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1. Introduction PTA-Process

The goal of this chapter is to identify  chemical basic reactions 
behind the process of industrial polyester production processes.

Because theoretical or „paper chemistry“ is based on scientific
analysis, observation, comparison and experience of laboratory and 

generalizations, assumptions and comparisons 

because all this scientific results are:

→     based on narrow data frames
→     focused to one result or level of results and
→     limited to a small window of the „truth“

We have in our daily work always and again to challenge the common
knowledge and to adapt this knowledge to the unknown background of 
the current practical problem.

Key of success are therefore own KEEN OBSERVATION, EXPERIMENTS 
UNDER PRACTICAL CONDITIONS, TRUE ANALYSIS RESULTS
and CONSIDERATION of the COMPLEX NATURE of all PRACTICAL 
PROCESSES large scale investigations we always are confronted with 
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1.1   Paste Preparation

Under the conditions of paste preparation at  temperature of 20 – 90 °C, 
water content of  spend glycol up to 5%, molar ratio (MR) 
TA : EG = 1:1,1 …1:1.6 

there are some solution and dissociation processes possible like 

Depending on water content, t and T the pH of the slurry will decrease.

first dissociation constant 2,9 x 10 exp. -4, pKa = 3,45
second dissociation constant  3,5 x 10 exp. -5     pKa = 4,45

HO-CO-C6H4-CO-OH + H2O             H3O+ + HO-CO-C6H4-CO-OΘ

HO-CO-C6H4-CO-OΘ + H2O+ H3O+
 2H3O+ + ΘO-CO-C6H4-CO-OΘ
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Fig. 1: Solubility of PTA in Water
[in 100 g solvent at 20°C 0,0017%, at 150°C 0,24% at 200°C 1,7%, at 250°C 12,6%]

Solubility of TA in EG is low, no literature data 
Solubility in methanol: in 100 g solvent at 20°C 0,1%; at 150°C 3,1%,] 
No relevant data about solubility in mixtures of EG and water
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Chemical consequences paste preparation:

→ During paste preparation most important are physical processes like
surface covering/wetting and capillary penetration of EG into TA, viscosity of paste depends on particle size 
and size distribution strongly

→More or less unknown is the impact of water in EG to the solubility

→At temperatures of 50 – 90 °C  one can expect a solubility of TA in the
    spent EG which is containing about 2% water of about 1%

→pH of the slurry will be in a range of 3 – 4 

→Temperature of the slurry will impact the viscosity and the esterification
    velocity (additional heat energy input)

→Possible chemical reactions of additives fed to 
    the past like antimony catalyst, P-stabilizer, color toner or TiO2

→High homogeneity of reaction partner and time consistency of all reaction parameter
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1.2   Esterification

Chemical basis of esterification is the alcoholysis of  carbonic acids with
alcohols. 
Fig. 2: reaction scheme of alcoholysis

Low carbonyl activity of carbonic acids results in low reactivity →
Conversion rate is  therefore supported by

# high temperature
# high pressure
# high solubility of the reaction partner (mainly driven by TA particle size and size distribution)
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1.2   Esterification
Basic chemical reactions of TA glycolysis:

HO-CO-C6H4-CO-OH + HO-C2H4-OH                H2O + HO-CO-C6H4-CO-O-C2H4-OH      
HO-CO-C6H4-CO-O-C2H4-OH + HO-C2H4-OH   H2O + HO-C2H4-O-CO-C6H4-CO-O-C2H4-OH  
       esterification is proton catalyzed , in our case one is talking about auto-catalysis

HO-CO-C6H4-CO-OH +2 HO-C2H4-OH               2 H2O + HO-C2H4-O-CO-C6H4-CO-O-C2H4-OH 

depending on molar ration TA : EG a wide variety of equilibriums in each stage of the 
esterification are possible:     

n HO-CO-C6H4-CO-O-C2H4-OH    H[O-CO-C6H4-CO-O-C2H4-]nOH  + n H2O (OLIGOMER 1)

higher EG ratio will provide less free COOH-groups like

n HO-CO-C6H4-CO-O-C2H4-OH + HO-C2H4-OH                   
                   HO-C2H4-[O-CO-C6H4-CO-O-C2H4-]nOH  + n+1                     (OLIGOMER 2)

n is varying during esterification between 1 – about 6 depending on molar ratio and process
design; n is following a Gaussian distribution.
reaction conditions: T: 245 – 285°C, p atm. pressure – 6 bar

Velocity of esterification = f {T, p, MR, TA-d50, TA-solubility*), c-H2O}
*) solubility of TA in VE-product >> than in EG
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1.2   Esterification

Most important side reaction during esterification is the generation of DEG, the di-ether of EG  

 

Because DEG is at the same time a monomer molecule, the amount of DEG build during the esterification is 
significant to the quality of PET.

The DEG content in PET can reach between 0,4 and 1,5 weight % depending on process conditions, common 
0,8 – 1,2 weight %

DEG formation is proton catalyzed

c-DEG = f {  MR, p, T, t, acidity, particle size TA, c-H2O}

2 EG  → H2O +  HO-C2H4 -O-C2H4- OH

HO-CO-C6H4-CO-O-C2H4-OH + HO-C2H4-OH → H2O + HO-CO-C6H4-CO-O-C2H4-O-C2H4-OH 

the DEG formation is a one way reaction, there is no measurable back reaction
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1.2 Esterification

Analysis of esterification degree or conversion rate needs to measure:

COOH [mequ / kg] content and acid number AN [mg KOH / g] 

   AN [mg KOH / g]  x 1000 g
COOH [mequ / kg] =                        -----------------------------------     
                           KOH  [mg KOH / mequ]
    
Saponification number SN is defining the ester groups formed.

The analysis is performed in a way that  the conversion product is treated with an excess of KOH and the not 
reacted KOH will be back titrated.

An simple calculation of the conversion rate (without taking in account 
free EG and TA is as following
# Degree of esterification or conversion rate 
             

                  AN                                                    SN - AN 
Degree of Esterification  =  1 -     --------   ; Conversion Rate  100  x  -----------------
                   SN                                                       SN

The results of AN and SN are becoming more precise, when the content of free EG (analyzed by oxidation of EG 
to formaline by per-iodic-acid and titration of excess  per iodic acid) is analyzed and will be subtracted from the 
sample weight.      
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1.2 Esterification

Other low amount side products during esterification which are causing losses of EG and influence polymer 
quality :

→ Acetaldehyde (AA)
→ Dioxane
→ Triethgylene glycole (TEG)
→ Methyldioxalane (reversible adduct of EG and AA)
→ All kind of chain scissions by thermal degradation

Under technical conditions esterification of EG and TA is a complicated composition of inhomogeneous  
(solid/liquid, gas/liquid, gas/solid) and homogeneous (liquid/liquid) processes.

There are no clear limits where esterification ends and where polycondensation starts – those limits are 
defined by the chosen process conditions and the reactor design.

The high degree of complexity of the esterification /polycondensation is demonstrated in tables 1 and 2, 
where the most important step reactions are collected.
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SOURCE: ASPEN TECHNOLOGY INC.

Table1: Most important reactions occurring
during esterification and polycondensation of TA and EG
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Table 2: Descreption of the reaction units 
out of table 1

SOURCE: ASPEN TECHNOLOGY INC.
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Chemical consequences esterification:

→Esterification is chemically the glycolysis of terephthalic acid

→Esterification is auto-catalyzed by the protons of TA

→Esterification is a multi phase reaction, solid/liquid/gas

→Additional catalysts are rarely applied, inorganic acids would cause too 
   high DEG generation 

→presence of antimony is of positive impact

→Velocity and conversion can vary in a wide range depending on reactor 
    design and process parameter

→MR, t and p are the most important process parameter

→Normally a conversion of 85% is called main or first esterification

→Industrial esterification products are monomers and low MW oligomers

→Driving force of the reaction is  shifting of equilibrium conditions
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1.3  Prepolycondensation
During prepolycondensation Pn of the chain length is increasing 
and more important: 
all free and un-reacted EG will be removed, T about 260 - 270°C, p < 100 mbar

example reactions of precondensation:

1. furter esterification

HO-CO-ø-CO-O-C2H4-OH + HO-C2H4-[O-CO-ø-CO-O-C2H4-]nOH         
                        HO-C2H4-[O-CO-ø-CO-O-C2H4-]n+1OH  + H2O   
2. transesterification

2 HO-C2H4-[O-CO-ø-CO-O-C2H4-]nOH 
               HO-C2H4-[O-CO-ø-CO-O-C2H4-]2nOH + HO-C2H4-OH

(in opposite to the esterification the transesterification needs a separate catalyst,
during PTA-process the present antimony functioned above 240°C as catalyst)

*) see under transesterification of DMT
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Chemical consequences esterification:

→Precondensation is the seamless continuation of esterification

→New reaction type is transesterification

→As a result Pn is increasing

→For process technology most important is removal of low boiling 
    components, mainly MEG and water

→Prepolycondensation is no distinguished reaction type

→Driving force of the reaction is the shifting of equilibrium conditions
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1.4   Polycondensation

During polycondensation two main reactions are taking place to increase the
chain length or Pn which are

→polycondensation as acid glycolysis – reaction of OH- and COOH-chain
    ends
→polycondensation as ester exchange carbonyl reaction by splitting off
    the lower boiling component like EG

Both reactions are running under sufficient velocity in presence of 
Catalyst.
Commonness of polycondensation catalyst application Sb >>  Ti > Ge 

1. poly-esterification

HO-CO[-ø-CO-O-C2H4-O]nH + HO-C2H4-[O-CO-ø-CO-O-C2H4-]nOH         
                                  HO-C2H4-[O-CO-ø-CO-O-C2H4-]m+nOH  + H2O   

2. poly-transesterification

HO-C2H4-[O-CO-ø-CO-O-C2H4-]nOH +   HO-C2H4-[O-CO-ø-CO-O-C2H4-]nOH 
               HO-C2H4-[O-CO-ø-CO-O-C2H4-]m+nOH + HO-C2H4-OH
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1.3 Polycondensation

Most important driving force of PK is the transport of the split off 
monomers or water out of the melt phase.
Fig. 3: Impact of transport distance to reaction velocity of PK

IV batch reactor
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Fig.4: Conversion and properties of
reaction mass during esterification and polycondensation
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→ as lower the boiling temperature of split of molecules as faster the transport → faster 
polycondensation.

Conclusion: poly esterification significantly faster than poly transesterification
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Yokoyama, H, T. Sano, T. Chijiwa, and R. Kajya, Influence of Catalyst, Stabilizer, and Temperature on the 
Polymerization of Ethylene Glycol Terephthalate, J. Japan Petroleum Institute, Vol. 21, No. 3, 208-210 (1978).

Otton, Jean and Serge Ratton, Investigation of the Formation of Poly(ethylene Terephthalate) with Model 
Molecules: Kinetics and Mechanism of the Catalytic Esterification and Alcoholysis Reactions I. Carboxylic Acid 
Catalysis (Monofunctional Reactants), J. Applied Polymer Science: Part A: Polymer Chemistry, Vol. 26, 2183-
2197 (1988).

Otton, Jean and Serge Ratton, Investigation of the Formation of Poly(ethylene Terephthalate) with Model 
Molecules: Kinetics and Mechanism of the Catalytic Esterification and Alcoholysis Reactions II. Catalysis by 
Metallic Derivatives (Monofunctional Reactants), J. Applied Polymer Science: Part A: Polymer Chemistry, Vol. 
26, 2199-2224 (1988).
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Literature continuation:

Ravindrananth, K. and R.A. Mashelkar, Polyethylene Terephthalate I. Chemistry,
Thermodynamics, and Transport Properties, Chemical Engineering Science, Vol. 41, No. 9,
2197-2214, (1986).

Ravindrananth, K. and R.A. Mashelkar, Polyethylene Terephthalate II. Engineering Analysis,
Chemical Engineering Science, Vol. 41, No. 12, 2969-2987, (1986).

Yamada T., Influences of Reaction Pressure below Atmosphere on Esterification Reaction between
Terephthalic Acid and Ethylene glycol, Polymer Journal, Vol. 24, No 1, pp 43 – 61 (1991)

Other general literature recommendation:

Stoyko Fakirov;  „Handbook of Polyester“, ISBN 3-527-30113-5 – 
Wiley-VCH, Weinheim, 2002,

 J. Scheirs and T.E. Long, Modern Polyesters, Chemistry and 
Technology, ISBN 0-471-49856-4 - John Wiley & Sons, 2003

 Ulrich K. Thiele, Polyester Bottle Resins: Production, Processing, Properties and Recycling“ 
PETplanet Publisher GmbH Heidelberg 2007, Germany (ISBN: 978-3-9807497-4-9) 
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