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Glossary 
 
3-ClBA Meta-chlorobenzoic acid 
3-ClBCH3 Methyl meta-chloro benzoate 
BD 1,4-butanediol 
BDB 1,4-butylene di(meta-chloro benzoate) 
Cp Cyclopentadienyl 
Cp* Pentamethyl cyclopentadienyl 
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GC Gas Chromatography 
HBB 4-hydroxybutyl meta-chloro benzoate 
HFIP Hexafluoro isopropanol 
MM Montmorillonite 
MMT Mono-methyl terephthalate 
MW Molecular weight 
NMR Nuclear Magnetic Resonance 
PBC Poly(butylene carbonate) 
PBT Poly(butylene terephthalate) 
PC Polycarbonate 
PD 1,3-propanediol 
PDI Polydispersity index 
PET Poly(ethylene terephthalate) 
PTFE Poly(tetrafluoroethylene) 
PTHF Poly(tetrahydrofuran) 
PTMG Poly(teramethylene glycol) 
PTMO Poly(tetramethylene oxide) 
PTT Poly(trimethylene terephthalate) 
SEC Size Exclusion Chromatography 
SSP Solid State Polymerization 
THF Tetrahydrofuran 
Ti(OBu)4 Titanium tetra n-butoxide 
TPA Terephthalic acid 
TPE Thermoplastic elastomer 
TPPH 5,10,15,20-tetraphenyl-21H,23H-porphine 
TPPTiO 5,10,15,20-tetraphenylporphyrin titanium oxide 
 



 



Chapter 1  

INTRODUCTION 

1.1 Poly(butylene terephthalate) 

1.1.1 General introduction 

Although Wallace H. Carothers, the 

chemist behind the discovery of nylon 6.6, 

launched by DuPont in 1939, had already 

studied the synthesis of some aliphatic 

polyesters in the 1920’s and early 1930’s, 

it were J.R Whinfield and J.T Dickson 

(Figure 1-1) who noticed that, by going 

through Carothers’ patents, he had not 

explored the synthesis of polyesters made 

from aromatic monomers [1-7]. These two 

Englishmen, working in a laboratory of 

Calico Printers’ Association, polymerized 

ethylene glycol (EG) with terephthalic acid (TPA) and melt-spun it into a poly(ethylene 

terephthalate) (PET) fibre. Although their patent was already filed in 1941, the development 

of their research on polyester fibres was put on hold due to the World War. Around the same 

time, in Germany, Schlack had also started the synthesis of polyesters from 1,4-butanediol 

(BD) and TPA, yet found that they were less suitable to be used as a fibre material [8]. 

It was only in 1969 that this polymer, poly(butylene terephthalate) (PBT), was 

commercialized by the Celanese Corporation, under the trade name ‘Celanex’ (currently 

produced by Ticona) [9]. The reason why this polymer only entered many years after PET on 

  

Figure 1-1: John Rex Whinfield and James Tennant 

Dickson, the inventors of semi-aromatic polyesters. 



Chapter 1: Introduction.  2 

 

the market was due to the fact that, besides the higher price of BD compared to EG, a lot of 

the properties of PBT are not as good as those of PET (Table 1-1). However, as PBT 

crystallizes relatively fast from the melt compared to PET, this engineering plastic proved to 

be very suitable for injection molding applications (considerably shorter cycle times and 

lower mold temperatures than PET and good dimensional stability). The advantage PBT has 

over polyamides on the other hand, is that its properties are stable under wet conditions due to 

its low moisture uptake [10]. Poly(trimethylene terephthalate) (PTT), a polyester made out of 

1,3-propanediol (PD) and TPA, was only recently commercialized since the novel synthesis 

route for the corresponding diol by the hydroformylation of ethylene oxide, developed by 

Shell, made the synthesis of PTT economically feasible [11]. 

Table 1-1: Comparison of some properties of PET, PTT, PBT, PC, Nylon 6,6 and Nylon 6 [10, 12]. 

Property PBT PET PTT Nylon 6.6 PC Nylon-6 dry (wet) 

Tmelt / °C 228 265 225 265 - 230 

Tg / °C 25 80 45-75 50-90 150 50 

Tensile strength / 
MPa 56.5 61.7 59.3 82.8 65.0 79.9 (40.0) 

Heat Distortion 
Temperature at 1.8 
MPa / °C 

54 35 59 90 129 60 

Flexural modulus / 
GPa 2.34 3.11 2.76 2.2-2.7 2.35 2.70 (0.70) 

Izod impact, noched / 
J/m 53 37 48 53 640 58.6 (744) 

Mold temperature / 
°C 50-75 140-150 - - - - 

Mold cycle time 
(small thin parts) / s 10 15 - - - - 

Mold schrinkage / % 2.0 3.0 2.0 1.5 0.7 1.5 

 

Nowadays, over 400 kton of PBT is produced every year, with its main application markets as 

injection molded components in the automotive (about 60%, predominantly in US) and 

electrical/electronic industries (around 30%, mainly in Europe and Asia) [13]. The 

manufacturers provide PBT in a variety of glass-fiber reinforced, impact modified, mineral 

filled and flame-retardant grades or as a blend with e.g. polycarbonates, rubbers or ASA 

(acrylonitrile-styrene-acrylate copolymer) [14]. 
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1.1.2 Monomers 

1.1.2.1 1,4-butanediol 

1,4-Butanediol (BD) is the diol used in the synthesis of PBT. The use of BD as feedstock for 

polymers is one of its main applications. Besides this, BD is also converted to tetrahydrofuran 

(THF), which on its turn is predominantly used to synthesize low molecular weight 

poly(tetramethylene glycol) (a.s.a. polyTHF) for the production of e.g. copolyester-ethers or 

urethane elastomers [11, 15].  

Industrially, most suppliers synthesize BD via the Reppe process (Scheme 1-1) [15]. In this 

route, gaseous acetylene is introduced into an aqueous solution of formaldehyde. The catalyst 

generally used for this reaction is silica supported copper(II)oxide in combination with 3 to 

6% of bismuth oxide. Hereafter, butynediol is hydrogenated by either a nickel or a palladium 

catalyst. 

HC CH OH

OH
H H

O

H H

O

+ 2H2 HO
OH

HO
OH

acetylene formaldehyde

butynediol

1,4-butanediol

+

+

HO
OH

 

Scheme 1-1: The Reppe process, for the synthesis of 1,4-butanediol. 

While this process dominates the commercial production of BD, some alternative 

technologies start to gain interest in industry.  

A route that was commercially introduced by Mitsubishi Chemicals involves the oxidative 

acetoxylation of 1,3-butadiene to 1,4-diacetoxy-2-butene with acetic acid (palladium/tellurium 

catalyst), which is subsequently hydrogenated and hydrolyzed to BD [11]. 
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The selective oxidation of butane to maleic anhydride, which is then converted to BD in either 

an aqueous solution or an anhydrous route, provided a new, low cost and environmentally 

friendly route to BD [11].  

Another alternative route to BD is the hydroformylation of allyl alcohol, which is synthesized 

from propylene oxide. This process is industrially applied by Lyondell, formerly ARCO [11]. 

A last route is based on the epoxidation of butadiene (Eastman Chemical Company) to 3,4-

epoxy-1-butene over a silver catalyst. Subsequently, this compound is hydrated and 

hydrogenated over a series of catalysts to yield BD as well [11]. 

1.1.2.2 Dimethyl terephthalate 

The prices for terephthalic acid (TPA) and dimethyl terephthalate (DMT), the two monomers 

of choice for the synthesis of terephthalate-based polyesters, are very competitive due to the 

current optimized technologies for the production of DMT (vide infra). The most important 

argument against the use of DMT in polyester synthesis in general is that with respect to the 

stoichiometry of the polycondensation reaction approximately 17% more polymer can be 

made out of TPA compared with the same weight of DMT [16-18]. For some manufacturers 

of PET (which does not have the same problem as PBT of using TPA as a monomer, as 

discussed further on, for which the production of DMT is performed on the same site, it is 

more lucrative to use the dimethyl ester as feedstock.  

The main advantage in the production of DMT, compared with the production of TPA, is that 

no bromides or acetic acid are used, reducing the risks for the environment and eliminating 

the need for expensive, highly corrosion resistant reaction vessels. The first commercial 

synthetic process for DMT involved the esterification of crude TPA with methanol, which 

was made by the oxidation of para-xylene using nitric acid. With the development of the 

Witten processi (Scheme 1-2), air oxidation over a cobalt-manganese catalyst system replaced 

the need of the highly corrosive nitric acid [16]. This process to DMT requires two oxidation 

and esterification steps performed in two separate reactors, without the use of a solvent.  

                                                 

i Also referred to as the Witten-Katzschmann process, the Dynamit Nobel process or the Witten-Hercules 
process. 
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CH3

CH3

CH3

COOH

COOCH3

COOCH3

CH3

COOCH3

COOH

COOCH3

air

Co/Mn

CH3OH

- H2O

air

Co/Mn

CH3OH

- H2O

para-xylene dimethyl terephthalate 

Scheme 1-2: The Witten process for providing dimethyl terephthalate. 

The Witten-process to DMT was recently improved by H&G Hegmanns and Sulzer, 

providing a competitive alternative for the synthesis of polyesters out of TPA (certainly for 

integrated sites) [19]. Both the oxidation and esterification stage of the process were 

optimized with respect to the energy consumption, the formation of side products, the use and 

the recovery of the applied catalysts, etc. Furthermore, the purification step, which was 

performed by suspension recrystallization in the original Witten process, is replaced by a melt 

recrystallization process. Interestingly, the subsequent hydrolysis of the DMT to TPA is 

possible as well in this process, providing the possibility for the manufacturer to switch from 

one monomer to the other, depending on the market demand. 

1.1.2.3 Terephthalic acid 

Since its commercialization in the 1950’s by DuPont, PET was predominantly synthesized out 

of DMT due to the fact that this monomer, compared to TPA, was relatively easily purified by 

distillation. Yet, since the 1960’s, purified TPA became available by the development of new 

technologies and gained a lot of importance as a monomer in polyester synthesis [16-19]. 

Before that time, TPA was synthesized by the nitric acid oxidation of para-xylene, a costly 

and corrosive process that produced a lot of undesired byproducts [12]. Furthermore, the 

crude TPA contained some nitrogen compounds which were hard to remove by simple 

crystallization or distillation. Currently, the most adopted synthesis method for the purified 

TPA has been developed by Scientific Design and commercialized by Amoco (Scheme 1-3) 

[12]. This route involves a single stage process in which para-xylene is oxidized by air in the 

presence of catalyst composed of cobalt, manganese and bromide compounds which produces 

TPA in good yields. Acetic acid is used as a solvent. A drawback, however, is that bromide 

compounds are very corrosive, which implies the need of expensive materials for the 
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construction of the process setup. The synthesized TPA can also be converted to DMT by 

simple esterification with methanol (cobalt, 300 °C, pressure).   

CH3

CH3

CH2*

CH3

CH2OO*

CH3

CHO

CH3

COOH

CH3

COOH

CH3

COOH

CH2*

COOH

CH2OO*

COOH

CHO

COOH

COOH

+ Br*
- HBr

O2

+ e-

[O]
+ Br* - HBr

O2

+ e-

[O]- OH-

- OH-

terephthalic acid

para-xylene

 

Scheme 1-3: The Amoco process for the production of terephthalic acid. 

The Mobil process, Tennessee Eastern process and Toray process are known variations on the 

Amoco process for the synthesis of TPA for polyester synthesis [17]. In the Mobil process, 

methyl ethyl ketone is used instead of the bromine compounds to accelerate the oxidation of 

para-xylene. The process proceeds in an acetic acid solution with large quantities of a cobalt 

catalyst. In the Tennessee Eastern process acetoaldehyde is the co-oxidizing agent, while in 

the Toray process para-aldehyde is used. 

However, the first process to produce fibre grade TPA in 1963 was the Henckel process of 

Mitsubishi Chemical, which yielded TPA out of toluene in stead of para-xylene. Yet, a 

decade later the process was replaced due to the decrease of the price of para-xylene. In both 

the Amoco and the Henckel synthesis process of TPA, para-carboxybenzaldehyde is the main 

side product. This compound and other carbonyl impurities are removed by the use of 

catalysts, converting them into soluble components.  



Chapter 1: Introduction.  7 

 

1.1.3 Polymer synthesis 

1.1.3.1 DMT-based route 

In most commercial processes, PBT is produced by the bulk polymerization reaction of DMT 

in the presence of an excess of BD (Scheme 1-4). These monomers are reacted in a two-stage 

melt polymerization process in which primarily (in the first stage, also referred to as the ester-

interchange stage) the molten DMT and a mixture of BD with the catalyst are charged into a 

first reactor. During this transesterification reaction, which is generally performed in an inert 

atmosphere to prevent oxidative side reactions, the temperature is increased from 150 °C to 

about 210 °C. With respect to the catalyst used for the synthesis of PBT, contrary to the 

synthesis of PET, one and the same metal complex is used for both stages of the process. 

Generally, tetra-alkoxy titanates are applied, often in combination with a certain cocatalyst 

[20]. 

The excess of BD in the initial reaction mixture is commonly lower than 100%. At the end of 

the first stage, not exclusively bishydroxybutyl terephthalate is formed, yet PBT oligomers 

bearing hydroxyl end groups as well. When no more methanol is distilled off, the reaction 

mixture is transferred to a second reactor (for the second stage or polycondensation stage) 

where vacuum is applied (approximately 1 mbar) at increased temperatures (between 250 °C 

and 260 °C), well above the melting temperature of PBT, in order to strip off the excess BD 

released by the forward polycondensation reaction between two hydroxybutyl end groups (see 

Scheme 1-4). In this way, the 1:1 stoichiometry is gradually restored eventually affording 

high molecular weight PBT. As during the second stage the viscosity of the melt dramatically 

increases with the molecular weight of the polymer chains, mass transfer of the volatiles out 

of the reaction mixture becomes a rate limiting process. Further heating does not lead to a 

higher molecular weight, as the limited thermal stability of PBT at temperatures above 260°C 

leads to polymer degradation. Commercial melt polymerizations can be used to make resins 

ranging from a number average molecular weight of 17.000 g/mol to 40.000 g/mol (which 

equals a melt viscosity at 250 °C of 30 Pa.s to 900 Pa.s) [10]. In industry, however, these 

batch processes are more and more replaced by continuous processes, which involve a series 

of reactors in which the pressure is gradually reduced. Finally, so-called finishing reactors, 

which create a high surface area combined with deep vacuum, are applied to increase the 
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molecular weight even further. Nowadays, batch processes are mainly used to produce 

specialty PBT resins. 

Instead of stopping the polymerization reaction at various viscosities of the melt to achieve a 

variety of different molecular weights, some suppliers, especially those with continuous 

plants, make a few high and low molecular weight resins and mix these in different ratios 

during subsequent melt processing to make PBT grades of a certain intermediate molecular 

weight, which are indistinguishable for application purposes from the conventionally 

synthesized resins. 

To synthesize very high molecular weight PBT (e.g. Mn =100.000 g/mol), solid state post-

polymerization of melt-synthesized material is mostly applied. Hereby, (pre)polymer particles 

are heated just below their melting point and above their Tg (in practice for PBT about 200 °C 

to 210°C). Hence, either under reduced pressure or by means of passing a hot inert gas trough 

the particles, BD (and other volatiles) are removed from the particles. At the applied 

temperatures, only the polymer chain segments in the amorphous phase become sufficiently 

mobile to take part in the transesterification reaction of the hydroxybutyl end groups. 

O

OCH3

O

H3CO
HO

OH

O

O

O

O (CH2)4 OH(CH2)4HO

O

O

O

OH (CH2)4 OH
HO

OH

CH3OH+

+

+

1st Stage

2nd Stage

Ester Interchange
catalyst

catalyst

n

n m

n 2n

n

Polycondensation

 

Scheme 1-4: DMT-based route to PBT (n<m). 
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1.1.3.2 TPA-based route 

Unlike other poly(alkylene terephthalates), PBT is generally not produced out of TPA (with 

exception of some plants in Asia, e.g. the new 200 tonnes/day Zimmer AG plant in Nantong, 

China). The reason for this, as will be discussed in the following section, is the enhancement 

of the production of tetrahydrofuran (THF), the major side product during the synthesis of 

PBT (vide infra), when TPA is used as a starting material. The process based on TPA is very 

similar to the DMT-based route to PBT described in the previous section. In the first stage, 

TPA is esterified with an excess of BD, distilling of H2O in order to shift the esterification 

equilibrium towards the product, i.e. hydroxybutyl end functionalized oligo esters of PBT 

(Scheme 1-5). However, whereas DMT is added as a liquid to the first reactor of the process 

and is completely miscible with the reaction mixture, TPA is a solid that is only sparsely 

soluble in BD at the temperatures applied for the melt polymerization. Hence, to feed the first 

esterification reactor, a slurry of TPA in BD is prepared. The reaction mixture becomes 

homogeneous when practically all carboxylic groups have been esterified with BD. At that 

moment, the so-called ‘clearing point’ is reached and the second stage, which is basically 

identical to the DMT-based process, is commenced. 

The catalytic system applied in the TPA-based polymerization of PBT, which is extensively 

discussed in chapter 3 of this thesis, consists in most described processes of a titanium-based 

catalyst with or without the addition of a cocatalyst (e.g. potassium terephthalate, sodium 

acetate, sodium phosphate or other organic/inorganic salts)[21-28]. 
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Scheme 1-5: TPA-based route to PBT (n<m). 

1.2 Side reactions 

1.2.1 THF formation 

The major side reaction during the production of PBT is the formation of THF. When TPA is 

used as an alternative for DMT for the synthesis of this engineering plastic, the formation of 

THF increases with more than 100%, an amount of side product which could not be sold on 

the market when all PBT would be made out of TPA. This extra amount of THF is almost 

exclusively formed during the first stage of the polymerization process and its large 

proportion results in a loss-making activity when compared to the DMT-based process [14]. 

Although other mechanisms have been described, it is generally accepted that the formation of 

THF during PBT synthesis is formed via two reactions (see Scheme 1-6) [29-31]. 
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Scheme 1-6: Secondary reactions leading to tetrahydrofuran in PBT synthesis. 

A first reaction is the dehydration of the monomer BD. This reaction is acid-catalyzed, which 

explains the high THF formation when TPA is used as the monomer. The hydroxybutyl end 

groups formed by the esterification reaction of the carboxylic acid groups or transesterifaction 

of the methyl ester groups of TPA and DMT, respectively, are the second source of THF 

formation. This so-called backbiting reaction concomitantly produces a carboxylic acid end 

group. 

The relative importance of these two reactions in both the TPA- and DMT-based route and in 

both stages of the process together will be extensively discussed in Chapter 2 of this thesis 

together with the influences of TPA and of the reaction variables on the formation of THF. 

1.2.2 Pyrolysis 

At high temperatures (> 250 °C), as used for the processing of PBT, thermal degradation 

reactions are significant [32-34]. The most important pyrolysis reaction of PBT is the 

formation of butadiene see Scheme 1-7. A six-membered transition state is formed in the PBT 

chain, which subsequently, by β-hydrogen transfer leads to the formation of an unsaturated 

end group and a carboxylic acid end group. This degradation mechanism is very efficient in 

PBT synthesis and the second β-hydrogen transfer, which yields butadiene, happens relatively 

easily. An activation energy of 250 kJ mol-1 and 171 kJ mol-1 for the formation of butadiene 

was reported by Lum et al. and Passalacqua et al., respectively [29, 33]. It was found by 

MALDI-TOF mass spectrometry that thermal decomposition of PBT first leads to the 

formation of cyclic oligomers which quickly decompose via the formation of unsaturated 

oligomers [32]. Through the reaction of the vinyl end group with either a hydroxybutyl end 

group of the polymer, BD or H2O, 3-butanol can be formed as well (Scheme 1-7). 
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Scheme 1-7: Formation of 3-butenol and butadiene through thermal degradation during the synthesis of 

PBT (ROH is a hydroxyl terminated PBT chain, BD or H2O). 

1.2.3 Side reactions in PET and PTT synthesis 

It is well-known that, similar to PBT synthesis, side reactions occur during the melt 

polymerization of PET and PTT. In PET synthesis, acetaldehyde is one of the major side 

products, while for PTT allyl alcohol and acrolein are formed in significant amounts [20]. 

Yet, from a simple experiment it was observed that none of these side products were formed 

when ethylene glycol and 1,3-propanediol (the diol monomers in PET and PTT synthesis 

respectively) were heated for 5 hours at 120°C in the presence of a catalytic amount of H2SO4. 

Consequently, the reaction of TPA with ethylene glycol or propanediol to synthesize these 

poly(alkylene terephthalates) would not encounter the same disadvantage (direct formation of 

side products from the corresponding diols) as during the first stage of the PBT 

polymerization process. 
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1.2.3.1 Side reactions in PET synthesis 

The formation of acetaldehyde during PET synthesis is caused by thermal degradation 

(pyrolysis) of the polymer and is a major problem at temperatures above the melting point of 

the polymer (260°C) (Scheme 1-8) [20]. This side reaction inevitably occurs during synthesis 

and processing of PET. In view of the applications of this polyester as food-packaging, a very 

acetaldehyde content has to be suppressed (<1ppm) to avoid flavor problems of the product. 

Moreover, by the formation of acetaldehyde, carboxylic acid end groups are formed in the 

polymer, which reduce hydrolytic and thermal stability of polyesters. 
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Scheme 1-8: Formation of acetaldehyde in PET synthesis (ROH is a hydroxyl terminated PET chain, 

ethylene glycol or H2O). 

A second important side reaction in PET synthesis is the etherification of the monomer 

ethyleneglycol to diethyleneglycol. This side reaction somewhat reduces the melting point of 

PET. On its part, diethyleneglycol can cyclizise to form dioxane. Several publications 

describe different mechanisms for the formation of diethyleneglycol (summarized in chapter 
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II.2 of [20]). This reaction is also known to be acid-catalyzed. Moreover, metal complexes 

with strong Lewis acidity are able to catalyze this etherification reaction as well. 

1.2.3.2 Side reactions in PTT synthesis 

Similar to the acetaldehyde formation in PET synthesis and processing, a repeating unit in a 

PTT polymer chain can form a six-membered cyclic transition state through which (by 

McClafferty rearrangement) the chain fragments rearrange into a carboxylic acid end group 

and a vinylester end group (Scheme 1-9) [20]. The latter is the precursor of the two major side 

products in PTT synthesis: further reaction of the vinylester group produces allyl alcohol, 

which forms acrolein (penetrating smell) in the presence of oxygen.  
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Scheme 1-9: Formation of allyl alcohol and acrolein in PTT synthesis (ROH is a hydroxyl terminated PTT 

chain, propanediol or H2O). 
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In PTT synthesis, etherification of the diol monomer occurs as well, i.e. the formation of 

dipropyleneglycol (DPG). This reaction is also influenced by the presence of acid and 

consequently more significant when TPA is used as the monomer for the polyesterification. 

Kelsey et al. also found a clear relationship between the DPG content of PTT and the amount 

of acrolein formed during the polymerization process [35]. These thermo-oxidation 

degradation reactions in PTT synthesis are often suppressed by adding anti-oxidants or 

phosphites. 

 

The above described type of degradation reactions and etherification reaction occur for all 

poly(alkylene terephthalates), including PBT. Similar to the formation of acrolein, 3-butenol 

can oxidize to dihydrofuran by thermo-oxidative degradation. The formation of rings and 

yellowing of the resin are known problems as well for these polymers. On the other hand, the 

backbiting of the hydroxyl end groups and acid-catalyzed dehydration of the diol monomer 

are only observed in PBT synthesis. Moreover, in contrast to the thermal and oxidative 

degradation reactions, THF formation already takes place at lower temperatures. Neither of 

the above described thermo-oxidative side reactions are of the magnitude of the THF 

formation in PBT synthesis as well. 

1.3 Aim and outline of this study 

Although PET and PTT are successfully synthesized in industry from TPA, the production of 

PBT from this diacid monomer, as an alternative for the commercially used DMT, struggles 

with a devastating effect of the acid on the THF formation during this process. In comparison 

with the synthesis of the other commercial poly(alkylene terephthalates), this type of side 

reaction is only encountered with BD and comprises an considerable loss of approximately 13 

mol% of this monomer. The major part (ca. 9 mol%) of this THF formation is formed during 

the first stage of the polymerization process. The amount of THF produced during the second 

stage, on the other hand, is equal to the amount of THF formed DMT-based process, as 

theoretically, this stage of the process is the same for both routes. Hence, the project was 

initiated to investigate whether it is possible to reduce the amount of THF produced during the 

TPA-based synthesis of PBT. The main focus was on the first stage of the polymerization 

process, in order to make the TPA route economically more competitive with the currently 

applied synthesis route of PBT by most industries using the dimethyl ester as a starting 
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material. The approach was to collect first mechanistic information about the THF formation. 

For this purpose, to avoid possible practical difficulties of the polymerization reaction, 

reactions using benzoic acid based derivatives have been performed to model the first stage of 

the polymerization process, as in this stage the major part of the extra amount of THF is 

produced compared to the DMT-based route.  

 

In Chapter 2, the reactions producing THF during the polymerization of PBT are investigated. 

The effects of different reaction variables (temperature, monomer ratio, catalyst 

concentration) and, most importantly, the influence of acid on these side reactions are 

thoroughly discussed. Hereafter, the relative importance of the production of THF during the 

DMT- and TPA-based process is comparatively examined together with the benefit of using 

mixtures of both monomers in various ratios. 

 

 A first attempt with the aim of improving the efficiency of the TPA-based synthesis of PBT, 

with respect to the THF formation, is reported in Chapter 3, by finding out which 

homogeneously dissolved metal complex catalyzes this polycondensation reaction the best. 

To assess this catalyst, the effects of the initial ligands and the metal of the catalytic complex 

on the reaction rates are determined, together with some other important properties of the 

tested catalysts. 

 

Subsequently, in Chapter 4, the most important results of the model reactions performed in 

the two previous chapters are compared with the results of the polymerization reaction of 

PBT, performed in a 250 mL stainless steel stirred tank reactor. The most important difference 

with the model reactions is the effect of the poor solubility of TPA in the reaction mixture.  

 

In order to increase the amount of catalytically active species in the reaction mixture without 

the need of using high quantities of metal complexes which remain in the final product, in 

Chapter 5, the application of some heterogeneous catalytic systems in the synthesis of PBT is 

discussed, both for TPA and DMT as starting materials. In a second section of this chapter, 

some exploratory experiments are described in which the THF produced during PBT synthesis 

is used for the in situ synthesis of copolyester-ether elastomers, turning this undesired side 

reaction into a benefit. 
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In the final Chapter 6, two concluding topics are discussed in detail. First, in the technology 

assessment, based on the results obtained during this project, a recipe is proposed to minimize 

the amount of THF during the TPA-based synthesis of PBT. Hereafter, suggestions are made 

for interesting further research on some topics which were not yet investigated in this work. 
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Chapter 2  

THF FORMATION IN PBT SYNTHESIS 

Abstract: A model study is performed on the tetrahydrofuran (THF) formation, the major side 

reaction during the synthesis of poly(butylene terephthalate) (PBT). For this purpose, meta-

chlorobenzoic acid (3-ClBA) was used as a model for terephthalic acid (TPA). When TPA is 

used for the production of PBT, as a cheaper alternative for dimethyl terephthalate (DMT), 

the amount of THF formed doubles. Consequently, the THF formation needs to be suppressed 

during this process, in order to preserve an economic advantage over the DMT-based 

synthesis route. It was found that only two reactions cause the formation of THF. The first 

source is the acid-catalyzed dehydration of the monomer, 1,4-butanediol (BD), which is the 

most important reason why more THF is formed during the TPA-based process. For the first 

stage of the DMT-based synthesis of PBT, this reaction proved to be negligible. The 

backbiting of the hydroxybutyl end groups of the polymer is the second side reaction that 

produces THF. Contrary to the dehydration of BD, this reaction is not affected by the 

presence of TPA. Besides this, a kinetic study revealed the activation energies of the different 

(side) reactions of the TPA-based model and showed the influence of temperature on the 

formation of THF. As Ti(OBu)4, the catalyst commercially used for the synthesis of PBT, has 

also no influence on the studied side reactions, it could be concluded that fast conversion of 

the carboxylic acid groups, followed by fast polycondensation of the formed hydroxybutyl end 

groups, is essential to suppress the THF formation. 

2.1 Introduction 

Nowadays, a broad range of pure and modified PBT grades are available, as well as a whole 

spectrum of PBT blends, with numerous applications. The annual world production of this 
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engineering plastic exceeds 400 ktonnes. Hence, to synthesize this polyester via a less 

expensive route would imply a major economic advantage.  

Several papers describe the synthesis of PBT from TPA as a cheaper alternative for DMT 

(Scheme 2-1). Unfortunately, one of the reasons why the latter is still used in most 

commercial plants is due to the fact that approximately twice the amount of THF is formed 

when TPA is used as a monomer for the synthesis of PBT. This implies an increase of 7 

ktonnes extra THF every year, a large amount of undesired side product. Consequently, in 

order to make the TPA-based synthesis of PBT more lucrative than the currently used DMT 

processi,ii, it is a sine qua non to reduce the amount of THF formed during this synthesis route. 

There is basically no difference in the second stage of the polymerization process between the 

TPA-based and the DMT-based route, as this stage commences when respectively all acid 

groups and all methyl ester groups have reacted with BD, in other words when virtually all 

PBT oligomers contain two hydroxyl end groups. Consequently, to understand the differences 

between the TPA- and the DMT-based process and to suppress the THF formation during the 

TPA-process, it is important to study the first stage of the polymerization process. 

A lot of research has already been performed in order to decrease the amount of THF formed 

during the polymerization for both the DMT route and the TPA route to PBT: the 

optimization of the process conditions (temperature, monomer ratio, set off of the second 

stage, continuous processes), the use of new catalyst mixtures and the addition of organic and 

inorganic salts have been reported in literature [1-11]. 

Three research groups have reported an extensive study on the formation of THF from both 

BD and the hydroxybutyl end groups in the polymerization process. In 1981 Pilati et al. have 

performed a model study using benzoic acid and 4-hydroxybutyl benzoate as respective 

models for the carboxylic acid and hydroxybutyl end groups of the polymer [12]. In the same 

year, Padias et al. reported an additional study on the THF formation during the first stage of 

the TPA-based route to PBT [2]. A third study was published by Yurramendi et al., who 

investigated the influences of the reaction conditions on the THF formation during the DMT-

based process [13].  

                                                 
i Although van Berkel et al. claim that due to the better separation of THF from water than from methanol the 

TPA route is economically feasible.  
ii Lately, some plants in Asia started polymerizing PBT from TPA. 
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In spite of the results and conclusions of these three studies, many questions remain 

unanswered and some assumptions concerning the mechanism of the THF formation during 

PBT synthesis are still unproven. 

In this chapter, the secondary reactions leading to THF during the first stage of the 

polycondensation of PBT will be investigated by means of model compounds. 

By performing model reactions, using a monofunctional benzoic acid, variables induced by 

the melt polymerization that complicate the study, such as diffusion of the reactants in the 

viscous melt and the insolubility of TPA in the reaction medium, are excluded.
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Scheme 2-1: Main reactions during the first stage of the TPA-based route to PBT. R= proton or PBT chain. 



2.2 Experimental 

2.2.1 Chemicals 

Meta-chloro benzoic acid (3-ClBA), para-chloro benzoic acid (4-ClBA) and 3-chlorobenzoyl 

chloride were used as received from Merck. BD, methyl 3-chloro benzoate (3-ClBCH3) and 

titanium tetra n-butoxide (Ti(OBu)4) were supplied by Acros Organics. Benzoic acid (BA), 

2,4,6-trichloro benzoic acid (2,4,6-Cl3BA) and 2,6-dichloro benzoic acid (2,6-Cl2BA) were 

purchased from Sigma Aldrich. All chemicals were used without further purification. Both 4-

hydroxybutyl meta-chloro benzoate (HBB) and 1,4-butylene di(meta-chloro benzoate) (BDB) 

were synthesized and purified according to literature procedures [14]. 

2.2.2 Sample treatment 

In the glove box (providing an inert atmosphere) 3-ClBA (1.0 g, 6.0 mmol) and BD (0.58 g, 

6.0 mmol) were charged together with 0.1 mole% of catalyst in 24 mm × 150 mm threaded 

glass reaction vessels equipped with gas-tight PTFE caps. The vessels were placed in an 

electrically heated aluminium block of the reactor (STEM 10 place Omni-Reacto Station) 

(Figure 2-1) and were heated to 180°C +/- 0.5°C. The tops of the reaction vessels were cooled 

with cold water.  

  

Figure 2-1: Reacto Station and reaction vessel with cap. 
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The reaction mixture was stirred at 500 rpm using magnetic stirrer bars. 

After set reaction times, the samples were removed from the heating block and cooled in an 

ice bath. The first sample was drawn when the reaction mixture reached 180°C (an average 

time of 30 minutes). 

2.2.3 Analysis 

In order to follow the relative concentrations of 3-ClBA, 4-ClBA, BA, BD, HBB and BDB, 

the samples were first dissolved in approximately 6 ml of CHCl3. Subsequently, these 

solutions were analyzed by 1H-NMR in CDCl3. 

The 1H-NMR measurements were performed on a Varian Gemini-2000 300 MHz or a Varian 

Mercury-Vx 400 MHz NMR-spectrometer. 

The conversion of acid was determined by the comparison of the integral of the ortho-protons 

of the benzene ring of 3-ClBA (resp. 8.04 ppm and 7.96-7.92 ppm) with the integral of the 

corresponding protons of the formed esters (resp. 7.99 ppm and 7.92-7.88 ppm) (Figure 2-2). 

The ratio of HBB:BDB was determined from the integration of the �-protons of the ester bond 

(4.44-4.33 ppm). As the ortho-protons of the benzene ring of 3-ClBCH3 are not 

distinguishable from the ones of HBB and BDB, the conversion of the methyl ester was 

determined by comparison of the integration of the �-protons of the ester bond (4.44-4.33 

ppm) with the signal for the protons of BD and HBB next to the hydroxyl functionality (3.72-

3.67 ppm for HBB and 3.68-3.63 ppm for BD respectively) (Figure 2-3). 
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Figure 2-2: 1H-NMR spectrum of a reaction mixture containing 3-ClBA (a), HBB (b), BDB (c) and BD in 

CDCl3. 
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Figure 2-3: 1H-NMR spectrum of a reaction mixture containing 3-ClBCH3, HBB (a), BD (b) and BDB (c) 

in CDCl3. 

Low concentrations of 3-ClBA were determined by titration of a methanol solution of the 

reaction mixture with a 0.02 N solution of NaOH in methanol with bromothymol blue as an 

indicator. 

The THF content of the reaction mixtures was determined by gas chromatography (GC). The 

samples were dissolved in methanol and then the solutions were filtered. The filtrates were 

then analyzed by GC. The GC measurements were performed on a Hewlett-Packard 5890 

series II apparatus containing an Ultra 1, silicone type of column (25 m × 0.32 mm) and a 

flame ionization detector (FID). 
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The quantum-chemical calculations were all carried out within density functional theory 

(DFT) using the Gaussian 03 [15] program at the B3LYP/6-31+G(d,p) level. The hybride 

B3LYP method is reported to provide excellent descriptions of various reaction profiles and 

particularly of geometries, heats of reaction, activation energies, and vibrational properties of 

various molecules [16]. Full geometry optimization with subsequent frequency analysis was 

preformed for all compounds discussed and for the transition state structures. The nature of 

the stationary points obtained was tested by analyzing the analytically calculated harmonic 

normal modes. All of the minimum energy structures showed no imaginary frequencies, 

whereas all of the transition states showed only a single imaginary frequency corresponding to 

the eigenvector along the reaction path. The assignment of the transition state structure to a 

particular reaction path was tested by perturbing the structure along the reaction path 

eigenvector in both directions of the products and the reagents with subsequent geometry 

optimization of the resulting models.  

2.3 Results and Discussion 

2.3.1 Selection of the most suitable model system 

Most previously reported model studies on the synthesis of PBT and other poly(alkylene 

terephthalates) use benzoic acid (BA) as a monofunctional model molecule for TPA [12, 14, 

17-21]. To mimic the electronic effects on the aromatic ring of the terephthalate moiety in 

PBT, the group of Pilati et al. argued that, based on the Hammet equation, a para-chloro 

substituent on the benzene ring would be more suitable [22]. Especially with respect to the 

THF formation out of BD, the pKa of the model acid is very important, since this reaction is 

acid-catalyzed. For this reason, we were looking for a substituted benzoic acid that resembles 

the acidity of TPA as close as possible. 

 

Intermezzo:  

The Hammet �� relationship describes the effect of a para- or a meta-substituent on the rate 

or the equilibrium constant of an aromatic side chain reaction [23]. The parameter σ has 

been defined on the basis of the acid dissociation equilibrium of benzoic acid in water at 

25°C. 
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The same experimental conditions must be applied when determining the constants k∞ and k0 

(or K∞ and K0, respectively). The constant � is dependent of the reaction conditions. 

 

The values of the pKa and of the Hammet-� of 3-ClBA (resp. 3.83 and 0.37) are closer to TPA 

or DMT (resp.3.75 and 0.45) than the corresponding values of the para-chloro substituent 

(resp. 3.98 and 0.22) (Table 2-1). Obviously, in consideration of the electronic effects of the 

substituents on the benzene ring, the meta-chloro benzoic acid (3-ClBA) would be an even 

better model molecule in terms of chemical reactivity than the para-chloro derivative of 

benzoic acic (4-ClBA), as proposed and used by Pilati. 

Table 2-1: pKa values and Hammet-� for different para- and meta-substituents on the aromatic ring of 

benzoic acid [23]. 

Substituent, X pKa of para-
XC6H4COOH 

pKa of meta-
XC6H4COOH 

�p of para-
XC6H4COOH 

�m of meta-
XC6H4COOH 

NH2 4.82 4.2 -0.62 0.00 

OCH3 4.49 4.09 -0.29 0.11 

CH3 4.37 4.26 -0.17 -0.06 

H 4.20 4.20 0.00 0.00 

F 4.15 3.86 0.05 0.34 

I 3.97 3.85 0.23 0.35 

Cl 3.98 3.83 0.22 0.37 

Br 3.97 3.80 0.23 0.40 

CO2CH3 / CO2H 3.75 3.87 0.45 0.33 

COCH3 3.71 3.83 0.49 0.37 

CN 3.53 3.58 0.67 0.62 

NO2 3.43 3.47 0.77 0.73 
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It should be noted that, contrary to the above mentioned advantages of using model 

compounds to study the polymerization process, the use of a benzoic acid derivative as a 

model for TPA is accompanied by some limitations. First of all, the studied model compounds 

are completely soluble in the reaction medium at the temperatures commonly used for the first 

stage of the polymerization process (150 °C to 210 °C), whereas TPA is not. If only the 

dissolved fraction of TPA is able to react, it should be assumed that the dissolution of this 

monomer is not the rate limiting step in the polycondensation process. Moreover, the pKa 

values in Table 2-1 are only valid for the equilibrium of the respective acids in water, not in 

BD. Furthermore, as the composition of the reaction medium constantly changes in time as 

the reaction proceeds, and with it the polarity, determining the acid dissociation equilibria of 

the different BA derivatives in BD would have no added value. Therefore another method was 

used to assess whether 3-ClBA is indeed a better model for TPA than BA and 4-ClBA. The 

three monofunctional acids were separately reacted with one equivalent of BD according to 

the procedure for 3-ClBA as given in the experimental section. This reaction was performed 

either without catalyst or with the addition of 0.1 mole % of Ti(OBu)4 (Figure 2-4). 
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Figure 2-4: Reaction of BD with resp. (�) BA (1:1), (�) 4-ClBA (1:1) and (�) 3-ClBA (1:1) in the presence 

of 0.1 mole% Ti(OBu)4 (dashed line) or without the addition of a catalyst (solid line). Decrease of [COOH] 

with time. 

In both cases, it is clear that the conversion of 3-ClBA evolves faster than that of the other 

two carboxylic acids. 
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The same findings were observed in a different qualitative experiment, where two out of the 

three benzoic acid derivatives (BA, 4-ClBA, 3-ClBA) were simultaneously charged in 

equimolar amounts in a round bottom flask, together with two equivalents of BD. In both 

esterification reactions, the consumption of the meta-chloro substituted benzoic acid is faster 

than that of the para-chloro benzoic acid and BA, respectively. The observed reactivity of the 

studied benzoic acid derivatives prove to correlate well with the values of the pKa and the 

Hammet-� parameters in water (Table 2-1). Hence, it can be concluded that the electronic 

effect of a substituent on the ring of the monofunctional carboxylic acid on the rate of this 

esterification reaction is not negligible. Consequently, by selecting 3-ClBA as a model for 

TPA, the chemical reactivity of the carbonyl group of this compound is the closer to the 

reactivity of TPA in the polymerization process.  

As in this work a model study is performed on the THF formation during TPA-based synthesis 

of PBT, which is greatly affected by the use of this acidic monomer, it is essential to assess a 

monofunctional model compound with a reactivity and acidity as close as possible to TPA. In 

this section it was observed that the electronic effect of a substituent on the aromatic ring of a 

benzoic acid derivative has a substantial effect on the reactivity of the carboxylic acid group. 

Hence, 3-ClBA proved to be a better model for TPA than BA or 4-ClBA, previously applied in 

literature for this purpose.  

In the following experiments, 3-ClBA will be used to study the first stage of the TPA-based 

polymerization of PBT, especially with respect to the THF formation. 

2.3.2  THF formation 

It was found in literature that at relatively low temperatures (160-210 °C) degradation 

reactions involving the breaking of ester bonds practically do not occur [12]. Nevertheless, at 

these temperatures, commonly used for the first stage of the PBT melt polymerization, side 

reactions producing THF are not negligible. Only two reactionsiii are responsible for the 

                                                 
iii The ionic decomposition process reported by R.M. Lum et al. [24] that results in the formation of THF as well, 

has not been observed when BDB was heated for several hours. This was in accordance with the result found by 

the group of Pilati [12]. 
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production of THF: the dehydration of the monomer, 1,4-butanediol (BD), and the backbiting 

of the hydroxybutyl end groups of the polymer (Scheme 2-2) [24]. Both are irreversible 

reactions in PBT synthesis. 

To understand the process of THF formation during the PBT synthesis better and to find a 

way to minimize this undesired side reaction, it is important to first investigate the different 

factors influencing the two reactions shown in Scheme 2-2 independently. 
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Scheme 2-2: Side reactions leading to THF formation during the PBT synthesis. 

2.3.2.1 THF from the dehydration of BD 

The dehydration of BD is generally described in literature as an acid-catalyzed SN2 reaction 

[1, 12, 13, 25-27], which already explains why more THF is formed in the TPA-based route to 

PBT than when the dimethyl ester is used (Scheme 2-3). The acidic monomer insuperably 

catalyzes the THF formation from the co-monomer, BD.  
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Scheme 2-3: SN2-mechanism for the acid-catalyzed THF formation from BD. 

In the absence of an acid, practically no THF is formed when BD is heated for 300 minutes at 

180°C. Likewise and in accordance with the literature, it was found that the polymerization 

catalyst (Ti(OBu)4) has no significant influence on the THF formation from BD [12]. When a 

catalytic amount (3 mol%) of a strong Brønsted acid like H2SO4 was added, after 5 hours at 
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180 °C the major part (89%) of the BD was dehydrated to the cyclic ether. On the other hand, 

3 mol% of the weak acid 3-ClBA (model for TPA), only afforded small quantities of THF 

(2.8 mol%) for the same reaction time and temperature. However, in the polymerization 

process, a near stoichiometric amount of weak acid is present throughout the major part of the 

reaction, which is assumed to have a significant impact on the total amount of THF formed, 

despite the fact that it concerns a rather weak acid. To verify this assumption, the influence of 

the addition of an equimolar amount of weak acid to BD, 2,6-dichlorobenzoic acid (2,6-

Cl2BA) or 2,4,6-trichlorobenzoic acid (2,4,6-Cl3BA) was studied. These benzoic acid 

derivatives, which have a Brønsted acidity comparable to 3-ClBA, are almost incapable to 

react with BD as the nucleophilic attack is impeded by steric hindrance caused by the ortho-

chloro substituents.  
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Figure 2-5: Mole fraction of 2,6-Cl2BA, 2,4,6-Cl3BA (both solid black symbols), BD (gray symbols) and 

THF (open symbols) with time for the reaction of BD in the presence of 1 equivalent of either 2,6-Cl2BA 

(squares) or 2,4,6-Cl3BA (triangles) at 180 °C. 

Figure 2-5 shows that only 6 mol% of both acids have reacted with BD after 300 minutes, 

while 55% and 70% of the original amount of BD has been converted to THF for 2,6-Cl2BA 

and 2,4,6-Cl3BA, respectively. This high amount of side product clearly demonstrates that 

also for weak acids the concentration affects the rate of THF formation. Hence, it is important 

that TPA is esterified with BD as fast as possible in PBT synthesis. Addition of 3 mol% of 
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methyl 3-chlorobenzoate (3-ClBCH3), the monofunctional model molecule for DMT, does not 

produce THF from BD, indicating that indeed the acid and not the ester influences the 

formation of THF from this linear diol.  

Interestingly, the addition of 40 wt% of H2O to a mixture of 2,6-Cl2BA (3 mol%) in BD 

resulted in a slower increase of the THF formation in time compared to the formation of this 

side product when no water was added (Figure 2-6). Possibly this unexpected result can be 

ascribed to a decrease in acidity (change of the pKa-value of 2,6-Cl2BA) of the reaction 

medium by the addition of the water [28]. 
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Figure 2-6: Increase of the mole fraction of THF with respect to BD (n = number of moles) in time for BD 

in the presence of 3 mol% of 2,6-Cl2BA and 2,6-Cl2BA + 40 wt% H2O at 180°C. 

Another possible mechanism for the THF formation from BD is depicted below (Scheme 2-4). 

In this mechanism the diol is not directly protonated by the acid, yet it coordinates to the 

carboxylic acid group. If this transition state is stabilized by the environment of the reaction 

medium, it offers another possible pathway for BD to dehydrate to THF, influenced by the 

presence of carboxylic acid groups. 
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Scheme 2-4: Possible mechanism for the THF formation from BD via the acid end groups. 

From the preceding experiments it is clear that the presence of acid has a pernicious influence 

on the THF side reaction from the diol monomer in PBT synthesis. Without the presence of 

acid, the amount of THF formed from BD is negligible for the reaction times and 

temperatures commonly used for the melt polymerization of this polyester. Consequently, for 

the DMT-based process to PBT, this reaction will initially hardly play a role. Only at later 

stages in this polymerization process the acid-catalyzed THF formation can occur, as the 

amount of the carboxylic acid end groups will increase (due to degradation reactions and THF 

formation from the hydroxybutyl end groups (Scheme 2-2)) when high molecular weight is to 

be reached. Unfortunately, for the TPA-based route, these carboxylic acid groups are present 

in the reaction mixture throughout the major part of the process. As a consequence, the 

cyclization of BD will add a substantial part to the total amount of THF formed when the 

diacid is the monomer of choice for the PBT polymerization.  

 

In this section it was observed that the dehydration of one of the monomers in PBT synthesis, 

namely BD, to THF is catalyzed by the presence of a Brønsted acid. Hence, by using TPA for 

the production of PBT, this side reaction cannot be avoided and explains why more THF is 

produced in this route compared to the DMT-based process. Fortunately, it was also shown 

that Ti(OBu)4, the catalyst applied for the polymerization process, has no influence on this 

dehydration reaction. 

In the following section, the influence of acid on the second side reaction that forms THF 

during the synthesis of PBT, the backbiting of the hydroxybutyl end groups, will be 

investigated. 
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2.3.2.2 THF from the cyclization of the hydroxybutyl end groups 

The second source of THF are the hydroxybutyl end groups formed during the synthesis of 

PBT (reaction (5), Scheme 2-2). Several studies report that this backbiting reaction is an acid-

catalyzed reaction, similar to the dehydration of BD [1, 25-27]. In contrast, others [2, 12] 

claim that the THF formation from 4-hydroxybutyl benzoate, a molecule used by these 

authors to model the hydroxybutyl end groups of PBT, is not catalyzed by benzoic acid (BA) , 

the second product of the same reaction (reaction (10),  Scheme 2-5).  
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Scheme 2-5: Model reactions for the first stage of the TPA-based process to PBT. BA (-R1 and -R2 = -H), 3-ClBA (R1 = -Cl and -R2 = -H) and 4-ClBA (R1 = -H and -

R2 = -Cl) are used as monofunctional models for TPA. 



 

Figure 2-7: The results of Pilati et al. [12] for the formation of THF (mole fraction) from 4-hydroxybutyl 

benzoate at various temperatures, without the addition of a catalyst and in the presence of Ti(OBu)4 

(6.70x10-7 mol.g-1). 

The absence of catalysis by BA was concluded from the observation that the mole fraction of 

BA increased linearly with time and equal to the increase of the mole fraction of THF, when 

4-hydroxybutyl benzoate was heated at different temperatures (Figure 2-7). Surprisingly, for a 

certain reaction temperature there was practically no difference found in the amount of both 

products when Ti(OBu)4 (6.70x10-7 mol.g-1) was added to this reaction. From this observation 

the authors concluded that the catalyst, Ti(OBu)4, has no significant effect on the THF 

formation. 

When the 4-hydroxybutyl benzoate was heated without the addition of a catalyst, Pilati states 

that the production of THF obeys first order kinetics with respect to the ester. For the 

titanium-catalyzed reaction, however, (where much more BD is formed by transesterification), 

the same conclusion was not drawn as they expected the formed BA to have an influence on 

the THF formation of the BD produced during the reaction. Yet, from their observation that 

the amount of BA is practically equal to the amount of THF, it is possible to conclude that this 
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influence of BA on BD is negligible, as the THF formation from 4-hydroxybutyl benzoate is 

the only reaction in which BA is produced. 

To verify the experimental results reported by the group of Pilati, the monofunctional model 

for the hydroxybutyl end groups in this work, 4-hydroxybutyl meta-chloro benzoate (HBB), 

was heated to 180°C. Similarly, this reaction was performed both with and without Ti(OBu)4 

(0.1 mol%). 
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Figure 2-8: Increase of the mole fraction of THF and the mole fraction of 3-ClBA (both with respect to the 

initial amount of HBB) formed in time during the heating of HBB to 180 °C in the presence of 0.1 mol% of 

Ti(OBu)4 (open symbols) and without catalyst (solid symbols). 
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Figure 2-9: Decrease of the mole fraction of HBB (solid symbols) and increase of the mole fraction of THF 

with respect to HBB (n = number of moles) (open symbols) in time (a) (b: the same for longer reaction 

times) during the heating of HBB to 180 °C in the presence of 0.1 mol% of Ti(OBu)4 and without catalyst. 

In contrast to Pilati’s results, the results in Figure 2-8 show a clear difference between the 

THF formation during the titanium catalyzed transesterification of HBB (reaction (8), Scheme 

2-5) and the THF formation during the non-catalyzed reaction. At first sight, both curves in 

Figure 2-8 seem to exhibit a linear trend. For longer reaction times however, the rate of the 

THF formation during the non-catalyzed reaction decreases to the level of the Ti(OBu)4 

catalyzed reaction (Figure 2-9). This is indeed consistent with the first order kinetics of this 

side reaction with respect to HBB, as after approximately 700 minutes the non-catalyzed 

transesterification reaction reaches the same equilibrium (reaction 8, Scheme 2-5) as the 

catalyzed one (the reaction is pseudo-zero order once the equilibrium has been established). 

Likewise, the course of the THF formation for the Ti(OBu)4 catalyzed reaction (8) seems 

linear with time as the equilibrium (constant concentration of HBB) is already reached after 

very short reaction times.  

As a consequence of the difference observed for the THF formation during the catalyzed and 

non-catalyzed reaction (8), Figure 2-8 also displays a difference between the mole% of 3-

ClBA formed by reaction (10). The percentage of acid formed during the non-catalyzed 

reaction is, in agreement with reaction (10), equal to the THF formation. This is an indication 

that the THF formed during this reaction is originating only from HBB. The amount of 3-

ClBA produced during the titanium-catalyzed reaction, however, is significantly lower than 

the amount of THF formed. Clearly Ti(OBu)4 catalyzes the esterification reactions of 3-ClBA 

with BD or HBB (resp. reaction (6) and (7), Scheme 2-5). The possibility that the amount of 
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THF is higher than 3-ClBA as a result of THF formation from BD can reasonably be excluded 

(vide infra).  

In addition to the work of Pilati, the group of Padias et al. reason that THF formation from the 

hydroxybutyl ends is not acid-catalyzed in comparison with BD, as an alcoholic hydroxyl 

group is more rapidly protonated to become a leaving group than an ester group [2] (Figure 

2-10). With this argument, Padias et al. assume that the acid-catalyzed THF formation from 

the hydroxybutyl end groups follows the same mechanism as the dehydration of BD, which is 

not necessarily the case. In addition, the fact that the ester group is less susceptible for 

protonation compared to alcoholic groups is no argument why this side reaction could not be 

acid-catalyzed. 
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Figure 2-10: Padias reasons that the alcoholic group of BD (left) is more readily protonated than the ester 

group (right) to become a leaving group. 

Furthermore, they claim that THF is only formed by backbiting of the hydroxybutyl ends 

(reaction (5), Scheme 2-2) of bishydroxybutyl terephthalate, by heating this component at 

210°C at low pressure, assuming that the BD is eliminated faster from the reaction medium 

(by the applied vacuum) than it dehydrates to THF. Unfortunately, this presumption is very 

hard to prove. 

It is not inconceivable that the THF formation by backbiting of the hydroxybutyl end groups 

takes place both by an acid-catalyzed and by a non-catalyzed mechanism. Moreover, proving 

the existence of one mechanism, does not rule out the presence of the other. The problem, 

however, to establish the existence of both mechanisms is that this proof cannot be produced 

straightforward from the comparison of the acid-catalyzed reaction (8) with the non-catalyzed 

reaction: formation of THF from HBB forms acid, which on its turn catalyzes the 

transesterification which produces BD. Consequently, one cannot distinguish the origin of the 

THF that is formed during this reaction, as there will always be HBB, BD and 3-ClBA present 

in the reaction mixture.  

Nevertheless, from the experiments described later in this chapter, it is possible to draw some 

conclusions about the mechanism of THF formation from HBB: 
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Figure 2-8 shows that, when HBB is heated without a catalyst, the amount of THF formed in 

time is equal to the amount of 3-ClBA, which shows that all the THF originates from HBB. 

The rate of THF formation is not increasing with an increasing amount of 3-ClBA in the 

reaction mixture. This is, like mentioned before and in agreement with Pilati’s conclusion for 

this experiment, a strong indication that the THF formation from HBB is not catalyzed by 3-

ClBA. On the other hand, it cannot be excluded that the THF formation of HBB is catalyzed 

by 3-ClBA, but that the amount of this weak acid that was formed is too low to have a 

substantial effect on the rate of THF formation (vide infra).  

When a titanium catalyst is used (Figure 2-8), the 3-ClBA produced by the backbiting of HBB 

partially reacts away (titanium catalyzed esterification of reaction (6) and (7)), while THF 

formation increases linearly in time. Unfortunately, it is impossible to determine whether the 

THF originates from BD or HBB as small quantities of 3-ClBA remain in the reaction 

medium. 

In conclusion, both experiments strongly indicate that the non-catalyzed mechanism of the 

THF formation from HBB exists, but the presence of BD and 3-ClBA does not exclude the 

existence of an acid-catalyzed mechanism for the THF formation from BD. 

To determine whether an acid-catalyzed mechanism exists, the reaction was performed in the 

presence of 2,6-Cl2BA. This Brønsted acid is almost unable to form esters with BD (vide 

supra, Figure 2-5) or HBB by steric hindrance, while its acidity is comparable to that of 3-

ClBA. It acts as an acid catalyst for the transesterification of HBB (reaction (8); Figure 2-11). 

When added to HBB (1:1 ratio), this acid increases the THF formation during the 

transesterification of HBB up to 20 mol% after 200 minutes (e.g. more than 10 times higher as 

compared to the same Ti(OBu)4 catalyzed reaction, without 2,6-Cl2BA). Unfortunately, all the 

3-ClBA formed by reaction (10) reacted away by acid-catalyzed esterification with either 

HBB or BD, so once more, the origin of the THF produced during this reaction could not be 

assigned. Hence, the question whether the THF formation from HBB is acid-catalyzed could 

not be answered by simply adding an acid in this model reaction. 
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Figure 2-11: Course of the mole fraction of HBB, BDB, BD and THF in time during the heating of HBB at 

180 °C in the presence of an equimolar amount of 2,6-Cl2BA. 

Hence, in order to demonstrate the existence of the acid-catalyzed THF formation mechanism 

from HBB, the latter has to be heated in the presence of an acid without the transesterification 

reaction (8) to proceed, to prevent the formation of the second source of THF, namely BD. To 

establish this, HBB was reacted in the presence of a tenfold excess of BDB (see Figure 2-2). 

According to Le Chatelier’s principleiv, the equilibrium of reaction (8) will then strongly shift 

to the left (the amount of BD that is formed will decrease by a factor 10 according to the 

equation of the equilibrium constant of reaction (8)). This reaction was performed both with 

and without and equimolar amount of 2,6-Cl2BA (with respect to HBB), a possible catalyst 

for the THF formation from HBB. 

The results in Figure 2-12 show that, due to the excess of BDB present in the reaction 

mixture, for both reactions only a small quantity of BD is formed. Nevertheless, in spite of the 

addition of 1 equivalent of 2,6-Cl2BA to HBB, the amount of THF only increased with 

approximately a factor 2.5 in comparison with the non-catalyzed reaction (Figure 2-13). This 

increase is negligible when it is compared with the effect of 1 equivalent of this substituted 

                                                 
iv Le Chatelier's principle can be stated as follows: a change in one of the variables that describe a system at 

equilibrium produces a shift in the position of the equilibrium that counteracts the effect of this change. 
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benzoic acid on BD (Figure 2-5): after 300 minutes, 70% of the original amount of BD is 

converted to THF. Hence, it is possible to assign the relatively small extra amount of THF 

formed (1.5 mol% after 240 minutes) completely to the acid-catalyzed dehydration of the BD 

present in the reaction mixture. 

Consequently, from this result (Figure 2-12 and Figure 2-13) it can be concluded that the acid-

catalyzed backbiting reaction of the hydroxybutyl end groups is not observed in this 

experiment, which proves that the addition of 1 equivalent of 2,6-Cl2BA to HBB does not 

increase the THF formation from this ester. In other words, the production of THF from the 

hydroxybutyl ends will almost completely proceed via a non-acid-catalyzed backbiting 

mechanism during PBT synthesis. 
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Figure 2-12: Formation of BD as a function of time during the heating HBB + 10 BDB at 180 °C without 

catalyst and in the presence of 1 equivalent of 2,6-Cl2BA. 
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Figure 2-13: Increase of the mole fraction of THF with respect to HBB (n = number of moles) in time by 

heating HBB + 10 BDB at 180 °C without catalyst and in the presence of 1 equivalent of 2,6-Cl2BA. 

Although the acid-catalyzed backbiting reaction of HBB is not observed in the experiments 

previously described, it is a mistake to assume that this reaction does not exist at all, as the 

existence of the protonated ester is proven by the observation of the 2,6-Cl2BA-catalyzed 

transesterification of HBB to BDB (Figure 2-11; reaction (8)). Moreover, it could be argued 

that the THF formation from the protonated HBB would be more easily compared to the 

backbiting reaction from the unprotonated ester, as the �-carbon of the latter is less 

electrophilic. Notwithstanding, these arguments are not incompatible with the fact that the 

experimental results of the addition of one equivalent of 2,6-Cl2BA to HBB shows no strong 

increase in the rate of THF formation from this molecule (Figure 2-13): 

2,6-Cl2BA (as well as 3-ClBA) is a weak acid. Consequently, by adding a benzoic acid 

derivative to HBB, the fraction of protonated ester is very small compared to the neutral HBB. 

Hence, the statistical probability that the neutral HBB will form THF via the cyclic 

intermediate proposed by Pilati et al. (Figure 2-14) is considerably higher than the probability 

that it will happen via the protonated ester, even though the latter would possibly form THF 

more easily. 

Similar to the observed non-catalyzed THF formation of HBB, is the formation of BDB from 

HBB also possible without the addition of a catalyst (Figure 2-9).  
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Figure 2-14: Proposed cyclic intermediate by Pilati et al. [12] for the non acid-catalyzed formation of THF 

from 4-hydroxybutyl benzoate. 

The intermediate structure proposed by Pilati et al. (Figure 2-14) for the THF formation via an 

intramolecular mechanism from the neutral 4-hydroxybutyl benzoate is very plausible, when 

the direction the electrons tend to flow is considered (polarization effect). As the proton of the 

hydroxyl group gets close to the oxygen of the carbonyl, the oxygen atom of the hydroxyl 

group becomes more nucleophilic and the �-carbon atom becomes more electrophilic.  

The earlier mentioned argument by Padias et al. concerning the favored protonation of an 

hydroxyl group compared to the carbonyl group, however, does not explain why the catalyzed 

THF formation from HBB is not observed in these reactions. It is the relative ratio between 

the neutral and the protonated HBB and the relative difference between the rates of both 

reactions (argued above) that explains the absence of the acid-catalyzed mechanism. 

Contrary to the dehydration of BD, it was not possible to prove whether the THF formation 

out of the hydroxybutyl end groups during the synthesis of PBT is acid-catalyzed or not, 

simply by adding an acid to HBB. Nevertheless, in this section it was experimentally shown 

that the rate of this backbiting reaction is not affected by the presence of a weak acid like 

TPA. Hence, the use of TPA as a monomer for the synthesis of PBT only has a direct influence 

on the formation of THF out of BD.  

In the following section, some computational calculations were performed on the previously 

described model reactions of the formation of THF with the aim of upholding the 

experimental results. 

2.3.2.3 DFT-calculations 

To further support our findings, DFT-calculations (Density Functional Theory) on the stability 

of the different transition states and their energy barriers for the formation of THF from the 

different active species in the reaction mixture were performed. It should be noted that in 

these DFT-calculations the solvent effect of the reaction mixture was not taken into account.
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Table 2-2: Comparison of the difference in energy for the formation of THF 

from different structures or for the formation of different transition states 

calculated by DFT calculations. 



These calculations support what was concluded from the experimental results of the model 

reactions concerning the formation of THF previously described (Table 2-2).  

Not surprisingly, a large difference in the energy barrier for the formation of THF was found 

between the protonated BD and the neutral monomer (structures B and A, resp. in Table 2-2). 

As TPA is a relatively weak acid, most BD will not be protonated. However, the amount of 

THF formed from the neutral BD is negligible in PBT synthesis (section 2.3.2.1).  

A second observation from these calculations is that the energy for the formation of THF from 

the backbiting reaction of the hydroxybutyl ends of the model molecules hardly differs when a 

substituent is placed on the aromatic ring (see structures C, D and E in Table 2-2). Contrary to 

this, we experimentally observed that for the esterification and transesterification reactions the 

substituent plays a significant role in the relative rate of these reactions (Figure 2-4). Possibly 

the substituent influences the partial positive charge of the carbonyl carbon atom more than 

the charge of the oxygen atom of the carbonyl group (to form the cyclic transition state) and 

the charge of the �-carbon atom (for the nucleophilic attack of the backbiting reaction). 

Nevertheless, the rate of the main reactions −influenced by the substitutent on the aromatic 

ring− will determine the amount of THF formed as well (vide infra). 

The cyclic transition states of both the protonated and the neutral HBB are energetically 

relatively stable species (structure K and G, resp. in Table 2-2). In our experimental results we 

see that the formation of THF from HBB is not affected by 3-ClBA (or by 2,6-Cl2BA) (Figure 

2-9 and Figure 2-13, resp.). This means that, considering the assumption that THF can be 

formed from both species, the acid-catalyzed THF formation from HBB is negligible due to 

two possible effects. Firstly, the relative amount of the protonated species is too low in the 

reaction mixture, as 3-ClBA is a relatively weak acid. A second argument is that, although it 

is energetically favorable to form the cyclic transition state of the protonated HBB, it might 

take more energy (compared to the neutral HBB) to produce THF from it. 

It seems that for the acid-catalyzed THF formation from HBB, it does not matter if either the 

carbonyl or the hydroxyl oxygen is protonated. It is possible to form the same cyclic transition 

state anyway.  

In addition to the conclusions drawn from these DFT-calculations, the effect of the reaction 

medium is very important as well. Unfortunately, to include this effect in the calculations was 

too complex.  
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Although the effect of the reaction medium is not included in the DFT-calculations performed 

in this section, the obtained energies for the different transition states of possible 

intermediates for the formation of THF from the hydroxybutyl end groups seem to support the 

previously drawn conclusion that the backbiting of these end groups via a protonated species 

(i.e. an acid-catalyzed mechanism), is reasonably possible. However, due to the fact that TPA 

is a weak acid, the latter acid-catalyzed contribution to the formation of THF during the 

synthesis of PBT out of TPA will be negligible. 

 

It can generally be concluded for the THF formation that the dehydration of BD is acid-

catalyzed. When no acid is present in the reaction mixture, practically no THF will be formed 

from this molecule. This reaction becomes the most important source of the extra amount of 

THF in PBT synthesis when using TPA as an alternative to DMT. For the production of THF 

from HBB, it can be concluded that the presence of an equimolar amount of a weak acid in the 

reaction mixture is insufficient to observe the acid-catalyzed contribution from this molecule. 

Hence, TPA will have no significant catalytic effect on the THF formation from the 

hydoxybutyl end groups of the polymer. In accordance with literature, it was found that the 

polymerization catalyst Ti(OBu)4 has no significant influence on the THF formation from 

both BD and HBB.  

2.3.3 Model reactions 

2.3.3.1 TPA vs. DMT 

The use of TPA instead of DMT as a monomer in PBT synthesis, raises the amount of THF 

with approximately a factor of two (ca. 13% of THF is formed with respect to 6% for the 

DMT-based process) [25]. Since the origin of the THF formation and the influence of acid on 

these side reactions has been sorted out in the previous part (section 2.3.2), the difference 

between the first stages of these two synthesis routes to PBT, the esterification and 

transesterification reactions respectively, will be investigated with the aim of finding a way to 

suppress these side reactions. This study was done by means of model reactions.  

The model reactions depicted in Figure 2-15 (with 3-ClBA) were performed in the presence of 

0.1 mol% of the Ti(OBu)4 catalyst.  
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Figure 2-15 shows the decrease of 3-ClBA and BD and the formation of THF during reaction 

(6) in time. The decrease of BD is not equal to that of 3-ClBA, as reaction (7) and (8) start to 

play a role as soon as HBB is formed. In the beginning of the reaction, the rate of THF 

formation is high. This is in particular due to the acid-catalyzed dehydration of BD. After 

approximately 50 minutes, 80% of the original amount of 3-ClBA was converted and the rate 

of THF formation already starts slowing down. From that moment, the curve shows a linear 

increase in time and HBB becomes the main source of THF (reaction (10)). When all 3-ClBA 

was converted (150 minutes), THF continues to be formed via reaction (10). 
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Figure 2-15: Mole fraction of 3-ClBA, BD (both solid symbols, left y-axis) and mol % of THF with respect 

to 3-ClBA (n = number of moles) (open symbols, right axis) in time during the heating 3-ClBA + BD at 

180 °C in the presence of 0.1 mol% of Ti(OBu)4. 

3-ClBCH3 (Figure 2-16) was used as a model compound for DMT and was like 3-ClBA 

reacted with BD to study the difference in THF formation in comparison with the model for 

the TPA-based process (Figure 2-17). The titanium-catalyzed transesterification of the methyl 

ester is a very fast reaction. Most of the 3-ClBCH3 has already reacted before the carrousel-

reactor reached 180 °C. In spite of the high reaction rate, not all the 3-ClBCH3 was converted 

as the reaction vials are closed and methanol is not completely removed from the reaction 

mixture. Equilibrium is reached after approximately 25 minutes. The THF formation displays 
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a linear trend. As there is no acid present, THF will most probably be formed only by the 

backbiting of the hydroxybutyl ends of HBB. 

O

O CH3

Cl

 

Figure 2-16: Meta-chloro metylbenzoate (3-ClBCH3), monofunctional model compound for dimethyl 

terephthalate. 
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Figure 2-17: Mole fracion of 3-ClBCH3 (solid symbols) and mole fraction of THF with respect to 3ClBCH3 

(n = number of moles) (open symbols) in time during the heating 3-ClBCH3 + BD at 180 °C in the 

presence of 0.1 mol% of Ti(OBu)4. 

In the DMT-based polymerization process to PBT, relatively much THF is formed at the end 

of the 2nd stage of the reaction. When the polycondensation reaction proceeds, the 

concentration of hydroxybutyl end groups decreases in time (build-up of MW) and the 

number of carboxylic end groups increases by THF formation and degradation reactions. 

Therefore, THF will mainly be formed by the acid-catalyzed dehydration of the BD released 
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by reaction (3), as even with the applied vacuum and high reaction temperatures it is hard to 

eliminate BD from the viscous melt. 

Figure 2-18 displays the transesterification of HBB, a model for the hydroxybutyl end groups 

of the oligimers and polymer chains of PBT. This reaction occurs in both discussed routes to 

PBT. The THF formed originates from HBB, as the amount of acid formed is too low to 

catalyze the dehydration of BD (Figure 2-8).  
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Figure 2-18: Mole fraction of HBB (solid symbols) and mole fraction of THF with respect to HBB (n = 

number of moles) (open symbols) in time during the heating HBB at 180 °C in the presence of 0.1 mol% of 

Ti(OBu)4. 

It was already concluded for reaction (6) (Figure 2-15) that the THF formation after 50 

minutes, when most of the 3-ClBA has reacted with either BD or HBB, originates from HBB. 

When a linear curve is fitted trough the data points after this reaction time (Figure 2-19), one 

can shift this straight line to the origin and label it as the approximate THF formation from 

HBB for reaction (6) in Scheme 2-5. When this line is subtracted from the original curve for 

the total amount of THF measured for this reaction, it results in the contribution of the acid 

catalysis to the THF formation (THF from BD) of this model reaction for the synthesis of 

PBT from TPA. The maximal mol% of THF (y-axis) of this curve is a function of the rate of 

the esterification reactions in Figure 2-19. Hence, to minimize side reaction (9) it is important 

that 3-ClBA, the catalyst for the dehydration of BD, and BD itself react away as fast as 
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possible. The inclination of the shifted curve, on the other hand, is a function of both the rate 

of transesterification and esterification, as this slope is dependent on the actual concentration 

of HBB. Consequently, it can be concluded that the applied catalyst for the synthesis of PBT 

has an indirect influence on the amount of THF formed during the synthesis process, as the 

rate of the main reactions (esterification and transesterification) influence the rate of the side 

reactions. For the TPA-based synthesis route, it is important that the catalytic system 

accelerates both the esterification and transesterification reactions, contrary to the DMT-based 

process where only transesterification reactions take place. 
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Figure 2-19: Measured mole fraction of THF, calculated mole fraction of THF from HBB and calculated 

mole fraction THF from BD (n = number of moles) in time by heating 3-ClBA + BD at 180 °C in the 

presence of 0.1 mol% of Ti(OBu)4. 

In Figure 2-20, it is clearly shown that not all 3ClBA has been converted to the ester before 

the rate of the acid-catalyzed THF formation, i.e. the dehydration of BD, starts to decrease. 

More specifically, when approximately 80 mol% of 3ClBA has reacted with BD or HBB, 

almost all THF will be formed via the non-catalyzed backbiting of the hydroxybutyl groups of 

HBB. 
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Figure 2-20: Mole fraction 3-ClBA (solid symbols) and calculated mole fraction of THF with respect to 3-

ClBA (n = number of moles) (open symbols) from BD in time by heating 3-ClBA + BD at 180 °C in the 

presence of 0.1 mol% of Ti(OBu)4. 

From the knowledge obtained in the previous section on the influence of acid on the two side 

reactions producing THF during the synthesis of PBT, it was possible to determine the 

relative importance of the acid-catalyzed mechanism, i.e. the dehydration of BD, and the 

backbiting of the hydroxybutyl groups, which is not affected by the presence of 3-ClBA. It was 

seen that during the first stage of the DMT-based route the dehydration of BD is negligible, 

while for the TPA-based process the rate of this side reaction is very high as long as the 

major part of the acid has not been converted. Furthermore, it was observed from these 

model reactions that the DMT-based process is faster than the process using TPA as the rate 

of the titanium-catalyzed transesterification reactions is higher than the esterification 

reactions. Unfortunately, due to this difference, the backbiting reaction is able to continue for 

longer times in the TPA-based process. 
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2.3.3.2 Influence of catalyst concentration and the 3-ClBA:BD ratio 

The amount of THF formed during PBT synthesis can be tailored by changing the process 

conditions. Besides the parameters related to the reactor (temperature, pressure, stirring speed, 

etc.), the relative concentrations of the reagents initially charged to the reactor will also 

influence the rate of the polymerization reactions and of the side reactions (Scheme 2-1 and 

Scheme 2-2 resp.).  

Figure 2-21 shows the amount of THF produced during reaction (6) at the moment when all 3-

ClBA has reacted away for different concentrations of the Ti(OBu)4 catalyst. From the curve 

it is clear that for higher catalyst concentrations, the amount of this side product is suppressed. 

This is the result of a higher rate of the (trans)esterification reactions, as Ti(OBu)4 has no 

direct influence on the THF formation (section 2.3.2.1 and 2.3.2.2). The consumption rate of 

3-ClBA and BD and the concentration of HBB govern the amount of side product formed by 

reactions (9) and (10). 

An excess of BD will also result in shorter reaction times, by forcing the reaction equilibrium 

in reaction (6) towards the products. Nevertheless, more THF is formed, primarily by the 

backbiting of HBB, as the concentration of this ester will increase during the reaction because 

of the higher excess of BD (both by shifting the equilibrium of reaction (6) and (8)).  

Whether by adding more BD to TPA would also increase the rate of the dehydration of BD, 

depends on the effect the extra amount of diol has on the acid-catalysis of this side reaction.  

v = k [H+] [BD] 

If in the above rate-equation for the formation of THF out of BD (k = rate constant) the 

amount of acid that catalyzes the dehydration reaction can be considered constant by the 

addition of BD (which depends on the influence of the change of the reaction volume and the 

change in the dissociation equilibrium of TPA), more THF will be formed out of BD as well. 

However, this could not be concluded from this experiment. 

Unfortunately, due to the increased rate of the backbiting of the hydroxybuyl end groups, the 

higher excess of BD initially added to the polymerization process is not only disadvantageous 

for the TPA based process, but also when DMT is used as a monomer. Nevertheless, in the 

polymerization process an excess of this BD is always needed, not only to force the reaction 

in the first stage to completion in an acceptable time, but also to compensate for the loss of 

BD moieties by transformation into THF and for the part of BD in the gas phase. A higher 

excess of the diol will also result in higher hydroxybutyl end groups during the first stage of 

the polymerization process. As the transesterification of these end groups is faster than the 
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esterification of the carboxylic acid end groups (vide infra) in the TPA-based process or faster 

than the transesterification of the methylester end groups in the DMT-based process (chapter 

III, 8 of [29]), the rate of the overall polymerization process will increase by a higher 

hydroxybutyl end group concentration in the reaction mixture. Consequently, it is clear why it 

is important to optimize the initial BD:TPA ratio. 
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Figure 2-21: Mole fraction of THF with respect to 3-ClBA (n = number of moles) in time at 100% 

conversion of 3-ClBA by heating 3-ClBA + BD at 180 °C in the presence of different [Ti(OBu)4] (squares) 

and mole fraction of THF with respect to 3-ClBA in time at 100% conversion of 3-ClBA during the 

heating 3-ClBA + 4 BD at 180 °C in the presence of 0.1 mol% of Ti(OBu)4 (triangle). 

Yurramendi and coworkers describe an experiment in which the BD:DMT ratio was increased 

to investigate the effect and the origin of the THF formation for the DMT-based PBT 

polymerization process [13]. These authors observed that an increase of the BD:DMT ratio 

leads to a significant increase in the production of THF. On the other hand, they did not find 

that the higher BD:DMT ratio has an equally large effect on the production of methanol (i.e. 

the amount of hydroxybutyl end groups formed). From this observation and from the claim 

that the dehydration of BD would be promoted by higher BD concentrations, they conclude 

that the increase in THF can only be attributed to the THF formation from BD (reaction (9)). 
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Most probably the authors have ignored the fact that the first stage of the DMT-based 

synthesis of PBT comprises three transesterification reactions. The increase of THF should 

not necessarily involve an equal increase in the amount of methanol formed during the 

polymerization, as the accumulation of the hydroxybutyl end groups is also established by 

shifting the equilibrium of reaction (3), Scheme 2-1 to the left due to the higher BD 

concentration in the reaction mixture. Moreover, the dehydration of BD is an acid-catalyzed 

reaction and is consequently not influenced by the BD:DMT ratio (with the formation of THF 

from the hydroxybutyl end groups an equal amount of acid end groups is formed, but it was 

already proven in section 2.3.2.2 that this small amount of weak acid has no influence on the 

THF formation of BD). In conclusion, Yurramendi’s observation of the increase of THF 

formation for higher BD:DMT ratios originates from the (non acid-catalyzed) backbiting of 

the hydroxybutyl end groups. 

Both a higher catalyst concentration and a larger initial excess of BD in the reaction mixture 

during the synthesis of PBT are two parameters which increase the rate of the polymerization 

reaction and consequently suppress the formation of THF. Unfortunately, the amount of 

catalyst in the PBT is restricted as the metal is not removed from the final product and also 

influences the physical properties of the PBT. A higher excess of BD on the other hand, 

proved to increase the rate of THF formation more than the polymerization rate. 

Consequently, with respect to the THF formation, the initial excess of BD should be as low as 

possible. 

2.3.3.3 3-ClBA/3-ClBCH3 mixtures 

It was observed in Figure 2-15 and Figure 2-20 that, already before all acid was converted, the 

formation of THF in time started to slow down. Due to the fact that 3-ClBA is a weak acid in 

BD, the rate of THF formation from BD decreases significantly for low concentrations of this 

model molecule. Therefore, it would be interesting to investigate how much 3-ClBA can be 

added to 3-ClBCH3 in the reaction with BD, before the amount of THF formed reaches the 

same level as when only 3-ClBA is used. It could be expected that already relatively small 

amounts of 3-ClBA would lead to similar amounts of THF as observed for very high amounts 

of 3-ClBA, this compound being a catalyst for the THF formation from BD. The results are 

shown in Figure 2-22.  
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The reaction of 3-ClBCH3 with BD (0/100 in Figure 2-22; Figure 2-17) is very fast. 

Practically all THF is formed out of HBB and most of it near the end of the reaction when the 

concentration of HBB is the highest. The mole fraction of THF increases more rapidly for 

higher conversions as the rate of the transesterification reactions gradually decreases in time, 

while the production of THF continues (Figure 2-17) at approximately the same rate (the 

reaction does not reach 100% conversion, as methanol was not released from the reaction 

vessel, vide supra). 

The curve for the formation of THF in the reaction of 3-ClBA with BD (100/0 in Figure 2-22) 

increases significantly stronger than the 0/100 between 0 and 80% conversion. This ‘extra’ 

amount of THF can be explained by two contributions: it was already observed that the acid-

catalyzed dehydration of BD is fast in the beginning of the reaction. Hence, the major part of 

the THF formation originates from this reaction. A second reason why more THF is formed is 

the fact that titanium is a better transesterification catalyst than an esterification catalyst for 

these model reactions. Hence, the overall reaction of the TPA-based model is slower than the 

DMT-based model. Consequently, in the TPA-based system, HBB has more time to produce 

THF. Figure 2-23 displays the contributions of both precursors of THF to the total amount of 

this side product during the 100/0 reaction. It is clear that the THF formation out of BD is 

important in the beginning of the reaction. The fact that the curve for the amount of THF from 

HBB is higher compared to the 0/100-curve in Figure 2-22 demonstrates again that the 

titanium-catalyzed reaction of BD with 3-ClBA is indeed slower than with 3-ClBCH3 (as the 

concentrations of HBB are approximately the same in both reactions). 

When 10% of the methyl ester is replaced by 3-ClBA (10/90, Figure 2-22), the THF 

formation does not increase dramatically in comparison with the 0/100-curve. This proves in 

fact that the addition of 10% of this weak acid hardly catalyzes the dehydration of BD. It even 

takes up to 50 mol% of 3-ClBA to induce as much THF formation as in the 100/0 reaction. 

Consequently, the partial replacement of DMT by TPA in PBT synthesis could possibly lead 

to the production of a cheaper product: less THF is formed compared to the TPA-based 

process and a part of the DMT is substituted by a cheaper monomer. It will also be interesting 

to investigate whether the poor solubility of TPA in the reaction mixture during the 

polymerization of this aromatic diacid with BD will influence the amount of DMT that can be 

replaced with TPA compared to the model reactions performed with these mixtures before the 

level of THF formation is as high as during the TPA route to PBT (see Chapter 4). Due to the 

fact that TPA is insoluble in the reaction melt, the polymerization time for the TPA-based 

process will be significantly longer than when DMT is used. Contrary to this, the insolubility 



Chapter 2: THF formation in PBT synthesis.  58 

  

could have an advantageous effect on the amount of THF formed by the acid-catalyzed 

dehydration of BD. 
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Figure 2-22: Mole fraction of THF vs. conversion of [-COOH] + [-COOCH3] by heating different ratios of 

3-ClBA:3-ClBCH3 + BD at 180 °C in the presence of 0.1 mol% of Ti(OBu)4 (n = number of moles). 
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Figure 2-23: Measured mole fraction of THF, calculated mole fraction THF from HBB and calculated 

mole fraction THF from BD vs. conversion of [-COOH] during the heating 3-ClBA + BD at 180 °C in the 

presence of 0.1 mol% of Ti(OBu)4 (n = number of moles). 
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In this section, the influence of the amount of acid in the reaction mixture on the THF 

formation during the synthesis of PBT was determined by using mixtures of 3-ClBA and 3-

ClBCH3. It was observed that even by halving the amount of 3-ClBA compared to the model 

for the TPA-based synthesis of PBT, the rate of the THF formation remained unaffected. Yet, 

interestingly, for mixtures of 3-ClBA and 3-ClBCH3 with a lower mol fraction of acid than 

50%, the amount of THF started to decrease. Moreover, mixtures with a 3-ClBA:3-ClBCH3 

ratio of about 20:80 prove to be a promising alternative for the synthesis of PBT out of DMT 

as a part of the dimethyl ester is replaced by the cheaper TPA and substantially less THF is 

formed compared to the TPA-based process. 

2.3.4 Kinetics 

As in all chemical processes, temperature is also an important variable in melt 

polymerizations. Since the various reactions and side reactions during the first stage of PBT 

synthesis are influenced differently by temperature changes (dependent on the order of the 

reactions), by changing the temperature, the rate of each reaction can be affected 

independently. Consequently, it would be interesting to study the influence of temperature 

during the first stage, more specifically to determine its effect on the total amount of THF 

formed during this part of the process. For this purpose, the model reactions for the TPA-

based route to PBT (Scheme 2-5) were performed at 5 different temperatures between 160 °C 

and 200 °C. From these experiments it was possible to get an impression of the activation 

energies of these reactions. 

The results of different kinetic studies, using BA as a model for TPA, were already reported 

by Pilati et al., with the aim of obtaining information on the reaction orders and the 

mechanism of the Ti(OBu)4-catalyzed model reactions for the synthesis of PBT [14, 17]. 

From a kinetic model, based on a coordinative catalytic mechanism, they were able to 

calculate the reaction order of reactions (7) and (8) (Scheme 2-5). Different orders are 

possible for the reactants of reaction (7) due to the variation of the overall order of the 

reaction, which is dependent on the conversion. For reaction (8), they found that the order of 

4-hydroxybenzoate is between 1 and 2, dependent on the concentration of this compound. The 

initial rates for the formation of 1,4-butylene dibenzoate were in good agreement with their 

experimental results. Additional to this, they observed that the inhibiting effect of BA on the 

catalyst by formation of stable adducts decreases with increasing temperature and that the 
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catalytic effect of BA on the (trans)esterification reactions is only important at high 

concentrations.  

J. Hsu and K.Y. Choi studied the kinetics of the tetrabutyltitanate catalyzed transesterification 

of DMT with BD through experimentation and kinetic modeling [30]. Three different models 

were used to estimate the transesterification rate constants for the reaction between DMT and 

BD and for the polycondensation reaction. From one of these models, the activation energies 

of both reactions were determined from the Arrhenius plots (38.3 kJ mol-1 for both reactions, 

[BD]:[DMT] = 3.0 and [Ti(OBu)4]:[DMT] = 3.0x10-4). 

Darda et al. determined the PBT polycondensation equilibrium constant (reaction 3, Scheme 

2-1) starting from a PBT prepolymer (degree of polymerization ( DP ) = 12.7), heated in a 

batch reactor to 255 °C [31]. The polycondensation reaction is strongly equilibrium limited. 

Hence, the removal of BD, which is difficult to achieve due to the high viscosity of the melt 

(up to 1500 Pa.s), is an important aspect in industrial PBT reactors. They found that the 

equilibrium constant decreased from 0.86 to 0.2 for a DP  increasing from 25 to 35 

respectively and remained relatively constant for higher conversions. These values are in good 

agreement with the reported polycondensation equilibrium constants determined for PET 

using model reactions.  

The same group recently studied the reaction kinetics of the forward polycondensation 

reaction of PBT by thermogravimetric analysis. For this reaction, they found an activation 

energy of 84.5 kJ mol-1 ([Ti(OBu)4] = 470 ppm) [32]. In a study on the side reactions in PBT 

synthesis, Pilati and coworkers found an activation energy of 121.4 kJ mol-1 for the THF 

formation when 4-hydroxybutyl benzoate was heated at different temperatures without the 

addition of a catalyst [12]. This value is in good agreement with the value of 116.8 kJ mol-1 

that Lum et al. found for the activation energy for the THF formation during PBT synthesis 

[24].  

2.3.4.1 Activation energies 

The three model reactions for the first stage of the TPA-based polymerization were performed 

at different temperatures in the presence of 0.1 mol% of Ti(OBu)4. The experimental data 

were mathematically fitted in Origin and the slope of these curves was calculated for reaction 

time = 0. The apparent activation energies were then obtained from the Arrhenius plots of the 

different reactions using the values of the direction coefficients (ra|0) as the rate constants k0 

(Figure 2-24). 
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Figure 2-24: Arrhenius plot for the esterification reaction of 3-ClBA with BD in the presence of 0.1 mol% 

Ti(OBu)4 for temperatures between 160 °C and 200 °C.  

The slope of the Arrhenius plot equals the negative of the activation energy of the reaction 

divided by the ideal gas constant (- Eact/R). 

Since the values in Table 2-3 were obtained in a semi-quantitative way as described above, 

the relative difference between the results of the activation energies of the different reactions 

will be discussed.  

Table 2-3: The apparent activation energies (Eact) for the model reactions of the first stage of the TPA-

based route to PBT and for the THF formation during these reactions. These reactions were performed in 

the presence of 0.1 mol% Ti(OBu)4. 

Model reaction Eact / kJ mol-1 Eact for the THF formationv / kJ mol-1 

3-ClBA + BD 68.7 22.6 

3-ClBA + HBB 69.5 13.0 

HBB + HBB 18.8 164.9 

It is clear that the titanium-catalyzed transesterification reaction of the TPA-based 

polymerization of PBT (i.e. HBB + HBB) has a significantly lower energy barrier than the 

two esterification reactions. Hence, due to the substantial difference between the activation 

                                                 
v For the THF formation, only the experimental data points of the first 30 minutes of the reaction were fitted to 

calculate the activation energies. Consequently, the value for the activation energy of reaction 3ClBA + BD is in 

approximation the activation energy of the dehydration of BD, whereas for the reaction HBB + HBB the value 

represents the activation energy of the backbiting reaction of HBB. 
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energies of these reactions, the first stage of the polymerization process will require longer 

reaction times, as the clearing of the reaction mixture is only achieved when practically all 

carboxylic acid end groups have reacted away. Moreover, in view of the acid-catalyzed 

dehydration of BD, it is important to convert the acid end groups of the polymer as fast as 

possible as well. Similarly, as in the second stage of the polymerization reaction carboxylic 

acid groups are formed by either the backbiting of a hydroxybutyl end group or by thermal 

degradation reactions, it will be difficult to avoid the formation of these end groups by further 

polycondensation. On the other hand, there are also some advantages linked to the fact that the 

transesterification of the hydroxybutyl end groups is faster than the two esterification 

reactions of this process. Building up the molecular weight of the PBT will proceed more 

easily, as in the first stage an excess of BD is used. A second advantage is that in the first 

stage less THF will be formed by the backbiting of the hydroxybutyl end groups (this side 

reaction is first order in the concentration of these end groups). Finally, it could be expected 

that due to the extremely low solubility of TPA in the reaction mixture during synthesis of 

PBT, the difference between the reaction rates of the different reactions will be even larger. 

From Table 2-3 it is observed that there is practically no difference between the two 

esterification reactions of the first stage of the polymerization process. However, 3-ClBA 

reacts twice as fast with BD as with HBB, as the latter has only one hydroxyl group. 

Concerning the THF formation, it was already concluded (section 2.3.2) that the two 

dominant mechanisms for the formation of this side product are the acid-catalyzed 

dehydration of BD and the non-catalyzed backbiting of the hydroxybutyl end groups. From 

the activation energies for the THF formation in Table 2-3 for 3-ClBA + BD and HBB + 

HBB, it is clear that the THF formation from BD proceeds more easily than from HBB (as 

long as there is a substantial amount of 3-ClBA present). Again, this indicates the importance 

of converting the carboxylic acid groups as fast as possible (as BD will be present in the 

reaction mixture throughout the whole polymerization process). Similar to the main reactions, 

the poor solubility of TPA will affect the relative rate of this side reaction during the 

polymerization process. 

2.3.4.2 Influence of the temperature 

Apart from studying the kinetics and mechanism of the THF formation, what finally is of 

importance is to use this information to minimize the total amount of THF formed at the end 

of the polymerization process. From determining the activation energies of the different (side) 
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reactions during the preparation of PBT (vide supra), it is clear that a change in temperature 

will have a different influence on each of these reactions. 

There is a distinct minimum noticeable in the amount of THF, formed at full conversion of the 

model reaction of the first stage of the polymerization process (3-ClBA + BD), between 150 

°C and 160 °C (Figure 2-25).  
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Figure 2-25: Mole fraction of THF with respect to 3-ClBA (n = number of moles) at different mol% 

conversion of 3-ClBA vs. temperature for the reaction of 3-ClBA + BD in the presence of 0.1 mol% of 

Ti(OBu)4. 

An increase of temperature proves to be disadvantageous for the amount of THF formed 

during the first stage of the TPA-based synthesis of PBT as temperaturevi increases the rate of 

the THF formation more than it expedites the polymerization reaction (temperature > 150 °C). 

The overall rate of the conversion of the carboxylic acid groups with time is fast at the 

beginning of the reaction. Near the end of the first stage, however, this rate decreases. 

Contrary to this, the THF formation from the hydroxybutyl end groups will increase with the 

formation of these groups. Consequently, at temperatures lower than 150 °C, the total amount 

                                                 

vi The temperature dependence of the reaction rate is given by the Arrhenius-equation, TR
Ea

eAk ..
−

=  (k is the rate 

coefficient, A is the frequency factor and Ea is the activation energy of the reaction). 
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of THF produced at 100 % conversion of the acid groups will again increase as it takes too 

long reaction times to reach complete conversion. From these data, it can be concluded that it 

would be favorable to start the polymerization reactions at lower temperatures than generally 

applied for this process (which are as high as 210°C).  

The same graph for the transesterification reaction of HBB to BDB is depicted in Figure 2-26. 

Although the temperatures are lower than conventionally used for the second stage of the 

meltpolymerization of PBT, this transesterification reaction could be considered as a model 

for this stage. 
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Figure 2-26: Mole fraction of THF with respect to HBB (n = number of moles) at the equilibrium 

concentration of HBB vs. temperature for the reaction of HBB + HBB in the presence of 0.1 mol% of 

Ti(OBu)4. 

Similar to the first stage, lower temperatures are more profitable for suppressing the side 

reaction in the second stage. Yet, for the melt polymerization of PBT, it is impossible to work 

at temperatures below 230°C. Moreover, in this graph, the THF formation from BD was not 

taken into account. Although THF evolves primarily from the backbiting of the hydroxybutyl 

end groups in the second stage, near the end of this stage, however, the concentration of 

carboxylic end groups in the melt increases (vide supra). Due to the high viscosities and the 

hindered mass transfer of the volatiles it is reasonably thought that the acid-catalyzed THF 

formation resumes as well. From Figure 2-26 it seems that solid state polymerization (SSP) 

(at temperatures just below the melting point) is a good method to build up the molecular 
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weight of the polymer chains without too much THF formation. As less backbiting and 

degradation reactions occur via SSP, the end product will contain less carboxylic acid end 

groups, which is important for the hydrolytic stability of the polymer and the THF formation 

during processing. It should be noted, however, that the viscosity of the melt and hence the 

diffusion of the hydroxybutyl end groups towards each other and the diffusion of BD out of 

the reaction mixture, will most probably influence the course of the curve in Figure 2-26. 

Moreover, as mentioned before, the temperatures applied for this model reaction are far lower 

than the temperatures used for the second stage of the synthesis of PBT. In other words, the 

use of the transesterification reaction between two HBB esters as a model for the second stage 

of the polymerization process has to be interpreted with caution. 

 

In this last section the apparent activation energies were determined of the titanium-catalyzed 

polymerization reactions and the side reactions of the TPA-based synthesis of PBT. It was 

observed that the values of the activation energies of the esterification reactions are higher 

than the value of the transesterification of the hydroxybutyl end groups. Moreover, the 

activation energy of the formation of THF out of BD in the presence of an equimolar amount 

of 3-ClBA is substantially lower than the value for the THF formation via the backbiting 

reaction. Both results are disadvantageous for the TPA-based process, in particular for the 

amount of BD dehydrated to THF. Secondly the influence of temperature was studied with 

respect to the formation of THF during both stages of the polymerization process. It was 

concluded the effect of temperature on the THF formation is more pronounced than on the 

rate of the polymerization reaction. Hence, temperature should be decreased in order to 

suppress the formation of THF during both stages of the process. 

2.4 Conclusions 

In view of the reactivity of its carboxylic acid group, 3-ClBA was used as monofunctional 

model compound for TPA to study the THF formation during the first stage of the 

polymerization process of PBT. According to the Hammet-relationship, this molecule proved 

to be a better model for TPA than BA and 4-ClBA. 

First of all, model reactions were performed in order to investigate the origin of the formation 

of THF during the first stage. It was found that THF is practically completely produced by 
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two reaction paths, i.e. the acid-catalyzed dehydration of BD and the backbiting of the 

hydroxybutyl end groups of the polymer. Although acid-catalyzed THF formation from these 

hydroxybutyl end groups would be possible as well, it was found that TPA is a too weak acid 

to have a substantial influence on this reaction. Contrary to the dehydration of BD, this 

reaction occurs without the presence of an acid. 

Reactions between 3-ClBA and BD and between 3-ClBCH3 and BD were performed to study 

the first stage of the TPA-based and DMT based process, respectively. It was concluded that 

all the THF formed for the reaction between 3-ClBCH3 and BD originates from HBB. On the 

other hand, when 3-ClBA is reacted with BD, the rate of the THF formation in the beginning 

of the reaction is considerably higher compared to the former reaction, due to the acid-

catalyzed etherification of BD to THF. After most of the carboxylic acid groups have been 

converted, the THF formation only proceeds via the backbiting of HBB, but at a lower rate. 

The THF formation during these model reactions indicates the importance of both the rapid 

conversion of the carboxylic acid groups during the first stage of the TPA-based 

polymerization process and the fast transesterification in order to decrease the concentration 

of hydroxybutyl end groups, the second precursor for the production of THF. 

Mixtures of 3-ClBA and 3-ClBCH3 were reacted with BD as well, in order to investigate how 

strong the influence of the acid on the THF formation is and hence to determine the relative 

importance of the dehydration of BD compared to that of the backbiting reaction of HBB to 

THF. From these experiments, it was concluded that for ratios 3-ClBA:3-ClBCH3 lower than 

one, less THF is produced and considerably shorter reaction times are required compared to 

the model for the TPA-based route to PBT. Consequently, the partial replacement of DMT by 

the cheaper TPA in PBT synthesis offers a possible alternative for a less expensive product. 

Finally, the influence of temperature on the different model reactions of the TPA-based PBT 

synthesis was determined. It was observed that a decrease in temperature proves to be 

beneficial in view of the THF formation during this process. Additionally, from the 

determination of the activation energies, it was seen that THF formation from BD (acid-

catalyzed) proceeds more easily than from HBB during the first stage of the process. 

Moreover, in this stage the titanium-catalyzed transesterification reaction is faster than the two 

esterification reactions. 
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Chapter 3  

HOMOGENEOUS CATALYSIS 

Abstract: Catalysts for the melt polymerization of polyesters have been widely reported in 

literature. Due to the formation of THF, however, different catalytic requirements have to be 

fulfilled for the synthesis of PBT out of TPA than for other polyesters or for the production of 

PBT out of DMT. The applied catalyst should enhance both the rate of the esterification of the 

carboxylic acid end groups and the rate of the transesterification of the hydroxybutyl end 

groups, without catalyzing the THF formation itself. Both the influence of the ancillary ligand 

system and of the metal centre of different catalysts on the first stage of the TPA-based route 

has been studied with the use of model reactions. Among the investigated catalysts, under the 

applied reaction conditions, titanium (IV)-complexes performed the best with respect to the 

suppression of the formation of THF. 

3.1 Introduction 

In Chapter 2, it was concluded that the amount of THF formed during the first stage of the 

synthesis of PBT depends on the rate of the main reactions taking place during this part of the 

process, and furthermore that the Ti(OBu)4 catalyst has no direct influence on the THF 

formation. Hence, an interesting route to explore, with the aim of suppressing the THF 

formation during the TPA-based synthesis of PBT, is to investigate what the best possible 

catalytic system is to accelerate the conversion of the carboxylic acid groups of TPA with BD. 

Although it is well-known that Brønsted acids are excellent catalysts for esterification as well 

as transesterification reactions, they are not suitable for the polymerization of PBT, due to the 

enormous effect they have on the acid-catalyzed production of THF out of BD (see section 

2.3.2.1) [1, 2]. 

Titanium-alkoxides are the catalysts commercially used for the production of PBT using DMT 

as a monomer. As previously discussed, the first stage of this polymerization reaction 
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basically consists of three transesterification reactions (similar to Scheme 2-1, using DMT). 

Contrary to this process, the TPA-based route to PBT comprises two different types of 

reactions, i.e. esterification and transesterification reactions (Scheme 2-1). Although these 

reactions are very similar, not all metal complexes automatically enhance the rates of both 

reactions equally good (vide infra). Hence, the fact that titanium catalysts are used in the 

DMT-based PBT synthesis does not necessarily imply that they are equally good catalysts for 

the synthesis of this polyester out of the diacid monomer.  

Furthermore, it would be an advantage that one single metal-complex catalyzes both the 

transesterification reaction and the two esterification reactions. Mixtures of catalysts that 

accelerate these reactions independently would almost certain imply that higher 

concentrations of metal complex are required, which is a disadvantage as the catalyst remains 

in the product after the polycondensation reaction. For PET and PTT synthesis, however, 

working with only a good esterification catalyst in the first stage of the polymerization 

process to convert all carboxylic acid groups of TPA with an excess of diol and in the second 

stage with another catalyst to enhance the rate of the polycondensation reaction is an 

applicable possibility, as in these terephthalate based polyesters no side reaction from the diol 

monomer and the hydroxyl end groups similar to the THF formation in PBT synthesis occurs. 

With respect to the latter, it is not only important to convert the carboxylic acid groups as fast 

as possible, but also to build up the molecular weight as quickly as possible to decrease the 

concentration of hydroxybutyl end groups. 

The use of different catalytic systems for the synthesis of PBT via both the DMT- and the 

TPA-based route has been widely reported in literature [2-20]. It is seen that titanium-based 

complexes are often applied in both routes as a single catalyst or as a component of a catalyst 

mixture. Unfortunately, the catalytic activities of the complexes published in different papers 

are hard to compare, as different concentrations, reaction conditions and setups are used for 

the synthesis of this polyester. More than 35 years after the commercial introduction of the 

synthesis of PBT, still reports appear describing improved catalytic systems compared to the 

commercially used tetra-alkyl titanates for the synthesis of this engineering plastic using DMT 

as a starting material. In three publications, Banach et al. describe that a mixture of hafnium 

acetylacetonate and Ti(OBu)4 (3:1 molar ratio) performs better at higher temperatures than 

Ti(OBu)4 [9, 21, 22]. The reaction time of both stages of the process is significantly reduced 

and less THF is formed when the mixture of the two catalysts is applied for the synthesis of 

PBT in a 1.8L micro-pilot plant reactor. By a kinetic study, using 4ClBA and 4-octyloxy-1-

butanol as model compounds for DMT and BD respectively, they proved that at temperatures 
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higher than 170 °C in the first stage and for the transesterification reaction of 1-(p-

chlorobenzoyloxy)-4-butanol at temperatures higher than 232 °C in the second stage of the 

polymerization process, the hafnium/titanium mixtures exhibit a higher catalytic activity. The 

second improved catalytic system was found by Massa et al. [12]. They found that titanium 

bisacetylacetonate diisopropoxylate reduced the polymerization time compared to the standard 

Ti(OBu)4 (by 14 minutes in the first stage and by 9 minutes in the second stage). This implies 

that they can add 10% less catalyst to have a comparable polymerization rate as with the 

Ti(OBu)4. This novel catalyst shows also an improved thermo-oxidative stability, which was 

expressed by the color of the polymer and the amount of the carboxylic acid end groups after 

aging it in an oven at 160°C for different time-intervals. These relatively recent publications 

show that, although the catalysis for synthesis of PBT has been rigorously studied, the 

possibility of finding an improved catalytic system cannot be excluded.  

In addition to the literature on the catalysis for the synthesis of PBT out of DMT and out of 

TPA, which for the latter is mainly restricted to patent literature, in this chapter, a systematic 

study is described, which is performed by means of model reactions with the aim of finding 

the best possible catalytic system with respect to the THF formation for the polymerization of 

TPA and BD.  

3.2 Experimental 

3.2.1 Chemicals 

3-ClBA and BD were obtained from Merck. 3-ClBCH3 was supplied by Acros Organics. 

These chemicals were used without further purification. Most catalysts were used as received 

(Acros Organics, Strem or Aldrich) or synthesized according to literature procedures [9, 23-

25]. 

3.2.2 Sample treatment 

In the glove box (providing an inert atmosphere) 3-ClBA (1.0 g, 6.0 mmol) and BD (0.58 g, 

6.0 mmol) were charged together with 0.1 mole% of catalyst in 24 mm × 150 mm threaded 

glass reaction vessels equipped with gas-tight PTFE caps. The vessels were placed in an 

electrically heated aluminium block of the reactor (STEM 10 place Omni-Reacto Station) 
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(Figure 2-1) and were heated to 180°C +/- 0.5°C. The tops of the reaction vessels were 

cooled with an integrated cold water cooling system.  

The reaction mixture was stirred at 500 rpm using magnetic stirrer bars. 

After set reaction times, the samples were removed from the heating block and cooled in an 

ice bath. The first sample was drawn when the reaction mixture reached 180°C (an average 

time of 30 minutes). 

3.2.3 Analysis 

In order to follow the conversion of the relative concentrations of 3-ClBA, BD, 4-

hydroxybutyl meta-chloro benzoate (HBB) and 1,4-butylene di(meta-chloro benzoate) (BDB), 

the samples were first dissolved in ca. 6 ml of CHCl3. Subsequently, these solutions were 

analyzed by 1H-NMR in CDCl3. The 1H-NMR measurements were performed on a Varian 

Gemini-2000 300 MHz NMR spectrometer or a Varian Mercury-Vx 400 MHz NMR 

spectrometer. 

 

The THF content of the reaction mixtures was determined by gas chromatography (GC). The 

samples were dissolved in methanol and the resulting solutions were filtered. The filtrates 

were then analyzed by GC. The GC measurements were performed on a Hewlett-Packard 

5890 series II apparatus containing an Ultra 1, silicone type of column (25 × 0.32 mm) and a 

flame ionization detector (FID). 

 

UV/Vis absorption spectra of 5,10,15,20-tetraphenyl-21H,23H-porphine (TPPH) and 

5,10,15,20-tetraphenylporphirin titaniumoxide (TPPTiO) were recorded by a Hewlett-Packard 

8453 spectrometer, operating between 200 and 1100 nm. The catalyst and ligand were diluted 

in CHCl3. Quartz cuvettes were employed and the pure solvent, CHCl3, was used as the blank-

reference sample for the measurements. 
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3.3 Results and discussion 

In this section the activity of catalysts, known to be used in polyester synthesis and other 

metal complexes, are compared by applying them in a model reaction using 3-ClBA and BD 

as reagents under uniform reaction conditions. This allows us to determine unambiguously 

which catalyst is the most efficient in the TPA- based route to PBT with respect to both the 

conversion rate and the formation of THF.  

This model study will mainly focus on two issues. First, the influence of the ancillary ligand 

of the metal complex on the reaction rate is investigated. Finally, the effect of the type of 

metal of the complex on the catalytic activity is explored. 

3.3.1 Influence of the ligand 

The first variable of the catalytic metal complex that was investigated, possibly having an 

effect on the activity of the catalyst in the reaction between TPA and BD, is the type of 

ligands bound to the metal centre of the complex. In order to examine their influence on the 

conversion of the carboxylic acid groups of TPA in the synthesis of PBT, 3-ClBA was 

esterified with BD, as described in the experimental section (section 3.2.2), in the presence of 

different catalysts of a certain metal bearing different ligands. 

It was already reported by Leverd et al. that for catalysts based on titanium and zirconium the 

catalytic efficiency of these complexes in the esterification reaction between octadecanoic 

acid and 1-octadecanol does not depend on the nature of the initial ligands of the catalyst, as 

they are exchanged by the alcohol [26-28]. However, when this reaction was performed in the 

presence of a titanium or zirconium complex carrying one or two nitro-catechol ligands (-

O2PhNO2), the activity of the catalyst decreased compared to the tetra-alkoxy metal 

complexes. This phenomenon was explained by the fact that these catechol ligands are 

bidentately bound to the metal, occupying two sites which are not easily exchanged with the 

1-octadecanol, which turns out to be a prerequisite for the catalytic activity in this reaction. 

Furthermore, from a kinetic study on this reaction, they could conclude that the catalytic 

mechanism should involve a number of simultaneous or successive reactions of the catalyst 

with the reactants. A purely coordinative mechanism could not explain their experimental 

results and, moreover, it was already seen that exchange of the ligands was required to ensure 

catalytic activity. 
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Similarly, in a review article on titanium compounds as catalysts for esterification and 

transesterification reactions, Siling et al. describe that for the esterification reaction of 2-

ethylhexyl hydrogen phthalate with an excess of 2-ethylhexanol at 170-175 °C no substantial 

difference in the activity of various titanium compounds was observed [2]. In addition, the 

nature of the ligand of various alkoxy and aryloxy titanium derivatives with the general 

formula Ti(OR)4 did not have a significant influence on the transesterification reaction of 

methylbenzoate with heptanol (200°C) as well. This phenomena was rationalized, similar to 

the conclusion of Leverd, by the rapid exchange of the ligands of the catalyst and the excess 

of alcohol in the reaction mixture.  

It was also our finding that titanium complexes with different ligands induce equal reactivity 

in the reaction of 3-ClBA with BD (Figure 3-1, a). Likewise, this is most probably due to the 

fact that the ligands are easily exchanged with the reactants under the reaction conditions 

applied. Even cyclopentadienyl (-C5H5, Cp), pentamethylcyclopentadienyl (Cp*) or the 

tridentate silsesquioxame ligands (these silicon-based cages are a model for a possible 

heterogeneous catalyst supported on silica) leach from the titanium centre. The same 

experiment was performed for other metal alkoxides. There was no difference if Zr(OBu)4 or 

Zr(iOPr)4.iPrOH was used as a catalyst. In addition, Hf(acac)4 and Hf(OBu)4 also accelerated 

the reaction equally fast.  
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Figure 3-1: Decrease of the mole fraction of 3-ClBA (a) and increase of the mole fraction of THF formed 

with respect to 3-ClBA (n = number of moles) (b) in time during the esterification reaction of 3-ClBA with 

BD at 180 °C in the presence 0.1 mol% of different titanium (IV) based catalysts. 

Hence, the initial type of ligand of these complexes is of no significance as they are either all 

or partly replaced under the conditions applied. Consequently, the metal ion of these group 4 
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metal complexes, bound to the reacting molecules of the reaction mixture, is the active 

catalytic species.  

It should be noted, however, that generally, as described by Siling et al., the exchange of the 

initial ligands of the metal complex applied in an esterification or transesterification reaction 

by the alcohol does not necessarily proceed to complete conversion (e.g. Ti(OBu)4 to 

Ti(O(CH2)4OH)4 in PBT synthesis) [2]. This exchange depends on the nature of the reaction 

mixture and the equilibrium constant of the exchange reaction. It was observed by GC 

analysis that during the transesterification of PBT with DMT, only 1.5 to 2 mol% of butoxy 

groups were exchanged on the Ti(OBu)4 catalyst. This is also the reason why for bulky and 

chelate forming ligands the activity decreases in comparison with ligands which can be 

exchanged easily. 

Parallel to the experiment performed by Leverd on titanium and zirconium complexes with 

nitro-catechol ligands, it was observed that when tetraphenylprophirin titaniumoxide 

(TPPTiO) was used as a catalyst in the esterification reaction of 3-ClBA with BD, the activity 

of the catalyst decreased in comparison with Ti(OBu)4. This decrease results from the fact that 

the TPP ligand is strongly attached to the titanium (Figure 3-2, a). The fact that the TPP 

ligand did not leach from the titanium complex under the applied reaction conditions was 

proven by means of UV/Vis spectroscopy. No absorption was found after 181 minutes 

reaction in the 650 nm region, a characteristic absorption wavelength for the TPP ligand 

(Figure 3-3). However, due to the auto-catalysis of the esterification reaction, which is 

relatively fast, it is not clear if TPPTiO is completely inactive or not. In the transesterification 

reaction of 3-ClBCH3 with BD, the model for the DMT-based route to PBT, TPPTiO proves 

to be still catalytically active, yet significantly lower than Ti(OBu)4 (Figure 3-4 and Figure 

3-5). Hence, in catalyzing the esterification and transesterification reactions of the synthesis 

process of PBT, it can be concluded that exchange of the initial catalyst ligands is a conditio 

sine qua non for obtaining high activity of the applied catalytic metal complex.  
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Figure 3-2: Decrease of the mole fraction of 3-ClBA (a) and increase of the mole fraction of THF formed 

with respect to 3-ClBA (n = number of moles) (b) in time during the esterification reaction of 3-ClBA with 

BD at 180 °C in the presence of 0.1 mol% of TPPTiO, 0.1 mol% of Ti(OBu)4 and without the addition of a 

catalyst. 

 

450 500 550 600 650 700

 TPP

wavelength / nm

 TPPTiO
 0 min
 181 min

 

Figure 3-3: Normalized UV/Vis absorption in the 450 to 700 nm region for the esterification reaction of 3-

ClBA with BD at 180 °C in the presence of 0.1 mol% TPPTiO after 0 and 181 minutes of reaction in 

comparison with the absorption spectrum of the TPP-ligand and the TPPTiO catalyst. 
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Figure 3-4: Decrease of the mole fraction of 3-ClBCH3 (a) and increase of the mole fraction of THF 

formed with respect to 3-ClBCH3 (n = number of moles) (b) in time during the transesterification reaction 

of 3-ClBCH3 with BD at 180 °C in the presence of 0.1 mol% of TPPTiO, 0.1 mol% of Ti(OBu)4 and 

without the addition of a catalyst. 
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Figure 3-5: Decrease of the mole fraction of HBB (a) and increase of the mole fraction of THF formed with 

respect to HBB (n = number of moles) (b) in time during the transesterification reaction of HBB to BDB at 

180 °C in the presence of 0.1 mol% of TPPTiO and without catalyst. 

With respect to the side reactions, i.e. the formation of THF, it was already reported in 

Chapter 2 that Ti(OBu)4 had no direct influence on the production of this cyclic ether, neither 

out of BD nor out of the hydroxybutyl end groups. As the variation of the initial ligands has 

no influence on the rate by which both the carboxylic and hydroxybutyl end groups are 

converted, the amount of THF produced in time remains unaffected as well (Figure 3-1, b). 
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However, when the ligand is not exchangeable, the formation of THF increases, as the 

activity of the catalyst drops (Figure 3-2, b). High amounts of THF are also produced when 

the ligand forms a strong Brønsted acid upon exchange with the reactants (e.g. chloride, 

triflate,…). 

From the experiments described in this section, it can be concluded that by varying the initial 

ligand on the metal complex applied for the catalysis of the first stage of the TPA-based 

synthesis of PBT, neither the rate of conversion nor the suppression THF formation can be 

improved. These reactions remain unaffected as the ligands of the catalyst are generally easily 

exchanged with the reactants of the polymerization reaction. 

In this section, the influence of the initial ligands on the metal complex applied as a 

homogeneous catalyst in the synthesis of PBT out of TPA was investigated. It was observed 

that the ability of these ligands to exchange with the reactants is a prerequisite for obtaining 

high activity of the catalyst. When this is the case, the rate of both the (trans)esterification 

reactions and the formation of THF during the first stage of this process are unaffected by the 

initial ligand. 

In the following section, the influence of the metal of the catalytic complex on these reaction 

rates will be examined.  

3.3.2 Influence of the metal 

As concluded from the previous section, it is not possible to make an improvement in the 

catalyst activity by changing the initial ligand on the metal complex when these ligands are 

able to rapidly exchange with the reactants. Hence, for such compounds (e.g. metal-alkoxides) 

it would be interesting to investigate which metal shows the highest activity, and accordingly 

the lowest THF formation, during the first stage of the TPA-based polymerization process of 

PBT. For this purpose, various metal complexes were added to the esterification reaction of 3-

ClBA with BD as described in the experimental section. The results are summarized in Table 

3-1. 
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Table 3-1: Time for the esterification reaction of 3-ClBA with BD to reach 90% conversion at 180 °C in 
the presence of 0.1 mol% of different metal complexes and the amount of THF formed after this time. 

Catalyst Time for 90 mol% conversion of 3-ClBA / min* THF / mol% 

No catalyst 250 3.6 

Sn(EtHex)2
** 55 1.3 

Ti(OBu)4 70 1.2 

Ti(N(SiCH3)2)3 100 1.3 

Sn(tOBu)4
** 120 3.8 

Zr(OBu)4 100 2.4 

Hf(OBu)4 140 2.3 

Zn(OAc)2 180 3.4 

Sb2O3 180 2.7 

Bi(OAc)3 185 2.7 

Al(sec-OBu)3 230 3.7 

Nd(iOPr)3 230 4.6 

Er(iOPr)3 230 5.5 

Yx(OBu)y.2THF 250 5.3 

Ce(iOPr)4.iPrOH 250 3.6 

GeO2 250 3.0 

* As several catalysts do not convert the 3-ClBA up to 100% conversion, the time at which 90% of the 

carboxylic acid groups have reacted is a good measure to compare the catalytic activity of the different 

complexes. 

** Both these tin catalysts are very fast in the beginning of the reaction (Sn(tOBu)4 converts 84% of the 

acid groups in 44 minutes and Sn(EtHex)2 94% in 65 minutes), but subsequently abruptly lose there 

catalytic activity. 

Generally, it was observed (Chapter 2) that the faster the carboxylic acid groups of 3-ClBA 

have been converted, which theoretically denotes the end of the first stage of the 

polymerization process, the less THF is formed. Among the various metal complexes studied, 

titanium-based complexes proved to exhibit the highest activity combined with the formation 

of the lowest amount of THF. Although esterification and transesterification reactions seem 

very similar, it was found that different complexes only catalyze the transesterification 

reaction of the formed hydroxybutyl end groups (e.g. GeO2, Sb2O3, Zn(OAc)2), which 

suggests that these reactions are catalyzed via a different mechanism. Interestingly, it was 
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found that in spite of the high activity of Sn(tOBu)4 in the esterification of 3-ClBA with BD, 

an unusual high amount of THF is formed (Figure 3-6).  
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Figure 3-6: Decrease of the mole fraction of 3-ClBA (a) and increase of the mole fraction of THF formed 

with respect to 3-ClBA (n = number of moles) (b) in time during the esterification reaction of 3-ClBA with 

BD at 180 °C in the presence of 0.1 mol% of Sn(tOBu)4, 0.1 mol% of Ti(OBu)4 and without the addition of 

a catalyst. 

Primarily, it is observed that also this metal complex is a poor transesterification catalyst for 

the conversion of 4-hydroxybutyl meta-chloro benzoate (HBB) to 1,4-butylene di(meta-chloro 

benzoate) (BDB), which results in an accumulation of HBB. Yet, this fact alone could not 

explain the high amount of THF formed in the beginning of the reaction. Surprisingly, when 

BD is heated in the presence of a catalytic amount of Sn(tOBu)4, a substantial amount of THF 

is formedi, whereas without this catalyst the amount of THF formed is negligible (Section 

2.3.2.1). Additionally, it was seen that for the model reaction of the DMT-based synthesis 

route to PBT, Sn(tOBu)4 catalyzes this reaction very poorly as well (Figure 3-7). In agreement 

with these results, Pilati et al. reacted 4-hydroxybutyl benzoate with BA (esterification 

reaction) and with itself (transesterification reaction) in the presence of several tin(IV) 

complexes and observed very low activities compared to Ti(OBu)4 [29]. Contrary to these 

results, it was reported by Rafler et al. that for the synthesis of PET out of dihydroxyethyl 

                                                 

i Approximately 2 mol% of THF was formed after 300 minutes when 3 mol% of Sn(tOBu)4 was added to BD at 
180°C.  
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terephthalate Sn(IV)-alkoxides catalyzed this polycondensation reaction even better than 

titanium-based catalysts [30]. Moreover, different transesterification reactions are known to 

be well catalyzed by Sn(IV)-complexes [31-33]. Hence, concomitantly with the fact that these 

catalysts can form THF out of BD, from these results it could be reasoned that Sn(IV)-based 

catalysts bind BD, and possibly the hydroxybutyl end groups, differently than the other 

catalysts studied. As PBT synthesis out of TPA is preferably carried out, contrary to other 

polyesters using this monomer, in the presence of a single catalyst that accelerates both the 

esterification reactions and the transesterification reaction, Sn(IV) alkoxides are not suitable 

for the polymerization of this polyester. Conversely, Sn(II)(ethyl hexanoate)2 (Sn(EtHex)2), 

which is not known to be used in the synthesis of PBT, proved to be a good catalyst for both 

these type of reactions (Table 3-1, Figure 3-7 and Figure 3-8). In comparison with the 

commonly used Ti(OBu)4, this tin(II)-complex accelerates the esterification reaction of 3-

ClBA with BD even better (only 55 minutes for 90 mol% conversion of 3-ClBA), while the 

transesterification of HBB proceeds somewhat slower. Also the amount of THF formed 

during the esterification of 3ClBA with BD, depicted in Figure 3-8 (b), in the presence of 

Sn(EtHex)2 is competitive with the amount of THF produced for the titanium-catalyzed 

reaction. Unfortunately, as discussed further in this Chapter, this catalyst drastically loses its 

catalytic activity before it reaches full conversion of the carboxylic acid groups (as discussed 

further in this Chapter, Figure 3-9). 
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Figure 3-7: Decrease of the mole fraction of HBB (a) and increase of the mole fraction of THF formed 

(with respect to HBB) (n = number of moles) (b) in time during the transesterification reaction of HBB to 

BDB at 180 °C in the presence of 0.1 mol% of Sn(tOBu)4, Ti(OBu)4 and Sn(EtHex)2. 
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Figure 3-8: Decrease of the mole fraction of 3-ClBA (a) and increase of the mole fraction of THF formed 

with respect to 3-ClBA (n = number of moles) (b) in time during the esterification reaction of 3-ClBA with 

BD at 180 °C in the presence of 0.1 mol% of Sn(EtHex)2 and Ti(OBu)4. 

As already mentioned in the introduction, it was described in a publication by Banach et al. 

that the relative activity of catalysts is dependent on the reaction temperature (Hf(acac)4 

performed better at higher temperatures compared to Ti(OBu)4 in the polymerization of DMT 

and BD). Hence, it should be concluded that titanium-based catalysts performed the best in 

this study at the applied reaction temperature, i.e. 180 °C, a temperature commonly used for 

the first stage of a PBT synthesis process. 

Various metal complexes, known to be used in polyester synthesis and some other, were 

applied in the esterification reaction of 3-ClBA with BD. Hereby it was demonstrated that a 

catalyst for the synthesis of PBT using TPA as a monomer, with the aim of suppressing the 

formation of THF, should catalyze both the esterification reactions of the carboxylic acid 

groups and the transesterification reaction of the hydroxybutyl groups. Moreover, metal 

complexes which are able to catalyze the dehydration of BD to THF, as observed for 

Sn(tOBu)4, should obviously be avoided as well. Hence, although titanium-alkoxides were not 

the fastest esterification catalysts in this study, the compounds proved to perform the best as 

catalysts for this polymerization reaction with respect to the side reactions occurring during 

PBT synthesis.  

In the following part, some other important aspects of homogeneous catalysis in PBT 

synthesis are discussed. 
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3.3.3 Other influences 

3.3.3.1 Catalyst stability and reaction mixture 

Besides the fact that an effective catalyst for the esterification of TPA with BD should 

decrease the activation energy of this reaction, the preservation of the activity of the catalyst 

in the presence of water is an indispensable property of the metal catalyst during esterification 

reactions, as an equimolar amount of water is concomitantly produced with the formation of 

an ester bond when a carboxylic acid is used as a starting material. In order to investigate the 

hydrolytic stability of the two most interesting catalysts found in the previous section for the 

synthesis of the TPA-based PBT synthesis, i.e. Ti(OBu)4 and Sn(EtHex)2, one equivalent of 

water was added to 3-ClBA together with 0.1 mol% of the metal complexes. Hereafter, these 

mixtures were heated to 180 °C under an inert atmosphere. Subsequently, the vials of the 

carrousel-reactor were charged with the hydrolyzed titanium-or tin-catalyst/3-ClBA mixture 

together with BD and a reaction was performed as described in the experimental section for 

all other model reactions (Figure 3-9). Clearly, as already seen by other authors for the 

synthesis of PET out of DMT, the activity of the titanium catalyst depends only slightly on the 

presence of water, which is a great advantage in esterification reactions at high temperature. 

On the other hand, the Sn(EtHex)2 complex loses almost completely its activity after the 

treatment with water prior to the esterification reaction. It has been reported that titanium-

alkoxide complexes are not stable in an aqueous environment and are converted into 

polymeric derivatives (-[OTi(OR)2]n-) for which it was proven that the catalytic activity is 

nearly identical to that of the initial Ti(OBu)4 [2]. Obviously, this is not the case for 

Sn(II)complexes. 
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Figure 3-9: Decrease of the mole fraction of 3-ClBA in time during the esterification reaction of 3-ClBA 

with BD at 180 °C in the presence of 0.1 mol% of Ti(OBu)4 and 0.1 mol% of Sn(EtHex)2 (solid symbols) 

compared with the same catalysts treated with H2O prior to use (open symbols). 

Compared to the previously used Sn(EtHex)2, an unexpected result was observed when 

Sn(OEt)2 was added as a catalyst for the esterification of 3-ClBA with BD. Although it was 

shown in section 3.3.1 that the initial ligand on the metal complex has no influence on the rate 

of the esterification reactions under these reaction conditions, the activity of this tin-complex 

abruptly decreases after 40 minutes (20 minutes earlier than Sn(EtHex)2) (Figure 3-10).  

It was observed by Otton et al. that the activity of every metal complex varies differently with 

a change in the reaction medium [34]. The compatibility, surroundings and solvation of the 

catalyst in the reaction mixture are important parameters with respect to their catalytic 

efficiency. Aggregation or the formation of catalyst clusters will result in a decrease in the 

amount of active catalytic species in the reaction mixture. This effect could be a possible 

explanation for the results observed in Figure 3-10 for the difference in catalytic activity 

observed between Sn(EtHex)2 and Sn(OEt)2. As the ethoxide ligand of the latter complex is 

sterically less hindered and possibly less compatible with the reaction mixture, this catalyst 

could be more susceptible to the formation of clusters. 
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Figure 3-10: Decrease of the mole fraction of 3-ClBA (a) and increase of the mole fraction of THF formed 

with respect to 3-ClBA (n = number of moles) (b) in time during the esterification reaction of 3-ClBA with 

BD at 180 °C in the presence of 0.1 mol% of Sn(EtHex)2 and Sn(OEt)2. 

As discussed before, it was reported by Siling et al. that the exchange of the ancillary ligands 

of the metal complex, applied in an esterification or transesterification reaction, by the alcohol 

does not always proceed to complete conversion [2]. In view of this result, it could be 

reasoned that titanium-complexes, that are known to be more hydrolytically stable and bear 

only two easily exchangeable alkoxide groups, could remain more active for a longer period 

of time during the polymerization reaction compared to the tetra-alkoxide complexes of 

titanium. This would also be a possible explanation for the better activity of the titanium 

bisacetylacetonate diisopropoxylate as reported by Massa et al. [12]. 

3.3.3.2 2nd stage 

After the first stage of the polymerization process of PBT, theoretically all the carboxylic acid 

groups and all the methylester groups of TPA and DMT, respectively, are converted into 

telechelic oligomers bearing only hydroxybutyl end groups, as an excess of BD is initially 

present in the monomer mixture. Hence, in theory, the reaction mixture at the start of the 

second stage should be the same, independent of the initial monomers. Nevertheless, it could 

be reasoned that some small differences between both routes have an effect on the final 

polycondensation stage of the process. With respect to the titanium-alkoxides, applied as 

catalyst for both stages, during the TPA-based polymerization of PBT, for which water is the 
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condensation product, more titaniumhydroxides are possibly formed. These complexes can 

lead to catalytically inactive compounds (titanium dioxide or hydrous titanium dioxide) in 

equilibrium with the active catalyst. It was already found by Pilati that the equilibrium and 

interaction between Ti(OBu)4 and either water or an alcohol like BD are significantly different 

[35]. A second argument is that during the TPA-based route, metal-carboxylates are formed. It 

was already reported that benzoic acid (BA) has an inhibiting effect on Ti(OBu)4 [36], which 

could be reasonably expected as a carboxylate group forms is bidentately bonded to the 

titanium and should be exchanged with a hydroxyl group to regain catalytic activity. Hence, at 

the end of the first stage of the TPA-based polymerization process, the amount of catalytic 

active sites could be lower compared to the DMT-based process for the same initial amount of 

catalyst charged to the reactor. 

Furthermore, even at the temperatures applied for a melt polymerization of PBT, the reaction 

mixture will not be completely free of water at the end of the first stage, and similarly the melt 

of the DMT-based process will still contain some methanol. Consequently, if the titanium 

complex catalyzes the reverse reactions, i.e. the hydrolysis and the alcoholysis of the 

polyester, differently, the build up of the molecular weight of the growing chains will also be 

affected. As a consequence, this will have a distinct influence on the amount of THF formed 

during the second stage as well, since faster molar mass build up implies a faster reduction of 

the hydroxybutyl end groups and accordingly a lower rate of THF formation. 

3.3.3.3 Cocatalysts 

In addition to titanium-alkoxides, a whole spectrum of so-called cocatalysts is described in 

literature which are applied in the synthesis of PBT out of both TPA and DMT [3-6, 22, 37-

39]. Besides metal complexes, the addition of catalytic amounts of organic and inorganic salts 

is widely discussed as compounds which increase the rate of the (trans)esterification reactions, 

reduce the formation of THF and improve some physical properties of PBT. Among these 

salts, many phosphorous compounds show good results in improving the productivity of the 

synthesis of this polyester. 

Although these salts have proven their usefulness in many patents, only one study provides a 

possible explanation for their cocatalytic effect [22]. Colonna et al. found that for the 

synthesis of PBT via the DMT-based route, NaH2PO4 is the most active cocatalyst among the 

phosphate salts they added to different mixtures of titanium- and hafnium-based complexes. 

In addition, it was observed that this inorganic salt had a substantially stronger cocatalytic 
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effect on Ti(OBu)4 than on Hf(acac)4. They suggested that the increase in catalytic activity of 

the titanium complex in the presence of these phosphates can be explained by the fact that the 

phosphate is able to reduce the aggregation of the Ti(OBu)4 (which is known to occur for 

higher catalyst concentrations in the reaction mixture).  

Chang et al. experimentally observed that small catalytic amounts of inorganic salts 

suppressed the THF formation to a larger extend than equimolar amounts of salt [37]. Hence, 

they could reasonably exclude the possibility that the salt acted as a buffer during the TPA-

based polymerization of PBT. 

What the group of Colonna did not check is whether the phosphates have a catalytic effect on 

the transesterification reactions without the addition of either titanium or hafnium. By 

performing a simple experiment, it was observed that Na3PO4 and KH2PO4 did not accelerate 

the reaction between 3-ClBA and BD. Hence, our experiment confirms their conclusion that 

these salts would have an effect on the catalyst applied for this polyesterification reaction. 

Besides their suggestion regarding the prevention of aggregation of the titanium, it could also 

be possible that these salts improve the selectivity of the catalyst for the transesterification 

reaction of the hydroxybutyl end groups rather than the esterinterchange reaction. Another 

possible explanation is that the phosphates alter the exchange equilibrium of the ligands on 

the titanium complex or the solubility of the complex in the reaction medium. 

In this last section, several aspects of the metal complexes applied as catalysts in the 

synthesis of PBT were discussed. It can be concluded that, besides the influence of the 

ancillary ligand system and the metal of the catalytic compounds, some other properties like 

stability and compatibility with the reaction medium are crucial for the conservation of the 

catalytic activity during the melt polymerization of TPA with BD. 

3.4 Conclusion 

In this chapter an attempt was made to reduce the THF formation during the synthesis of PBT 

out of TPA by investigating the requirements for a catalytic system applied in this 

polymerization reaction. Although Brønsted acids are excellent catalysts for the 

polymerization reaction, namely for both the esterification and transesterification reactions, 

they are non-selective towards many undesired side reactions. Unfortunately they also 

considerably enhance the formation of THF out of BD. Metal complexes on the other hand are 

much more selective catalysts. To assess the best possible catalyst for the synthesis of PBT 
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out of TPA with respect to the THF formation, both the influence of the ancillary ligand 

system and of the metal of the complex on the reaction rate were investigated. Primarily, it 

was observed that the initial ligands on the catalyst are rapidly exchanged with the reactants, 

and consequently no substantial difference of the type of ligands on either conversion to the 

esters or the production of THF was observed. In addition, this (partial) exchange was found 

to be necessary to ensure catalytic activity of the complex. When the ligand does not leach 

from the metal (as seen for the TPPTiO) and occupies several coordination sites on the metal, 

which are consequently not able to participate in the exchange with the reactants of the 

(trans)esterification reaction, the rate of this reaction decreases significantly. With respect to 

the metal, titanium-based catalysts proved to convert the carboxylic acid and the hydroxybutyl 

groups the fastest with formation of the lowest amount of THF. Although Sn(tOBu)4 

possesses a high activity in the esterification of 3-ClBA with BD, the complex did not 

catalyze the transesterification of HBB, which is important during the first stage to suppress 

the THF formation from the hydroxybutyl end groups. Moreover, these tin (IV) alkoxides are 

able to catalyze the formation of THF out of BD. Finally, it was observed that 

Sn(II)complexes, which are even better esterification catalysts than Ti(OBu)4 and, contrary to 

Sn(IV)-complexes, also accelerate transesterification reactions, did not retain their activity in 

the presence of water, which is an essential property in esterification reactions involving TPA. 
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Chapter 4  

SYNTHESIS OF PBT 

Abstract: In spite of the extensive reporting on the THF formation during PBT synthesis 

in both open and patent literature, to the best of the authors knowledge, not one 

publication was found that directly compares this side reaction during the first stage of 

the TPA-based and the DMT-based process to PBT, respectively. However, in order to 

comprehend the relative importance of the acid-catalyzed and non-catalyzed contribution 

to the THF formation during both routes, a comparative study using model compounds 

proved to be very useful as was previously described (Chapter 2). A similar comparison 

was performed for the first stage of the polymerization of PBT and the results are 

described in this chapter. Besides this, the most important results obtained by the model 

reactions are verified for the polycondensation of PBT as well. Finally, the effect of the 

poor solubility of TPA on both the main and the side reactions of the polymerization 

process was investigated.  

4.1 Introduction 

In industry, PBT is generally synthesized by melt polymerization via a batchwise or a 

continuous process [1]. In a batchwise process, molten DMT, an excess of BD, and the 

catalyst (and possibly some additives, cocatalysts or promotors) are added to a stirred 

tank reactor and are reacted at atmospheric pressure in a first ester interchange reaction 

until all methanol has been distilled off. Hereafter, the reaction mixture is transferred to a 

polycondensation reactor, where the excess of BD is removed from the reaction mixture 

under vacuum until high molecular weight material is obtained. In some batch processes 
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more than one reactor is used in both stages. When TPA is used as a starting material for 

the synthesis of PBT, a slurry of TPA in BD is prepared prior to charging the first reactor, 

as the melting point of TPA exceeds 300°C. When all carboxylic acid groups of TPA 

have reacted or when the remainder of TPA has been dissolved in the reaction mixture, 

the so-called clearing point is reached in the first stage of the polymerization process, as 

the melt becomes homogeneous. This is typically the moment at which the second stage 

(applying vacuum and increasing the temperature) of the process is started. 

In literature, various continuous processes are described [1-6]. They involve a series of 

continuous stirred tank reactors (CSTRs) with increasing temperature and vacuum and at 

the end the polymer is transferred to so-called finishing reactors (e.g. a disk-ring reactor) 

to create a high surface area for the removal of BD. Another commonly used technique to 

achieve high molecular weight polyester, is to apply solid state polymerization (SSP) 

once oligomers are formed and partially crystallized [1, 7-9]. In this process, pellets of 

PBT prepolymer are heated at a temperature between the glass transition temperature and 

the onset of melting. The polycondensation reaction then proceeds via the chain ends in 

the amorphous phase. BD is removed by dynamic vacuum or by passing an inert gas 

through the pellets. In comparison with the melt polymerization process, the lower 

temperatures are an advantage in view of the side reactions and the thermal degradation 

reactions, although the reaction rates of the polymerization reaction are somewhat lower. 

Although PBT is usually synthesized by the reaction of either TPA or DMT with BD, this 

polyester can also be synthesized from cyclic butylene terephthalate oligomers [7, 10-14]. 

These thermoplastic precursors allow reactive processing, which is an advantage in 

comparison with the processing of the high molecular weight PBT due to the low 

viscosity of these cyclics. Another industrially interesting synthesis route to PBT found in 

literature is the recycling of PET waste with BD [15, 16], which results in PBT with 

comparable mechanical properties to those of the conventionally synthesized virgin PBT. 

The major difference between the TPA-based and the DMT-based route to PBT is, as 

mentioned before, the extremely low solubility of TPA in the reaction mixture. Kang et 

al. [17] studied the influence of the ethylene glycol-TPA monomer ratio, temperature and 

pressure on the solid-liquid equilibrium of TPA in PET synthesis. They found that an 

increase of either of these variables resulted in a more complete dissolution of the diacid 
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in the reaction medium, unfortunately at expense of a higher energy consumption. 

Moreover, once all TPA has reacted or has been dissolved in the melt, a higher pressure 

leads to a slower conversion of the polycondensation reaction. The group of Padias et al. 

[18] attempted to determine the solubility of TPA in BD by saturating BD with the diacid 

at different temperatures. Mistakably, it was not investigated if the TPA had reacted with 

the large excess of BD with formation of the ester, instead of being dissolved in the diol. 

Direct esterification of the diol with TPA is preferably carried out in the presence of ‘a 

heel’ [1, 19, 20]. This is an oligomeric melt of the polyester with a degree of 

polymerization of 3 to 7, purposely left in the reactor to improve the solubility of TPA. 

As until now only model reactions have been performed mimicking the synthesis of PBT, 

in this chapter, the most important results obtained from the previous chapters are 

repeated and compared in the polymerization reaction. Furthermore, the acquired 

knowledge on the mechanism of the THF formation collected by the model study is used 

to comprehend the experimental data obtained for this side reaction during the synthesis 

of the polymer. Finally, the influence of the poor solubility of TPA on the THF formation 

is studied. 
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Scheme 4-1: Main reactions in the first stage of the TPA-based route to PBT. R = proton or PBT chain. 
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4.2 Experimental 

4.2.1 Chemicals 

TPA and DMT were used as received from Acros Organics and Merck, respectively. The 

titanium-alkoxides Ti(OBu)4, Ti(O-i-Pr)4, purchased from Acros organics and Ti(OEt)4, 

purchased from Sigma Aldrich, were used without further purification. BD (Merck, 

>99%) was distilled and stored on molsieves prior to use. Mono-methyl terephthalate 

(MMT) was used as received from Acros Organics. 

Meta-chloro benzoyl anhydride and poly(butylene carbonate) (PBC) were synthesized as 

reported in literature [21] [22]. 

4.2.1.1 Synthesis of diisopropyl terephthalate (DiPT) 

To a fivefold excess of isopropanol (380.0 g; 6.3 mol), a solution of terephthaloylchloride 

(127.36 g, 0.63 mol) in dichloromethane was added dropwise at room temperature. The 

reaction mixture was subsequently refluxed at 60 °C for 24 hours. The excess of alcohol 

and the solvent were removed by evaporation and the solid was dissolved in CHCl3 and 

repeatedly washed with a KOH solution and subsequently with water. Finally the product 

was purified by recrystallization in THF.  

4.2.2 Sample treatment 

Unlike the batch process in industry, both stages of the melt polymerization of PBT in 

this work were performed in a single reactor (appendix A1). An example of a typical 

polymerization reaction is described hereafter. TPA (116.23 g; 0.70 mol) and a 0.7 excess 

of BD (107.52 g; 1.19 mol) were charged into the reactor together with 500 ppm of 

Ti(OBu)4 with respect to TPA. A flow of argon was purged over the reaction mixture in 

order to avoid oxidative side reactions and to facilitate the removal of the volatiles. The 

oil-circulator temperature was set at 230 °C (Figure 4-1) and the stirrer speed at 58 rpm. 

The H2O and THF were collected in a calibrated burette and samples were taken at 
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regular volume-intervals. When the condensation of H2O stopped, the argon flow was 

closed, the temperature was set at 270 °C and vacuum was applied. After 2 hours the 

reactor was emptied. 
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Figure 4-1: Typical temperature profile for a polymerization process. First stage (black, Tset = 230 

°C) and second stage (grey, Tset = 270°C). 

4.2.3 Analysis 

Conversion of the first stage of the polymerization reaction was determined by measuring 

the composition of the fractions of the volatiles collected at the bottom of the Dean-Stark 

set-up by gas chromatography (GC). Two different GC-set-ups were used. The 

Chrompack CP9000 GC, equipped with a Chrompack capillary column (CP-Volamine 30 

m × 0.32 mm id) and a FID detector, was used to determine the concentration of the 

different volatile components collected for polymerizations during which water is not 

collected. A second GC, a Chrompack CP9001, equipped with a capillary column from 

Alltech (AT-WAX 30 m × 0.53 mm id × 1.0µm stationary phase thickness) and two 

detectors in series (a TCD and a FID detector respectively), was used to measure the 
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volatile components produced during the polymerization reactions where TPA was used 

as a monomer. The samples were diluted with either methanol or ethanol. Toluene was 

used as an external standard.  

 

The molecular weight distributions of the synthesized PBTs were determined by size 

exclusion chromatography (SEC) with hexafluoroisopropanol (HFIP) as eluent. The SEC 

set-up consists of an eluent degasser (Alltech Elite), a pump (Shimadsu, LC-10AD), an 

injector (Spark Holland, Midas), a two-column set (PSS, PFG Linear XL 7 µm 8 × 300 

mm) in series and a differential refractive-index detector (DRI) (Waters, 2414). After the 

injection of a 50 µL sample, the separation was established with a flow rate of 0.8 

mL/min at a constant temperature of 40°C. For the evaluation of the molecular weight 

distributions, the DRI was used as a concentration detector. The calculated molecular 

weights were based on a calibration curve for poly(methyl methacrylate) standards 

(molar mass range 650 – 1.5.104 g/mol) of narrow polydispersity (Polymer Laboratories) 

in HFIP.  

Table 4-1: PBT polymerization reactions (first stage). Number average and weight average molecular 

weights (Mn and Mw, respectively) and polydispersity indices (PDI) determined by HFIP SEC. 

Entry Route Catalyst [Catalyst] / ppm Mn  Mw  PDI 

1 DMT-route Ti(OBu)4 500 1119 1446 1.3 

2 TPA-route Ti(OBu)4 850 1254 1720 1.4 

3 50/50/170 Ti(OBu)4 850 1267 1722 1.4 

4 MMT/170 Ti(OBu)4 850 1220 1643 1.3 

5 20/80/170 Ti(OBu)4 850 1216 1632 1.3 

6 TPA-route Ti(iOPr)4 500 1382 1967 1.4 

7 TPA-route Ti(OEt)4 500 1376 1940 1.4 

8 DMT-route Ti(OBu)4 850 1116 1438 1.3 

9 TPA-route Ti(OBu)4 500 1406 2015 1.4 

10 DiPT/170 Ti(OBu)4 850 1128 1661 1.5 

11 TPA-route Ti(OBu)4 850 1205 1805 1.5 

12 DMT-route Ti(OBu)4/NaX 500 (13 wt% NaX) 1143 1492 1.3 
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4.3 Results and discussion 

4.3.1 Comparison of the TPA- and the DMT-based route to PBT 

Similar to the model reactions for the first stage of TPA-based and DMT-based synthesis 

of PBT studied in Chapter 2, the polymerization reactions of both routes are compared. 

From the model study, it was concluded that besides the amount, also the origin of the 

production of THF differed for the first stage of both processes.  

The major dissimilarity, however, between the model compound 3-ClBA and TPA in the 

esterification reaction with BD, is the low solubility of the diacid in the reaction medium. 

If the rate of dissolution of TPA in the medium is higher than the rate of esterification of 

these monomers, the overall rate of the polymerization process will not be affected by the 

insolubility of TPA. Moreover, irrespective of the rate of dissolution, as long as 

undissolved TPA is present, substantially less carboxylic acid groups will be accessible in 

the reaction mixture, leading to a lower amount of catalyst for the acid-catalyzed 

dehydration of BD. On the other hand, if the dissolution of TPA in the melt is a rate-

limiting process, the latter advantage is most probably lost as it will take longer to 

esterify all the carboxylic acid end groups.  

Although many papers have already been published on both the TPA-based and the 

DMT-based route to PBT (both on the polymerization process and on the THF 

formation), literature that describes a comparison between the two processes is, to the 

best of our knowledge, completely lacking. Interestingly, as it was already observed from 

the model reactions that it is possible to gain a lot of information by performing a 

comparative study on the first stage of both polymerization routes. Hence, a study was 

performed by reacting both TPA and DMT with BD in the presence of Ti(OBu)4 under 

the same reaction conditions. It should be noted, however, that the applied reaction 

conditions, as described in the experimental section (section 4.2.2), have not been 

optimized and moreover, in practice, different conditions should be used for the two 

routes in order to produce a minimal amount of THF.  
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From Figure 4-2 (a) it is clear that there is a distinct difference in reaction rate for the 

complete esterification of TPA compared to the transesterification of DMT. The observed 

difference for these rates is in agreement with the rates of the model reactions of these 

two routes to PBT reported in Chapter 2 (Figure 2-13 and 2-15). As the solubility of 3-

ClBA in the reaction medium is not an issue, it is clear that the titanium-catalyzed 

transesterification reaction of BD with 3-ClBCH3 is much faster than the esterification 

reaction with 3-ClBA. Besides this, there is also a difference in the rate of the 

esterification and transesterification reactions during the first stage of the TPA-route 

itself. It was observed from the determination of the activation energies of the model 

reactions of the TPA-based process (Chapter 2, section 2.3.4.1) that the transesterification 

of HBB has a considerably lower energy barrier compared to the two esterification 

reactions of 3-ClBA with either BD or HBB. Hence, it will take longer to covert all the 

carboxylic acid groups (end of the first stage) than to transesterify DMT. It will be 

demonstrated further on (section 4.3.4) that indeed the dissolution of TPA is a rate-

limiting process in this route. Consequently, the two previously discussed reasons for the 

longer reaction times of the TPA-based process are reinforced by the fact that TPA is 

practically completely insoluble in the reaction mixture. This is possibly the major cause 

of the difference in reaction time of the TPA and the DMT process. Finally, the fact that 

H2O is harder to remove from the reaction mixture than methanol, due to its higher 

boiling point, will also affect the overall reaction rate during the first stage of the 

synthesis of this polyester. 

A second observation from both graphs in Figure 4-2 is that the total amount of THF 

formed during these polymerization reactions is, as expected, considerably higher for the 

TPA-based polymerization (10.9 mol% vs. 1.2 mol% for the DMT-route). It should be 

noted that besides the obvious source of THF, i.e. the acid-catalyzed THF formation from 

BD, there is a second reason why more of this side product is formed via this route. Due 

to the longer reaction time of this process, the hydroxybutyl end groups that are formed 

by esterification of the carboxylic end groups with BD will have more time to cyclisize to 

THF. However, because of the above mentioned difference between the rate of the 

esterification reactions and the transesterification of the hydroxybutyl end groups, the 

concentration of these groups in the reaction mixture will possibly be somewhat lower in 
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the TPA-based process. Consequently, the rate of the backbiting reaction to THF will 

also be somewhat lower compared to the DMT-based polymerization. Unfortunately, it is 

not possible, as performed for the model system (Figures 2-17 and 2-21), to subtract the 

curve of the THF formation during the DMT-based process from the curve of the TPA-

based process in order to determine the influence of the acid-catalysis of TPA on the total 

amount of THF formed, as the rate of the backbiting reaction during the polymerization 

reaction is different for the TPA and DMT process. Nevertheless, it is reasonable to 

assume, based on the substantial difference of the THF formation between the two routes 

(see Figure 4-2), that the acid-catalyzed dehydration of BD plays an important role in the 

reaction between TPA and BD. 

During the model reaction performed for the first stage of the TPA-based polymerization 

process of PBT, a high rate of THF formation was observed (Figure 2-13) in the 

beginning of the reaction due to the acid-catalyzed formation of THF from BD. 

Interestingly, during the major part of the polymerization reaction, the rate at which THF 

is formed is more or less constant in time. It is possible to explain this apparent 

discrepancy between the model and the polymerization reaction by the fact that, as TPA 

is practically insoluble in the reaction mixture, the concentration carboxylic acid groups 

dissolved in the melt is maintained at a low, yet more or less constant level as well. 

Hence, the insolubility of TPA will decrease the dehydration rate of BD, but 

unfortunately, the same insolubility and dissolution rate retard the esterification process 

which leads to a higher amount of THF formed at the end of the first stage for the TPA-

based process compared to the DMT based-process. 

The results of the model reactions described in Chapter 2 revealed that the THF 

formation observed for the DMT-based route in Figure 4-2 b, originates practically 

completely from the backbiting of the hydroxybutyl end groups formed during this 

process. As the amount of carboxylic acid groups is lower than 1.2 mol% (as degradation 

reactions are negligible during the first stage and the formed carboxylic acid groups by 

the backbiting reaction will be partially esterified with either BD or the hydroxybutyl end 

groups), the acid-catalyzed dehydration of BD is negligible in this stage. At the end of the 

second stage, however, as the viscosity of the melt significantly increases with building 

up the molecular weight of the chains and mass transfer becomes a rate-limiting process, 
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the formation of carboxylic acid end groups becomes more important (degradation 

reactions and THF formation from the backbiting reaction), possibly leading to the acid-

catalyzed dehydration of the BD released by the polycondensation reaction. 
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Figure 4-2: Comparison between the TPA-based and the DMT-based synthesis of PBT. TPA and 

DMT are reacted with a 0.7 molar excess of BD in the presence of Ti(OBu)4 (850 ppm). Mol% 

conversion of the carboxylic acid groups or methylester groups, respectively, in time (solid symbols, 

a), mole fraction of THF with respect to either TPA or DMT (n = number of moles) in time (open 

symbols, a) and mole fraction of THF vs. mol% conversion (b) (entries 2 and 8, Table 4-1, section 

4.2.3). 

In a publication of Padias [18], a discussion is started on whether the second stage of the 

TPA-based polymerization of PBT could be started before the clearing point of the 

reaction. The author states that, as the transesterification of the hydroxybutyl end groups 

proceeds faster than the esterification reactions, almost all the TPA must have reacted 

before polycondensation conditions can be applied. If the second stage of the process is 

started too early, the ratio of TPA:BD will be higher than one as too much BD will have 

been removed from the reaction mixture before it all TPA has reacted and no high 

molecular weight material will be achieved. 

Surprisingly, their experiments starting the polycondensation conditions prior to the 

clearing point were claimed to be highly successful and were filed four years later in a 

patent by H.K. Hall [23]. In this patent it is stated that substantially less THF is produced 

compared to the conventional method of starting the second stage after the clearing point 
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has been reached. From their experimental results, it was found that the amount of BD 

lost in the formation of THF and the clearing times are exactly the same for two 

comparable polymerization reactions (one normal and one where the second stage was 

started before the clearing point). Moreover, no information was given about the total 

polymerization time and about the final molecular weight of the polymers obtained. 

When the reaction conditions of the second stage are applied before all carboxylic acid 

groups have been converted, the reaction mixture will contain less BD at the moment the 

melt clears compared to the conventional process. Possibly the molecular weight of the 

chains at the clearing point will be somewhat higher, as the carboxylic acid groups will 

have an increased chance to react with the hydroxybutyl end groups as less BD is present. 

Hence, it could be expected that this method decreases the total polymerization time of 

the synthesis of PBT to a certain molecular weight. In only one of their examples the 

clearing time for this process is longer than the conventional method, which could be 

expected based on the lower concentration of BD, which induces a decrease of the rate of 

reaction 1 in Scheme 4-1 relative to reactions 2 and 3. 

The earlier initiation of the polycondensation reaction could also be applied for the DMT-

based polymerizations, when the major part of the methylester groups has been 

converted. Likewise, these groups will have an increased probability to react with the 

hydroxybutyl end groups, as less BD is available, which induces a faster decrease of 

these end groups, the only source of THF formation in this route. For this method to be 

successful, it is important that the reaction times are not considerably affected by these 

conditions. Moreover, as in this route the discrepancy between the rate of the different 

reactions during the first stage is smaller than for the TPA-based route (due to the fact 

that there are only transesterification reactions in this route and DMT is completely 

soluble in the reaction mixture), the second stage could be started earlier than in the TPA-

based route without risking the remainder of unreacted methylester groups. 
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Figure 4-3: Evolution of the mole fraction of THF formed with respect to 3-ClBA (n = number of 

moles) with the conversion of 3-ClBA in reaction with BD (1:1) at 160°C. Comparison between the 

dropwise addition of BD to 3-ClBA and adding the reactants together at the start of the reaction 

(conventional method). 

In PBT synthesis, TPA is always reacted with an excess of BD, not only to push the 

reaction in the first stage to completion in an acceptable time, but also to compensate for 

the loss of BD by transformation into THF and for the part of BD present in the gas 

phase. As a considerable amount of THF is formed by the acid-catalyzed dehydration of 

BD during this process and, moreover, as a higher excess of this monomer induces an 

increase of the production of THF (Figure 2-19), it could be reasoned that adding this 

monomer dropwise to the diacid could possibly suppress this side reaction. 

Unfortunately, an exploratory model experiment with 3-ClBA and BD shows no 

improvement compared to the conventional method (Figure 4-3). Furthermore, due to the 

poor solubility of TPA and its high melting point, adding BD dropwise to this monomer 

will be ineffective in practice.  

On the other hand, it could be expected that the rate of THF formation during the DMT-

based route would decrease by adding BD dropwise to a melt of DMT, as once the 
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hydroxybutyl end groups are formed, they will almost immediately react with the high 

excess of methylester groups available in the beginning of the reaction. Most probably 

this method will therefore require longer reaction times and consequently the positive 

effect of the decrease of the rate of THF formation might be cancelled out by a longer 

required reaction time of the first stage.  

 

It can generally be concluded that it is practically impossible to suppress the amount of 

THF produced during the first stage of the TPA-based synthesis of PBT to the level of the 

DMT-based process, because of two major drawbacks in this system. A first and evident 

reason is that, as an acid is used as a monomer, BD will dehydrate to THF via an acid-

catalyzed mechanism. A second reason is the extremely low solubility of TPA. As will be 

proven in section 4.3.4, the obtained heterogeneous reaction mixture induces two effects. 

Primarily, it can cause an increase of the amount of THF produced from the hydroxybutyl 

end groups by the longer reaction times required for the first stage of the polymerization 

process due to the slower conversion of the carboxylic acid groups. Contrary to this, a 

decrease of the rate of the THF formation is induced by the low solubility of TPA, both 

from the backbiting reaction of the hydroxybutyl end groups (due to the increased 

difference in the rate of the esterification reactions and the transesterification reactions of 

the first stage) and from the dehydration of BD (because of a lower amount of acid 

catalyst available in the reaction mixture). Unfortunately, it will be proven further on that 

the first effect is stronger than the latter. 

In this section, the amount of THF formed during the first stage of the TPA- and DMT-

based polymerization process to PBT was compared. In this stage, when the diacid is 

used, clearly a large ‘extra’ amount of THF is produced compared to the DMT route. 

The main contribution to the formation of this additional amount of side product is the 

TPA-induced acid-catalyzed dehydration of BD. Secondly, due to the substantial 

difference in reaction time of the first stage of the TPA- and DMT-based process (caused 

by the slower esterification reactions and by the poor solubility of TPA), the backbiting 

reaction of the formed hydroxybutyl end groups can continue to form THF for longer 

times as well. 
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4.3.2 Influence of the titanium-alkoxide catalyst 

 From the catalyst screening for the first stage of the TPA-based polymerization process 

(Chapter 3), it was observed that for a certain metal catalyst the initial ligands of the 

complex did not influence the catalytic activity, since they were readily exchanged by the 

reactants. A second conclusion from this study was that titanium-based complexes were 

found to be the most suitable for the TPA-route to PBT in view of both the 

polymerization rate and THF formation, i.e. 3-ClBA was converted the fastest with a 

minimal amount of THF formed in the presence of Ti(OR)4.  

In Figure 4-4 the results of the use of different titanium-alkoxides as catalysts for the first 

stage of the TPA-based polymerization of PBT are presented. Similar to the model 

reactions, it is clear that the initial ligand on the titanium complex does not influence the 

rate of this polyesterification significantly (Scheme 4-1) and hence has no effect on the 

amount of THF produced during the first stage either. The molecular weights of the 

obtained (pre)polymers were found to be comparable as well (entries 6, 7 and 9, Table 

4-1, section 4.2.3). 
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Figure 4-4: Comparison between different titanium-alkoxides for the TPA-based synthesis of PBT. 

TPA is reacted with a 0.7 molar excess of BD in the presence of 500 ppm catalyst. Mol% conversion 

of the carboxylic acid groups in time (solid symbols, a), mole fraction of THF with respect to TPA (n 

= number of moles) in time (open symbols, a) and mole fraction of THF vs. mol% conversion (b) 

(entries 6, 7 and 9, Table 4-1). 
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It is known that a raise in catalyst concentration is the only variation in the composition 

of the reaction mixture that increases the rate of the (trans)esterification reactions and, 

consequently, (indirectly) suppresses the THF formation in both the TPA-based and the 

DMT-based polymerization process.  

The effect of the catalyst concentration in PBT synthesis is illustrated in Figure 4-5. It is 

clear that an increase of the concentration of Ti(OBu)4 from 500 ppm to 850 ppm has a 

huge effect on the amount of THF formed. As the catalyst has no direct influence on 

either route producing THF, the increased polymerization rate (reaction times were 

reduced with approximately 10% for both polymerization routes) causes the decrease in 

THF production. This clearly demonstrates the importance of both the activity and 

concentration of the catalyst, as minor changes in the main reaction are of great 

significance for the amount of THF formed. 
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Figure 4-5: Influence of the Ti(OBu)4-concentration on the THF formation for the TPA-based (a) 

(entries 2 and 9, Table 4-1) and the DMT-based (b) (entries 1 and 8, Table 4-1) synthesis of PBT. 

TPA and DMT are reacted with a 0.7 molar excess of BD in the presence of 500 ppm (open symbols) 

and 850 ppm (solid symbols) Ti(OBu)4. Mole fraction of THF with respect to either TPA or DMT (n 

= number of moles) vs. mol% conversion. 
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In agreement with the previously described results for the catalysts applied during the 

model reactions of the TPA-based synthesis of PBT, the initial ligands of the titanium-

alkoxides did not influence the rate of the polymerization of TPA with BD. Consequently, 

the amount of THF formed in the presence of these catalysts remained unchanged as 

well. The catalyst concentration, however, proved to exhibit a large effect on the rate of 

the first stage this polymerization process. As a result, the increase of the catalyst 

concentration suppresses the THF formation significantly. 

4.3.3 Mixtures of TPA and DMT 

Model reactions for the synthesis of PBT using mixtures of 3-ClBA and 3-ClBCH3 in 

combination with BD were performed (Chapter 2) in order to investigate the influence of 

the amount of acid in the reaction mixture on the THF formation. 

It was found that mixtures with a 3-ClBA:3-ClBCH3 ratio below one produce less THF 

(Figure 2-20) compared to the esterification reaction using exclusively 3-ClBA. When 

more than 50% 3-ClBA was used, the amount of THF was comparable to the case where 

100% 3-ClBA was applied. Moreover, for a COOH/COOCH3 ratio below 0.25 it was 

concluded that PBT synthesized from such a mixture might lead to a less expensive 

product compared to the DMT-based route, as only a relatively small extra amount of 

THF is formed for these mixtures and a substantial part of the DMT is replaced by the 

cheaper TPA. In this polymerization section a similar study is performed with mixtures of 

TPA and DMT. The main difference of the polymerization reaction compared to the 

model reactions is again the limited solubility of TPA in the melt. 
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Figure 4-6: Comparison between the polymerization reactions of mixtures of TPA, DMT with BD 

(ratio TPA:DMT:BD) in the presence of 850 ppm Ti(OBu)4. Mol% conversion of the carboxylic acid 

groups and the methyl ester groups with time (entries 2, 3, 5 and 8, Table 4-1). 

This very low solubility has, amongst other factors, a relative large effect on the reaction 

time (Figure 4-6), as already observed for the comparison made between TPA and DMT 

in section 4.3.1. The lower the content of TPA in the mixture, the better the diacid 

becomes soluble in the reaction mixture during the first stage, as TPA is better soluble in 

a melt of DMT and BD than in BD alone (comparable to the effect of adding a heel to the 

reaction mixture). This was concluded from the slope of the curves for the conversion of 

the carboxylic acid groups in the various mixtures of TPA and DMT, i.e. their relative 

conversion rates (Figure 4-7).  
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Figure 4-7: Comparison between the polymerization reactions of mixtures of TPA, DMT with BD 

(ratio TPA/DMT/BD) in the presence of 850 ppm Ti(OBu)4. Mol% conversion of the carboxylic acid 

groups in time (entries 2, 3 and 5, Table 4-1). 

Furthermore, the relative rate of the conversion of the carboxylic acid groups and the rate 

at which the methylesters are transesterified in the 20/80/170 (TPA/DMT/BD) mixture 

are also substantially closer together compared to these rates in the 50/50/170 mixture 

(Figure 4-8).  

In contrast to the clearing point observed during the TPA-based process (at the very end 

of the first stage), the 50/50/170 mixture already clears when 76 mol % of the acid groups 

have been converted and the 20/80/170 even at 70 mol % conversion. Hence, it takes 

only 4 minutes more to complete the first stage for the 20/80/170 mixture compared to 

the DMT-based polymerization, an additional time which is lower than expected from the 

initial content of TPA in the mixture. 
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Figure 4-8: Mol% conversion in time of the carboxylic acid groups, methylester groups and the total 

conversion of the polymerization reaction of the 50/50/170 (TPA/DMT/BD) mixture (a) (entry 3, 

Table 4-1) and the 20/80/170 mixture (b) (entry 5, Table 4-1) in the presence of 850 ppm Ti(OBu)4. 

Figure 4-9 (a) depicts the molar percentage of THF formed during the synthesis of PBT 

using different TPA/DMT mixtures. From the slope of the different curves it is observed 

that, even though there is a significant difference in the rate of THF formation, there is no 

consistent correlation between this rate and the TPA-content of the mixture. This 

suggests that more than one variable is playing an important role on this side reaction. 

Despite the fact that the 100/0/170 (TPA/DMT/BD) polymerization contains more acid 

compared to the 50/50/170 mixture, the rate of the production of THF during the 

polymerization of the latter is considerably higher (at least up till 80% conversion). This 

can reasonably be explained by the higher solubility of the carboxylic acid groups in the 

melt of the 50/50/170 mixture compared to the TPA route to PBT. However, although 

this effect should be even more pronounced for the 20/80/170 mixture, a lower rate of 

THF formation is found for this mixture compared to the 50/50/170 polymerization. As it 

was seen for the model study in Figure 2-13 that the rate of THF formation already 

started slowing down when 80% of 3-ClBA has been converted, it is possible to conclude 

that the decrease in acid-catalyzed dehydration of BD due to the lower amount of acid in 

this mixture becomes more important than the higher dissolution of the carboxylic acid 

groups. As already discussed in section 4.3.1, practically all the THF formed during the 
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fully DMT-based 0/100/170 reaction originates from the hydroxybutyl end groups. The 

rate of THF formation is considerably lower than during the TPA-based polymerization. 

As discussed in section 4.3.1, the rate of the backbiting of the hydroxybutyl end groups is 

expected to be lower during the TPA-based process. 
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Figure 4-9: Comparison between the polymerization reactions of mixtures of TPA, DMT with BD 

(ratio TPA:DMT:BD) in the presence of 850 ppm Ti(OBu)4. Mol% THF with respect to TPA + DMT 

(n = number of moles) in time (a) and mol% THF vs. mol% conversion (b) (entries 2, 3, 5 and 8, 

Table 4-1). 

Figure 4-9 (b) is very similar to the corresponding graph plotted for the model reactions 

on these mixtures (Figure 2-21). In contrast to the model system, the poor solubility of 

TPA results in a lower amount of THF being produced at the end of the first stage for the 

50/50/170 mixture than for the TPA-based reaction. As observed before, the increased 

solubility of TPA in the 50/50 TPA-DMT mixture compared to the process using 

exclusively TPA has an effect on both the rate of esterification of TPA and on the rate of 

THF formation. Hence, as the amount of THF at the end of the first stage is lower for the 

50/50/170 mixture, it can be concluded that, with respect to the THF formation, the 

dissolution of TPA has a decisive influence on the rate of the esterification process. 

Whether a mixture of TPA and DMT could lead to a cheaper product depends on the 

profit made by substituting a part of the more expensive DMT by TPA relative to the loss 

made due to the additional formation of THF and the longer reaction times.  
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The use of mixtures of TPA and DMT for the synthesis of PBT, as studied in this section, 

becomes increasingly interesting for the synthesis of a cheaper resin when mixtures with 

an increasing DMT content are used. Besides the fact that, as concluded from the model 

study in chapter 2, for mixtures with a TPA:DMT <1 the THF formation decreases and 

the reaction times become significantly shorter, an additional effect of the increased 

solubility of TPA on the esterification process is observed for mixtures with a higher 

DMT content, which induces the production of an even lower amount of THF than 

expected from the model study.  

 

4.3.4 Monomethyl terephthalate 

In the previous sections, it has been demonstrated that the extremely low solubility of 

TPA in the reaction mixture has a major influence on the TPA-based polymerization. In 

order to investigate the effect of the dissolution of the carboxylic acid groups, both on the 

rate at which these groups are converted and on the amount of THF produced, the 

synthesis of PBT from monomethyl terephthalate (MMT) (Figure 4-10) and BD was 

compared with the reaction of a 50/50 mixture of TPA and DMT with BD. The reactivity 

of both the carboxylic acid groups and the methyl ester groups of MMT are identical with 

those of TPA and DMT, respectively (the Hammet parameters of COOH and COOCH3 

are the same, Table 2-1). As concluded from earlier results, the insolubility has two 

opposite effects with respect to the THF formation. The amount of THF will increase as 

longer reaction times are required to complete the first stage. On the other hand, THF 

formation is suppressed from the cyclization of BD (as less acid is dissolved in the 

reaction medium) and possibly from the backbiting of the hydroxybutyl end groups (as 

the difference between the esterification and transesterification is possibly enlarged). In 

this section, it will be investigated which of both effects is most important. 
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Figure 4-10: Monomethyl terephthalate (MMT). 

As expected, there is a distinct difference between the two polymerization reactions 

depicted in Figure 4-11. As MMT is completely soluble in the reaction mixture, the 

concentration of carboxylic acid groups available for esterification is higher than for the 

50/50/170 mixture. Besides the fact that the reaction with MMT reduces the reaction time 

with 20 minutes, the relative esterification rate of the carboxylic acid groups is also 

higher than of the methyl ester groups. At 50 % conversion, 58% of the acid groups of 

MMT have already reacted, while in the mixture only 22% have been esterified. 
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Figure 4-11: Mol% conversion in time of the carboxylic acid groups, methylester groups and the 

total conversion of the polymerization reaction of the 50/50/170 mixture (a) (entry 3, Table 4-1) and 

the reaction of MMT with BD (0.7 molar excess) (b) (entry 4, Table 4-1) both in the presence of 850 

ppm Ti(OBu)4. 

In Figure 4-12, the molar percentage of THF formed is plotted against the combined 

conversion of the acid and methylester functionalities. More THF is formed in the 

beginning of the reaction both from BD and from the hydroxybutyl end groups when 

MMT is used as a starting material for PBT synthesis. As the acid groups are converted 

faster relative to the methylester groups, less BD will be dehydrated to THF near the end 
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of this stage. Moreover, THF formation from the hydroxybutyl end groups will be 

reduced as well by the shorter reaction times. At the end of the first stage, almost 30% 

less THF is produced when the reaction medium is completely homogeneous. Hence, 

unfortunately, it can generally be concluded that the insolubility of TPA has a 

disadvantageous, enhancing effect on the THF formation during the TPA-based 

polymerization of PBT, as the retarding influence it has on the rate of the esterification 

reaction of the carboxylic acid groups is more important than on the THF formation.  

Furthermore, MMT is also an intermediate in the Witten-process (Chapter 1, Scheme1-2) 

in the synthesis of DMT out of para-xylene and reduces the THF formation with 40% 

compared to the TPA- based polymerization of PBT (compare Figure 4-12 with Figure 

4-2). Consequently, similar to TPA, this monomer could be a possible cheaper alternative 

for the synthesis of PBT out of DMT as well. 
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Figure 4-12: Comparison between the polymerization reaction of the 50/50/170 mixture (solid 

symbols) and the reaction of MMT (open symbols) with BD (0,7 excess) both in the presence of 850 

ppm Ti(OBu)4. Mole fraction of THF with respect to COOH + COOCH3 (n = number of moles) vs. 

mol% conversion. 
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By a comparison between the polymerization reaction of MMT and BD with the reaction 

of a 50/50 TPA-DMT mixture and BD in this section, it was unambiguously proven that 

the poor solubility of TPA in the reaction mixture has an enhancing effect on the 

formation of THF during the first stage of the synthesis of PBT. In the following section, 

a possible solution to this problem is discussed. 

4.3.5 Particle size of TPA 

As observed in the previous section, due to the low rate of dissolution of TPA during the 

esterification reaction with BD, the poor solubility of this monomer has a significant 

influence on the conversion of the carboxylic acid groups and consequently increases the 

THF formation during the polymerization process because of the longer required reaction 

time. In consideration of this effect, it could be reasoned that the esterifcation rate of TPA 

would be influenced by the particle size of the diacid, as a change in contact surface of 

the particles with BD would alter the rate of dissolution. A possible reason for this effect 

is that a TPA molecule only goes into solution when it has reacted with BD on the 

surface of the particle as visualized in Figure 4-13.  

C
O

OH
+             BD C

O

O
OH

 

Figure 4-13: A suggestive mechanism for the dissolution of TPA in BD. 

Kang et al., who studied the mass-transfer effect of solid TPA in PET synthesis, 

published an equation for the apparent solubility (�’) of TPA: 

)(1
'

θ
τ+

α=α  (4-1) 
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In equation 4-1, � is the residence time and � the characteristic dissolution time, which is, 

besides the mixing characteristics of the reactor, also a function of the shape and size of 

the solid TPA particle [17]. 

In this section, two TPA-based polymerization reactions of PBT with different TPA 

particle sizes are compared in order to investigate the corresponding effect on the 

conversion rate and THF formation during the first stage of the process. For this purpose, 

the manufacturers’ TPAi was molten and broken into larger pieces with a diameter 

ranging from approximately 24 nm to 1 cm.  

As expected, the conversion rate of TPA is slower when the size of the particles increases 

(Figure 4-14, a). In the beginning of the reaction, the esterification rate in both 

polymerization reactions is approximately equal, as plenty small particles were still 

present in the monomer mixture of the reaction together with the larger particles. During 

the latter, after 60 minutes the reaction mixture clears. At this moment, the smaller TPA 

particles have reacted with BD and the large particles are at the bottom of the reactor. 

From this moment the rate of the esterification reaction clearly slows down. Figure 4-14 

b displays a similar image as for the comparison of the 50/50 mixture of TPA and DMT 

with MMT in the reaction with BD in Figure 4-12. When larger TPA particles are used, 

less acid is available for the acid-catalyzed dehydration of BD. Hence, in the beginning of 

the reaction the formation of THF is slower compared to when only very small TPA 

particles are used. Unfortunately, the time required to convert all the carboxylic acid 

groups of the larger chunks is too long to retain this advantage. After 60 mol% 

conversion, the esterification reaction slows down drastically and the THF formation 

catches up with the amount of side product formed during the reaction with the smaller 

particles. 

                                                 

i Average Diameter of 24 nm, measured by Dynamic Light Scattering (DLS) in water. 
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Figure 4-14: Comparison of the polymerization of PBT with TPA with different particle sizes (entries 

11 and 2 Table 4-1, for the large (solid symbols) and small (open symbols) particles respectively). 

Conversion of the carboxylic acid groups with time (a) and mole fraction of THF with respect to TPA 

(n = number of moles) with conversion (b)ii. 

From the experiment in this section, it was observed that the particle size of TPA and 

consequently the contact surface with BD is an important parameter with respect to the 

dissolution of TPA. Generally, TPA is transferred to the reactor as a slurry in BD. Hence, 

small particles and intensive mixing of the slurry (to avoid agglomeration of the particles) 

will promote the esterification rate and consequently also suppress the THF formation. 

4.4 Conclusion 

Using the knowledge obtained from model studies described in the previous chapters on 

the formation of THF during the synthesis of PBT and the influence of various 

                                                 

ii The polymerization reaction using the big particles was not completed to 100% conversion of the 

carboxylic acid groups as it was thought that the reaction had already finished after 161 minutes due to the 

fact that the rate by which water was collected decreased drastically. However, some big particles of TPA 

remained unreacted at the bottom of the reactor.  



Chapter 4: Synthesis of PBT.   118 

parameters on these side reactions, the formation of THF was analogously investigated 

during the first stage of the polymerization reaction of TPA and DMT with BD. 

Performing these model reactions (as previously described in Chapter 2 and Chapter 3) 

proved to be very useful to understand and to analyze the results obtained for THF 

formation during the different polymerization reactions. Moreover, from the good 

agreement between the model experiments and the synthesis of PBT, with respect to the 

reaction rates, the choice of 3-ClBA as a model compound for TPA turned out to be an 

important innovation in comparison with the previously reported model reactions on the 

synthesis of PBT. 

With respect of the synthesis of PBT out of the diacid, the main difference with the 

model study is the poor solubility of TPA in the reaction mixture. Although it was 

observed that, due to the small fraction of dissolved TPA, the rate of THF formation was 

suppressed (both out of BD and out of the hydroxybutyl end groups), the slow dissolution 

of TPA proved to be rate limiting for the esterification process as well, resulting in a 

disadvantageous effect on the final amount of THF produced during the first stage of the 

polymerization.  

As generally understood, the use of TPA as a monomer for the synthesis of PBT induces 

the acid-catalyzed dehydration of BD to THF. Due to the large difference in completion 

time of the conversion of all carboxylic acid groups compared to the methylester groups 

during the DMT-based process, the formation of THF from the backbiting of the 

hydroxybutyl end groups becomes important as well.  

The results of the use of mixtures of TPA and DMT for the synthesis of PBT were found 

to be in good agreement with the results obtained for the comparable model study 

performed in Chapter 2. Mixtures consisting of a TPA:DMT ratio of about 20:80 exhibit 

only slightly longer polymerization times and a marginal increase in THF formation 

compared to the process using exclusively DMT, while 20 mol% of the more expensive 

DMT has been replaced by the diacid. Hence, the use of such mixtures could possibly 

lead to the production of a more competitive resin from an economical viewpoint.  
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Appendix A1: Polymerization setup 

All polymerization reactions were carried out in a 250 mL stainless steel Büchi reactor 

(Figure 1). The setup of the reactor is schematically presented in Figure 2. The solid 

reactant (TPA and/or DMT) is charged into the reactor before it is closed. Hereafter, the 

reactor is flushed with argon. The stock of catalyst in BD is subsequently added to the 

reactor via an opening in the cover-plate, also under argon flow. The reactor is heated by 

means of the circulation of oil through the (hollow) wall of the reactor-vessel and the 

cover-plate using a Huber circulator. The reaction temperature is measured inside the 

reactor and is regulated by the temperature control unit of the circulator. The stirring of 

the melt is performed by and anchor-type stirrer, driven by an Ika Yellow Line OST20 

Hightorque motor, which is connected to a Büchi 800BMD magnetic coupling.  

  

Figure 1: Büchi melt polymerization reactor set-up. 

During the first stage of the polymerization reaction (valve settings Figure 2: 1 and 3 are 

open, 2 is closed and 4 (needle valve) is slightly opened to allow some argon flow), the 

volatiles (H2O, methanol and THF) are collected by means of a water-cooled condenser 

in a calibrated burette. The reactor vessel is equipped with two small windows, which 

allow observing the clearing-point during the TPA-based polymerization reactions. 

Once H2O/methanol stopped condensing, valves 1, 3 and 4 are closed and valve 2 is 

opened to facilitate the removal of BD from the reactor in the second stage of the 

polymerization process. Vacuum is applied by an Edwards RV8 dual-mode rotary pump 

and BD/THF are collected in a series of two cold traps placed in liquid nitrogen. The 



Appendix A1: Polymerization setup.  121 

pressure is measured by a Siemens Z-type manometer (approximately 5 mBar). Finally, 

at the end of the second stage, the polymer is removed from the reactor via the 

electrically heated bottom-valve of the reactor.  

The stainless steel tubing between the different parts of the reactor and the valves were 

purchased from Swagelok. The reactor is also equipped with a rupture-disc (Oseco) with 

a maximum pressure of 80 Bar.  

T

P

Dewar with cold trap
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Vacuum pump

Ar

1

23

4

 

Figure 2: Schematic representation of the melt polymerization set up. 

 



Appendix 2: Alternative routes to PBT.  122 

Appendix A2: Alternative routes to PBT 

In industry, PBT is synthesized by the reaction of DMT (or TPA) with BD. Nevertheless, 

in this study three other routes to PBT were explored. Two alternative processes, using an 

anhydride and polycarbonate respectively, were investigated with the aid of model 

molecules, in particular with the aim to compare the THF formation with the model 

reactions for the TPA-based process. Finally, in a third experimental polymerization 

route to PBT, using a novel diester (diisopropyl terephthalate), it was attempted to 

suppress the THF formation even more than in the DMT-based route. 

A2.1 Anhydrides 

It is possible to synthesize PBT from the reaction of poly(terephthaloyl anhydride) with 

BD. With respect to the THF formation, the advantage would be that the initial amount of 

acid present in the reaction mixture is much lower than for the TPA-based route to PBT 

(Scheme 1).  
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Scheme 1: Polymerization of PBT out of poly(terephthaloyl anhydride) and BD. 
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In order to study this alternative route to PBT, meta-chlorobenzoic anhydride was 

synthesized as a model for the polymeric anhydride (Figure 1). To compare this model 

with the result of the esterification reaction between 3-ClBA and BD (Scheme 2-5), the 

anhydride was reacted with two equivalents of BD (Figure 2). The titanium-catalyzed 

esterification of the anhydride is somewhat faster compared to the reaction between 3-

ClBA and BD. Consequently, the curve for the amount of THF formed during the 

anhydride-route is lower as well. 

O
Cl Cl

O O

 
Figure 1: Meta-chlorobenzoic anhydride. 

 

Unfortunately, the decrease of the acid-catalyzed dehydration of BD by reacting this diol 

with meta-chlorobenzoic anhydride is less significant than anticipated, as this model 

molecule is rapidly converted to 3-ClBA (either by reacting with BD or by hydrolysis 

with the water formed during this reaction). It was already observed in chapter 2 for 

mixtures of 3-ClBA and 3-ClBCH3 (Section 2.3.3.3) that replacing 50 mol% of the initial 

amount of 3-ClBA by the methylester did not reduce the THF formation. As a 

consequence of this result, it is no surprise that this alternative route to PBT offers no 

solution for suppressing the acid-catalyzed THF formation. 

However, possibly the polymerization of PBT starting from poly(terephthaloyl 

anhydride) could benefit from a better solubility of this polymer in the reaction mixture 

compared to TPA. 
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Figure 2: Mole fraction of 3-ClBA (solid squares) and mole fraction of THF with respect to BD (n = 

number of moles) (open squares) in time during the heating 3-ClBA + BD at 180 °C in the presence 

of 0.1 mol% of Ti(OBu)4 and mole fraction of half the amount of anhydride1 (solid triangles) and 

mole fraction of THF with respect to BD (open triangles) during the heating, meta-chlorobenzoic 

anhydride + 2 BD at 180 °C in the presence of 0.1 mol% of Ti(OBu)4. 

A2.2 Carbonates 

Contrary to the use of poly(terephthaloyl anhydride) that reduces the initial amount of 

acid in the reaction medium, in a second possible alternative route to PBT, BD, the 

precursor of the acid-catalyzed THF formation in the first stage of the TPA based 

process, is replaced by poly(butylene carbonate) (PBC). This route was already described 

by Berti et al. for different poly(alkylene terephthalates) [1]. In this publication, DMT 

was reacted with cyclic aliphatic carbonates. To synthesize PBT, however, it was not 

                                                 

1 To compare the esterification reaction of 3-ClBA + BD with metachlorobenzoic anhydride + 2BD, the 

mole fraction of anhydride was divided by a factor two in the left y-axis of Figure 2. 
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possible to use cyclic butylene carbonate, as its thermodynamic stability is lower 

compared to that of the corresponding polymer. 
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Scheme 2: Synthesis of PBT from PBC and either DMT (R=-CH3) or TPA (R=-H). In the case of 

TPA, the carbonate end groups decompose into CO2 and HO-PBC/H2O. 

During the synthesis of PBT from DMT and BD, the main source of the production of 

THF is the backbiting of the hydroxybutyl end groups, which occurs in particular without 

the aid of an acid catalyst (Scheme 2). Interestingly, these hydroxybutyl end groups are 

not formed when DMT is reacted with PBC (unless DMT reacts with the first carbonate 

group of the PBC chain). Nevertheless, it is still possible to form THF when the 

hydroxybutyl end groups of PBC perform a similar backbiting reaction as occurs for 

PBT. 

However, the major advantage of this alternative route is when TPA is used as a starting 

material (Scheme 2 and section 2.3.2.2). Compared to the conventional TPA-based 

synthesis of PBT, there is initially no BD present in the reaction mixture. Hence, acid-

catalyzed THF formation is almost completely excluded via this pathway. Moreover, the 

use of PBC instead of cyclic butylene carbonate also prevents (unless TPA reacts with the 
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first carbonate group of the PBC chain) the formation of large amounts of hydroxybutyl 

end groups of PBT (Scheme 3). 
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Scheme 3: Reaction of TPA with cyclic butylene carbonate. The product has a hydroxybutyl end 

group as the carbonate end group decomposes into CO2 and H2O. This hydroxybutyl end group 

formation can largely be prevented when using PBC. 

Both these alternative routes were explored by means of model reactions, using 3-ClBA 

and 3-ClBCH3 as monofunctional model compounds for TPA and DMT respectively. 

The reaction was performed in a high throughput reaction set-up (Figure 3), similar to the 

STEM 10-place Omni-Reacto Station (Figure 2-1) consisting of a heated aluminum block 

in which GC-vials are placed. The heating was controlled by a separate temperature 

controller, with a thermo-couple inside the aluminum block. The vials were filled and 

closed in the glovebox under an inert atmosphere. The reaction mixture was stirred by 

means of magnetic stirring bars. 
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Figure 3: Reaction set-up for the model reactions on the synthesis of PBT using PBC. 

Surprisingly, no conversion was observed when PBC was reacted with either of these 

model compounds in the presence of 0.1 mol% Ti(OBu)4 at 180 °C. However, when the 

reaction was performed at 250 °C, similar to the polymerization reaction performed by 

Berti, the (trans)esterification took place (Figure 4). Nevertheless, even though this high 

temperature was applied, these reactions proceed significantly slower than the 

corresponding titanium-catalyzed model reactions with BD. 

As expected, the reaction of 3-ClBCH3 with PBC produces only a very small amount of 

THF. The only sources of this side product are the limited amount of hydroxybutyl end 

groups of the PBC starting material. 

Unfortunately, this promising result could not be extrapolated to the reaction of the 

poly(carbonate) with 3-ClBA. Possibly, by heating the PBC, cyclic butylene carbonate is 

formed, similar to the known unzipping reaction of polycarbonates [2, 3]. This unzipping 

reaction is possibly acid-catalyzed by protonation of the carbonyl group, which explains 

the fact that this THF formation is not observed at these temperatures when 3-ClBCH3 is 

used. Hence, by the reaction of 3-ClBA with cyclic butylene carbonate, 4-hydroxybutyl 

meta-chloro benzoate (HBB) is formed, which will cyclisize to THF (Scheme 3). 
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Figure 4: Comparison between the conversion (solid symbols) and the THF formation (with respect 

to 3-ClBA, n = number of moles) (open symbols) during the reaction of 3-ClBA with BD (180 °C) and 

with PBC (250 °C) in the presence of 0.1 mol % Ti(OBu)4 (a). The same comparison for 3-ClBCH3 

with BD and PBC (b). 

In conclusion, the reaction of DMT with PBC provides a good alternative for the 

conventional synthesis of PBT if the THF formation has to be suppressed even more. In 

spite of the fact that the acid-catalyzed THF formation was excluded when TPA reacted 

with PCB, the rate of THF formation was too high to compete with the reaction of DMT 

with BD (and TPA with BD), due to the required high temperatures and slower 

conversion. Possibly, a better catalyst for this system might improve this alternative 

process to PBT. 

A2.3 Diisopropyl terephthalate 

It was concluded in Chapter 2 that the THF formed during the first stage of the DMT-

based polymerization route to PBT practically completely originates from the backbiting 

of the hydroxybutyl end groups formed by the ester-interchange reaction of the methyl 

ester groups of DMT with the excess of BD. As the THF formation via this mechanism is 

a first order reaction in the concentration of the hydroxybutyl end groups, it would be 

favorable to suppress their concentration during this stage of the process. By attempting 

this, the time in which all methyl ester groups are converted should not be increased to 
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such an extent that the decrease in the rate of THF formation becomes insufficient to 

significantly lower the amount of THF produced at the end of the first stage. 

A possible way to achieve lower concentrations of hydroxybutyl end groups is to increase 

the difference in the rate between reaction (1) and reaction (3) in Scheme 4. 
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Scheme 4: Main reactions of the first stage of the DMT-based synthesis of PBT (P= PBT or –

COOCH3). 

 This could in principle be accomplished by a catalyst that selectively catalyzes the 

transesterifcation reaction of the hydroxybutyl end groups (reaction (3)) faster than the 

reaction of methylester end groups with BD, compared to the relative rates of both 

reactions catalyzed by titanium-alkoxides.  

In this section however, another approach is used to obtain a decrease of the intermediate 

concentration of the hydroxybutyl end groups. Instead of increasing the rate of reaction 

(3) (Scheme 4), DMT is replaced by diisopropyl terephthalate (DiPT) (Figure 5), a diester 

with a poorer leaving group than methanol in order to slow down the ester interchange 

reaction relative to the polycondensation reaction. The larger inductive electron donating 

effect and more bulky character of the isopropoxy moiety compared to the methoxy 

group of DMT will hamper the rate of the ester-interchange reaction, while possibly the 

effect on the rate of reaction (3) will not be significant. 
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Figure 5: Diisopropyl terephthalate (DiPT). 

The first stage of the polymerization reaction of DiPT with BD was carried out exactly 

the same as described for TPA in the experimental section in the presence of 850 ppm 

Ti(OBu)4. Around 100°C the DiPT started to melt and formed a separate phase from BD 

in the reaction mixture. At 150°C these two phases started to mix and the reaction 

mixture became homogeneous.  

From the comparison of the conversion of the isopropyl ester and the methyl ester groups 

during the first stage of the DiPT- and the DMT-based synthesis of PBT in Figure 6, it is 

clear that, although the transesterification of DiPT with BD is somewhat slower than 

DMT, the reaction times of this stage of the process are approximately the same. 

Surprisingly, the THF formation during the polymerization of BD with DiPT was found 

to be more than 3 times higher than with DMT. Knowing that the THF formation for both 

routes originates only from the backbiting of the hydroxybutyl end groups and that the 

reaction times of the first stage are comparable, it was expected that the amount of THF 

produced during the DiPT-based polymerization route would be lower or at least equal 

compared to the DMT route.  
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Figure 6: Comparison between the polymerization reactions of DiPT with BD (entry 10, Table 4-1, 

solid symbols) and DMT with BD (ratio 1:1.7, entry 8, Table 4-1, open symbols) in the presence of 

850 ppm Ti(OBu)4. Mol% conversion in time (a) and mol% THF with respect to either DiPT or 

DMT (n = number of moles) vs. mol% conversion (b). 

When during the synthesis of DiPT, as described in the experimental section 4.2.1.1, the 

product is only washed with water, and not with a KOH solution, prior to 

recrystallization, the 1H-NMR spectrum did not show any peaks of remaining acid-

chloride functionalities of the terephthaloyl chloride precursor. Hence, it could be 

concluded that the amount of the acid-chlorode impurities is lower than 3 mol% in the 

synthesized DiPT. However, when the same polymerization reaction is performed as 

described above, with this batch of DiPT, the reaction yielded about 50 mol% of THF, 

while washing the DiPT with KOH solution reduced this amount to only 4 mol%. Hence, 

this strange result can be explained by the presence of a very small amount of remaining 

acid-chloride functionalities during the synthesis of DiPT, which form HCl in the 

reaction mixture that subsequently catalyzes the dehydration of BD very fast.  

 

However, based on the slower conversion of DiPT and the similar reaction times of the 

first stage compared to the DMT-based synthesis process of PBT, it can be reasonably 

expected that via this route THF formation can be suppressed even more than in the 

DMT-based process, provided that DiPT is used which is not synthesized from 

terephthaloyl chloride or is synthesized 100% pure. Another possible explanation is that 
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due to the slower formation of the hydroxybutyl end groups compared to the DMT- based 

process induced by DiPT, the decrease of the rate of reaction (3) (Scheme 4) is more 

substantial than the effect of DiPT on the rate of reaction (1). In this case, opposite to 

what was proposed in this paragraph, more reactive diesters compared to DMT (with a 

better leaving group than methanol), would be appropriate alternatives to suppress the 

THF formation more than during the DMT-based route. 

A2.4 Conclusion 

In this section, some alternative routes for the synthesis of PBT have been explored with 

the aim of reducing the amount of THF formed compared to the first stage of the 

conventional polymerization process using either TPA or DMT. Although the results 

were not successful for the TPA-based alternative routes, it could be concluded that, with 

respect to the THF formation, only the synthesis of PBT out of DMT and PBC proved to 

do better than the conventional route using BD. Nevertheless, it was suggested that the 

polymerization reaction of a diester with a better or worse leaving group than methanol 

(depending on the influence of the diester on the rate of the polycondensation reaction) 

with BD might lead to the synthesis of PBT with a lower amount of THF formed 

compared to the DMT-based synthesis process, provided that this alternative monomer is 

synthesized via acid-chloride free route or can be produced 100% pure.  
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Chapter 5  

HETEROGENEOUS CATALYSTS 

Abstract: The use of higher Ti(OBu)4 concentrations to enhance the efficiency of the 

polymerization reaction towards PBT, with respect to the suppression of the THF formation 

during the first stage of this process, is industrially restricted due to the fact that the titanium 

catalyst remains in the final product. Consequently, by applying a heterogeneous catalytic 

system (possibly in addition to a homogeneous catalyst) for the synthesis of PBT, which can 

be separated from the reaction mixture at the end of the first stage when the viscosity of the 

melt is still sufficiently low, an increase of the reaction rates can be forced, resulting in the 

suppression of the production of THF. To study this possibility, metal-exchanged 

montmorillonite (MM) clay particles and basic zeolites were applied. The latter were already 

used in a model study on the synthesis of PET out of DMT and proved to be successful for the 

DMT-based synthesis of PBT as well. It was also shown that in the presence of both K-10 and 

aluminium-exchanged GK-129 MM clay particles, the THF formed during the synthesis of 

PBT out of TPA can be converted to polytetrahydrofuran (PTHF), which can subsequently be 

incorporated into the PBT chains to form a thermoplastic elastomer copolymer. 

5.1 Introduction 

From the reactions performed with different concentrations of Ti(OBu)4 (Chapter 2 and 

Chapter 4), it was concluded that the amount of catalyst used for a polymerization reaction 

towards PBT has a substantial effect on the rate of the main reactions occurring during the 

first stage of this process. Moreover, by increasing the conversion rate of the carboxylic acid 

end groups during the TPA-based process by adding more catalyst, the amount of THF 

produced, both out of BD and out of the hydroxybutyl end groups, decreases as well. With 

respect to the costs and regarding environmental issues, however, the amount of metal catalyst 

added to the reaction mixture, which cannot be removed from the resin after the 
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polymerization, should be kept as low as possible. By applying a heterogeneous catalytic 

system, this problem could be circumvented, provided that no metal leaches from the support 

and that the catalyst can be separated from the reaction mixture after the synthesis process. 

Concerning the viscosity of the melt during the synthesis of PBT, the separation should still 

be possible at the end of the first stage (viscosity of about 0.1 Pa.s). Such a heterogeneous 

catalytic system would be particularly interesting for the first stage of the TPA-based PBT 

synthesis, as a higher loading of a catalytic active species could suppress the THF formation 

during this stage by inducing higher esterification rates.  

As reported in Chapter 3, the initial ligands bonded to the metal of the homogeneous catalytic 

complex are easily exchanged with the reactants due to the severe reaction conditions of a 

melt polymerization process. It is, however, very important that the metal does not leach from 

the support. Only then substantial quantities of heterogeneous catalyst can be added to the 

reaction mixture without having the risk to contaminate the polymer with metal.  

Interestingly, no literature exists to best of our knowledge on the melt polymerization of PBT 

catalyzed by a heterogeneous catalytic system. Nevertheless, a few articles were found that 

report the use of different layered silicates as possible catalysts for the synthesis of PET. 

In a publication by Meyer et al., basic zeolites are applied in the synthesis of PET out of DMT 

[1]. Among the zeolites studied by means of a model reaction between methyl benzoate and 

ethyleneglycol, the use of the NaX-type zeolites resulted in the highest conversion of methyl 

benzoate. In addition, the catalytic activity of the neat zeolite could even be enhanced by 

impregnating it with sodium acetate and cesium acetate, followed by decomposition to cesium 

oxide.  

For the same synthesis route to PET, it was reported that Al-Mg hydrotalcite and magnesium 

oxide can also be used as a single catalyst for both the first and second stage of the 

polymerization process [2, 3]. 

Finally, in a relatively recent publication, Otto et al. from Zimmer AG describe a so-called 

heterogeneous ‘ecocat’, which was already applied in a conventional PET plant for the 

production of metal-free bottle polymer [4]. To prepare this catalyst, metal compounds (Ti, 

Ge, Zr, Al or Sn) are adsorbed on a heterogeneous phase like zeolites, activated carbon or 

diatomaceous earth, resulting in particles between 0.5 and 2 µm.  

In addition to the previously described silicates, some metal-exchanged montmorillonite 

(MM) clay particles showed to be suitable for the catalysis of esterification reactions [5]. 

However, besides being used as catalyst, various modified MM-clay particles have been used 
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to synthesize PBT nanocomposites [6-8]. In order to prepare these composite materials, the 

clay is added to the reaction mixture during the second stage of the polymerization process or 

after the polymer has been synthesized, by means of extrusion. The amount of clay used 

varies between 1 and 9 wt% and results in the improvement of some of the physical and 

mechanical properties compared to the neat polyester (thermal stability, ductility, stiffness). 

Since these MM-clay particles accelerate esterification reactions, it would be advantageous to 

add them in the beginning of the polymerization process rather than at the end or during the 

second stage. 

In this chapter, the results of both model reactions and polymerization reactions are reported 

to get insight into the effect of the addition of different heterogeneous catalysts on the THF 

formation during the first stage of the TPA- and DMT-based melt polycondensation process 

of PBT.  

5.2 Experimental 

5.2.1 Chemicals 

3-ClBCH3, Ti(OBu)4 and TPA were used as received from Acros Organics and Merck, 

respectively. BD, DMT and 3-ClBA (Merck) were used without further purification. The 

aluminum-exchanged montmorillonite clay catalyst, based on the GK-129 bentonite clay 

particles purchased from Sigma Aldrich, was synthesized as reported in literature [5]. Zeolite 

NaX was used as received from Sigma Aldrich. 4-hydroxybutyl meta-chloro benzoate (HBB) 

was synthesized and purified according to literature procedures [9].  

5.2.2 Sample treatment 

The melt polymerization of PBT was performed in a continuous stirred tank reactor (Chapter 

4, appendix A1). An example of a typical polymerization reaction is described hereafter. TPA 

(116.23 g; 0.70 mol) and a 0.7 molar excess of BD (107.52 g; 1.19 mol) were charged into the 

reactor together with 500 ppm of Ti(OBu)4 and 10 wt% of the heterogeneous catalyst. A flow 

of argon was blown over the reaction mixture in order to avoid oxidative side reactions and to 

facilitate the removal of the volatiles. The oil-circulator temperature was set at 230 °C and the 
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stirrer speed at 58 rpm. The H2O and THF were collected in a graduated burette and samples 

were taken at regular volume-intervals. After the condensation of H2O had stopped, the 

reactor was emptied. 

 

An example of a typical model reaction described in this chapter is given hereafter. In the 

glove box (providing an inert atmosphere) 3-ClBA (1.0 g, 6.0 mmol) and BD (0.58 g, 6.0 

mmol) were charged together with 13 wt% of NaX-type basic zeolites in 24 mm × 150 mm 

threaded glass reaction vessels equipped with gas-tight PTFE caps. The vessels were placed in 

an electrically heated aluminum block of the reactor (STEM 10 place Omni-Reacto Station) 

and were heated to 180°C +/- 0.5°C. The tops of the reaction vessels were cooled with cold 

water.  

The reaction mixture was stirred at 500 rpm using magnetic stirrer bars. 

After predefined reaction times, the samples were removed from the heating block and cooled 

in an ice bath. The first sample was taken when the reaction mixture reached 180°C (i.e. after 

an average time of 30 minutes). 

5.2.3 Analysis 

Conversion of the first stage of the polymerization reaction was determined by measuring the 

concentration of the volatiles, collected at the bottom of the Dean-Stark set-up, by gas 

chromatography (GC). Two different gas chromatographs were used. The Chrompack 

CP9000 equipped with a Chrompack capillary column (CP-Volamine 30 m × 0.32 mm id) and 

a FID detector was used to determine the concentration of the various volatile components 

collected for polymerizations where water is not a condensation product. This apparatus was 

used as well for measuring the concentration of THF produced during the model reactions. A 

second GC, a Chrompack CP9001 equipped with a capillary column from Alltech (AT-WAX 

30 m × 0.53 mm id × 1.0µm stationary phase thickness) and two detectors in series (a TCD 

and a FID detector respectively), was used to measure the volatile components produced 

during the polymerization reactions where TPA was used as a monomer. The samples were 

diluted with either methanol or ethanol. Toluene was added as an external standard.  
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The molecular weight distributions of the synthesized PBTs were determined by size 

exclusion chromatography (SEC) with hexafluoroisopropanol (HFIP) as eluent. The SEC set-

up consists of an eluent degasser (Alltech Elite), a pump (Shimadsu, LC-10AD), an injector 

(Spark Holland, Midas), a two-column set (PSS, PFG Linear XL 7 µm 8 × 300 mm) in series 

and a differential refractive-index detector (DRI) (Waters, 2414). After the injection of a 50 

µL sample, the separation was established with a flow rate of 0.8 mL/min at a constant 

temperature of 40°C. For the evaluation of the molecular weight distributions, the DRI was 

used as a concentration detector. The calculated molecular weights were based on a 

calibration curve for poly(methyl methacrylate) standards (molar mass range 650 – 1.5.104 

g/mol) of narrow polydispersity (Polymer Laboratories) in HFIP.  

 

In order to follow the conversion of the relative concentrations of 3-ClBA, 4-ClBA, BA, BD, 

HBB and 1,4-butylene di(meta-chloro benzoate) (BDB), the samples were first dissolved in 

approximately 6 ml of CHCl3. Subsequently, these solutions were analyzed by 1H-NMR in 

CDCl3. 

The 1H-NMR measurements were performed using a Varian Gemini-2000 300 MHz or a 

Varian Mercury-Vx 400 MHz NMR-spectrometer. 

The conversion of acid was determined by comparison of the integral of the ortho-protons of 

the benzene ring of 3-ClBA (resp. 8.04 ppm and 7.96-7.92 ppm) with the integral of the 

corresponding protons of the formed esters (resp. 7.99 ppm and 7.92-7.88 ppm) (Figure 2-2). 

The ratio of HBB:BDB was determined from the integration of the �-protons of the ester bond 

(4.44-4.33 ppm). As the ortho-protons of the benzene ring of 3-ClBCH3 are not 

distinguishable from the ones of HBB and BDB, the conversion of the methyl ester was 

determined by comparison of the integration of the �-protons of the ester bond (4.44-4.33 

ppm) with the signal for the protons of BD and HBB next to the hydroxyl functionality (3.72-

3.67 ppm for HBB and 3.68-3.63 ppm for BD respectively) (Figure 2-3). 
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5.3 Results and discussion 

5.3.1 Metal-exchanged montmorillonite clay particles 

Additional to the fact that modified MM-clay particles are used as fillers to make PBT 

nanocomposites, some of these particles prove to be catalytically active for the esterification 

reactions. Hence, it would be interesting to add these layered silicates already from the start of 

the polymerization process additional to the standard titanium-alkoxide catalyst to increase the 

reaction rate compared to the rate if only the latter homogeneous catalyst is used.  

Although the addition of 13wt% of the GK-129 aluminium-exchanged MM particles indeed 

showed catalytic activity in the esterification reaction between 3-ClBA and BD, after 20 

minutes almost 80 mol% of the initial amount of BD was converted into THF. Most probably 

(as observed later in this Chapter, Section 5.4) it is possible for the carboxylic acid groups of 

3-ClBA exchange sodium ions of the clay particles resulting in much stronger Brønsted acidic 

sites as compared to 3-ClBA. Due to this effect, the Al-exchanged MM-clay particles, are 

highly unsuitable as heterogeneous catalyst for the synthesis of PBT. The production of other 

polyesters like PET and PTT out of TPA, however, should be possible in the presence of these 

modified MM clay particles. 

5.3.2 Zeolite NaX 

The NaX type of zeolites, which were already described as effective catalysts for the synthesis 

of PET out of DMT [1], were also tested for the synthesis of PBT, via the TPA-based as well 

as via the DMT-based route. Possibly, these alumino-silicate structures could either be 

separated from the product after the first stage or be left in the resin, like the MM-clay 

particles, as a filler to produce a composite material with improved properties [10, 11].  

5.3.2.1 Model reactions 

When approximately 13 w% of the NaX-type basic zeolites are added to an equimolar mixture 

of 3-ClBA and BD, the esterification reaction is initially not enhanced compared to the non-

catalyzed reaction (Figure 5-1, a). Surprisingly, from the higher conversion of 3-ClBA after 

75 minutes, it could be reasoned that, contrary to the esterification reactions, the 
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transesterification reaction of the HBB produced during this model reaction to BDB is 

catalyzed by the zeolite. This was subsequently shown simply by adding this catalyst to HBB 

at 180 °C (Figure 5-2). Hence, with respect to the formation of THF out of the hydroxybutyl 

end groups, the addition of basic zeolites to the TPA-based synthesis of PBT could still be 

useful when they are added supplementary to a good esterification catalyst, like Ti(OBu)4. 
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Figure 5-1: Decrease of the mole fraction of 3-ClBA in time for the esterification of 3-ClBA with BD (1:1) 

at 180 °C in the presence of 0.1 mol% of Ti(OBu)4, 13 wt% of NaX zeolites or without the addition of a 

catalyst (a). Decrease of the mole fraction of 3-ClBCH3 in time for the transesterification of 3-ClBCH3 

with BD (1:1) at 180 °C in the presence of 0.1 mol% of Ti(OBu)4 or 13 wt% of NaX zeolites (b). 

As expected from the paper by Meyer et al., the basic zeolites are also active catalysts for the 

transesterification reaction of 3-ClBCH3 with BD (Figure 5-1, b). Nevertheless, even upon 

addition of 13 wt% of this silicate, the conversion rate of the methyl ester was still found to be 

considerably lower than in the presence of 0.1 mol% of the homogeneous titanium-based 

catalyst. Consequently, similar to the TPA-based route, it would only be interesting to use this 

type of heterogeneous catalyst in addition to Ti(OBu)4 and separating it from the reaction 

mixture after the first stage of the process.  



Chapter 5: Heterogeneous catalysts.  141 

 

0 50 100 150 200
0

20

40

60

80

100
 zeolite NaX

 m
ol

e 
fr

ac
tio

n 
H

B
B

 time / min

 Ti(OBu)
4

 

Figure 5-2: Decrease of the mole fraction of HBB in time for the transesterification of HBB at 180 °C in 

the presence of 0.1 mol% of Ti(OBu)4 (open symbols) or 13 wt% of NaX zeolites (solid symbols).  

5.3.2.2 Polymerization reactions 

Based on the promising results reported in the previous section for the model reactions on the 

first stage of both the TPA- and DMT- based synthesis of PBT in the presence of NaX 

zeolites, it was interesting to perform the actual polymerization reaction using this 

heterogeneous catalyst. Although only the reaction rate of the transesterification of the 

hydroxybutyl end groups of PBT is affected by adding basic zeolites to a conventional 

titanium-catalyzed TPA-based polymerization, most probably the THF formation originating 

from the backbiting of the hydroxybutyl end groups will be reduced during the first stage by 

the faster conversion of these end groups, while the rate of the acid-catalyzed dehydration will 

remain practically unchanged as the rate of esterification will not be affected. Surprisingly, 

when this melt polymerization reaction is performed, an enormous amount of THF is 

produced (Figure 5-3). As after 159 minutes more than 42 mol% of the original amount of BD 

(72 mol% with respect to TPA) had been converted to THF, it was even impossible to obtain 

polymer in the presence of the basic zeolite catalyst. Similar to what was observed for the use 

of the MM-clay particles in the esterification reaction of 3-ClBA with BD, as described in 
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section 5.3.1, it can be expected that the carboxylic acid groups of TPA exchange sodium in 

the zeolites as well, which induces the formation of acidic sites.  
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Figure 5-3: Mol % COOH conversion (solid squares) and mole fraction of THF with respect to TPA (n = 

number of moles) (open squares) with time for the polymerization of PBT out of TPA in the presence of 

500 ppm Ti(OBu)4 or 10 wt% NaX zeolites. 

For the DMT-based process on the other hand, the use of the NaX-type zeolites additional to 

Ti(OBu)4 successfully resulted in a lower amount of THF produced at the end of the first 

stage (a relative decrease of 66 mol%), see Figure 5-4. The sudden increase in the rate of THF 

formation after approximately 95 mol% conversion of the methyl ester groups is most 

probably not an outlier. In consideration of the effect the use of these zeolites has on the THF 

formation during the TPA-based route, it seems reasonable that the carboxylic end groups 

formed during PBT synthesis out of the dimethyl ester by hydrolysisi, pyrolysis (as described 

in Chapter 1, section 1.2.2) and by the backbiting side reaction, exchanged the sodium in the 

zeolites as well. 

                                                 

i There are small amounts (< 0.3 wt%) of water present in the BD used for these experiments a small amount of 
THF is formed out of BD without acid-catalysis (section 2.3.2.1), which also produces water. 
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Figure 5-4: Mol % COOCH3 conversion (solid squares) and mol% with respect to DMT (n = number of 

moles) THF (open squares) with time for the polymerization of PBT out of DMT in the presence of 500 

ppm Ti(OBu)4 and 10 wt% NaX zeolites (a). Comparison between the mol% THF formed vs. mol% 

conversion during the polymerization of PBT out of DMT in the presence of 500 ppm Ti(OBu)4  and 500 

ppm Ti(OBu)4 + 10 wt% NaX zeolites, respectively (b). 

5.4 Conclusion 

The first stage of the synthesis process of PBT both out of TPA and DMT was studied in the 

presence of a heterogeneous catalyst with the aim of increasing the rate of the polymerization 

reactions and accordingly the suppressing the THF formation. Unfortunately, as observed in 

Chapter 3, due to the severe reaction conditions of a melt polymerization process, most 

ligands are easily exchanged from the metal complex, which makes it hard to find a suitable 

support for the heterogeneous catalyst.  

It was reported in literature that certain MM-clay particles and basic zeolites catalyze 

esterification and transesterification reactions, respectively. For the TPA-based process, 

however, large amounts of THF were formed in the presence of these silicates due to an 

exchange reaction of the sodium in these particles with the carboxylic acid groups of TPA. 

Fortunately, in the synthesis of PBT out of DMT, basic NaX-type zeolites proved to be 

efficient transesterification catalysts. When applied additionally to Ti(OBu)4, THF formation 

was successfully suppressed. Possibly, as described by Meyer et al., by metal-exchange of 

these basic zeolites, the catalytic activity can even be improved [1]. 
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5.5 Copoly(PBT-THF) 

5.5.1 Introduction 

Thermoplastic elastomers (TPEs) are a relatively new class of industrially produced materials 

[12-14]. Among them, poly(ester-b-ether) block copolymers with alternating hard sequences 

of crystallisable polyester and soft segments of amorphous polyether represent an important 

part of these widely used polymers. TPEs are produced by several manufacturers (DSM, 

DuPont, Celanese, etc.). Their properties depend mainly on the nature and percentage of hard 

segment present in the chain. In TPEs, these hard segments act as reversible physical 

crosslinks, contrary to chemical sulfur bonds in vulcanized rubbers. 

Among these poly(ester-b-ether) block copolymers, copoly(butylene terephthalate-b-

tetrahydrofuran) (coPBT-PTHF)ii (Figure 5-5) is a well known multi block copolymer which 

displays several excellent properties as high strength, high impact resistance and low 

temperature flexibility. Due to the good resistance to oil and gasoline, this polymer is largely 

applied in the automotive industry for flexible tubing components. CoPBT-PTHF is 

commercially synthesized by the melt polymerization of DMT in the presence of a certain 

amount of BD and an amount of difunctional OH-terminated PTHF chains (separately 

synthesized) with a number average molecular weight generally between 600 g/mol and 2000 

g/mol (not too long to avoid crystallization of the polyether) [12, 15, 16]. The ratio of BD and 

PTHF differs depending on the percentage of soft segment desired to be incorporated into the 

polymer. The synthesis of this poly(ester-b-ether) using TPA as an alternative monomer to 

DMT has been given little attention in industry due to the same problem as in PBT synthesis, 

i.e. the production of THF.  

 

                                                 

ii Also known as copoly(butylene terephthalate)-poly(tetramethylene ether glycol) (coPBT-PTMG) or 
copoly(butylene terephthalate)-poly(tetramethyelene oxide) (coPBT-PTMO). 
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Figure 5-5: CoPBT-PTHF. 

The study reported in this thesis had the aim to limit the THF formation during the TPA-based 

synthesis of PBT. Instead of trying to suppress this side reaction, the idea came up to change 

the disadvantageous THF formation during the polyester synthesis into a benefit by 

converting the produced THF into polyether chains and in situ incorporate these soft segments 

into the PBT, resulting in coPBT-PTHF. In order to check the feasibility of this idea, a model 

reaction using 3-ClBA was performed. 

5.5.2 Experimental  

5.5.2.1 Chemicals 

BD and 3-ClBA (Merck) were used without further purification. THF was provided by 

Biosolve. The aluminum-exchanged montmorillonite clay catalyst, based on the GK-129 

bentonite clay particles purchased from Sigma Aldrich, was synthesized as reported in 

literature [5]. The K-10 bentonite was used as received from Acros Organics. Prior to use, the 

MM-clay particles were activated by heating them 24 hours at 140 °C in an oven. 

5.5.2.2 Sample treatment 

In the glove box (providing an inert atmosphere) 3-ClBA (0.70 g, 4.4 mmol) and BD (0.81 g, 

8.8 mmol) were charged together with 10 wt% of MM clay particles in GC-vials. These vials 

were placed in an electrically heated aluminum block (Figure 4-17) at 120 °C +/- 0.5 °C. The 

reaction mixture was stirred by a magnetic stirrer bar. After set reaction times, the samples 

were removed from the heating block and cooled in an ice bath.  
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5.5.2.3 Analysis 

In order to follow the conversion of the relative concentrations of 3-ClBA, BD, HBB, BDB, 

THF and PTHF, the samples were first dissolved in ca. 5 ml of CHCl3. Subsequently, these 

solutions were analyzed by 1H-NMR in CDCl3. The 1H-NMR measurements were performed 

on a Varian Gemini-2000 300 MHz NMR spectrometer or a Varian Mercury-Vx 400 MHz 

NMR spectrometer. 

5.5.3 Results and discussion 

PTHF is generally synthesized by cationic ringopening polymerization of THF. In order to 

perform the in situ polymerization of the THF, formed during the synthesis of PBT, furnishing 

a copolymer of PBT and PTHF, a catalytic system should be found that enhances the 

formation of both types of polymers. It was recently described in literature that certain MM-

clay particles are able to synthesize PTHF out of THF [17-19]. Interestingly, in the first part 

of Chapter 5, MM-clay particles were also applied as catalyst for the esterification of 3-ClBA 

with BD, the model for the first stage of the TPA-based polymerization route to PBT [5]. In 

this experiment, the MM-clay particles were found to be unsuitable catalysts for the synthesis 

of PBT, as a lot of THF was produced in their presence. The idea is now to use this THF 

produced during the esterification reaction, convert it into PTHF and subsequently incorporate 

this elastomer into the polymer chain of PBT. The feasibility study was performed with the 

model compound 3-ClBA. 

THF was heated to 50°C in the presence of three types of MM-clay particles (5.6 wt% of K-

10, GK-129 and the aluminum-exchanged GK-129 clay used as heterogeneous esterification 

catalyst in Chapter 4). After 27 hours, 20 mol% and 16 mol% of THF was converted to PTHF 

in the presence of the K-10 and the Al-exchanged MM-clay particles, respectively (as 

calculated from the integrated signals in the resp. 1H-NMR spectra. An example of an 1H-

NMR spectrum is depicted in Figure 5-6). Surprisingly, no conversion was observed for the 

GK-129 type of bentonite. When the same amount of the different MM-clay particles was 

added to BD under the same reaction conditions, neither THF nor PTHF was formed. Hence, 

the fast THF formation during the esterification reaction of 3-ClBA with BD in the presence 

of the Al-exchanged MM clay particles, as observed in chapter 5, was most probably due to 

an exchange reaction of the clay with the carboxylic acid groups of 3-ClBA, producing acidic 

sites in the clay particles.  



Chapter 5: Heterogeneous catalysts.  147 

 

4.0 3.5 3.0 2.5 2.0 1.5

ppm

a

b

c

d

4.0 3.5 3.0 2.5 2.0 1.5

ppm

a

b

c

d

 

 

 

 

O
a a

c c

HO
O H

nb

d

d

b

 
 

Figure 5-6: 1H-NMR spectrum in CDCl3 of the reaction mixture of THF in the presence of 5.6 wt% K-10 

MM after 27 hours at 50 °C. 

When 3-ClBA is reacted with a twofold excess of BD in the presence of 10 wt% of either K-

10 or aluminum-exchanged GK-129 MM-clay particles at 120°C, after 24 hours it is observed 

by 1H-NMR analysis (Figure 5-7) that the benzoic acid has been esterified and a large amount 

of THF is formed from which a small part has been converted to PTHF. The results are 

summarized in Table 5-1. As from this simple exploratory model reaction it can be concluded 

that these catalysts are able to accelerate the formation of PBT, THF and PTHF from TPA and 

BD, the direct formation of coPBT-PTHF from TPA and BD may be possible, provided that 

the reaction conditions are properly chosen.  
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Figure 5-7: 1H-NMR spectrum in CDCl3 of the reaction mixture of 3-ClBA + BD (molar ratio 3-ClBA:BD 

= 1:2) in the presence of 10 wt% Al-exchanged MM-clay particles at 120 °C after 24 hours. The amounts 

of 3-ClBA (a), esterbonds (b), THF (c), BD (d) and PTHF (e), given in Table 5-1, were calculated from 

their respective integrated signals. 

Although a ‘proof of principle’ has been established for the in situ synthesis of a copolymer of 

PBT and PTHF from TPA and BD, different aspects of this polymerization reaction are far 

from being realized in practice, and extensive future research is required.  

Whether this proposal for the synthesis process of the coPBT-PTHF is possible, depends on 

the relative rates of the formation of THF, the formation of PTHF and the esterification of the 

carboxylic acids groups of TPA.  

First of all, in order to shift the equilibrium of the esterification reaction towards the esters, 

water should be removed from the reaction mixture, while THF, which is far more volatile, 

should remain in the reactor to form the PTHF chains. A possible solution is that, either by 
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lower initial temperatures (below the boiling point of THF, i.e. 66°C) or by a closed reaction 

system under pressure, the PTHF chains are primarily formed, after which the temperature is 

raised and both water and THF are allowed to be removed from the reaction mixture to form 

the copoly(ester ether). In the final stage vacuum should then be applied to form high 

molecular weight material. If necessary, initially a certain amount of BD can be added to form 

the PTHF chains and in a later stage more BD can be fed to the reactor in order to get the 

required quantity of PBT incorporated into the copolymer. A membrane-reactor or 

pervaporation-reactor, which selectively allows the passing of H2O, could possibly be a useful 

setup as well. 

Table 5-1: Conversion of 3-ClBA and BD into esters, THF and PTHF during the reaction of 3-ClBA with 

BD (molar ratio 3-ClBA:BD = 1:2) in the presence of 10 wt% of either K-10 or Al-exchanged MM-clay 

particles at 120 °C after 24 hours. 

 No catalyst 10 wt% K-10 10 wt% Al-exchanged GK-129 

Mol esterbonds / mol initial 
3-ClBA (%) 41 46 34 

Mol THF / mol initial BD 
(%) 0* 43 54 

Mol PTHF / mol THF (%) 0* 7 5 

* Not detected by 1H-NMR. 

It could be reasoned that, as the PTHF chains are to be formed prior to the esterification of 

TPA with BD, in view of the high insolubility of TPA, which would hamper the rate of the 

latter reaction, this process could be considered to have perspectives.  

Apart from the ratio of TPA and BD, a second parameter which has an influence on the rate of 

THF, PTHF, and PBT formation, is the concentration of MM clay particles in the reaction 

mixture. Enough of these layered silicates should be added to ensure the formation of PTHF. 

Furthermore, although these clay particles are able to catalyze esterification reactions, an 

additional esterification catalyst (e.g. Ti(OBu)4) should be added if the polymerization of TPA 

with BD would turn out to be too slow.  

If too much THF is formed out of BD relative to the formation of PTHF, a mixture of TPA 

and DMT or the use of the mono-methyl ester could be considered to optimize the relative 

rates of both reactions.  

As mentioned in the introduction of this section, commercial coPBT-PTHF is a segmented 

block-copolymer consisting of hard crystallisable blocks of PBT and soft amorphous blocks 
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of PTHF. This structure provides the typical elastomeric properties of these materials. 

However, by the in situ synthesis of coPBT-THF as presented here, depending on the rate of 

the three previously mentioned reactions, the final polymer will either form the desired blocky 

structure or a predominantly PBT based polymer with short PTHF segments incorporated. 

This can more or less be tuned by adjusting the process and the above mentioned 

concentrations of the reagents and of the catalytic system.  

5.5.4 Conclusion 

The in situ synthesis of coPBT-PTHF out of TPA and BD, the monomers normally only used 

for the synthesis of the PBT homopolymer, was attempted in the presence of MM-clay 

particles. A very preliminary study learned that K-10 and Al-exchanged GK-129 bentonite 

catalyzed, besides the esterification reaction, the formation of THF which was subsequently 

converted to PTHF by these MM-clay particles. This way, the abundant, undesired THF 

formation during the synthesis of PBT out of TPA was turned into a possible advantage. 

Moreover, due to this in situ synthesis of coPBT-PTHF, this TPE can be synthesized out of 

the cheaper TPA, whereas in commercial processes this elastomer is synthesized using DMT, 

to avoid THF formation. It is obvious that a much deeper study is required in order to find out 

whether this direct synthesis of PBT-and-PTHF-based thermoplastic elastomers from TPA 

(and/or DMT) and BD could become a reality. At the moment, the technical as well as the 

economical feasibility is questionable.  
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Chapter 6  

EPILOGUE 

6.1 TPA-based synthesis of PBT 

As is clear by now, the major disadvantage of the TPA-based synthesis of PBT is that the 

amount of THF produced is roughly doubled compared to the commercial polymerization 

route in which DMT is used as a starting material. Practically this entire extra amount of THF 

is formed during the first stage of the synthesis process. Consequently, with the aim of 

reducing the THF formation in this route, i.e. the object of this thesis, it was important to 

focus this research on the formation of THF (the origin and the influences) during the first 

part of the polymerization process. It was found that two characteristics of TPA were essential 

with respect to the increase of the amount of THF produced during the TPA-based synthesis 

process compared to the DMT-based route. Primarily, TPA is a relatively weak Brønsted acid, 

which substantially catalyzes the dehydration of BD to THF. Secondly, the poor solubility of 

TPA in the reaction mixture induces longer polymerization times, resulting in more THF 

formation from the backbiting of the hydroxybutyl end groups of the polymer chains.  

Based on the study of the THF formation during the TPA-based synthesis of PBT in this 

work, a short overview is presented with suggestions on how to improve the different reaction 

and process parameters influencing the production of THF, with the aim of reducing this 

undesired side reaction during the polymerization process as much as possible. 

Temperature is a very important parameter in melt polymerization processes. To maintain an 

adequate rate of the (trans)esterification reactions during both the first and second stage of the 

synthesis process and to keep the polymer in the molten state while the molecular weight of 

the chains builds up, reaction temperatures should be set sufficiently high. However, as 

concluded from the determination of the activation energies of both the main reactions in the 

synthesis of PBT and side reactions producing THF, an increase of temperature has a more 
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pronounced accelerating effect on these side reactions than on the polymerization reaction 

itself. Hence, in view of suppressing the production of THF, temperature should be kept as 

low as possible. Moreover, during the second stage of the polymerization reaction, an increase 

of the temperature will also have a pernicious effect on the chain growth, as degradation 

reactions become more important in the final stages.  

A second variable which has, similar as the influence of the temperature, a foremost effect on 

both the rate of the polymerization reaction and the rate and extent of the formation of THF, is 

the initial ratio of monomers added to the reactor. Again, with respect to the THF formation, 

this TPA:BD ratio should be as close to 1 as possiblei. On the other hand, in order to enhance 

the rate of the esterification reaction of the carboxylic acid groups with BD and to shift the 

equilibrium of this reaction towards the esters, the ratio should be lowered. Nevertheless, in 

practice, the optimization of this parameter is quite straightforward. Generally an excess of 

about 50 to 80 mol% of BD is applied for the synthesis of PBT out of TPA [1-8]. 

Catalysts applied in the polymerization reaction of TPA and BD should accelerate both the 

esterification and the transesterification, since THF is formed both out of the monomer BD 

and the hydroxybutyl end groups (this is not necessary for the first stage of the synthesis of 

other poly(alkylene terephthalates) out of TPA). Mixtures of esterification and 

transesterification catalysts are not ideal since higher concentrations of metal will remain in 

the product. In the DMT-based process, however, the catalyst should only catalyze 

transesterification reactions. Yet, as in this route the main source of THF is constituted by the 

backbiting of the hydroxybutyl end groups, a catalyst that would selectively accelerate the 

transesterification of these end groups better than the transesterification of the methyl ester 

groups, would be capable to reduce the amount on THF formed during this route, provided 

that the conversion of the methyl ester groups is not delayed. As most catalysts studied in 

Chapter 3 have no direct influence on the THF forming reactions during the synthesis of PBT, 

only higher catalyst concentrations will reduce the THF formation by fast conversion of the 

acid groups and by reducing the polymerization time towards a certain desired molecular 

weight. 

                                                 

i In consideration of the fact that some BD is lost as THF and that a 1:1 ratio of the functional groups needs to be 
respected in order to reach high molecular weights in polycondensation reactions, the initial ratio should be <1. 
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Provided that no metal leaches into the reaction mixture, the use of heterogeneous catalysts 

or a fixed-bed reactor form a possible alternative to increase the catalyst concentration 

during the first stage of the polymerization process, when the viscosity of the reaction mixture 

is still sufficiently low to allow catalyst separation.  

It was observed in Chapter 4 that the poor solubility of TPA in the reaction mixture during 

the first stage has two major, yet opposite effects with respect to the THF formation:  

• The rate of the dissolution of TPA is slower than the rate of esterification. 

Consequently, the time in which all the carboxylic acid groups are converted will be 

prolonged. This has not only an enhancing effect on the amount of THF formed by the 

acid-catalyzed dehydration of BD, but also the hydroxybutyl end groups get more time 

to produce THF.  

• Interestingly, due to this rate limiting effect of the high insolubility of TPA on the 

conversion of the carboxylic acid groups, as the rate of the transesterification reaction 

of the hydroxybutyl end groups is not affected, the amount of the hydroxybutyl end 

groups in the reaction mixture will be lower. Consequently, contrary to the previous 

effect, the rate of the backbiting reaction, which is first order in the concentration of 

these end groups, will decrease as well. Moreover, the rate of the acid-catalyzed 

dehydration of BD also proved to decrease, as by the poor solubility of TPA less 

catalyst is available to accelerate this reaction. 

From the observation that more THF is formed for the reaction of a 50/50 mixture of DMT 

and TPA in reaction with BD compared with the reaction of monomethyl terephthalate with 

BD (homogeneous reaction mixture), it could be concluded that the first effect is stronger than 

the latter. With the aim of reducing the THF formation, the solubility of TPA in the reaction 

mixture should therefore be increased. For this purpose, similar to the synthesis of PET and 

PTT, the polymerization reaction could be carried out in the presence of a ‘heel’. This is an 

oligomeric melt of the polyester with a degree of polymerization ranging from 3 to 7, 

purposely left in the reactor as a residue of the previous batch to improve the solubility of 

TPA. A second manner to increase the solubility of TPA was experimentally observed in 

Chapter 4. In mixtures of DMT and TPA, TPA exhibits an increased solubility in the 

reaction mixture. This results in an increased conversion rate of the carboxylic acid groups 

relative to the rate at which the methyl ester groups are converted in the reaction mixture 

(although the rate of the latter is still higher) compared with mixtures with a higher percentage 
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of TPA (Figure 4-8). Finally, it was also shown that a smaller particle size of the TPA 

benefits the dissolution rate of TPA, and accordingly reduces the THF formation. 

At the end of the second stage of the melt polymerization process of PBT (and also during the 

melt processing), viscosities are very high and mass transfer of the volatiles out of the 

reaction mixture becomes a rate limiting process. Most THF formed during the second stage 

(being ca. 3 mol% with respect to either TPA or DMT) originates from the backbiting of the 

hydroxybutyl end groups. Nevertheless, as it becomes increasingly difficult to remove the BD 

released by the polycondensation reaction from the reaction mixture due to the high 

viscosities near the end of the polymerization reaction and during processing, possibly the 

latter is susceptible to dehydration catalyzed by the increasing amount of carboxylic acid end 

groups, formed by the backbiting of the hydroxybutyl end groups and by pyrolysis. Different 

changes, mostly related to the set up of the process, have been developed to push the reaction 

towards high molecular weight material with a minimal production of side products (THF in 

particular) and with the aim of reducing degradation reactions. The vacuum applied during 

the second stage, which facilitates the removal of the volatiles (especially BD) from the 

reaction mixture, drives the equilibrium of the polycondensation reaction towards higher 

molecular weight and accordingly decreases the THF formation originating from the 

hydroxybutyl end groups. Moreover, the vacuum in the final stages of the polymerization 

process suppresses the above described dehydration of BD induced by the increasing amount 

of carboxylic acid end groups and the high viscosities, as well. Generally, the applied vacuum 

is around 1 mBar. In addition, in order to improve the mass transfer in the viscous melt, 

vigorous stirring could be considered as an important parameter as well. In industry, 

specially designed reactors are applied at the end of the synthesis process. The design of these 

so-called finishers (e.g. a rotary disk polymerization reactor), combines the formation of a 

high surface area with intensive stirring and deep vacuum. 

Solid state polymerization (SSP) forms an interesting alternative to finishers for the build up 

of the molecular weight during the final stage of the process. This technique is already 

commercially applied for several polycondensation polymers. As described before, this 

method involves the heating of polymer pellets at a temperature between the glass transition 

temperature and the onset of melting. The polycondensation reaction then progresses via the 

chain ends in the amorphous phase. In the case of PBT, BD is then removed by dynamic 

vacuum or by passing an inert gas through the pellets. Although SSP is widely applied in PBT 

synthesis, to the best of our knowledge, no study has been published on the effect this 
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technique has on the amount of THF produced in comparison with a conventional melt 

polymerization of PBT. From the performed kinetic study on the transesterification reaction 

of HBB to BDB described in Chapter 2, it was observed that lower temperatures are beneficial 

in view of the THF formation, when the THF formation is plotted against the temperature for 

a certain mol% conversion of this model reaction (Figure 2-24). From this graph it could be 

concluded that SSP could also be an appropriate method to reduce the loss of BD to THF 

during the synthesis of PBT, provided that the rate at which the polymer chains grow is not 

too much affected by the lower temperatures and the other variables influencing SSPii.  

Interestingly, it was observed in Chapter 4 that the use of the BD-soluble mono-methyl 

terephthalate (MMT) as a monomer for the synthesis of PBT reduces the amount of THF 

formed during the first stage with ca. 40% relative to the TPA-based route. Furthermore, 

MMT is an intermediate in the synthesis route of DMT (Witten process). Consequently, 

similar to TPA, this monomer could be considered as a cheaper alternative for DMT (as more 

PBT can be made out of MMT compared with the same weight of DMT), which in addition 

forms less THF than when TPA is used as a starting material. 

 

It can generally be concluded that the most promising way to reduce the THF formation 

during the synthesis of PBT is to convert the carboxylic acid groups as fast as possible, 

followed by the rapid transesterification of the formed hydroxybutyl end groups to high 

molecular weight polymer. This may not be realized by either high temperatures or a higher 

excess of BD.  

 

Most of the above described suggestions can relatively easily be implemented by minor 

adaptations of the existing technology of the melt polymerization process of PBT, i.e. the 

reaction of DMT with BD in the presence of a homogeneous and soluble titanium-catalyst. 

The use of either DMT, TPA, MMT or mixtures of TPA and DMT for the synthesis of PBT, 

only implies changes in the first stage of the process, whereas the setup and process 

conditions for the second stage remain the same, as at the start of this stage, all methyl ester 

and/or carboxylic acid groups have been converted. As mentioned before, with the use of 

TPA, due to the poor solubility of this monomer in BD, a slurry has to be made prior to 

                                                 

ii SSP is influenced by many parameters like the diffusion of the volatiles, crystallinity of the polymer, etc. 
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charging the first reactor of the polymerization process. Contrary to DMT, during the first 

stage of the TPA-based synthesis of PBT, H2O has to be separated from THF instead of 

methanoliii. However, with the use of MMT or mixtures of TPA and DMT, an additional 

separation of methanol and H2O is needed. Finally, with respect to the amount of THF 

produced with the use of these different terephhalate monomers, the initial excess of BD 

should be optimized as well. 

With the polymerization of TPA with BD in the presence of a heterogeneous catalyst, an 

additional separation step of the reaction mixture after the first stage from this catalyst is 

required. The heterogeneous catalyst is possibly left in the reactor to reuse it for the following 

batch.  

With respect to the second stage, for which the formation of high surface areas, deep vacuum 

and vigorous stirring were suggested in order to accelerate the build up of the molecular 

weight, and accordingly the suppression of the THF formation, only changes in the design/set 

up of the process need to be performed. 

6.2 Future work 

Although PBT has been commercialized for almost 40 years, this study revealed that there 

was not one correct publication which reported an unambiguous proof for the influence of 

TPA on the THF formation out of the hydroxybutyl end groups. Furthermore, in spite of the 

numerous patents which describe new catalysts or cocatalysts for the synthesis of PBT, only a 

few publications exist that unfold a detailed study of the mechanism for the catalysis of the 

polymerization reaction of BD with either TPA or DMT. This mechanism, however, still 

remains uncertain. From the results obtained in this work on the catalysis of the TPA-based 

synthesis of PBT, it was concluded that an improvement of the applied catalytic system in this 

polymerization process involves a purely experimental search (trial and error) for the most 

appropriate metal since the ancillary ligand system of the metal complex was shown to have 

no influence on the rate of the (trans)esterification reactions under the applied reaction 

conditions, provided that these ligands were exchangeable with the reactants. Nevertheless, it 

                                                 

iii Separating H2O from THF costs less energy than purifying methanol from THF, which is an additional 
advantage for the use of TPA in the synthesis of PBT [9]. 
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remains unclear why some of these metals are either good esterification catalysts or 

transesterification catalysts or both. It would also be a challenge to include the effect of the 

so-called cocatalytic salts, often added to the polymerization process, on the activity of the 

catalyst. These small amounts of salt prove to decrease the amount of THF formed during the 

synthesis of PBT out of both TPA and DMT by an unknown supporting effect on the 

mechanism of the catalyst.  

Additionally, especially for the first stage of the DMT-based route to PBT, catalysts or 

mixtures of catalysts that selectively increase the rate of the transesterification reaction of two 

hydroxybutyl end groups of the polymer chain without affecting the rate of the conversion of 

the methyl esters would also decrease the amount of THF formed.  

Furthermore, it is generally practiced in the synthesis of PBT that the same catalyst is used for 

both stages of the process. In the DMT-based process, this is due to the fact that only 

transesterification reactions need to be catalyzed. In the TPA based process, on the other hand, 

this is because good transesterification catalysts should be already applied in the first stage 

anyway to suppress the THF formation from the hydroxybutyl end groups. Although, in the 

latter route the major part of the THF formation is not formed in the second stage, it might 

still be possible to find a better catalyst for this stage as well. As the applied catalyst in the 

first stage of the TPA-based process has been deactivated by the large amount of inhibiting 

carboxylic acid groups and by the formation of less active species by the presence of water, 

the amount of active catalytic sites in the reaction mixture at the start of the second stage will 

most probably be lower compared to the DMT-based process (for the same initial amount of 

catalyst). It would be a challenge to find a solution for this problem as well. 

Finally, SSP is reasonably thought to suppress the THF formation for the synthesis of high 

molecular weight PBT due to the milder reaction conditions (i.e. lower temperatures) applied 

compared to the conventional melt polymerization. Unfortunately, no extensive study has 

been published so far on the optimization of the reaction conditions and the catalytic system 

with respect to the formation of THF using this technique. 
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Summary 
 

Poly(butylene terephthalate) (PBT) is an important engineering plastic, with an annual 

world production of over 400.000 tonnes. Most companies produce PBT via a two-step 

melt polymerization of dimethyl terephthalate (DMT) and 1,4-butanediol (BD). It would, 

however, be much more favorable from an economic point of view to produce PBT via 

the esterification of terephthalic acid (TPA) and BD. For the commercial production of 

the major part of the other poly(alkylene terephthalates), i.e. poly(ethylene terephthalate) 

(PET) and poly(trimethylene terephthalate) (PTT), the use of TPA has already been 

implemented. Unfortunately, the synthesis of PBT has to contend with the formation of 

relatively large amounts of tetrahydrofuran (THF), an undesired side product. Moreover, 

the amount of THF formed during the synthesis of PBT out of TPA, is more than 100% 

higher compared to the DMT-based process. Consequently, the profit of using the 

cheaper TPA for the production of PBT as an alternative for DMT is limited due to the 

increase of the THF formation.  

It was found that THF is produced via two different reactions during the synthesis of PBT 

(Chapter 2). The monomer, BD, is able to dehydrate to THF in the presence of a Brønsted 

acid. Consequently, this side reaction is substantially enhanced when TPA is used as a 

starting material for the PBT synthesis. Secondly, the formed hydroxybutyl end groups of 

the intermediate products obtained during the polymerization reaction can form THF as 

well via a so-called backbiting mechanism. It was demonstrated that this reaction is not 

influenced by the presence of a weak acid, like TPA. Practically all the THF formed 

during the first stage of the polymerization process of PBT out of DMT originates from 

this backbiting reaction. While the same reaction also takes place during the first stage of 

the TPA-based route, the acid-catalyzed dehydration of BD forms a significant additional 

contribution to the amount of THF produced. Similar side reactions are not encountered 

during the TPA-based synthesis of either PET or PTT.  

A first attempt on the suppression of the THF formation was performed by trying to 

improve the catalytic system for the TPA-based synthesis of PBT (Chapter 3). It was 

observed that the faster the polymerization reaction proceeds, the less THF is formed, 

provided that the applied catalyst does not enhance the THF formation itself. In order to 



suppress the THF formation, besides the esterification of the carboxylic acid groups, the 

transesterification of the hydroxyl end groups during the first stage of the TPA-based 

polymerization of PBT needs to be enhanced by the applied catalytic system as well. 

From a systematic study on homogeneous catalysts for the synthesis of PBT out of TPA 

using meta-chlorobenzoic acid (3-ClBA) as a model compound for TPA, it was 

concluded that amongst the studied catalysts, titanium-tetra alkoxides performed the best 

under the applied reaction conditions, with respect to the THF formation. Tin(II) 2-

ethylhexanoate (Sn(EtHex)2), which was not yet reported in literature to the best of our 

knowledge to be applied as a catalyst for the synthesis of PBT, proved to be a very 

promising catalyst as well. Surprisingly, its catalytic activity during the esterification 

reaction of 3-ClBA with BD abruptly decreased after 95% conversion of the acid. This 

effect was explained by a possible influence of water on the catalytic activity of this tin 

complex. Generally, it was also concluded from this study that the ancillary ligands, 

originally stabilizing the applied catalytic metal complex, have no influence on the rate of 

the polymerization reaction. These ligands are easily exchanged under the applied 

reaction conditions. Moreover, the (partial) exchange of the ligands is essential for the 

functioning of the catalyst. 

The results and conclusions of the above described study on the mechanism of the THF 

formation and the catalytic system for the polymerization of TPA (or DMT) and BD, 

using model compounds, were found to be in very good agreement with the results of the 

polymerization reactions, performed in a 250 mL stainless steel reactor (Chapter 4). The 

major difference, however, between the model reactions and the polymerization process 

is the extremely low solubility of TPA in the reaction mixture. It was concluded that, 

regarding the THF formation during the first stage of the polymerization, this poor 

solubility of TPA has two opposite effects. Due to the fact that less acid is in solution, the 

rate of the acid-catalyzed dehydration of BD decreases. Contrary to this decrease, the 

amount of THF formed during the first stage will increase as the poor solubility and low 

solubilization rate results in a consequential rate limiting effect of TPA on the 

esterification reaction. This induces longer polymerization times, which result in an 

increased span for the THF forming side reactions to proceed. From two comparative 

polymerizations, one using a mixture of TPA and DMT (molar ratio of one) and the other 



using the soluble mono-methyl terephthalate to synthesize PBT, it was observed that less 

THF is formed during the first stage of the latter reaction. Hence, it could be concluded 

that the rate limiting effect of the poorly soluble TPA is disadvantageous with respect to 

the formation of THF.  

During the polymerization reactions of mixtures of TPA and DMT with BD, with a TPA 

content lower than that of DMT, less THF is formed compared to the PBT synthesis 

using exclusively TPA. A second advantage is that the polymerization times required for 

these mixtures become lower than expected from the amount of TPA in the mixture due 

to the increased solubility of TPA. Hence, it was concluded that mixtures with a TPA 

content of about 25% relative to DMT possibly provide an economically more favorable 

alternative for the commercial DMT-based process, as the more expensive DMT is 

partially replaced by the cheaper TPA and less THF is formed compared to the synthesis 

of PBT out of TPA. 

Finally, with the aim to enhance the rate of the first stage of the PBT synthesis process 

even more compared to the conventionally used titanium catalysts, and concomitantly 

suppressing the THF formation, some heterogeneous catalysts were explored (Chapter 5). 

As after the first stage it would be possible to separate these heterogeneous catalysts from 

the reaction mixture by filtration, higher amounts of catalyst can be charged to the reactor 

compared to homogeneous catalysts, which remain in the product. Basic NaX type 

zeolites proved to be suitable catalysts for the DMT–based PBT synthesis. As the 

catalytic activity of these zeolites is substantially lower than Ti(OBu)4, it would be 

interesting to use these alumino-silicates in addition to the homogeneous catalyst, the 

latter in the usual concentration range.  

 

It can generally be concluded that the use of TPA for the synthesis of PBT irredeemably 

induces higher amounts of THF formation compared to the DMT-based route. The major 

cause is the acid-catalyzed THF formation out of BD. Secondly, the low solubility and 

solubilization rate of TPA in the reaction mixture result in longer reaction times, which 

causes the production of even more THF via the conventional backbiting process. In 

order to suppress the THF formation, fast conversion of both the carboxylic acid groups 

and the hydroxybutyl groups is essential. Improvements to the polymerization process, as 



summarized in Chapter 6, include optimization of the monomer mixture, particle size of 

TPA and temperature, good stirring, high vacuum, the use of ‘a heel’ (an oligomeric melt 

of the polyester with a degree of polymerization of 3 to 7, purposely left in the reactor to 

improve the solubility of TPA) and, possibly, the use of solid state polymerization to 

obtain high molecular weight at lower temperatures compared to the melt polymerization 

process. Higher temperatures and a higher excess of BD proved to be disadvantageous for 

the amount of THF formed. 

 



Samenvatting 
 

Poly(butyleen terephthalaat) (PBT) is een commercieel belangrijke kunststof waarvan 

jaarlijks meer dan 400.000 ton van wordt geproduceerd. De industriële productie van 

PBT gebeurt via een twee-staps smeltpolymerizatie proces uit voornamelijk dimethyl 

terephthalaat (DMT) en 1,4-butaandiol (BD). Vanuit een economisch standpunt bekeken 

zou het echter veel voordeliger zijn PBT te produceren via de esterificatie van 

tereftaalzuur (TPA) en BD. De commerciële productie van andere poly(alkyleen 

terephthalaten) zoals poly(ethyleen terephthalaat) (PET) en poly(trimethyleen 

terephthalaat) (PTT), gebeurt hoofdzakelijk al via de TPA gebaseerde route. Helaas heeft 

de synthese van PBT te kampen met de vorming van relatief grote hoeveelheden 

tetrahydrofuraan (THF), een ongewenst nevenproduct. Wanneer TPA gebruikt wordt 

voor de synthese van PBT, wordt de vorming van THF meer dan verdubbeld in 

vergelijking met de DMT gebaseerde synthese, waardoor het voordeel van het gebruik 

van het goedkopere TPA helemaal verloren gaat.  

Tijdens de synthese van PBT wordt THF door middel van twee verschillende reactie 

mechanismen gevormd (Hoofdstuk 2). BD kan dehydrateren tot THF door toedoen van 

een Brønsted zuur. Bijgevolg wordt deze nevenreactie aanzienlijk versneld wanneer TPA 

gebruikt wordt voor de synthese van PBT. Een tweede manier waarop THF gevormd 

wordt, is door de zogenaamde ‘backbiting’ reactie van de hydroxybutyl eindgroepen die 

tijdens de polymerisatiereactie gevormd worden. Het werd aangetoond dat deze reactie 

niet wordt versneld door een zwak zuur, zoals TPA. Praktisch alle THF die gevormd 

wordt tijdens de eerste fase van het polymerisatieproces van PBT uit DMT komt voort uit 

de backbiting van de hydroxybutyl eindgroepen. Hoewel deze reactie ook voorkomt 

tijdens de eerste fase van de TPA gebaseerde route, is de bijdrage van de zuur 

gekatalyseerde THF vorming uit BD echter enkel van belang in deze route. Bij de 

synthese van PET en PTT, geeft het gebruik van TPA geen aanleiding tot gelijkaardige 

nevenreacties.  

Bij een eerste poging om de THF vorming tijdens deze TPA gebaseerde PBT synthese te 

verminderen, werd getracht om het katalytische systeem te verbeteren (Hoofdstuk 3). Het 

werd vastgesteld dat, als een bepaalde katalysator de THF vorming niet versneld, de 



snelheid van de polymerisatiereactie bepalend is voor de hoeveelheid gevormde THF. 

Bovendien moet, in tegenstelling tot de katalyse tijdens de productie van PET of PTT, 

zowel de esterificatie van de carbonzuur groepen als de transesterificatie van de hydroxyl 

eindgroepen versneld worden tijdens de eerste fase van het proces, aangezien THF niet 

enkel uit BD, maar ook uit deze hydroxyl eindgroepen wordt gevormd. Uit een 

systematische studie van de homogene katalyse van de synthese van PBT uit TPA 

gebruik makend van meta-chlorobenzoëzuur als model verbinding voor TPA, kon 

worden geconcludeerd dat, van de bestudeerde katalysatoren, titanium tetra alkoxides het 

best presteren onder de gebruikte reactiecondities met betrekking tot de THF vorming. 

Tin (II) 2-ethylhexanoaat (Sn(EtHex)2), dat nog niet werd gepubliceerd als katalysator 

voor de synthese van PBT, bleek een veelbelovende katalysator voor de polymerisatie 

van TPA en BD. Helaas neemt de katalytische activiteit van dit complex abrupt af na 

ongeveer 95% conversie van de carbonzuur groepen. Dit effect kan mogelijk verklaard 

worden door de invloed van water op de activiteit van deze tinkatalysator. Het kon ook 

algemeen uit deze studie worden geconcludeerd dat de oorspronkelijk stabiliserende 

liganden van de katalysator geen invloed hebben op de snelheid van de polymerisatie 

reactie, aangezien deze liganden gemakkelijk uitgewisseld worden met de reagentia 

onder de gebruikte reactiecondities. Bovendien is deze (gedeeltelijke) uitwisseling 

essentieel voor de werking van de katalysator. 

De resultaten en conclusies van de hierboven beschreven studie van het mechanisme van 

de THF vorming en het katalytische systeem voor de polymerisatie van TPA (of DMT) 

en BD, uitgevoerd met behulp van model verbindingen, toonden een goede overeenkomst 

met de resultaten van de polymerisatie reacties, die uitgevoerd werden in een 250 mL 

roestvrij stalen reactor (Hoofdstuk 4). Het grote verschil echter tussen de model reacties 

en het polymerisatieproces is de extreem lage oplosbaarheid van TPA in het reactie 

mengsel. Met betrekking tot de THF vorming tijdens de eerste fase van de polymerisatie, 

kon geconcludeerd worden dat deze slechte oplosbaarheid twee tegengestelde effecten 

heeft. Omdat er minder zuur in oplossing gaat, zal de snelheid van de zuurgekatalyseerde 

dehydratatie van BD afnemen. Tegengesteld aan deze afname, zal door de lage 

oplosbaarheid en de lage oplossnelheid van TPA, die een snelheidslimiterend effect op de 

polymerisatiereactie tot gevolg hebben, de hoeveelheid THF toenemen tijdens de eerste 



fase. Aangezien door dit effect langere polymerisatietijden nodig zijn, hebben de 

nevenreacties die THF vormen namelijk meer tijd om door te gaan. Uit de vergelijking 

van twee polymerisatie reacties, meer bepaald de synthese van PBT uit een mengsel van 

TPA en DMT (molverhouding van één) vergeleken met oplosbare mono-methyl 

terephthalaat, werd er vastgesteld dat er minder THF gevormd werd tijdens de eerste fase 

van deze laatstgenoemde polymerisatie tot PBT. Bijgevolg kon geconcludeerd worden 

dat het snelheidsbeperkende effect van de slechte oplosbaarheid van TPA in grotere 

hoeveelheden THF resulteert. 

Tijdens de polymerisatie van mengsels van TPA en DMT met BD, met een lagere 

hoeveelheid TPA dan DMT, wordt er minder THF gevormd dan tijdens de PBT synthese 

uit TPA. Een tweede voordeel van het gebruik van deze mengsels is dat de 

polymerisatietijden korter zijn dan verwacht uit de hoeveelheid TPA in het reactie 

mengsel doordat TPA beter oplost naargelang er relatief meer ester aanwezig is in het 

reactie mengsel. Een mengsel van TPA en DMT (met een molaire verhouding van resp. 

20/80) kan dus mogelijk een voordeliger alternatief bieden voor de commerciële synthese 

van PBT uit DMT. Immers, het DMT wordt gedeeltelijk vervangen door het goedkopere 

TPA en er wordt minder THF gevormd in vergelijking met het TPA gebaseerd proces.  

Ten slotte, met de bedoeling de snelheid van de eerste fase van het polymerisatie proces 

van PBT nog meer te versnellen dan wanneer (enkel) een homogene titanium katalysator 

gebruikt wordt, en zodoende ook de THF vorming meer te onderdrukken, werden er 

enkele heterogene katalysatoren uitgetest (Hoofdstuk 5). Als het mogelijk is de 

heterogene katalysator na de eerste fase te scheiden van het reactie mengsel door middel 

van filtratie, zouden er grotere hoeveelheden katalysator aan de reactie kunnen worden 

toegevoegd in vergelijking met een homogene katalysator, die in het product achterblijft. 

Er werd aangetoond dat basische NaX type zeolieten geschikte katalysatoren zijn voor de 

DMT gebaseerde PBT synthese. Aangezien de katalytische activiteit van deze zeolieten 

aanzienlijk lager is dan deze van titanium tetra n-butoxide (Ti(OBu)4), zou het enkel 

interessant zijn deze alumino-silicaten aanvullend bij de homogene katalysator, 

toegevoegd in de gebruikelijke concentratie, te gebruiken.  

 



Het kan algemeen worden geconcludeerd dat voor het gebruik van TPA als monomeer 

voor de synthese van PBT grotere hoeveelheden THF worden gevormd dan voor de DMT 

gebaseerde route. De voornaamste reden voor de toename in THF bij het gebruik van 

TPA is de zuurgekatalyseerde THF vorming uit BD. Hiernaast zal er ook meer THF 

gevormd worden door de langere polymerisatietijden geïnduceerd door de lage 

oplosbaarheid en oplossnelheid van TPA in het reactie mengsel. Om de THF vorming te 

onderdrukken, is de snelle omzetting van zowel de carbonzuur groepen als de 

hydroxybutyl groepen essentieel. Verbeteringen aan het huidige polymerisatieproces, 

zoals samengevat in Hoofdstuk 6, zitten in het optimaliseren van het monomeer mengsel, 

van de deeltjes groote van TPA en van de temperatuur, het roeren van het reactie 

mengsel, het verbeteren van het aangelegde vacuüm, het gebruik van oligomeren van de 

vorige batch om de oplosbaarheid van TPA te verhogen en mogelijk ook het uitvoeren 

van vaste fase nacondensatie bij lagere temperaturen in vergelijking met de 

smeltpolymerisatie. Hogere temperaturen en een grotere overmaat aan BD bleken nadelig 

voor de THF vorming. 
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