly important for SSP and therefore samples were ground and passed through 

a 425 µm sieve to ensure observations were relevant to catalytic activity, not particle size. 

Samples were dried for 12 h, crystallised for 2 h at 165 °C before SSP at  

190 °C. 

An initial investigation into the SSP reaction of PEF using the metal heating block setup and 

protocol was conducted with PEF catalysed with SbEG, figure 4.1. The majority of the 

molecular weight increase was observed in the first 24 h, with Mn values suitable for 

packaging applications achieved. A lower rate of SSP is seen after 24 h and degradation of 

the polymer is seen after 120 h. These results indicate that a shorter reaction time would be 

more suitable to preform SSP.  

 

 
Figure 4.1. Molecular weight variation of antimony-catalysed PEF during SSP over time.   

 

Three samples of PEF prepared with 3 different metal catalyst types were subsequently 

investigated, with a shorter SSP reaction time. Zr(acac)4 shows little activity for SSP, with the 

Mn increasing only slightly after 48 h. SbEG and Ti Citrate show the greatest increase in Mn 

after 6 h, a slower increase to 24 h before levelling off to 48 h. Ti Citrate shows a slightly 

higher SSP rate than SbEG. The dispersity, ÐM, of all polymer samples show slight variations 

over time. Final ÐM values are slightly lower for SbEG catalysed PEF. These initial results 
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indicated that further SSP experiments should halted after 24 h, as no appreciable activity is 

seen after this point. 

 

Table 4.1. Initial polymerisation data for PEF prepared with different catalysts before SSP. 

Catalysta Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
b 

SbEG (188 ppm) 16 28 1.75 

Ti Citrate (20 ppm) 21 35 1.66 

Zr(acac)4 (50 ppm) 22 35 1.65 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. 

 
Figure 4.2. Molecular weight variation of PEF prepared with different catalysts in SSP over time.   

 

Selected PEF samples produced with SbEG, Ti Citrate and Ti Citrate + TMP, were subjected 

to solid state polymerisation, initial data of the polymer used is shown in table 4.2 and 4.3. 

The intrinsic viscosity, molecular weight and colour were studied. 
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Table 4.2.Polymerisation data for PEF prepared with different catalyst formulations. 

Catalysta Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
b [η]c / dL g–1 

SbEG (250 ppm) 18 30 1.61 0.47 

Ti Citrate (20 ppm) 18 32 1.78 0.48 

Ti Citrate + TMP 

(20 ppm / 20 ppm) 
13 26 2.00 0.42 

a[M] and [P] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cIntrinsic 

viscosity determined externally according to ATSM 4603-03, phenol/1,1,2,2-tetrachlorethane (3:2). 

 

Table 4.3. Solution UV/VIS data for PEF prepared with different catalyst formulations. 

Catalysta L*b a*b b*b 

SbEG (250 ppm) 99.90 0.21 1.08 

Ti Citrate (20 ppm) 97.78 -0.52 1.97 

Ti Citrate + TMP (20 ppm/20 ppm) 99.58 0.02 1.96 
a[M] and [P] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. 

 

All PEF samples show an increase of IV over time to values useful for applications > ca. 0.7 

dL g–1, figure 4.3. Mn data is also shown, and a similar trend is observed. Ti citrate shows 

significantly higher activity than SbEG (0.033 dL g–1 h–1 vs. 0.024 dL g–1 h–1), figure 4.4. The 

activity of Ti Citrate + TMP is lower than SbEG at 0.021 dL g–1 h–1, reflecting the deactivation 

of the catalyst by the TMP additive. This agrees with previous studies, which observed  

increased reaction rates with titanium catalysts over antimony catalysts for the SSP of PET, 

and that SSP activity was in agreement with their melt polymerisation activity.23 

Assuming particle size and crystallisation time are constant, the effect of the catalyst on SSP 

is the main consideration. Titanium-based catalysts show a lower crystallisation rate than 

antimony, due to the lower catalyst concentration (250 ppm vs 20 ppm) leading to fewer 

nucleation sites. Therefore, unless sufficient crystallinity is reached, the SSP rate will be 

hindered by poor surface diffusion. The high activity of Ti Citrate shows that sufficient 

crystallinity is most likely reached, indicating the optimum crystallisation temperature of PEF 

of 165 °C stated by Stoclet et al. is sufficient in this case.12  

Another consideration with respect to the crystallisation is the difference in starting 

molecular weight. Whilst there is less of a difference between SbEG and Ti citrate, there is a 

significantly lower starting molecular weight for Ti citrate + TMP. This is potentially an 
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explanation for the lower final molecular weight of Ti Citrate + TMP, due to the tendency of 

lower molecular weight polymer to gain a higher increase in crystallinity during SSP.18   

 
Figure 4.3. Intrinsic viscosity and Mn variation of PEF prepared with different catalyst formulations for SSP over 

time.   

 

Table 4.4. Change in IV of PEF prepared with different catalyst formulations after SSP. 

Catalysta D[η]b / dL g–1 h–1 

SbEG (250 ppm) 0.024 

Ti Citrate (20 ppm) 0.033 

Ti Citrate + TMP (20 ppm / 20 ppm) 0.021 
a[M] and [P] by mass relative to FDCA bIntrinsic viscosity determined externally according to ATSM 4603-03, phenol/1,1,2,2-

tetrachlorethane (3:2). 

 

The SEC data compliments the IV data, showing the same increase in SSP activity over time, 

figure 4.4. The SEC data elucidates the distribution of the molecular weights within the 

different polymer samples, ÐM. SbEG and Ti citrate catalysed PEF both initially show an 

increase in ÐM. after 2 h, whilst Ti citrate + TMP shows a decrease. At the 4 h time point SbEG 

catalysed PEF shows a decrease in ÐM. and Ti citrate remains similar in value. Ti citrate + TMP 

catalysed PEF conversely increases and continues to increase in ÐM. for the rest of the 

reaction. From 4 h onwards SbEG catalysed PEF steadily increases in ÐM. Ti citrate on the 
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other hand shows a more dramatic increase at 8 h, before levelling out at 24 h. Both titanium 

catalysed PEF samples show a higher final ÐM. than antimony catalysed PEF, indicating a 

higher proportion of the polymer is of a higher molecular weight. 

 

 
Figure 4.4. Molecular weight variation of PEF prepared with different catalyst formulations in SSP over time.   

Differential Scanning Calorimetry (DSC) of the polymer prior to SSP allows the determination 

of the enthalpy of fusion, table 4.5. The degree of crystallinity of the polymer can then be 

calculated by the enthalpy of fusion of each sample, and the enthalpy of fusion of pure 

crystalline PEF, which is 137 J g–1.22  

 

Table 4.5. Enthalpy of fusion and degree of crystallinity of PEF samples pre-SSP. 

Catalysta DHm 
b/ J g–1 Xc

c / % 

SbEG (250 ppm) 30.01 22.1 

Ti Citrate (20 ppm) 30.54 22.5 

Ti Citrate + TMP (20 ppm / 20 ppm) 35.74 26.3 
a[M] and [P] by mass relative to FDCA. bThermal data from heating cycle. cDegree of crystallinity calculated from enthalpy of 

pure crystalline PEF, 137 J g–1. 

 

SbEG and Ti citrate catalysed PEF have similar Xc, 22.1 and 22.5 % respectively, Ti citrate + 

TMP has a higher Xc of 26.3 %. Despite the lower catalyst loading, and therefore potentially 

fewer nucleation points, it is interesting that Ti Citrate and SbEG showed similar degrees of 
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crystallinity.  The increased crystallinity of polymer prepared with Ti citrate + TMP is likely 

due to the addition of TMP, which serves to provide more nucleation sites. A higher degree 

of crystallinity is known to reduce SSP rate, seen with Ti Citrate + TMP.  

The molecular weight and intrinsic viscosity increases over time reported in this study, are 

significantly greater than seen in other work under similar conditions. Our study shows an 

increase in Mn of ca. 17 kg mol–1 after 4 h for Ti Citrate (20 ppm) at 190 °C and with a particle 

size of 400 µm ± 160 µm. Achilias et al. report an increase in Mn of ca. 4 kg mol–1 after 5 h of 

SSP time with tetrabutyltitanate (TBT) catalyst (400 ppm) at 190 °C with a similar particle size 

of 400 µm ± 160 µm.22 Similar work by Kasmi et al., under the same conditions as the study 

mentioned previously, shows an increase in Mn after 5 h of ca. 3 kg mol–1 with TTIP, TBT and 

dibutyl tin oxide (400 ppm).17 The results show no appreciable change in SSP rate with 

catalyst under these conditions, contrasting with our work. Another study by Kasmi et al. 

employs a re-melting step at 240 °C for 30 minutes after 6 h of SSP, followed by a further 5 

h of SSP.4 This re-melting procedure produces an increase in Mn of ca. 6 kg mol-1 after 5 h in 

the second SSP step at 190 °C, ca. 9 kg mol–1 at 200 °C and ca. 14 kg mol–1 at 205 °C.  

The higher SSP rate seen in this work can be rationalised by considering the two major 

considerations of SSP, diffusion and crystallisation. 

In terms of crystallisation, the conditions used in this study was 2 h at 165 °C, after drying for 

12 h. No drying step is mentioned in the other studies. The study by Achilias et al. featured 

a stepwise annealing treatment/crystallisation of 130 °C (30 min), 140 °C (20 min), 150 °C (20 

min), 160 °C (20 min), and 170 °C for 2 h. This is similar in terms of crystallisation time to our 

study, and so it can be assumed that the differences in reactivity are likely not due to 

crystallisation. Kasmi et al., however, use a significantly longer crystallisation time, 170 °C for 

6 h, this would produce a more crystalline polymer, reducing the reaction rate. Further 

comparisons are difficult to make due to the lack of degree of crystallisation data prior to 

SSP from these studies.  

In terms of diffusion, the particle sizes in all studies by Achilias et al., and Kasmi et al., feature 

the same particle size as in our study, 400 µm ± 160 µm. We can assume all studies have a 

similar, if not higher in work by Kasmi et al., degree of crystallisation, and therefore 

aggregation of polymer particles would be minimised, and surface diffusion maximised as a 

result. 

Another consideration is initial carboxyl end group content, reported in the study by Achilias 

et al. to be ca. 35 mmol kg–1, and in the studies by Kasmi et al. to be ca. 25 mmol kg–1 in most 

cases, and ca. 46 mmol kg–1 in one case where the polymer was subject to a remelting step 
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post SSP, leading to thermal degradation and in increase in carboxyl end groups. This 

compares to our values of 22.6, 12.7 and 87.1 mmol kg–1 or SbEG, Ti citrate and Ti citrate + 

TMP, respectively. The similar values for SbEG and Ti citrate to those in the literature studies 

show a higher value of initial carboxyl end groups are not responsible for the increased SSP 

activity seen in this study. 

4.2.1. End-Group Content of Polyethylene Furanoate 

As mentioned earlier, the reaction rate of SSP is influenced by polymer end group 

concentration. At high carboxyl end group concentrations, esterification reactions are 

favoured, whilst at low concentrations, transesterification is favoured. Carboxyl end groups 

are consumed during molecular weight increase but can also be created from degradation, 

giving a vinyl end group and a carboxyl end group. Carboxyl end groups are only consumed 

during the reaction. The carboxyl end group and hydroxyl end group content of selected PEF 

samples were investigated before and after SSP, to assess their change over time, table 4.6 

and 4.7.  

All PEF samples gave a decrease in carboxyl end group after the SSP reaction, expected due 

to their consumption in esterification reactions leading to an increase in molecular weight, 

table 4.6. SbEG and Ti Citrate, with similar molecular weights prior to SSP, gave similar 

carboxyl end group content. Ti Citrate + TMP gave the biggest decrease in carboxyl end group 

content over the course of the SSP reaction, reflecting the increased quantity of carboxyl end 

group available to react due to its lower starting molecular weight. 

 

Table 4.6. Carboxylic acid end group content of selected PEF samples before and after SSP. 

Catalysta 
CEGb, t = 0 / 

mmol kg–1 

CEGb, t = 24 h / 

mmol kg–1 

D CEGb / 

mmol kg–1 

SbEG (250 ppm) 22.6 12.8 -9.8 

Ti Citrate (20 ppm) 12.7 8.2 -4.5 

Ti Citrate + TMP (20 ppm/20 ppm) 87.1 9.6 -77.5 
a[M] and [P] by mass relative to FDCA. bCarboxylic acid end group content determined externally by titration according to 

ASTM D7409 – 15. 

 

The hydroxyl end group content is shown in table 4.7. A decrease after SSP is seen with all 

polymer samples. This is due to the consumption of hydroxyl end group during molecular 

weight increase by esterification reactions that yield water, or transesterification reactions 

to yield MEG. Both by-products are subsequently removed. The highest starting value of 
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hydroxyl end group is seen with Ti Citrate, then SbEG and Ti Citrate + TMP, mirroring 

molecular weight/ intrinsic viscosity values. Post–SSP Ti Citrate + TMP has the highest 

hydroxyl end group content, followed by Ti Citrate, and SbEG. The biggest change in hydroxyl 

end group content is seen with Ti Citrate, followed by SbEG and then Ti Citrate + TMP, 

indicating that the consumption of hydroxyl end group was highest with those that showed 

the highest activity for SSP, table 4.4. 

 

Table 4.7. Hydroxyl end group content of selected PEF samples before and after SSP. 

Catalysta 
HEGb, t = 0 / 

mmol kg–1 

HEGb, t = 24 h / 

mmol kg–1 

D HEGb / 

mmol kg–1 

SbEG (250 ppm) 88.5 19.9 68.5 

Ti Citrate (20 ppm) 98.4 26.8 70.2 

Ti Citrate + TMP (20 ppm/20 ppm) 66.8 34.4 33.8 
a[M] and [P] by mass relative to FDCA. bHydroxyl end group content determined from carboxyl end group content and Mn. 

 

 

The addition of TMP to Ti Citrate reduces the molecular weight of the prior to SSP, this is 

reflected in higher carboxyl end group content and lower hydroxyl end group content. During 

the SSP reaction the lower activity seen with Ti Citrate + TMP is reflected in a smaller change 

in hydroxyl end group. Further work is needed to determine how far these results are a 

reflection of catalyst formulation used. 

4.2.2. Catalyst Effect on the Evolution of Colour in Polyethylene Furanoate During 
Solid–State Polymerisation. 

The advantage of polymerisation below the Tm of the polymer is the reduction of degradation 

reactions that induce colour.11 Due to the higher activation energies of the reactions involved 

with polymer degradation, the lower temperatures used with SSP allows molecular weight 

of the polymer to be increased, with low increase in polymer colour.3,11 

The evolution of colour over SSP time was monitored by solution UV/VIS spectrometry. The 

change in the lightness (L*) of the PEF samples over time in solution is shown in figure 4.5. 

All samples show a decreasing in L* over the SSP experiment. The largest decrease was seen 

with the SbEG catalyst, followed by Ti Citrate and Ti Citrate + TMP, D L* = 1.76, 1.04 and 0.85, 

respectively.     
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Figure 4.5. Lightness (L*) variation of PEF prepared with different catalyst formulations in SSP over time.   

 

A slight decrease in a* values, and therefore a greener colour is seen for all PEF samples, 

figure 4.6. Ti citrate shows the largest change of Da* of 0.90. SbEG and Ti citrate + TMP both 

show lower changes in a*, Da* of 0.49 and 0.41, respectively. The final a* value after 24 h 

SSP, once high molecular weights are reached, is lower for Ti citrate, and therefore greener 

in colour, than PEF produced with the other two catalysts. 
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Figure 4.6. Variation of a* of PEF prepared with different catalyst formulations in SSP over time.   

 

The b* values show variation in the first 4 h, before a general increase from all of the PEF 

samples, indicating an increase in yellow colour, figure 4.7. The biggest increase in seen with 

Ti citrate, with a Db* of 4.09. SbEG and Ti citrate + TMP both show much lower increases in 

b*, Db* of 1.78 and 0.61, respectively. The addition of the stabiliser, TMP, to Ti citrate 

provides much improved colour performance that without TMP, with comparable final b* 

values to SbEG after 24 h of SSP and a lower Db*. 
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Figure 4.7. Variation of b* of PEF prepared with different catalyst formulations in SSP over time.   

 

Overall, all PEF samples gave an increase in b* over time, as previously reported.3 Inferior 

colour performance was seen with Ti citrate catalysed PEF, with high values of b* especially 

in comparison with SbEG, an issue previously reported for titanium catalysts for SSP.11 The 

use of TMP to inhibit the Ti citrate catalyst gives comparable colour performance to SbEG. 

This finding shows that high molecular weight PEF can be achieved in similar times to SbEG, 

with comparable colour performance and at significantly lower catalyst loading. Other 

studies reporting the use of SSP of PEF, make no mention of the change in polymer colour 

throughout the process, a metric crucial to the adoption of PEF in high molecular weight 

applications such as food and drink packaging.4,17,22 Further work to compare the SSP activity 

of the catalysts in the presence of the TMP additive is discussed later in this chapter. 
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4.2.3. Thermal Degradation Test of Polyethylene Furanoate from Solid State 
Polymerisation 

As mentioned earlier, an important catalyst characteristic is its effect on polymer thermal 

degradation during processing steps. This is of particular interest at the high molecular 

weights, e.g. post–SSP, used for packaging applications.  

PEF samples after 24 h of SSP were subject to a melt degradation test to monitor the change 

in colour, the molecular weight data of the PEF used prior to degradation is shown in table 

4.8. Ti citrate gave the largest Db* of 3.41, followed by SbEG with Db* 2.47, table 4.9. The 

addition of TMP not only serves to reduce colour evolution throughout the SSP process, but 

also during heating above the Tm of the polymer, as seen from the low Db* of 0.40 for Ti 

Citrate + TMP.  

 

Table 4.8. Molecular weight data of PEF samples prepared with different catalysts before degradation tests. 

Catalysta Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
b [η]c / dL g–1 

SbEG (250 ppm) 55 98 1.78 1.08 

Ti Citrate (20 ppm) 61 127 2.08 1.27 

Ti Citrate + TMP (20 ppm/20 ppm) 47 96 2.04 0.94 
a[M] and [P] by mass relative to FDCA bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cIntrinsic 

viscosity determined externally according to ATSM 4603-03, phenol/1,1,2,2-tetrachlorethane (3:2). 

 

Table 4.9. Solution UV/VIS data for PEF prepared with different catalyst formulations after thermal 
degradation testing. 

Catalysta L*b a*b b*b Db*b 

SbEG (250 ppm) 96.22 -1.34 5.31 2.47 

Ti Citrate (20 ppm) 96.42 -1.43 9.47 3.41 

Ti Citrate + TMP (20 ppm/20 ppm) 95.39 -1.08 2.97 0.40 
a[M] and [P] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. 
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4.2.4. Acetaldehyde Content of Polyethylene Furanoate 

The acetaldehyde content of PEF is of interest due to the strict limits of acetaldehyde allowed 

in packaging, because of its ability to migrate into food and beverages, impacting flavour.24  

Many routes to the production of acetaldehyde are available, but most start from the 

production of a vinyl end group, as discussed in detail in section 1.6.5. Acetaldehyde is 

produced as a result of the thermal degradation of the polymer chain. 

The acetaldehyde content of selected polymer samples post-SSP, were analysed before and 

after a thermal degradation test, table 4.10. PEF samples were dried and subject to heating 

above the melt temperature, 280 °C, under N2, for 20 minutes. All samples show a large 

increase in acetaldehyde content after the thermal degradation test, due to the production 

of acetaldehyde from degradation reactions. Prior to thermal degradation testing SbEG 

catalysed PEF gave the lowest value of acetaldehyde content, Ti Citrate with or without TMP 

gave the same value. Post thermal degradation test of SbEG catalysed PEF produced the 

highest amount of acetaldehyde, followed by Ti Citrate and Ti Citrate + TMP.  

 

Table 4.10. Acetaldehyde content of selected PEF samples before and after a thermal degradation test. 

Catalysta AAb, t = 0 / ppm AAb, t = 20 m / ppm D AAb / ppm min–1 

SbEG (250 ppm) 0.1 69.8 3.5 

Ti Citrate (20 ppm) 0.5 38.2 1.9 

Ti Citrate + TMP (20 

ppm/20 ppm) 
0.5 33.1 1.6 

a[M] and [P] by mass relative to FDCA. bAcetaldehyde content determined externally according to ASTM F2013 – 10(2016), 

150 °C for 60 min. 

 

Interestingly SbEG catalysed PEF gave a lower change in b* during thermal degradation than 

Ti Citrate catalysed PEF. This should be accompanied by a lower change in acetaldehyde, as 

the b* value represents the yellowness of the polymer, a property that is due to vinyl end 

group production. These vinyl end groups can go on to form acetaldehyde. This, however, is 

not the case, and SbEG catalysed PEF gives a higher value of acetaldehyde than Ti Citrate. 

One explanation for the higher acetaldehyde, but lower yellow colour could be that when 

using titanium catalysts, more of the vinyl end groups react to form chromophores, rather 

than reacting further to form acetaldehyde.  

Titanium vinylates are known to form from titanium glycolates, and increase the production 

of vinyl end groups and acetaldehyde, in this case however only the former effect is 
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observed.25 Ti Citrate + TMP  catalysed PEF gives a slightly lower value of acetaldehyde than 

without the TMP additive. This could be due to less available catalyst resulting in fewer 

degradation reactions which produce acetaldehyde. The lower production of acetaldehyde 

content seen when using titanium catalysts is beneficial for producing PEF for food and 

packaging applications. 

In conclusion, the SSP process outlined above gives a faster rate for Ti citrate catalysed PEF 

(20 ppm), than SbEG catalysed PEF (250 ppm).  The addition of TMP to Ti citrate (20 ppm / 

20 ppm) serves to reduce SSP rate to slightly lower than that seen with SbEG (250 ppm). The 

results obtained indicate that this process is superior to others in the literature under similar 

conditions, accessing higher molecular weights in shorter times.  

A comparison of colour to the literature is difficult to make, due to a lack of work in this area. 

When comparing to SbEG (250 ppm) in this study, Ti citrate (20 ppm) without a stabiliser 

produces PEF of much higher colour, particularly b*. The addition of TMP (20 ppm), leads to 

comparable levels of colour to SbEG. These results demonstrate that with the addition of a 

suitable amount of catalyst inhibitor/stabiliser, PEF of a given molecular weight, polymerised 

with Ti citrate, can yield an SSP rate increase comparable to SbEG. In addition, the high 

molecular weight PEF produced has colour performance comparable to SbEG catalysed PEF, 

and upon sustained heating leading to thermal degradation, maintains comparable colour 

performance.  

PEF samples with the highest molecular weight prior to SSP gave the lowest values of 

carboxyl end group, and those with the highest initial number showed the largest decrease 

over time.  

Acetaldehyde content determination showed that titanium catalysts gave higher 

acetaldehyde content in PEF than antimony catalysed PEF post-melt polymerisation. After 

thermal degradation testing, acetaldehyde content was significantly higher in PEF produced 

with an antimony-based catalyst. 
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 The Effect of the Addition of Trimethylphosphate on Solid-State 
Polymerisation Activity. 

In order to more thoroughly analyse the effect of TMP as an additive with different catalysts 

and to highlight the value of adding TMP, longer experiments were carried out to produce 

PEF of similar molecular weights with SbEG, TTIP and Ti citrate, and TMP, table 4.11 and 4.12. 

The similar molecular weight values of each polymer samples serve to limit the variation in 

the degree of crystallisation, seen as the SSP reaction proceeds, which in turn affect the rate 

of SSP.18 The samples were subjected to solid state polymerisation, and their molecular 

weight and colour change over time investigated. 

 

Table 4.11. Polymerisation data for PEF prepared with different catalysts with the addition of TMP. 

Catalysta 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
ÐM

b [η]c / dL g–1 

SbEG + TMP (250 ppm / 20 ppm) 19 32 1.68 0.47 

TTIP + TMP (20 ppm / 20 ppm) 19 33 1.74 0.47 

Ti Citrate + TMP (20 ppm / 20 ppm) 21 33 1.57 0.47 
a[M] and [P] by mass relative to FDCA bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cIntrinsic 

viscosity determined externally according to ATSM 4603-03, phenol/1,1,2,2-tetrachlorethane (3:2). 

 

Table 4.12. Solution UV/VIS data for PEF post-SSP prepared with different catalysts and TMP.  

Catalysta L*b a*b b*b 

SbEG + TMP (250 ppm / 20 ppm) 98.83 -0.03 0.89 

TTIP + TMP (20 ppm / 20 ppm) 99.72 -1.00 0.69 

Ti Citrate + TMP (20 ppm / 20 ppm) 98.83 -0.03 1.62 
a[M] and [P] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. 

 

The SEC data for PEF catalysed with formulations including TMP show a significant difference 

to those without, figure 4.8 and 4.4. Ti Citrate + TMP shows the best performance, with a 

large increase in Mn after 8 h to ca. 40 kg mol–1, before a steadier increase between 8 h and 

24 h to 50 kg mol–1. SbEG + TMP appears to plateau after 4 h at ca. 28 kg mol–1, with little 

increase seen thereafter. TTIP + TMP shows little change in Mn over the course of the 

reaction. It is expected that the addition of TMP would reduce catalyst activity, however it 

appears that for SbEG and TTIP, in the presence of TMP activity is reduced significantly more 

than in the case of Ti Citrate. This reflects the lower Mw of TTIP + TMP synthesised via a melt 
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polymerisation in section 3.4, in comparison to Ti Citrate + TMP. This contrasts the activity 

seen between Ti Citrate and SbEG with no TMP additive, where the SSP activity of Ti Citrate 

was only marginally higher. 

 

 
Figure 4.8. Molecular weight variation of PEF prepared with different catalyst formulations in SSP over time.   

 

4.3.1. End-Group Content of Polyethylene Furanoate  

The end group content of selected PEF samples produced with different catalysts and TMP 

additive were investigated before and after SSP, table 4.13 and 4.14.  

The carboxyl end group content before SSP is lowest for Ti Citrate + TMP, and slightly higher 

for SbEG + TMP. TTIP + TMP gives a much higher value for carboxyl end group content, 

perhaps indicative of chain scission during the extended time period required to reach the 

molecular weight value. The final carboxyl end group values are similar for SbEG + TMP and 

Ti Citrate + TMP, with a lower change in content for Ti Citrate + TMP. TTIP + TMP on the other 

hand shows a greater change in carboxyl end groups, however does not reach final values as 

low as other samples. This reflects the lack of activity seen with TTIP + TMP throughout the 

SSP process and reflects that the fact that the end groups are not being consumed during 

the reaction to increase molecular weight.  
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Table 4.13. Carboxylic acid end group content of selected PEF samples before and after SSP. 

Catalysta 
CEGb, t = 0 / 

mmol kg–1 

CEGb, t = 24 h / 

mmol kg–1 

D CEGb / 

mmol kg–1 

SbEG + TMP (250 ppm / 20 ppm) 28.8 11.9 16.9 

TTIP + TMP (20 ppm / 20 ppm) 129.0 99.6 29.4 

Ti Citrate + TMP (20 ppm / 20 ppm) 13.7 10.3 3.4 
a[M] and [P] by mass relative to FDCA. bCarboxylic acid end group content determined externally by titration according to 

ASTM D7409 – 15. 

 

SbEG + TMP and Ti Citrate + TMP catalysed PEF show similar hydroxyl end group starting 

values, figure 4.14. A much larger change in hydroxyl end group content is seen with Ti 

Citrate + TMP, reflecting the higher activity in SSP seen with this catalyst. The values for the 

starting hydroxyl end group content of TTIP + TMP could not be calculated due to the high 

carboxyl end group values providing a negative hydroxyl end group quantity. The final 

hydroxyl end group content values for TTIP + TMP are lower than for the other catalysts used, 

reflecting the high carboxyl end group content.  

 

Table 4.14. Hydroxyl end group content of selected PEF samples before and after SSP. 

Catalysta 
HEGb, t = 0 / 

mmol kg–1 

HEGb, t = 24 h / 

mmol kg–1 

D HEGb / 

mmol kg–1 

SbEG + TMP (250 ppm / 20 ppm) 76.4 59.5 16.9 

TTIP + TMP (20 ppm / 20 ppm) - 11.5 - 

Ti Citrate + TMP (20 ppm / 20 ppm) 81.5 31.4 50.2 
a[M] and [P] by mass relative to FDCA. bHydroxyl end group content determined from carboxyl end group content and Mn. 

 

Comparing SbEG + TMP catalysed PEF with PEF catalysed with just SbEG, it can be seen that 

a slightly higher change in carboxyl end group values are obtained during SSP with SbEG, 9.8 

mmol kg–1 and 16.9 mmol kg–1 respectively. A larger difference is seen in the change in 

hydroxyl end group content, 68.5 mmol kg–1 and 16.9 mmol kg–1 respectively. This indicates 

that the addition of TMP leads to greater consumption of carboxyl end group, perhaps 

skewed through the production of new carboxyl end group from degradation reactions, 

which would be reduced by the addition of TMP. In contrast, a lower consumption of 
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hydroxyl end group is seen with the addition of TMP, which reflects the lower activity for SSP 

seen with SbEG + TMP due to less available catalyst.  

4.3.2. Evolution of Colour During Solid-State Polymerisation 

The effect of the addition of TMP and SbEG, TTIP and Ti Citrate on polymer colour during SSP 

is investigated below, with polymer of similar starting molecular weight. 

All samples show a decrease in L* over the SSP experiment, with similar L* values after 24 h, 

figure 4.9. These values are slightly higher, and therefore the polymer brighter, than those 

seen previously without any TMP additive. 

 
Figure 4.9. Variation of L* of PEF prepared with different catalyst formulations with TMP in SSP over time.   

 

A decrease in a* over the course of the experiment was observed, figure 4.10. The polymer 

prepared with SbEG exhibits the least negative a* value, followed by Ti Citrate and TTIP.  
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Figure 4.10. Variation of a* of PEF prepared with different catalyst formulations with TMP in SSP over time.   

The addition of TMP significantly reduces the yellowness of the polymer, as indicated by b*, 

giving minimal increases for SbEG + TMP and Ti Citrate + TMP, and slightly higher with TTIP 

+ TMP, figure 4.11. 

 
Figure 4.11. Variation of b* of PEF prepared with different catalyst formulations with TMP in SSP over time.   
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Superior colour performance is seen with Ti Citrate + TMP than for TTIP + TMP, indicating 

the purity of the catalyst (lower quantity of Ti-oxo species), and the ligand system, serve to 

tune selectivity towards the polymerisation reaction more than the degradation reaction.  

This is evident from the much higher SSP activity of Ti citrate + TMP, and lower b* value. 

4.3.3. Thermal Degradation Test of Polyethylene Furanoate from Solid State 
Polymerisation with the addition of Trimethylphosphate 

PEF samples, after 24 h of SSP, were subject to a melt degradation test to monitor the change 

in colour, table 4.15. The initial molecular weight and IV data is shown in table 4.16. All 

samples give similar increases in colour but SbEG + TMP gives a slightly higher Db*.  

 

Table 4.15. Solution UV/VIS data for PEF post-SSP prepared with different catalysts and TMP after a melting 
step. 

Catalysta L*b a*b b*b Db*b 

SbEG + TMP (250 ppm / 20 ppm) 95.27 -0.94 2.76 1.56 

TTIP + TMP (20 ppm / 20 ppm) 96.33 -1.09 2.98 1.27 

Ti Citrate + TMP (20 ppm / 20 ppm) 96.08 -0.51 2.44 1.25 
a[M] and [P] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP 

 

Table 4.16. Molecular weight data of PEF samples prepared with different catalyst formulations prior to 
degradation tests. 

Catalysta Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
b [η]c / dL g–1 

SbEG + TMP (250 ppm / 20 ppm) 28 50 1.79 0.75 

TTIP + TMP (20 ppm / 20 ppm) 23 38 1.61 0.55 

Ti Citrate + TMP (20 ppm / 20 ppm) 48 97 2.02 0.93 
a[M] and [P] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. c Intrinsic 

viscosity determined externally according to ATSM 4603-03, phenol/1,1,2,2-tetrachlorethane (3:2). 

 

A similar degradation test was conducted in the patent referring to the use of ultra-pure Ti 

citrate as a catalyst for PET, 290 °C, for 10 mins.26 The samples were tested post-melt 

polymerisation and so were of slightly different IV than the post-SSP samples tested here.  

The smallest change in b* was seen for the two titanium catalyst formulations in the patent 

example (‘standard’ and ‘purified’ titanium citrate with a phosphorous additive), with little 

difference between them.26 The antimony catalyst and phosphorous additive in the patent 
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example gave PET that gave the largest change in b* in the degradation test. This agrees with 

the results shown here, where the titanium formulations have shown the a lower Db*. 

One difference seen with this work previous for PET is with the final values of b* after the 

degradation test, rather than the change in b*. The patent examples show the lowest final 

value of b* for the antimony and phosphorous catalyst formulation, followed by the 

‘purified’ titanium citrate formulation, and then the ‘standard’ titanium citrate formulation. 

This contrasts work shown here, where final values of b* are similar, with a slightly lower 

value seen for Ti citrate + TMP. 

4.3.4. Acetaldehyde Content of Polyethylene Furanoate Synthesised in the Presence 
of Trimethylphosphate 

The acetaldehyde content of selected polymer samples post-SSP, were analysed before and 

after a thermal degradation test, table 4.17. PEF samples were dried and subject to heating 

above the melt temperature, at 280 °C, under N2, for 20 minutes. A very similar trend with 

all catalysts is seen with or without the addition TMP. SbEG + TMP gives the lowest value of 

acetaldehyde prior to thermal degradation testing, with the titanium-based catalysts giving 

the same values. SbEG + TMP shows the largest increase in acetaldehyde content after 

thermal degradation testing, followed by Ti citrate + TMP and then TTIP. The lower activity 

of TTIP + TMP for SSP of PEF is reflected in a lower increase in acetaldehyde, with less 

degradation reactions taking place to form acetaldehyde.  No significant differences are 

observed with the addition of TMP on the acetaldehyde produced after thermal degradation 

testing, and no clear link between b* of the polymer and acetaldehyde can be seen. 

Results in this study are similar to previous work using ‘ultra-pure’ Ti Citrate for PET 

synthesis.26 Purified titanium citrate, in the presence of a phosphorous additive gave a far 

smaller change in acetaldehyde content than antimony in the presence of a phosphorous 

additive, 0.3 ppm min-1 and 1.9 ppm min-1 respectively.26 

Table 4.17. Acetaldehyde content of selected PEF samples before and after a thermal degradation test. 

 

Catalysta AAb, t = 0 / ppm AAb, t = 20 m / ppm 
D AAb / ppm 

min–1 

SbEG + TMP (250 ppm / 20 ppm) 0.2 53.5 2.7 

TTIP + TMP (20 ppm / 20 ppm) 0.4 27.5 1.4 

Ti Citrate + TMP (20 ppm / 20 ppm) 0.4 37.8 1.9 
a[M] and [P] by mass relative to FDCA. bAcetaldehyde content determined externally according to ASTM F2013 – 10(2016), 

150 °C for 60 min. 
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In conclusion, the addition of TMP to all catalysts gives a decrease in SSP activity with all 

catalysts. This effect is most pronounced for TTIP, which shows very little SSP activity. Ti 

Citrate + TMP catalysed PEF gives highest activity for SSP, followed by SbEG + TMP. This 

contrasts the results seen with no TMP additive, where the activity of Ti citrate catalysed PEF 

was only marginally higher for SSP than SbEG. Similar colour performance is seen with the L* 

and a* values for all samples. The yellowness of the polymer, indicated by b*, is significantly 

higher for TTIP + TMP, whilst Ti Citrate + TMP and SbEG + TMP show similar performance. 

These results show the purified Ti Citrate, in the presence of TMP, allows much higher activity 

for the polymerisation reaction than SbEG and TTIP, and with similar colour performance to 

SbEG. Upon thermal degradation testing, very little difference was seen between samples 

produced with different catalyst formulations. The addition of TMP to SbEG leads to a slightly 

higher change in carboxyl end group during SSP, and a much lower consumption of hydroxyl 

end group than PEF polymerised without TMP. Acetaldehyde content analysis gives similar 

results to those found without the addition of TMP. The highest acetaldehyde content before 

and after SSP is seen with SbEG catalysed PEF, with Ti Citrate + TMP and TTIP + TMP giving 

significantly lower amounts. 
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 Conclusion and Future Work 

In conclusion, a novel method for the SSP of PEF has been developed with a metal heating 

block reactor. This allows the comparison of SSP activity with polymer produced with 

different catalysts and additives over different time points. Initial experiments demonstrated 

that most of the molecular weight increase is seen within the first 24 h. 

SbEG, Ti citrate and Zr(acac)4 catalysed PEF subject to SSP. Zr(acac)4 gave little increase in 

molecular weight, demonstrating poor activity for SSP. This is the first example of the SSP of 

PEF catalysed with a zirconium-based catalyst. Ti Citrate gave higher SSP activity than SbEG 

and is the first reported comparison between a titanium–based catalyst and antimony–

based catalyst for the SSP of PEF. 

The addition of TMP to Ti Citrate gave a decrease in SSP activity when compared to ‘neat’ Ti 

Citrate. Similar SSP activity was observed between Ti Citrate + TMP and SbEG. The rate of 

SSP, and molecular weights/viscosity achieved in this work was far higher than previous work 

in the literature, under similar SSP conditions. The best SSP rate reported in the literature is 

by Achilias et al., who report an increase in Mn of ca. 4 kg mol–1 after 5 h of SSP time.22 The 

study uses tetrabutyl titanate (TBT) as a catalyst at a high loading of 400 ppm at 190 °C with 

a similar particle size of 400 µm ± 160 µm. Our study, in comparison, shows an increase in 

Mn of ca. 17 kg mol–1 after 4 h for Ti Citrate (20 ppm) at 190 °C and with a PEF particle size of 

400 µm ± 160 µm. 

Ti Citrate showed a significant increase in b* over the course of the reaction, indicating 

activity for the degradation reaction even below the Tm of the polymer. SbEG and Ti Citrate 

+ TMP gave little increase in b* after 24 h. These results show the addition of TMP to Ti 

Citrate provides a catalyst formulation that can compete with SbEG in terms of activity and 

polymer colour. This is up to this point, unreported for a titanium catalyst for PEF. Thermal 

degradation testing also demonstrated the stability of  Ti Citrate + TMP catalysed PEF over 

SbEG catalysed PEF. 

A much higher increase in acetaldehyde over time is observed with SbEG, indicating 

increased activity for degradation reactions. This result was not expected, due to the higher 

colour change with Ti citrate during the thermal degradation test, Db* = 3.41, compared to 

SbEG, Db* = 2.47. The chromophores responsible for the increase in yellowness of the 

polymer are formed partly by the polymerisation of vinyl end groups. This data suggests that 

these are formed in greater quantities using titanium-based catalysts, but, because of this, 

they are less likely to break down into acetaldehyde, therefore giving a lower acetaldehyde 
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content. The addition of TMP to Ti Citrate decreased the acetaldehyde content produced in 

the melt test, likely due to catalyst inhibition. 

Both SbEG and TTIP as well as Ti Citrate gave a decreased SSP activity with the addition of 

TMP. This effect was most pronounced for TTIP + TMP, which gave very little increase in 

molecular weight over 24 h. The highest SSP activity was seen with Ti Citrate + TMP followed 

by SbEG + TMP. Interestingly the TTIP + TMP gave the largest increase in b*, suggesting a 

more yellow polymer, indicating an increased selectivity for degradation. Both Ti Citrate + 

TMP and SbEG + TMP gave final polymer colour. These results again reinforce that Ti Citrate 

+ TMP gives superior performance to SbEG + TMP during SSP.  

The addition of TMP results in different end group content. There is a greater change in 

carboxyl end groups during SSP, and a significantly lower change in hydroxyl end group 

reflecting the decrease in SSP activity. The greater change in carboxyl end group, may be due 

to less carboxyl end group formation from degradation reactions, as an effect of TMP 

inhibiting the catalyst activity. 

Thermal degradation tests showed similar colour performance from all PEF samples with 

TMP, with small increased in b* observed after the test. The acetaldehyde content for 

samples with titanium-based catalysts with TMP gave a much lower increase during SSP. 

The development of novel catalyst formulations that can out-compete antimony-based 

catalysts formulations for SSP has been demonstrated at this scale. Ti Citrate-based 

formulations offer higher SSP activity, lower AA content after thermal degradation testing, 

at a lower loading than antimony-based catalysts. 

Further experiments with PEF synthesised with variations of the Ti : P ratio to determine the 

optimum formulation, coupled with determination of catalyst/additive in the final polymer, 

would be of use. Especially considering results displayed earlier indicating the TMP content 

can be reduced with little effect on colour and an increase in activity in melt-phase 

polymerisation. 

Further investigation into the degree of crystallinity, using DSC, would be of interest, trialling 

different crystallization times and temperatures in order to determine an optimum set of 

conditions for maximum SSP rate. Following the degree of crystallinity over time, would 

prove useful, providing data to base the optimum initial degree of crystallinity within the 

polymer on. A change in particle size and the impact on SSP rate would be of interest to 

potentially scale this process up, as larger particle sizes are more practical to use on an 

industrial scale. 
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Determination of the rate constant for SSP at different temperatures, would allow the 

determination of the activation energy and pre-exponential/frequency factor, through an 

Arrhenius plot. This could them be used to compare the ease of polymerisation and the 

frequency of interaction between different PEF samples prepared with different catalyst 

formulations. 

Further work to increase colour performance should focus on the variation of temperature 

to achieve an acceptable increase in SSP, whilst keeping the temperature as low as possible 

to reduce degradation reactions. Also, it has been shown that the addition of 

nanocomposites, such as SiO2 and TiO2, give a higher SSP rate at lower temperatures, this 

could be utilised as a way of operating the SSP reaction a lower temperature to improve 

colour performance. Kinetic analysis of acetaldehyde content throughout the SSP reaction 

would prove useful to determine any key time points at which degradation reactions are 

most prominent. 
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Chapter 5  Metal Organic Frameworks as Catalysts for 

Polyethylene Furanote Synthesis 

 Introduction 

Metal-organic frameworks (MOFs) are crystalline, highly-porous materials consisting of a 

metal ion or cluster of metal ions, and organic compounds acting as linkers. Due to their 

catalytic activity and large surface area, MOFs have found applications in the fields of 

catalytic transformation, hydrogen storage and carbon capture and storage, amongst 

others.1–10 

MOFs application as heterogenous catalysts has found uses in hydrogenation, oxidation,  

C–C bond formation, CO2 elimination and biomass transformation.11 The only example of 

homogenous catalysis by a MOF, is for the ring–opening polymerisation of cyclic esters.12 In 

this example the catalyst would not be the MOF, as it dissolves in the reaction mixture. 

Chapter 2 identified a metal-organic framework (MOF) as a novel polycondensation catalyst 

during catalyst screening. This chapter builds upon that concept by exploring other MOFs 

with different metal centres and organic linker molecules as polycondensation catalysts in 

melt-phase reactions. The MOFs chosen in this chapter have organic linkers with a similar 

nature to the monomers used in PEF synthesis, diacids and diols, and it is hoped that the 

similar nature of the ligands/organic linkers, may affect catalyst activity. 

It is envisaged that under the high temperature and acidic conditions of the 

polycondensation reaction of FDCA and MEG, degradation of the MOF would occur, figure 

5.1. In this situation, MOFs can be considered as pre-catalysts, that deliver the catalytically 

active species to the reaction mixture, and undergo homogenous catalysis, as seen in work 

by Chuck et al.12 

 
Figure 5.1. Routes to the active catalyst from different pre-catalysts structures. 

It is hoped that the similar nature of the ligands/organic linkers, in the metal organic 

frameworks, to the monomers in PEF, diacids and diols, may improve catalyst activity. MOFs 

and polymer containing the same ligands/monomer and metal catalyst/metal centre achieve 

their different structures though the use of varying ratios of the components mentioned. In 

the case of a polymer, this is a very low metal content in comparison to a MOF. This is an 

interesting way of looking at the structures. MOFs also possess potential to act as a delivery 

system due to their stability at high temperatures, leading to less catalyst deactivation.  
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 Titanium Metal Organic Frameworks as Polycondensation Catalysts  

MIL-125 was trialled as a catalyst for PEF synthesis and consists of a titanium cluster of 

Ti8O8(OH) and terephthalic acid linker molecules, figure 5.2. Ti-BD, used previously in chapter 

2, was used for comparison. Ti-BD has been used before as a catalyst for the synthesis of PLA, 

where the MOF partially degraded to form the active species involved in the 

polymerisation.12 MIL-125 has mainly found use in gas storage, separation and heterogenous 

catalysis, and can be produced via microwave synthesis which allows for good reproducibility 

and can be easily scaled–up.13,14 No polymerisation application has been reported thus far 

for MIL-125. 

 

 
Figure 5.2.Titanium metal organic framework catalysts used in this study (fragments shown).  

 

The MOFs were added at the start of the esterification reaction and compared to the 

commercially available titanium alkoxide, TTIP. Reactions were monitored using torque, 

figure 5.3. In all reactions a ‘clear point’ was observed after the esterification, and the final 

polymer was homogenous, indicating the MOFs dissolved into the reaction mixture and are 

acting as homogeneous catalysts.  
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At 20 ppm, MIL-125 catalysed reactions gave no increase in torque, indicating low activity, 

reflected in the molecular weight values, table 5.1, and as seen with Ti-BD previously. At 30 

ppm, the MIL-125 catalysed reaction showed higher activity, but still far lower than TTIP at 

20 ppm. At 50 ppm, appreciable levels of activity were observed from both reactions 

catalysed with MOFs, with the highest increase in torque seen from Ti-BD at 50 ppm. 

 

The molecular weight data in table 2.9 agrees with the observations from the torque reaction 

monitoring. An increase in catalyst loading follows the logical increase in molecular weight 

for both MOFs. Ti-BD gives higher molecular weight PEF than MIL-125 at both 20 ppm and 

50 ppm, indicating increased activity. MIL-125 at 50 ppm shows comparable activity to TTIP 

at 20 ppm, with similar molecular weight and dispersity. Ti-BD at 50 ppm gives polymer of 

similar Mn to TTIP at 20 ppm, but with a higher ÐM, indicating a wider distribution of 

molecular weights.  

 
Figure 5.3. Torque variation of PEF prepared with different metal organic framework catalysts and loadings over 

time.  
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Table 5.1. Polymerisation and colour data for PEF prepared metal organic frameworks with TTIP as a control 
reference. 

Catalysta Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
a L*c a* c b* c 

TTIP 20 ppm 16 29 1.81 98.26 -0.01 1.63 

MIL-125 50 ppm 15 27 1.80 99.64 -0.17 1.35 

MIL-125 30 ppm 10 15 1.50 99.94 -0.09 1.93 

MIL-125 20 ppm 5 12 2.40 98.67 -0.09 1.23 

Ti-BD 50 ppm 16 33 2.06 99.87 -0.05 1.37 

Ti-BD 30 ppm 10 17 1.70 99.91 -0.11 1.34 

Ti-BD 20 ppm 8 15 1.78 99.92 -0.41 1.66 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP 

 

The increased activity of Ti-BD over MIL-125 can be explained by one of two effects. MIL-125 

has a metal centre made up of a titanium cluster of Ti8O8(OH), whereas Ti-BD features only 

a dimer with a bridging butanediol oxygen, ([Ti2L3(LH)2]∞ (where LH = 1,4-butanediol). 

Previous work on PET synthesis has suggested that titanium oxide species, i.e. any compound 

of the formula TiOx(OR)4-2x, inhibit catalytic activity.15 Therefore this decreased activity is 

rationalised by MIL-125’s titanium oxide cluster. Ligand effects could also be a factor, as the 

activity of titanium catalyst’s for polyester synthesis is reliant on ligand exchange.16 The 

monodentate butanediol linkers of Ti-BD would be more labile than the chelating 

terephthalic acid linkers of MIL-125. Solution colour measurements show no appreciable 

difference between catalyst or catalyst loading, table 5.1 

5.2.1. Diethylene Glycol Content of Polyethylene Furanoate Synthesised with 
Titanium Metal-Organic Frameworks 

The DEG content of selected polymers synthesised with MOF catalysts was analysed with 1H 

NMR spectroscopy and is shown in table 5.2, along with other relevant data. As observed 

with molecular catalysts in chapter 1, no clear trend is present linking DEG content and any 

other variable. 
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Table 5.2. Molecular weight data, esterification time and DEG content of PEF produced with various catalysts. 

Catalyst 
Loadinga 

/ ppm 

Mn
b /kg 

mol–1 

Mw
b /kg 

mol–1 
ÐM

a 
Esterification 

time / h 

DEG contentc 

/ molmol–1 

MIL-125 50 15 27 1.80 01:57 0.068 

MIL-125 20 5 12 2.40 01:48 0.060 

Ti-BD 50 16 33 2.06 01:47 0.065 

Ti-BD 20 8 15 1.78 01:51 0.065 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml..cDEG content 

calculated from 1H NMR DEG residue resonance (4 protons) divided by two, relative to furan proton resonance (2 protons).17 

 

In summary, titanium-based metal organic frameworks have been shown to be active 

catalysts for the melt polymerisation reaction of PEF, yielding polymer with comparable 

molecular weights and colour performance to molecular catalysts, albeit at a higher loading. 

Both Ti-BD and MIL-125 break down to form catalytically active species in the polymer 

reaction mixture, which then successfully synthesise PEF. This is the first reported use of a 

MOF as a polycondensation catalyst, and follows on from work by Chuck et al. as an example 

of a MOF as pre-catalyst that breaks down to undergo catalyse polymerisation 

homogeneously.12  

The titanium MOFs used in this section are explored further on in this chapter for the solid-

state polymerisation of PEF, as a way of increasing molecular weight of the polymer. 

 Zirconium Metal-Organic Frameworks as Polycondensation Catalysts 

As mentioned in chapter 2, zirconium catalysts for the synthesis of furanic polymers have 

received only minor attention in the literature, with only two studies featuring their use 

available.18,19 In this study, we further investigate the use of a zirconium alkoxide, Zr(acac)4 

and two zirconium metal organic frameworks, UIO-66 and Zr CAU FDCA, for the synthesis of 

PEF, figure 5.4. Both MOFs feature Zr6O4(OH)4 metal oxide clusters, UIO-66 consists of 

terephthalic acid linkers, whilst Zr CAU FDCA has furan dicarboxylic acid linkers.  

UIO-66 has found use in gas storage, chemical sensing and drug delivery applications to name 

a few.5,10,11,20,21 Their use in polymerisation has not been reported, but the use of PET as a 

terephthalic acid source for UIO-66 synthesis has explored.2 Zr CAU FDCA, a relatively new 

MOF, has yet to be used in any applications, but it is imagined its use would mimic UIO-66. 

Antimony, in the form of Sb2O3 dissolved under reflux in ethylene glycol (SbEG), was used as 

a comparison in this work along with Zr(acac)4. 

 



 

 157 

 
Figure 5.4. Zirconium metal organic framework catalysts used in this study (fragments shown). 

 

No torque increase was observed for most of the reactions, yet appreciable molecular 

weights were achieved, as observed in chapter 2 with Zr(acac)4, As with the titanium MOFs 

presented earlier, no evidence of insoluble material in the reaction mixture was observed at 

the ‘clear point’, after the esterification, or in the final polymer, indicating homogenous 

catalysis. 

All zirconium species demonstrated activity for PEF synthesis after 3 h, with Mn values 

between 16 – 22 kg mol–1, table 5.3. Zr CAU FDCA demonstrates similar activity to Zr(acac)4 

indicating little effect on activity as a result of the metal organic framework pre-catalyst 

structure. UIO-66 yields polymer of higher molecular weight, indicating that the pre-catalyst 

structure positively effects activity towards PEF synthesis. The difference can be accredited 

to the difference in linker compounds as both MOFs possess the same metal-oxide clusters. 

All zirconium species yield PEF with significantly higher b* values than the equivalent 

reaction with antimony oxide.  

The increase in b* for UIO-66 catalysed PEF implies that the activity observed for the 

polymerisation is reflected in its activity for the degradation reactions that cause an increase 

in yellow colour. Overall zirconium-based catalyst gave poor colour performance in 

comparison to SbEG, and needed a high catalyst loading to achieve appreciable molecular 

weights. 
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Table 5.3. Polymerisation and colour data for PEF prepared with zirconium catalysts. 

Catalysta Mn
b / kg mol–1 Mw

b / kg mol–1 ÐM
a L*c a* c b* c 

Zr(acac)4 50 ppm 16 28 1.71 95.83 -0.87 7.54 

UIO-66 50 ppm 22 37 1.72 95.30 -1.22 10.17 

Zr CAU FDCA 50 ppm 16 26 1.68 96.65 -1.13 8.75 

SbEG 188 ppm* 16 28 1.65 99.50 -0.28 1.55 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 
 

The increased colouration seen for zirconium MOFs follows the results seen for Zr(acac)4. 

This is suggested in chapter 2 to be due to increased formation of vinyl end groups with 

zirconium-based catalysts, which are then polymerised to form chromophores. The 

observation of the increased polymerisation and degradation activity of UIO-66 indicates 

that a larger amount of catalytically active zirconium is being delivered than with Zr(acac)4. 

Therefore, in the case of zirconium catalysts, the MOF structure serves to increase the 

stability of the catalytically active species. This is an interesting finding, as it could potentially 

allow a lower catalyst loading to be used, with a more stable catalyst system. 

5.3.1. Effect of Thermal Degradation on Polyethylene Furanote Synthesised with 
Zirconium Catalysts 

Thermal degradation of polyesters such as PET and PEF is of most concern above the melting 

point. This has implications not only during polymer synthesis under melt conditions, but 

also during processing steps, such as injection moulding or extrusion, where the temperature 

used is often higher than during polymer synthesis. The activation energies of the primary 

degradation reactions are higher than those of the polycondensation reaction, and so 

become more relevant at higher temperatures.22 In order to mimic polymer processing 

conditions, such as extruding, where colour development is at its most obvious and 

problematic, the PEF samples were dried and subject to heating above the melt temperature, 

280 °C, under a Ar atmosphere, for 20 min.  

The melt degradation test of PEF synthesised from various zirconium catalysts is shown in 

table 5.4. Very little change in b* was observed before and after melting, suggesting low 

activity for degradation under these conditions table 5.4. 
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Table 5.4. Solution UV/VIS data of PEF prepared with zirconium catalysts subject to a melt degradation test. 

Catalysta L*b a*b b*b Db*b 

Zr (acac)4 50 ppm 94.02 -1.07 8.10 0.56 

UIO-66 50 ppm 94.61 -1.26 10.33 0.16 

Zr CAU FDCA 50 ppm 96.02 -1.47 10.08 1.33 

SbEG 188 ppm 97.21 -0.75 3.19 1.64 
a[M] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP 

*Reaction time for SbEG 1 h 36 m. 

 

This finding is interesting because usually catalysts that show high activity for degradation 

reactions during melt-phase reactions, also show high activity for thermal degradation.23 The 

relatively low duration at high temperatures, 20 mins at 280 °C, compared to 3 h at 240 °C in 

melt-phase polycondensation reactions is one possible explanation, but further work is 

required to determine the cause of this. Potentially, if the degradation in melt-phase 

reactions can be lessened, and activity increased, then zirconium catalysts could be an 

interesting solution for lessening colour development during polymer processing. 

5.3.2. Diethylene Glycol Content of Polyethylene Furanoate Synthesised with 
Zirconium Catalysts  

The quantity of DEG in the final polymer varies between catalyst, table 5.5. As with molecular 

weight, both Zr(acac)4 and Zr CAU FDCA show similar DEG content. UIO-66, on the other 

hand, yields polymer with significantly less.  

 

Table 5.5.Molecular weight data, esterification time and DEG content of PEF produced with zirconium 
catalysts. 

Catalyst 
Loadinga 

/ ppm 

Mn
b / kg 

mol–1 

Mw
b / kg 

mol–1 
ÐM

a 
Esterification 

time / h 

DEG 

contentc / 

molmol–1 

Zr (acac)4 50 16 28 1.71 01:36 0.083 

UIO-66 50 22 37 1.72 01:41 0.065 

Zr CAU FDCA 50 16 26 1.68 01:33 0.080 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml..cDEG content 

calculated from 1H NMR DEG residue resonance (4 protons) divided by two, relative to furan proton resonance (2 protons).17 

 

As DEG is predominantly produced in the esterification reaction stage, then this finding 

suggests that not just the metal as found by Hornof et al., but the ligand system surrounding 
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the metal, may have an impact on catalysing DEG production.24 More work is required to 

determine the significance of these results, but was beyond the scope of this project. 

 Solid State Polymerisation of Polyethylene Furanoate catalysts with 
Metal Organic Frameworks 

To further investigate the use of metal organic frameworks as novel catalysts for PEF 

synthesis, solid state polymerisation was performed on samples polymerised with MOF 

catalysts. The molecular weight and colour were followed over time. 

Selected PEF samples synthesised with the MOFs MIL-125 (50 ppm) and Ti-BD (50 ppm) were 

subjected to molecular weight increase via SSP. The samples were compared to TTIP at 20 

ppm as molecular weights were most similar, indicating similar activity. A comparison to TTIP 

at 50 ppm would see much higher SSP rates and polymer colouration. Initial polymer data is 

shown in table 5.6. 

 

Table 5.6. Molecular weight and solution UV/VIS data for PEF prepared TTIP and selected MOFs prior to SSP. 

Catalysta Mn
b / kg mol-1 Mw

b / kg mol-1 ÐM
a L*c a* c b* c 

TTIP 20 ppm 16 29 1.81 98.26 -0.01 1.63 

MIL-125 50 ppm 15 27 1.80 99.64 -0.17 1.35 

Ti-BD 50 ppm 16 33 2.06 99.87 -0.05 1.37 
a[M] by mass relative to FDCA. bAbsolute molecular weight and ÐM determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 

 

5.4.1. Solid State Polymerisation Kinetics of Polymer Obtained from Melt 
Polymerisation. 

SEC data shows the increase in molecular weight over time for the PEF samples, figure 5.5. 

The samples give the largest increase in molecular weight over the first 4 h, before 

plateauing. All samples started with a similar Mn = 15 – 16 kg mol–1 and finished with Mn = 49 

– 56 kg mol–1, indicating significant molecular weight increase to values suitable for 

packaging applications. PEF produced with Ti-BD gave the increase to the highest value. The 

dispersity of the PEF catalysed with MOFs shows slight variation, giving an initial decrease 

then increase after 4 h. TTIP catalysed PEF maintains a consistent dispersity throughout. All 

samples show similar dispersity values after 24 h.  
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Figure 5.5. Variation in molecular weight of PEF prepared with different MOF catalysts during SSP, TTIP for 

comparison. 

 

The increased catalyst loading of the MOF samples (50 ppm) is expected to yield higher SSP 

rate, however comparable levels are seen to TTIP (20 ppm), indicating a lower catalytic 

activity of these catalysts in comparison to TTIP, as seen in the melt polymerisation.  

5.4.2. Catalyst Effect on the Evolution of Colour in Polyethylene Furanoate During 
Solid State Polymerisation. 

The evolution of colour through the SSP experiment was monitored through the use of 

solution UV/VIS spectrometry. All PEF samples displayed a similar decrease in ‘lightness’, L*, 

over time, figure 5.6. Most of the change was observed in the initial stage of the reaction, 

before stabilising after 8 h.  
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Figure 5.6. Lightness variation of PEF prepared with different MOF catalysts in SSP over time.   

All PEF samples show a decrease in a* values over time, indicating the samples become 

greener in colour, figure 5.7. Ti-BD gave the largest change in a*, Da* of 0.89, followed by 

MIL-125 , Da* of 0.51, and TTIP, Da* of 0.42. 

 
Figure 5.7. Variation of a* of PEF prepared with different MOF catalysts in SSP over time.   
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An increase in b*, and therefore yellowness, is seen for all PEF samples, figure 5.8. Those 

catalysed with MOFs show a larger increase in b*, indicating greater selectivity towards the 

degradation reaction at SSP temperatures than TTIP.  

 

 
Figure 5.8. Variation of b* of PEF prepared with different MOF catalysts in SSP over time.   

 

The higher b* values for PEF after 24 h catalysed with MOFs compared to TTIP is interesting 

because it demonstrates that MOFs have higher degradation activity at lower temperatures. 

The higher catalyst loading needed to achieve a similar activity to TTIP indicates there is a 

greater amount of inactive metal catalyst present, most likely titanium-oxide clusters which 

have been suggested to promote degradation reacitons.15 The higher b* implies that the 

species inactive for polymerisation, still give activity for degradation reactions, leading to 

similar polymerisation activity, but greater degradation at a higher loading. 

Overall PEF catalysed with the MOFs MIL-125 and Ti-BD show inferior colour performance to 

monodentate molecular catalyst TTIP. The increased values of b* indicate that the higher 

catalyst loading required for comparable activity for polymerisation to TTIP, results in higher 

activity for the degradation reaction.  
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 Conclusion and Future Work 

The titanium MOFs MIL-125 and Ti-BD were employed as polycondensation catalysts. This is 

the first example of the use of titanium MOFs for this application. Both MOFs were observed 

to dissolve in the reaction mixture, indicating homogeneous catalysis and their behaviour as 

catalyst delivery systems. Both catalysts showed activity for PEF synthesis and comparable 

activity and colour was seen at 50 ppm with TTIP at 20 ppm, yielding polymer of with Mn 

values of ca. 15 - 16 kg mol–1.  

Two zirconium MOFs, UIO-66 and Zr CAU FDCA were tested and compared to SbEG. This is 

the first example of the use of zirconium MOFs as polycondensation catalysts, and, at the 

time of writing, as polymerisation catalysts. Both catalysts were observed to have dissolved 

in the reaction mixture, as with titanium metal organic frameworks, indicating homogeneous 

catalysis, again the first reported example of this. The zirconium catalysts displayed unusual 

behaviour with respect to the reaction mixture and no torque increase was observed, due to 

the polymer melt climbing up the stirrer, the Weissenberg effect. All zirconium species had 

Mn values between 16 - 22 kg mol–1 after 3 h, with the highest molecular weights seen with 

UIO-66. Zirconium species gave very poor colour performance, with the highest b* value 

seen with UIO-66, reflecting its high activity for degradation.  

A thermal degradation test conducted on the zirconium catalysed PEF showed little change 

in colour.  Zirconium MOFs, whilst showing good activity, were let down by poor colour 

performance and were therefore not taken further. 

Titanium MOFs have been shown to be suitable catalysts for the SSP reaction of PEF, reaching 

appreciable molecular weights after 24 h. This is the first reported example of metal organic 

frameworks as polycondensation catalysts for SSP. MOFs, at catalyst loadings needed to give 

comparable starting molecular weight are shown to exhibit higher selectively towards the 

degradation reaction than TTIP, giving polymer of higher colour. Further work should analyse 

the acetaldehyde and end group content of the polymer before and after SSP and before and 

after thermal degradation tests with post-SSP material.  

The dissolution of the MOFs in the reaction mixture implies degradation of the MOF 

structure to give species soluble in the reaction mixture via ligand-exchange with diacid and 

diols. Thermogravimetric analysis of the MOFs used shows structural collapse of the MIL-125 

at ca. 397 °C, UIO-66 at ca. 500 °C and Zr-CAU-MOF at ca. 380 °C in air.1,13,25 The temperatures 

used in this study are far lower and therefore it is assumed solvation by the monomers is the 

primary effect. Speculative examples of some of the possible species formed in the reaction 

mixture are shown in figure 5.9. The figures in green show the new bonds formed between 
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the metal cluster and the monomers/oligomers/ polymer via ligand exchange with the 

organic linkers, the dotted lines could also form these bonds, but are omitted for clarity.  

 

  
Figure 5.9. Speculative examples of possible active metal-organic framework species.   

 

The use of MOFs at a higher loading than molecular catalysts is needed to achieve similar 

polymerisation activity, this also leads to increased polymer colour, and therefore increased 

activity for degradation reactions. This implies that the inactive species in the MOFs, most 

likely metal-oxides, promote polymer degradation. Further work into the determination of 

the active species would be of interest, but presents a significant challenge considering the 

low loading of the catalysts. In-situ infrared spectroscopy of a reaction mixture with a high 

catalyst loading may be one solution, if the M-O bond stretch is clearly visible.  

The use of different MOFs with various metal clusters and organic linkers and the effect on 

polymerisation activity would be of interest for future work, especially considering the wide 

range of MOFs available with relatively trivial synthetic procedures.1,5,12,14,26–30 Phosphorous 

compounds are used in polyester synthesis to improve polymer colour properties, one 

potentially use of MOFs is to incorporate phosphorous–containing linkers into the structure 

to produce a MOF that delivers the metal-catalyst and additive in one pre-catalyst species. 
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Chapter 6  Global Conclusion 

A range of molecular and metal organic framework (MOF) titanium and zirconium catalysts 

were tested in melt-phase polymerisations for the first time. The titanium molecular 

catalysts used supported the hypothesis that different ligand systems effect catalyst activity 

for polymerisation and degradation reactions. Metal organic frameworks demonstrated 

catalytic activity for polycondensation reactions. 

Titanium(IV) citrate (Ti Citrate) was found to give superior performance to commercially 

available titanium catalysts, producing similar molecular weight polymer at a lower catalyst 

loading in melt-phase reactions. This mirrors results round with poly(ethylene terephthalate) 

synthesis and demonstrates the increased activity seen with decreased titanium–oxide 

content.The use of phosphorous additives with metal catalysts resulted in a decrease in 

activity, but an increase in polymer colour performance. With a given ratio of Ti Citrate to 

phosphorous additive, similar activity and colour performance was demonstrated between 

Ti Citrate and antimony(III) glycolate (SbEG), but with a far lower titanium metal loading. This 

demonstrates the use of a Ti Citrate catalyst formulation as an alternative to antimony–

based catalyst formulations in melt–phase polymerisation reactions. 

A process for increasing molecular weight via SSP was designed using a small–scale parallel 

reactor, allowing the SSP activity of various titanium and zirconium catalysts to be 

investigated further. SSP activity followed the trend of titanium > antimony > zirconium, 

when comparing between metals. Ti Citrate gave significantly higher activity for SSP than 

SbEG but produced polymer with higher yellow colouration. The addition of a phosphorous 

additive to Ti Citrate, titanium(IV) isopropoxide (TTIP) and SbEG gave a reduced rate for all 

SSP reactions. The rate for Ti Citrate was significantly higher, leading to polymer with almost 

double the molecular weight of the other catalysts. The increase in colouration of the 

polymer over time was comparable between Ti Citrate and SbEG, in the presence of the 

phosphorous additive, but with a much higher final molecular weight for Ti Citrate. The 

molecular weight increase seen in this work with SSP is greater than that in other literature 

studies and demonstrates an increased SSP rate, over antimony–based catalysts, when using 

a Ti Citrate catalyst formulation. 

Thermal degradation studies showed much higher increase polymer colouration for titanium 

catalysts than SbEG. The addition of phosphorous additives resulted in comparable results 

between catalysts. Analysis of the acetaldehyde content of the polymer before and after 

thermal degradation showed that SbEG catalysed PEF gave a much larger increase in 

acetaldehyde than titanium catalysts. The same trend was seen with the addition of a 
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phosphorous additive. The comparable results seen with the Ti Citrate formulation and 

antimony–based catalysts show progress in terms of greater colour performance when using 

titanium–based catalysts. The lower AA content before and after thermal degradation with 

the Ti Citrate formulation is a distinct advantage over antimony–based formulations. 

Further work into MOFs demonstrated that the titanium MOFs Ti-BD and MIL-125 and 

zirconium MOFs UIO-66 and Zr-CAU-FDCA are active as polycondensation catalysts. This is 

the first example of MOFs as polycondensation catalysts and the first example of a zirconium 

MOF used for polymerisation. MOFs were found to catalyse the reactions homogeneously, 

and different activity was seen between metals and ligand systems. Selected MOFs were also 

utilised as polycondensation catalysts in SSP for the first time and showed similar activity to 

the activity in melt-phase polymerisations. These findings have demonstrated a new way of 

delivering a catalyst to the polycondensation reaction mixture and show promsing future 

work. 

 

In summary, a process has been designed where the monomers 2,5–furan dicarboxylic acid 

and monoethylene glycol can be polymerised in the presence of a sustainable catalyst 

formulation via melt-phase polymerisation and SSP to produce PEF. The final polymer has 

higher molecular weight and comparable colour performance to the equivalent reaction with 

a SbEG formulation and utilises a much lower catalyst loading. Upon thermal degradation 

testing comparable colour performance is seen between Ti Citrate and SbEG in the presence 

of a phosphorous additive, and polymer prepared with Ti Citrate gave lower acetaldehyde 

content.  

The Ti citrate and phosphorous formulation used to catalyse the synthesis of PEF has been 

demonstrated to out–perform, or perform equally well to, the antimony–based formulation 

currently used in industry, at a far lower catalyst loading. This shows promise for a 

sustainable alternative to an antimony–based polycondensation catalyst for PEF synthesis 

and scale-up of the process would be of great interest to demonstrate this further.  
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Chapter 7  Experimental  

 General experimental methods 
1H NMR spectroscopy and 13C{1H} NMR spectropscopy experiments were performed on a 

Bruker 400 MHz spectrometer. Methanol-d4 (4.78 ppm), Trifluoroacetic acid-d (11.50 ppm),  

Chloroform-d (7.24 ppm), toluene-d8 (7.09 ppm),  and benzene-d6 (7.16 ppm),  were used as 

deuterated solvents for NMR experiments. Toluene-d8 and benzene-d6 were degassed and 

stored over molecular sieves before being stored and used in the glovebox. Coupling 

constants are given in Hz and residual solvent resonances in the NMR spectra were 

referenced from literature values. 

Powder X-ray diffraction data was collected using a Bruker D8-Advance Diffractometer, with 

Cu Kα radiation (λ=1.5418 Å). The data was collected on flat plate mode.  

Capillary melting points were determined using a Griffen melting point apparatus. 

 Materials  

2,5-Furandicarboxylic acid was kindly provided by Corbion B.V. Titanium citrate (45 %) (Ti638 

UP) was kindly provided by Catalytic Technologies LTD.  Monoethylene glycol (99%), titanium 

(IV) isopropoxide (97 %), diantimony (III) trioxide (99 %), zirconium (IV) acetylacetonate (97 

%), zirconyl (IV) chloride octahydrate (98 %), zirconium (IV) chloride (99.99 %), 4-

benzenedicarboxylic acid (98 %), 1,4-butanediol (99 %), trimethyl phosphate (97 %), 

trifluoracetic acid-d (99.5 atom % D) and chloroform-d (99.5 atom % D) were purchased from 

Sigma-Aldrich. Hexafluoro-2-propanol was purchased from Flurochem. All other solvents 

were analytical grade and purchased from Sigma Aldrich. Were prepared from literature 

procedures. Antimony (III) ethylene glycolate, sodium titanium (IV) tris(glycolate), titanium-

1,4-butane diol metal–organic framework, MIL-125, UIO-66 and Zr-CAU-FDCA were prepared 

from literature procedures.1–6 

 Polymer Characterisation 

7.3.1. Size Exclusion Chromatography (SEC) 

Absolute molecular weight analysis of PEF was kindly performed by Corbion B.V. using 

hexafluoro-2-propanol as the solvent. 20 mg of polymer was dissolved in 10 mL of 

hexafluoro-2-propanol to make a concentration of 2 mg mL–1. Samples were passed through 

a 0.2 uL PTFE filter prior to auto sampler injection. Dispersity, Ð, was calculated form Mw / 

Mn, where Mw is weight average molecular weight, and Mn is number average molecular 

weight. 
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7.3.2. Matrix-assisted laser desorption/ionization (MALDI-ToF)  

MALDI-ToF analysis was conducte on a Bruker Autoflex speed instrument. PEF (10 mg mL–1), 

1,8,9-Anthracenetriol (dithranol) (10 mg mL-1) and NaTFA (0.1 M) were added a vial to a ratio 

of 20:50:2 respectively. The solution was centrifuged and 1 µL of the solution was dropped 

onto a polished metal plate. The spectra were collected in reflector positive mode and Flex 

Analysis 3.4 was used to process the data. 

7.3.3. Differential scanning calorimetry (DSC)  

Differential scanning calorimetry was performed using a Thermal analysis Q20 DSC from TA 

instruments, equipped with a Thermal Advantage Cooling System 90. Samples were 

measured from 30 °C to 250 °C with 20 °C min-1 heating and 10 °C min-1 cooling. Tg and Tm 

were taken from heating cycles. 

7.3.4. Intrinsic Viscosity Measurements 

Intrinsic viscosity measurements were performed externally by Trevira Laborservices in 

phenol/1,1,2,2-tetrachloroethane (3:2) with a glass capillary viscometer according to ASTM 

D4603. 

7.3.5. End Group Determination  

Carboxylic end group content measurements were performed externally by Trevira 

Laborservices by titration according to the ASTM D7409 – 15. Hydroxyl end group content 

was determined using CEG content and Mn, equation 1. 

																																											𝑴𝒏 =
𝟐

[𝑪𝑶𝑶𝑯]3[𝑶𝑯]
               (1) 

7.3.6. Acetaldehyde Content Determination  

Acetaldehyde content measurements were performed externally by Trevira Laborservice by 

heating the polymer sample at 150 °C for 60 min according to the ASTM F2013 – 10(2016). 

7.3.7. Colour Measurements 

Colour measurements were conducted in solution with an Avantes AvaLight-DH-SBAL and 

Avantes Starline AvaSpec-2048L UV/VIS spectrometer. Polyester samples were dissolved in 

an 4:1 ratio of dichloromethane and hexafluoro-2-propanol to make an overall concentration 

of 60 mg / ml. The International Commission on Illumination (CIE) L*a*b* colour space 

system was used to evaluate the colour of the polyester. The lightness of the sample is 

represented by L* (L* = 100 white, L * = 0 black). a* represents the red-green axis (positive 

values indicate red, negative values indicate green and zero represents neutral grey). b* 
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represents the yellow-blue axis (positive values indicate yellow, negative values indicate blue 

and zero represents neutral grey).   

7.3.8. Diethylene Glycol Determination  

Diethylene glycol content was determined via 1H NMR using a Bruker 400 MHz spectrometer. 

The furan integral was set to 2 and the diethylene glycol integral at 3.96 – 4.02 ppm was 

analysed and the mol mol–1 calculated. 20 mg of PEF is dissolved in a 1:4 ratio of trifluoracetic 

acid-d and chloroform-d. Coupling constants are given in Hz and residual solvent resonances 

in the NMR spectra were referenced from literature values.7,8  

7.3.9. Mass Spectroscopy (MS) 

Mass spectra were collected using a electrospray Time-of-Flight MicroTOF mass 

spectrometry. Samples were dissolved in HPLC grade methanol at a concentration of ca. 1 

µgml-1. Samples were ran in positive mode using loop injection with detection between 50 

and 500 m/z. 

 Polymerisation Methods 

7.4.1. Small-Scale High Throughput Parallel Reactor 

Small scale polycondensation reactions were carried out in a high throughput parallel reactor 

based on and adapted from previous literature designs.9,10 The reactor was manufactured in-

house by the mechanical workshop and consists of a cylindrical aluminium block (15.5 cm 

diameter, 10 cm height), split into three sections. The bottom section is cut out so that it sits 

on top of a stirrer hotplate of 13.5 cm diameter with a 1 cm metal lip hanging over to provide 

stability and uniform heating. 25 HPLC vials (15 x 45 mm) can be placed into the bottom 

block. There is also a hole which allows a thermocouple to be inserted into the centre of the 

block. The middle block has tubes which drop down into the vials to give vacuum and an 

argon flow to each vial individually and the tubes join into an open space in the top block 

which provides a common atmosphere to all the tubes through a hose nozzle fitting on the 

top and on the side. Each of the blocks are sealed with a silicon O-ring, which can withstand 

temperatures up to 230 °C and the top and middle blocks are screwed in permanently during 

normal operation, leaving only the middle/top and bottom block free to be screw on and off. 

This allows easy placement of vials loaded with material, along with a magnetic stirrer, into 

the bottom block and then placement of the middle/top combination block on top. This is 

then screwed down until finger tight, giving a seal. Further information and a technical 

drawing is in figure 5.1. 
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After insertion of the vials, the operation of the stirrer bars can be observed. Vacuum tubing 

is connected to the hose nozzle fitting and connected to a Schlenk line. The pressure is 

measured with a manometer. 

 
Figure 7.1.Technical drawings for a small-scale high throughput parallel reactor. 

For a general procedure, in 4 mL HPLC vials (15 x 45 mm) bis hydroxyethyl furanoate (0.25 g, 

1 mmol) was added, along with a magnetic stirrer bar. The appropriate loading of catalyst 

was added, loading is based on metal content and relative to furandicarboxylic acid. The 

reactor was then closed and the system purged with 3 vacuum/argon cycles. The 

temperature was increased to 230 °C and a vacuum gradually applied to ca. 1 mbar. The 

reaction was continued for 3 h, before breaking the vacuum with an argon atmosphere and 

allowing the reactor to cool to room temperature.  

 

7.4.2. Glass Reactor Polyester Synthesis 

Polyesters were prepared via a two-stage process of esterification and polycondensation in 

a glass reactor. A 500 mL 4-neck round-bottom flask was charged with 2,5-furandicarboxylic 

acid (133.3 g, 0.854 mol) and monoethylene glycol (116.7 g, 1.879 mol, 2.2 molar ratio to 

FDCA). The required loading of catalyst was then added and the reaction vessel purged with 

several vacuum/argon cycles. The reaction mixture was heated to 200 °C under an argon 

atmosphere with a stirring speed of 100 rpm. When Tvapour < 100 °C the esterification reaction 
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is considered complete and the distillate was collected. The polycondensation reaction was 

then started by heating the reaction mixture to 240 °C and lowering the pressure to 0.2 mBar 

over the period of 20 minutes to avoid bumping. The reaction was monitored using the 

torque reading from the overhead stirrer and stopped at a given value of torque or time. The 

polymer was removed as quickly as possible (to avoid cracking) from the vessel onto a metal 

tray with the aid of a heat gun. 

7.4.3. Solid State Polymerisation  

A high throughput aluminium parallel reactor was employed for the solid-state 

polymerisation process. Polymer samples were dried for 24 h at 120 °C under vacuum prior 

to use. Glass vials (4 mL) were charged with PEF (0.5 g) with a particle size no greater than 

425 μm and placed into the reactor. The reactor was sealed, and a crystallisation step was 

carried out at 165 °C for 2 h under vacuum, before heating stepwise to 190 °C at a pressure 

of 1 mBar. Glass vials were removed from the reactor at specific time points and allowed to 

cool to room temperature before further analysis. 

 Thermal Degradation Testing 

Thermal degradation tests were conducted in a B-585 Kugelrohr glass oven at 280 °C under 

an Ar atmosphere for 20 min. Polymer samples were pre-dried for 24 h under vacuum prior, 

and PEF (0.5 g) was charged into a glass vial for each test. The oven was purged with Ar prior 

to use. 
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 Polymer Characterisation (Chapter 3) 

7.6.1. Nuclear Magnetic Resonance 
1H NMR (400 MHz, CDCl3/d-TFA 4:1): 7.34 (2H, s, furan-H), 4.75 (4H, s, (CH2)2), 4.56 (4H, s, 

(CH2)2) DEG, 4.02 (4H, s, (CH2)2).   

7.6.2. Glass Reactor Melt-Phase Polymerisation Optimisation  

7.6.2.1. Size Exclusion Chromatography and UV/VIS Spectroscopy Analysis 

Table 7.1.Molecular weight data of PEF prepared with SbEG (250 ppm)* at varying stirring speeds and 
durations in a 250 mL round bottom flask. 

PC time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða 

2 h 30 m 13 21 1.64 

2 h 45 m 13 24 1.83 

3 h 14 24 1.70 
*[M] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. 

 

Table 7.2.Molecular weight data of PEF prepared with Ti Citrate (20 ppm)* at varying stirring speeds and 
durations in a 250 mL round bottom flask. 

PC time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða 

2 h 30 m 15 26 1.73 

3 h 14 33 2.36 

3 h 30 m 19 31 1.63 
*[M] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. 

 

Table 7.3. Molecular weight data of PEF prepared with SbEG (250 ppm)* at varying stirring speeds and 
durations in a 500 mL round bottom flask. 

PC time / h Stirring speed / rpm Mn
a / kg mol–1 Mw

a / kg mol–1 Ða 

3 h 75 12 22 1.76 

3 h 100 18 30 1.76 

3 h 30 m 100 20 34 1.61 
*[M] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. 

Table 7.4. Solution UV/VIS data for SbEG (250 ppm) catalysed PEF synthesised for varying durations and 
stirring speeds in a 500 mL round bottom flask. 

PC time / h Stirring speed / rpm L*a a*a b*a 

3 h 75 99.69 -0.25 1.32 

3 h 100 99.90 -0.21 1.08 

3 h 30 m 100 98.86 -0.38 1.06 
*[M] by mass relative to FDCA. aL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. 
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Table 7.5.Molecular weight data for triplicate experiments of SbEG (250 ppm)* catalysed PEF in a 500 mL 
round bottom flask. 

Experiment no. Mn
a / kg mol–1 Mw

a / kg mol–1 Ða 

1 18 30 1.76 

2 18 28 1.56 

3 18 30 1.76 
*[M] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. 

 

Table 7.6. Solution UV/VIS data for triplicate experiments of SbEG (250 ppm) catalysed PEF in a 500 mL round 
bottom flask. 

Experiment no. L*a a*a b*a 

1 99.90 -0.21 1.08 

2 98.51 -0.38 1.06 

3 99.10 -0.31 1.04 
*[M] by mass relative to FDCA. aL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. 

7.6.3. Parallel Reactor Optimisation 

7.6.3.1. Size Exclusion Chromatography and UV/VIS Spectroscopy Analysis 

Table 7.7. Molecular weight data for pre-polymer, PEF prepared with no catalyst and with 250 ppm of SbEG in 
a thin-film parallel reactor. 

Experimenta Mn
b / kg mol–1 Mw

b / kg mol–1 Ðb 

Pre-polymer - - - 

No catalyst 5 9 1.78 

SbEG (250 ppm) 12 23 1.88 
a[M] by mass relative to FDCA. bAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml.. 
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Table 7.8 Molecular weight and solution UV/VIS colour data for parallel reactor reproducibility experiments, 
TTIP (40 ppm)*, with standard deviation values.  

Vial 
Mn

a /  

kg mol–1 

Mw
a / 

 kg mol–1 
Ða L*b a*b b*b 

1 11 16 1.45 96.93 -0.34 3.32 

2 11 16 1.45 96.11 -0.44 3.49 

3 10 17 1.70 97.12 -0.61 3.79 

4 10 16 1.60 96.14 -0.55 3.71 

5 10 16 1.60 98.01 -0.29 3.11 

6 11 17 1.55 96.77 -0.44 3.81 

7 10 16 1.60 96.12 -0.62 3.41 

8 10 16 1.60 96.65 -0.41 3.54 

9 11 16 1.45 96.78 -0.52 3.31 

10 10 17 1.70 96.33 -0.39 3.12 

 10±0.52 16±0.48 1.57±0.09 96.70±0.59 -0.46±0.11 3.46±0.25 
*[M] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. bL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 

 

Table 7.9 Molecular weight and colour data for PEF prepared with increase catalyst loading of TTIP in a thin-
film parallel reactor. 

Loadinga / ppm Mn
b / kg mol–1 Mw

b / kg mol–1 Ðb L*c a*c b*c 

0 5 9 1.80 98.11 -0.12 2.11 

20 8 12 1.50 98.01 -0.43 3.41 

40 10 15 1.50 97.79 -0.49 3.76 

60 12 19 1.58 97.66 -0.66 3.88 

80 12 21 1.75 96.42 -0.78 4.12 

100 12 21 1.75 96.66 -0.77 4.51 

150 12 20 1.67 95.91 -0.83 4.78 

200 11 21 1.91 95.93 -0.81 5.14 

250 10 22 2.20 95.55 -0.82 5.87 
a[M] by mass relative to FDCA. bAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 
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7.6.4. Catalyst Screening for Melt-Phase Polymerisation. 

7.6.4.1. Size Exclusion Chromatography and UV/VIS Spectroscopy Analysis 

Table 7.10.Molecular weight data and solution UV/VIS of PEF produced with various catalysts and loadings. 

Catalyst 
Loadinga 

/ ppm 

Mn
b / kg 

mol–1 

Mw
b / kg 

mol–1 
Ðb L*c a*c b*c 

TTIP 50 20 35 1.75 98.73 -0.08 2.00 

TTIP 30 18 30 1.67 98.96 -0.04 1.60 

TTIP 20 13 24 1.85 98.26 -0.01 1.63 

Ti Glycolate 50 20 35 1.75 97.64 0.23 2.26 

Ti Glycolate 30 18 30 1.67 97.13 0.06 1.87 

Ti Glycolate 20 13 24 1.85 98.26 0.08 1.79 

Ti Citrate 30 18 34 1.89 97.94 -0.65 2.73 

Ti Citrate 20 18 32 1.78 97.78 -0.52 1.97 

Ti Citrate 15 12 23 1.92 97.83 -0.13 0.82 

Ti Citrate 10 9 21 1.89 98.42 -0.11 0.14 

Ti-BD 50 16 33 2.06 99.87 -0.05 1.37 

Ti-BD 20 8 15 1.78 99.91 -0.11 1.34 

Zr (acac)4 50 16 28 1.71 99.92 -0.41 1.66 
a[M] by mass relative to FDCA. bAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 
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7.6.4.2. Diethylene Glycol Content Analysis 

Table 7.11.Diethylene glycol content and esterification time of PEF produced with various catalysts and 
loadings. 

Catalyst 
Loadinga 

/ ppm 

Esterification 

time / h 

DEG contentb / 

mol mol-1 

TTIP 50 01:15 0.073 

TTIP 30 01:39 0.068 

TTIP 20 01:42 0.078 

Ti Glycolate 50 01:44 0.058 

Ti Glycolate 30 01:30 0.048 

Ti Glycolate 20 01:30 0.055 

Ti Citrate 30 01:28 0.065 

Ti Citrate 20 01:35 0.070 

Ti Citrate 15 01:43 0.060 

Ti Citrate 10 01:38 0.060 

Ti-BD 50 01:47 0.065 

Ti-BD 20 01:51 0.065 

Zr (acac)4 50 01:36 0.083 
a[M] by mass relative to FDCA. b DEG content calculated from 1H NMR DEG residue resonance (4 protons) divided by two, 

relative to furan proton resonance (2 protons).8 
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7.6.5. Matrix-assisted laser desorption/ionization (MALDI-ToF)  

 
Figure 7.2. MALDI-ToF spectrum for PEF catalysed with SbEG, ran in reflector positive mode with a ratio of 

20:50:2 of polymer dithranol to NaTFA. 

 

7.6.6. Mass Spectrometry 

 
Figure 7.3. Mass spectrum of the polycondensation distillate. 
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 Polymer Characterisation (Chapter 4) 

7.7.1. Melt-Phase Polymerisations 

7.7.1.1. Size Exclusion Chromatography and UV/VIS Spectroscopy Analysis 

Table 7.12. Size exclusion chromatography and UV/VIS spectroscopy analysis of PEF prepared with different 
catalysts and in the presence of TMP. 

Catalyst 
Loadinga 

/ ppm 

Mn
b / kg 

mol–1 

Mw
b / kg 

mol–1 
Ðb L*c a*c b*c 

Ti Citrate 30 18 34 1.89 97.94 -0.65 2.73 

Ti Citrate 20 18 32 1.78 97.78 -0.52 1.97 

Ti Citrate 15 12 23 1.92 97.83 -0.13 0.82 

Ti Citrate 10 9 21 1.89 98.42 -0.11 0.14 

Ti Citrate + TMP 20 / 20 11 18 1.64 99.87 -0.04 0.41 

Ti Citrate + TMP 20 / 20 13 26 2.00 99.58 0.02 1.96 

Ti Citrate + TMP 20 / 15 13 25 1.92 98.48 -0.24 1.12 

Ti Citrate + TMP 20 / 10 13 21 1.62 98.71 -0.46 0.66 

SbEG + TMP 250 / 20 17 25 1.47 97.75 -0.05 0.66 

TTIP + TMP 20 / 20 13 21 1.62 98.34 -0.05 0.37 

Ti Citrate + TMP 20 / 20 13 26 2.00 99.58 0.02 1.96 

a[M] and [P] by mass relative to FDCA.bAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 

60 mg/ml 8:2 DCM:HFIP. 
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7.7.1.2. Intrinsic Viscosity Measurements 

Table 7.13. Intrinsic viscosity measurements of PEF prepared with different catalysts and in the presence of 
TMP. 

Catalyst Loadinga / ppm [η]b / dL g–1 

SbEG 250 0.474 

Ti Citrate 30 0.500 

Ti Citrate 20 0.480 

Ti Citrate 15 0.402 

Ti Citrate 10 0.388 

TTIP 30 0.471 

TTIP 20 0.461 

Ti Citrate + TMP 30 / 30 0.332 

Ti Citrate + TMP 20 / 20 0.423 

Ti Citrate + TMP 15 / 15 0.405 

Ti Citrate + TMP 10 / 10 0.363 
a[M] and [P] by mass relative to FDCA. bIntrinsic viscosity determined externally according to ATSM 4603-03, phenol/1,1,2,2-

tetrachlorethane (3:2). 
 

7.7.1.3. Diethylene Glycol Content Analysis 

Table 7.14. DEG content and polymer data for PEF prepared with different catalysts and in the presence of 
TMP. 

Catalyst Loadinga / ppm Esterification time / h 
DEG contentb / mol 

mol-1 

SbEG 250 01:19 0.070 

Ti Citrate 30 01:28 0.065 

Ti Citrate 20 01:35 0.070 

Ti Citrate 15 01:43 0.060 

Ti Citrate 10 01:38 0.060 

Ti Citrate + TMP 20 01:49 0.068 

Ti Citrate + TMP 15 01:37 0.068 

Ti Citrate + TMP 10 01:17 0.073 

SbEG + TMP 250 / 20 01:56 0.058 

TTIP + TMP 20 / 20 01:59 0.083 

Ti Citrate + TMP 20 / 20 01:49 0.068 
a[M] and [P] by mass relative to FDCA. b DEG content calculated from 1H NMR DEG residue resonance (4 protons) divided by 

two, relative to furan proton resonance (2 protons).8 
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7.7.2. Variation of Trimethylphosphate Loading in Polyethylene Furanoate Synthesis 
with a Small-scale Parallel Reactor 

 

Table 7.15. Size exclusion chromatography and solution UV/VIS data for PEF prepared with Ti citrate + TMP at 
various TMP loadings in a small-scale thin film parallel reactor. 

TMP 

loadinga / 

ppm 

L*c a*c b*c 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
Ðb 

No catalyst 99.91 -0.41 2.32 - - - 

No catalyst 99.87 -0.31 2.75 - - - 

5 98.31 -0.21 3.17 13 19 1.46 

5 98.49 -0.42 3.48 14 19 1.36 

10 98.81 -0.55 5.74 13 19 1.46 

10 98.13 -0.49 4.26 13 20 1.54 

15 98.78 -0.39 2.64 13 19 1.46 

15 99.49 -0.39 2.37 13 19 1.46 

20 99.96 -0.36 3.52 12 18 1.50 

20 99.81 -0.31 3.44 12 19 1.58 

25 98.11 -0.14 4.54 10 18 1.80 

25 98.70 -0.08 4.62 11 19 1.73 

30 97.66 -0.31 3.86 8 16 2.00 

30 99.55 -0.15 4.04 9 17 1.89 
a[P] by mass relative to FDCA. bAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 

 

7.7.3. Variation of Titanium to Phosphorous Feed Ratios in a Lab-Scale Glass Reactor 

7.7.3.1. Size Exclusion Chromatography and UV/VIS Spectroscopy Analysis 

Table 7.16. Molecular weight and solution UV/VIS data for PEF prepared with various Ti : P ratios. 

Ti : P ratioa Mn
b / kg mol–1 Mw

b / kg mol–1 Ðb L*c a*c b*c 

1:1 13 26 2.00 99.58 0.02 1.96 

1:0.75 16 29 1.81 98.91 -0.04 1.91 

1:0.5 20 32 1.60 98.61 -0.07 1.93 
a[Ti] 20 ppm. bAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 mg/ml 8:2 DCM:HFIP.  
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7.7.3.2. Diethylene Glycol Content Analysis 

Table 7.17. DEG content and esterification time for PEF prepared with different Ti:P ratios. 

Ti : P ratioa 
Esterification 

time / h 

DEG content 

/ mol mol-1b 

1:1 01:49 0.068 

1:0.75 01:41 0.073 

1:0.5 01:42 0.053 
a[Ti] 20 ppm. b DEG content calculated from 1H NMR DEG residue resonance (4 protons) divided by two, relative to furan 

proton resonance (2 protons).8. 
 

7.7.4. Investigation into the Effect of Catalyst Addition Post-Esterification Reaction 

7.7.4.1. Size Exclusion Chromatography and UV/VIS Spectroscopy Analysis 

Table 7.18. Molecular weight data for PEF prepared with various catalysts added post-esterification reaction. 

Catalysta 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
Ðb L*c a*c b*c 

SbEG (250 ppm) 18 30 1.76 98.01 -0.38 1.82 

TTIP (20 ppm) 16 29 1.81 97.91 -0.07 2.85 

Ti Citrate (20 ppm) 18 32 1.78 97.48 -0.07 2.10 

Ti Citrate + TMP (20 ppm 

/ 20 ppm) 
13 22 1.78 98.20 -0.38 1.44 

a[M] and [P] by mass relative to FDCA. bAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 

60 mg/ml 8:2 DCM:HFIP. 

 

7.7.4.2. Diethylene Glycol Content Analysis 

Table 7.19. DEG content and esterification time for PEF prepared with different catalysts and TMP added 
post-esterification reaction. 

Catalysta 
Loading 

/ ppm 

Esterification 

time / h 
DEG content / mol mol-1b 

SbEG 250 01:50 0.085 

TTIP 20 01:55 0.080 

Ti Citrate 20 01:29 0.070 

Ti Citrate + TMP 20 01:36 0.083 
a[M] and [P] by mass relative to FDCA. b DEG content calculated from 1H NMR DEG residue resonance (4 protons) divided by 

two, relative to furan proton resonance (2 protons).8 
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7.7.5. Investigation into the Effect of Increased Reaction Temperature and Reduced 
Pressure 

7.7.5.1. Size Exclusion Chromatography and UV/VIS Spectroscopy Analysis 

Table 7.20. Size exclusion chromatography and solution UV/VIS spectroscopy data for PEF prepared with 
various catalysts at increased reaction temperature and reduced pressure. 

Catalysta 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
Ðb L*c a*c b*c 

SbEG (250 ppm) 22 37 1.68 99.01 -0.24 1.73 

TTIP (20 ppm) 13 20 1.54 99.54 -0.11 0.48 

Ti Citrate (20 ppm) 25 42 1.68 98.67 -0.35 2.31 

Ti Citrate + TMP (20 ppm 

/ 20 ppm) 
19 33 1.74 99.71 -0.10 0.68 

a[M] and [P] by mass relative to FDCA. bAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 

60 mg/ml 8:2 DCM:HFIP. 

 

7.7.6. Thermal Degradation Testing 

7.7.6.1. UV/VIS Spectroscopy Analysis 

Table 7.21. Solution UV/VIS data for PEF prepared with different catalysts after a degradation test. 

Catalysta L*b a*b b*b Db*b 

SbEG (250 ppm) 97.12 -0.32 1.93 0.87 

TTIP (20 ppm) 95.65 -2.71 10.50 8.87 

Ti Citrate (20 ppm) 95.40 -3.72 14.46 12.49 

SbEG + TMP (250 ppm / 20 ppm) 97.83 -0.49 2.99 2.33 

TTIP + TMP (20 ppm / 20 ppm) 98.35 -0.34 2.22 1.85 

Ti Citrate + TMP (20 ppm / 20 ppm) 98.91 -0.48 2.57 0.61 
a[M] and [P] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. 
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7.7.6.2. Size Exclusion Chromatography Analysis 

Table 7.22. Molecular weight data of PEF samples prepared with different catalysts before and after 
degradation tests. 

 Before Degradation After Degradation 

Catalysta 
Mn

b /  

kg mol–1 

Mw
b /  

kg mol–1 
Ðb 

Mn
b /  

kg mol–1 

Mw
b /  

kg mol–1 
Ðb 

SbEG (250 ppm) 18 30 1.76 16 28 1.75 

TTIP (20 ppm) 16 29 1.81 11 21 1.91 

Ti Citrate (20 ppm) 18 32 1.78 10 26 2.00 
a[M] by mass relative to FDCA. bAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml.  

 

7.7.7. Differential scanning calorimetry  

Table 7.23. Thermal data for various catalysts and formulations from melt-phase polymerisation in a glass 
reactor. 

Catalysta 
Tg (heating)

b
 / 

°C 

Tm(heating)
b

 / 

°C 
Mn

c / kg mol–1 Ðc 

SbEG (250 ppm) 71.4 204.5 18 1.76 

TTIP (20 ppm) 75.0 200.3 16 1.81 

Ti Citrate (20 ppm) 75.8 205.4 18 1.78 

SbEG + TMP (250 ppm / 20 ppm) 76.0 204.0 17 1.47 

TTIP + TMP (20 ppm / 20 ppm) 76.9 205.5 13 1.62 

Ti Citrate + TMP (20 ppm / 20 

ppm) 
75.6 

201.1 13 2.00 

a[M] and [P] by mass relative to FDCA. bTg and Tm data from heating cycle. cAbsolute molecular weight and Ð determined by 

SEC (HFIP), 2 mg/ml. 
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 Polymer Characterisation (Chapter 5) 

7.8.1. Solid-State Polymerisation Kinetics of Polyethylene Furanoate Catalysed by 
SbEG. 

7.8.1.1. Size Exclusion Chromatography  

Table 7.24. Size exclusion chromatography kinetic data for the solid-state polymerisation of SbEG (188 ppm)* 
for an initial optimisation of the reactor apparatus. 

Time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða 

0 16 28 1.75 

24 72 117 1.76 

48 79 141 1.80 

120 91 161 1.77 

144 83 156 1.88 
*[M] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. 

 

7.8.2. Solid-State Polymerisation Kinetics of Polyethylene Furanoate Catalysed by 
SbEG, Ti Citrate and Zr(acac)4. 

7.8.2.1. Size Exclusion Chromatography  

 Table 7.25. Size exclusion chromatography kinetic data for the solid-state polymerisation PEF synthesised 
with of SbEG (188 ppm)* as a part of a comparison of SbEG, Ti Citrate and Zr(acac)4. 

Time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða 

0 16 28 1.75 

2 21 40 1.86 

5 33 60 1.81 

24 53 99 1.87 

48 56 104 1.85 
*[M] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. 
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Table 7.26. Size exclusion chromatography kinetic data for the solid-state polymerisation PEF synthesised 
with of Ti Citrate (20 ppm)* as a part of a comparison of SbEG, Ti Citrate and Zr(acac)4. 

Time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða 

0 21 35 1.66 

2 27 50 1.86 

5 44 77 1.75 

24 66 124 1.88 

48 64 124 1.94 
*[M] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. 

Table 7.27. Size exclusion chromatography kinetic data for the solid-state polymerisation PEF synthesised 
with of Zr(acac)4 (50 ppm)* as a part of a comparison of SbEG, Ti Citrate and Zr(acac)4. 

Time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða 

0 22 35 1.65 

2 15 27 1.75 

5 16 28 1.74 

24 21 39 1.83 

48 26 51 1.95 
*[M] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. 

 

7.8.3. Solid-State Polymerisation Kinetics of Polyethylene Furanoate Catalysed by 
SbEG, Ti Citrate and Ti Citrate + TMP. 

7.8.3.1. Size Exclusion Chromatography and UV/VIS Spectroscopy Analysis 

Table 7.28. Size exclusion chromatography, intrinsic viscosity and UV/VIS spectroscopy kinetic data for the 
solid-state polymerisation of PEF synthesised with of SbEG (250 ppm)* as a part of a comparison of SbEG, Ti 

Citrate and Ti Citrate + TMP. 

Time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða 
[η]b / 

dL g–1 
L*c a*c b*c 

0 20 34 1.70 0.493 98.94 -0.07 1.06 

2 26 47 1.81 - 97.18 -0.08 1.61 

4 31 51 1.65 - 97.46 -0.18 1.56 

8 40 69 1.73 0.797 97.51 -0.30 1.29 

24 55 98 1.78 1.079 97.18 -0.56 2.84 
*[M] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. bIntrinsic viscosity 

determined externally according to ATSM 4603-03, phenol/1,1,2,2-tetrachlorethane (3:2). cL*a*b* values, 60 mg/ml 8:2 

DCM:HFIP. 
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Table 7.29. Size exclusion chromatography, intrinsic viscosity and UV/VIS spectroscopy kinetic data for the 
solid-state polymerisation of PEF synthesised with of Ti Citrate (20 ppm)* as a part of a comparison of SbEG, 

Ti Citrate and Ti Citrate + TMP. 

Time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða 
[η]b / 

dL g–1 
L*a a*a b*a 

0 18 32 1.78 0.480 98.16 -0.31 1.97 

2 26 48 1.85 - 97.73 -0.35 1.65 

4 35 64 1.83 - 97.89 -0.44 2.14 

8 38 82 2.16 0.958 97.73 -0.67 3.05 

24 61 127 2.08 1.265 97.12 -1.21 6.06 
*[M] and [P] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. bIntrinsic 

viscosity determined externally according to ATSM 4603-03, phenol/1,1,2,2-tetrachlorethane (3:2). cL*a*b* values, 60 mg/ml 

8:2 DCM:HFIP. 

 

Table 7.30. Size exclusion chromatography, intrinsic viscosity and UV/VIS spectroscopy kinetic data for the 
solid-state polymerisation of PEF synthesised with of Ti Citrate + TMP (20 + 20 ppm)* as a part of a 

comparison of SbEG, Ti Citrate and Ti Citrate + TMP. 

Time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða 
[η]b / 

dL g–1 
L*a a*a b*a 

0 13 26 2.00 0.423 98.72 -0.01 1.96 

2 21 36 1.71 - 97.43 -0.09 1.69 

4 25 45 1.80 - 97.49 -0.18 1.49 

8 30 58 1.93 0.655 97.53 -0.22 1.75 

24 47 96 2.04 0.938 97.87 -0.42 2.57 
*[M] and [P] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. bIntrinsic 

viscosity determined externally according to ATSM 4603-03, phenol/1,1,2,2-tetrachlorethane (3:2). cL*a*b* values, 60 mg/ml 

8:2 DCM:HFIP. 

7.8.3.2. End Group Analysis 

Table 7.31. Carboxylic end group content of selected PEF samples before and after SSP as a part of a 
comparison of SbEG, Ti Citrate and Ti Citrate + TMP. 

Catalysta 
CEGb, t = 0 / 

mmol kg–1 

CEGb, t = 24 h / 

mmol kg–1 

D CEGb / 

mmol kg–1 

SbEG (250 ppm) 22.6 12.8 9.8 

Ti Citrate (20 ppm) 12.7 8.2 4.5 

Ti Citrate + TMP (20 ppm/20 ppm) 87.1 9.6 77.5 
a[M] and [P] by mass relative to FDCA. bCarboxylic end group content determined externally by titration according to ASTM 

D7409 – 15. 
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Table 7.32. Hydroxyl end group content of selected PEF samples before and after SSP as a part of a 
comparison of SbEG, Ti Citrate and Ti Citrate + TMP. 

Catalysta 
HEGb, t = 0 / 

mmol kg–1 

HEGb, t = 24 h / 

mmol kg–1 

D HEGb / 

mmol kg–1 

SbEG (250 ppm) 88.5 19.9 68.5 

Ti Citrate (20 ppm) 98.4 26.8 70.2 

Ti Citrate + TMP (20 ppm/20 ppm) 66.8 34.4 33.8 
a[M] and [P] by mass relative to FDCA. bHydroxyl end group content determined from carboxyl end group content and Mn. 

 

7.8.3.3. Differential scanning calorimetry  

Table 7.33. Enthalpy of fusion and degree of crystallinity of PEF samples pre-SSP. 

Catalysta DHm 
b/ J g–1 Xc

c / % 

SbEG (250 ppm) 30.01 22.1 

Ti Citrate (20 ppm) 30.54 22.5 

Ti Citrate + TMP (20 ppm / 20 ppm) 35.74 26.3 
a[M] and [P] by mass relative to FDCA. bThermal data from heating cycle. cDegree of crystallinity calculated from enthalpy of 

pure crystalline PEF, 137 Jg-1. 

 

7.8.3.4. Thermal Degradation Test 

Table 7.34. Solution UV/VIS data for PEF prepared with different catalyst formulations after thermal 
degradation SSP as a part of a comparison of SbEG, Ti Citrate and Ti Citrate + TMP. 

Catalysta L*b a*b b*b Db*b 

SbEG (250 ppm) 96.22 -1.34 5.31 2.47 

Ti Citrate (20 ppm) 96.42 -1.43 9.47 3.41 

Ti Citrate + TMP (20 ppm/20 ppm) 95.39 -1.08 2.97 0.40 
a[M] and [P] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP 
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7.8.3.5. Acetaldehyde Analysis  

Table 7.35. Acetaldehyde content of selected PEF samples before and after a thermal degradation test as a 
part of a comparison of SbEG, Ti Citrate and Ti Citrate + TMP. 

Catalysta AAb, t = 0 / ppm AAb, t = 20 m / ppm D AAb / ppm min–1 

SbEG (250 ppm) 0.1 69.8 3.5 

Ti Citrate (20 ppm) 0.5 38.2 1.9 

Ti Citrate + TMP (20 

ppm/20 ppm) 
0.5 33.1 1.6 

a[M] and [P] by mass relative to FDCA. bAcetaldehyde content determined externally according to ASTM F2013 – 10(2016), 

150 °C for 60 min. 

7.8.4. Solid-State Polymerisation Kinetics of Polyethylene Furanoate catalysts by SbEG 
+ TMP, TTIP + TMP and Ti Citrate + TMP. 

7.8.4.1. Size Exclusion Chromatography and UV/VIS Spectroscopy Analysis 

 

Table 7.36. Size exclusion chromatography and UV/VIS spectroscopy kinetic data for the solid-state 

polymerisation of PEF synthesised with of SbEG + TMP (250 + 20 ppm)* as a part of a comparison of SbEG + 

TMP, TTIP + TMP and Ti Citrate + TMP. 

Time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða L*b a*b b*b 

0 19 32 1.68 98.82 -0.02 0.88 

2 23 40 1.74 98.80 -0.06 0.98 

4 27 50 1.85 98.76 -024 1.09 

8 28 50 1.79 98.75 -0.27 1.14 

24 28 50 1.79 97.58 -0.33 1.20 
*[M] and [P] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. bL*a*b* values, 

60 mg/ml 8:2 DCM:HFIP. 
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Table 7.37. Size exclusion chromatography and UV/VIS spectroscopy kinetic data for the solid-state 

polymerisation of PEF synthesised with of TTIP + TMP (20 + 20 ppm)* as a part of a comparison of SbEG + 

TMP, TTIP + TMP and Ti Citrate + TMP. 

Time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða L*b a*b b*b 

0 19 33 1.74 99.71 -0.10 0.68 

2 21 34 1.62 98.77 -0.14 0.76 

4 19 35 1.84 98.64 -0.26 1.10 

8 23 38 1.65 98.47 -0.31 1.51 

24 23 38 1.65 97.57 -0.53 1.71 
*[M] and [P] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. bL*a*b* values, 

60 mg/ml 8:2 DCM:HFIP. 

 

Table 7.38. Size exclusion chromatography and UV/VIS spectroscopy kinetic data for the solid-state 

polymerisation of PEF synthesised with of Ti Citrate + TMP (20 + 20 ppm)* as a part of a comparison of SbEG + 

TMP, TTIP + TMP and Ti Citrate + TMP. 

Time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða L*b a*b b*b 

0 21 33 1.57 99.13 -0.19 0.96 

2 21 38 1.81 98.99 -0.25 1.01 

4 24 44 1.83 98.79 -0.32 1.13 

8 39 76 1.95 98.81 -0.38 1.16 

24 48 97 2.02 97.42 -0.40 1.19 
*[M] and [P] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. bL*a*b* values, 

60 mg/ml 8:2 DCM:HFIP. 

 

7.8.4.2. End Group Analysis 

Table 7.39. Carboxylic end group content of selected PEF samples before and after SSP as a part of a 

comparison of SbEG + TMP, TTIP + TMP and Ti Citrate + TMP. 

Catalysta 
CEGb, t = 0 / 

mmol kg–1 

CEGb, t = 24 h / 

mmol kg–1 

D CEGb / 

mmol kg–1 

SbEG + TMP (250 ppm / 20 ppm) 28.8 11.9 16.9 

TTIP + TMP (20 ppm / 20 ppm) 129.0 99.6 29.4 

Ti Citrate + TMP (20 ppm / 20 ppm) 13.7 10.3 3.4 
a[M] and [P] by mass relative to FDCA. bCarboxylic end group content determined externally by titration according to ASTM 

D7409 – 15. 
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Table 7.40. Hydroxyl end group content of selected PEF samples before and after SSP as a part of a 

comparison of SbEG + TMP, TTIP + TMP and Ti Citrate + TMP. 

Catalysta 
HEGb, t = 0 / 

mmol kg–1 

HEGb, t = 24 h / 

mmol kg–1 

D HEGb / 

mmol kg–1 

SbEG + TMP (250 ppm / 20 ppm) 76.4 59.5 16.9 

TTIP + TMP (20 ppm / 20 ppm) - 11.5 - 

Ti Citrate + TMP (20 ppm / 20 ppm) 81.5 31.4 50.2 
a[M] and [P] by mass relative to FDCA. bHydroxyl end group content determined from carboxyl end group content and Mn. 

 

7.8.4.3. Thermal Degradation Test 

Table 7.41. Solution UV/VIS data for PEF post-SSP prepared with different catalysts and TMP after a thermal 

degradation test as a part of a comparison of SbEG + TMP, TTIP + TMP and Ti Citrate + TMP.  

Catalysta L*b a*b b*b Db*b 

SbEG + TMP (250 ppm / 20 ppm) 95.27 -0.94 2.76 1.56 

TTIP + TMP (20 ppm / 20 ppm) 96.33 -1.09 2.98 1.27 

Ti Citrate + TMP (20 ppm / 20 ppm) 96.08 -0.51 2.44 1.25 
a[M] and [P] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP 

 

7.8.4.4. Acetaldehyde Analysis  

Table 7.42. Acetaldehyde content of selected PEF samples before and after a thermal degradation test as a 

part of a comparison of SbEG + TMP, TTIP + TMP and Ti Citrate + TMP. 

Catalysta AAb, t = 0 / ppm AAb, t = 20 m / ppm 
D AAb / ppm 

min–1 

SbEG + TMP (250 ppm / 20 ppm) 0.2 53.5 2.7 

TTIP + TMP (20 ppm / 20 ppm) 0.4 27.5 1.4 

Ti Citrate + TMP (20 ppm / 20 ppm) 0.4 37.8 1.9 
a[M] and [P] by mass relative to FDCA. bAcetaldehyde content determined externally according to ASTM F2013 – 10(2016), 

150 °C for 60 min. 
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 Polymer Characterisation (Chapter 5) 

7.9.1. Melt-Phase Polymerisation of Polyethylene Furanote with Metal-Organic 
Framework Catalysts 

7.9.1.1. Size Exclusion Chromatography and UV/VIS Spectroscopy Analysis 

Table 7.43. Size exclusion chromatography and UV/VIS spectroscopy analysis for PEF prepared with titanium 
metal–organic frameworks with TTIP as a control reference. 

Catalysta Mn
b / kg mol–1 Mw

b / kg mol–1 Ða L*c a* c b* c 

TTIP 20 ppm 16 29 1.81 98.26 -0.01 1.63 

MIL-125 50 ppm 15 27 1.80 99.64 -0.17 1.35 

MIL-125 30 ppm 10 15 1.50 99.94 -0.09 1.93 

MIL-125 20 ppm 5 12 2.40 98.67 -0.09 1.23 

Ti-BD 50 ppm 16 33 2.06 99.87 -0.05 1.37 

Ti-BD 30 ppm 10 17 1.70 99.91 -0.11 1.34 

Ti-BD 20 ppm 8 15 1.78 99.92 -0.41 1.66 
a[M] by mass relative to FDCA. bAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 

Table 7.44. Size exclusion chromatography and UV/VIS spectroscopy analysis for PEF prepared with zirconium 
metal–organic frameworks with Zr(acac)4 and SbEG as a control reference. 

Catalysta Mn
b / kg mol–1 Mw

b / kg mol–1 Ða L*c a* c b* c 

Zr(acac)4 50 ppm 16 28 1.71 95.83 -0.87 7.54 

UIO-66 50 ppm 22 37 1.72 95.30 -1.22 10.17 

Zr CAU FDCA 50 ppm 16 26 1.68 96.65 -1.13 8.75 

SbEG 188 ppm* 16 28 1.65 99.50 -0.28 1.55 
a[M] by mass relative to FDCA. bAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. cL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 

7.9.1.2. Diethylene Glycol Content Analysis 

Table 7.45. Size exclusion chromatography and DEG content analysis of PEF produced with various titanium 
metal–organic framework catalysts. 

Catalysta 
Loading 

/ ppm 

Mn
b / kg 

mol–1 

Mw
b / 

kg mol–1 
Ðb 

Esterification 

time / h 

DEG contentc 

/ mol mol-1 

MIL-125 50 15 27 1.80 01:57 0.068 

MIL-125 20 5 12 2.40 01:48 0.060 

Ti-BD 50 16 33 2.06 01:47 0.065 

Ti-BD 20 8 15 1.78 01:51 0.065 
a[M] by mass relative to FDCA. bAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. cDEG content calculated 

from 1H NMR DEG residue resonance (4 protons) divided by two, relative to furan proton resonance (2 protons).8 
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Table 7.46. Size exclusion chromatography and DEG content analysis of PEF produced with various zirconium 
metal–organic framework catalysts. 

Catalysta 
Loading 

/ ppm 

Mn
b / kg 

mol–1 

Mw
b / kg 

mol–11 
Ðb 

Esterification 

time / h 

DEG 

contentc / 

mol mol-1 

Zr (acac)4 50 16 28 1.71 01:36 0.083 

UIO-66 50 22 37 1.72 01:41 0.065 

Zr CAU FDCA 50 16 26 1.68 01:33 0.080 
a[M] by mass relative to FDCA. bAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. cDEG content calculated 

from 1H NMR DEG residue resonance (4 protons) divided by two, relative to furan proton resonance (2 protons).8 

 

7.9.1.3. Thermal Degradation Test 

Table 7.47. Solution UV/VIS data for PEF prepared with zirconium catalysts, with SbEG as an internal 
reference. 

Catalysta L*b a*b b*b Db*b 

Zr (acac)4 50 ppm 94.02 -1.07 8.10 0.56 

UIO-66 50 ppm 94.61 -1.26 10.33 0.16 

Zr CAU FDCA 50 ppm 96.02 -1.47 10.08 1.33 

SbEG 188 ppm* 97.21 -0.75 3.19 1.64 
a[M] by mass relative to FDCA. bL*a*b* values, 60 mg/ml 8:2 DCM:HFIP. *Reaction time for SbEG 1 h 36 m. 

7.9.2. Solid-State Polymerisation of Polyethylene Furanote with Metal-Organic 
Framework Catalysts 

7.9.2.1. Size Exclusion Chromatography and UV/VIS Spectroscopy Analysis 

Table 7.48. Size exclusion chromatography and UV/VIS spectroscopy kinetic data for the solid-state 

polymerisation of PEF synthesised with of TTIP (20 ppm)* as a part of a comparison of TTIP, Ti-BD and MIL-

125. 

Time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða L*a a*a b*a 

0 18 31 1.57 99.83 -0.14 1.08 

2 25 43 1.81 98.25 -0.24 1.23 

4 30 52 1.83 98.23 -0.32 1.45 

8 40 68 1.95 98.19 -0.38 1.50 

24 51 90 2.02 98.02 -0.56 2.60 
*[M] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. bL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 
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Table 7.49. Size exclusion chromatography and UV/VIS spectroscopy kinetic data for the solid-state 

polymerisation of PEF synthesised with of MIL-125 (50 ppm)* as a part of a comparison of TTIP, Ti-BD and 

MIL-125. 

Time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða L*a a*a b*a 

0 15 27 1.80 99.64 -0.20 0.91 

2 23 40 1.74 99.61 -0.22 1.59 

4 27 48 1.78 99.08 -0.37 1.61 

8 35 67 1.91 98.52 -0.41 2.32 

24 49 90 1.84 98.24 -0.71 4.30 
*[M] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. bL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 

 

Table 7.50. Size exclusion chromatography and UV/VIS spectroscopy kinetic data for the solid-state 

polymerisation of PEF synthesised with of Ti-BD (50 ppm)* as a part of a comparison of TTIP, Ti-BD and MIL-

125. 

Time / h Mn
a / kg mol–1 Mw

a / kg mol–1 Ða L*a a*a b*a 

0 16 33 2.06 98.65 -0.36 1.02 

2 27 45 1.67 97.89 -0.51 1.31 

4 34 55 1.62 97.41 -0.57 1.54 

8 39 72 1.85 97.26 -0.70 2.13 

24 56 101 1.80 97.11 -1.25 5.11 
*[M] by mass relative to FDCA. aAbsolute molecular weight and Ð determined by SEC (HFIP), 2 mg/ml. bL*a*b* values, 60 

mg/ml 8:2 DCM:HFIP. 
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Chapter 8  Appendix 

 Size Exclusion Chromatography 

 
Figure 8.1. A representative example of a size exclusion chromatograph of polyethylene furanoate. 

 

 Nuclear Magnetic Resonance 

 
Figure 8.2.. Representative example of a 1H NMR spectrum of polyethylene furanoate.

Lo
w

 A
ng

le
 L

ig
ht

 S
ca

tte
rin

g 
R

es
po

ns
e 

(m
V)

Retention Volume (mL)
  3.36   6.72  10.08  13.44  16.80  20.16  23.52  26.88  30.24

 82.27

 81.61

 80.94

 80.28

 79.62

 78.95

 78.29

 77.62

 76.96

Data File: 2018-02-03_01;05;42_Michael_10_801_01.vdt   Method: PEF-v07-0000.vcm

 82.93

 76.30

0.00   33.60



 

 202 

 

 Powder X-Ray Diffraction Patterns 

8.3.1. MIL-125 

 
Figure 8.3. Powder X-ray diffraction pattern for MIL-125. 

 

 

 

 

 

8.3.2. UIO-66 

 
Figure 8.4. Powder X-ray diffraction pattern for UIO-66. 

 

 

0

2000

4000

6000

8000

10000

12000

14000

5 10 15 20 25 30 35 40

In
te

ns
ity

 / 
a.

u.

2θ / degree

0

5000

10000

15000

20000

25000

5 10 15 20 25 30 35 40

In
te

ns
ity

 / 
a.

u.

2θ / degree



 

 203 

8.3.3. Zr CAU-28 

 
Figure 8.5. Powder X-ray diffraction pattern for Zr CAU-28 
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