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Abstract of Dissertation

Polyethylene terephthalate synthesis by polycoratems of bis (hydroxyethylene)
terephthalate and its low molecular weight oligosneatalyzed by different titanium (IV)
based catalysts was investigated. An industrisdlgsif, antimony triacetate, was used as a
reference catalyst. Polycondensation was carried imua stirred tank reactor made of
aluminium in the temperature range of 250°C to £80hder 1 mbar vacuum. The products
were characterized with respect to conversion aftren, molecular weight and concentration
of side products. For further investigation, diffietial scanning calorimetry and
thermogravimetric analysis techniques were usedhdnisothermal mode under nitrogen
purging. Differential scanning calorimetry is anpegpriate technique for catalyst fast
screening of polycondensation reaction. Howevemesaritical points like catalytic activity
of sample holder and mass transfer of by-produwsisid be carefully optimized.

Seven different commercially available titanium YIsbmpounds were applied which can be
mainly classified as chelated and non-chelateditita derivatives. It was found that non-
chelated titanium catalysts were highly activehe synthesis of polyethylene terephthalate
nevertheless accelerates the formation of undesidedproducts. Chelated titanium catalysts
showed less activity and more selectivity in théypondesation reaction. It was also found
that the original used titanium compounds were yme&ws. The catalysts active sites is
formed in the beginning of reaction. The exact &triee of active species is not known.
Probably, the active species is formed by exchaegetion between hydroxyl end groups of
monomer and ligands of titanium.

The kinetics of polycondensation reaction catalykgditanium tetrabutoxide in melt phase,
obeys a second order rate law with respect to dheantration of functional end groups. The
overall activation energy of polycodenation reatti® 63 kJ mot and that is about 28% less
than of antimony triacetate catalyzed polycondensaeaction. A mathematical model was
developed to describe kinetic of polycondensateaction, progress of molecular weight and
concentration of side products. The model emplogéterent chemical reactions like
reversible polycondensation, degradation reactiod also physical processes like mass
transport of ethylene glycol and water. The experital data were fitted very well by model
with respect to conversion, molecular weight andcemtration of side products by using of
software package PREDI®I Modeling of molecular weight distribution required
modification of the reaction scheme to considemfation of short and long chains of

polymers. Good fitting was achieved at lower reacttemperature.



Zusammenfassung der Dissertationsschrift

In dieser Arbeit wurde die durch verschiedene Tverbindungen Kkatalysierte
Polykondensation von Bis-hydroxyethylenterephtaland deren niedermolekularen
Oligomeren zu Polyethylenterephtalat untersuchtr Deustriell verwendete Katalysator
Antimontriazetat wurde als Referenzkatalysator ‘emet. Untersucht wurde die
Polykondensation in einem Ruhrkesselreaktor ausnAlium in einem Temperaturbereich
von 250 bis 280 °C unter Vakuum von etwa 1 mbarhi&idd der Reaktion wurden Proben
entnommen und der Umsatz, die Molmasse der Polyomatedie Konzentration der Neben-
produkte untersucht. Ferner wurde die Polykondensaton Bis-hydroxyethylenterephtalat
auch in einem Differentialkalorimeter sowie eindrefimowage bei Atmospharendruck unter
Stickstoff und nicht—isothermen Bedingungen durfiige und analysiert. Besonders
geeignet fir das schnelle Testen von verschieddéfaalysatoren ist die Methode der
Differentialkalorimetrie. Allerdings missen flur =znassige Ergebnisse besondere
Voraussetzungen hierbei beriicksichtigt werden. Detsfft insbesondere die Beachtung von
Stofftransportprozessen sowie mdogliche katalytisckénflisse des Materials des
Probenbehalters.

Als Katalysator fur die Synthese von Polyethylegpdtalat wurden sieben verschiedene
kommerziell erhdltliche Titan(IV)verbindungen vemdet. Hierbei handelt es sich um
chelatisierte und nicht-chelatisierte Titankomplefss wurde festgestellt, dass alle nicht—
chelatisierten Titankomplexe hoch aktive Katalysatio far die
Polyethylenterephtalatsynthese sind, jedoch kataks sie gleichzeitig die Bildung
storender Nebenprodukte. Chelatisierte Titanvertongen hingegen sind katalytisch weniger
aktiv und weisen aber eine hohe Selektivitat asfwlirde festgestellt, dass die untersuchten
Titanverbindungen sehr wahrscheinlich nur Vorstuwfen katalytisch aktiven Zentren sind,
die sich zu Beginn der Reaktion bilden. Die genS8treiktur der aktiven Spezies ist nicht
bekannt. Wahrscheinlich werden die aktiven Zentdemch Austauschreaktion zwischen
Hydroxylgruppen von Monomeren und den LigandenTdianverbindungen gebildet.

Die Kinetik der mit Titantetrabutoxid katalysierterPolykondensation von Bis-
hydroxyethylenterephthalat in der Schmelze kanrcldwine Reaktion zweiter Ordnung
bezuglich der Konzentration der funktionellen Grepp beschrieben werden. Die
Bruttoaktivierungsenergie der Polykondensationtliegj etwa 63 kJ mdlund ist damit um
etwa 28 % niedriger als die der Antimontriazetatakeierten Polykondensation. Fir die
mathematische Beschreibung der Kinetik der Polykosdtion, der Molmasse der gebildeten

Polymeren, sowie der Konzentration der wichtigsté&ebenprodukte wurde ein



Reaktionsmodell entwickelt und durch Parameterasypag getestet. Das Modell beinhaltet
verschiedene chemische Teilschritte wie Polykonaéms, Austauschreaktionen,
Zersetzungsreaktionen, sowie Stofftransportprozesse Ethylenglykol und Wasser. Mit
Hilfe des Rechenprogramms PREDIQ{onnten die experimentellen Ergebnisse sehr gut
beschrieben werden. In Bezug auf die Simulation Melmassenverteilung der Polymeren

mussen jedoch Erweiterungen des Reaktionsschemgasnmnmen werden.
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Chapter 1: Introduction to Condensate Polymers

1.1 General Introduction

The class of macromolecular products defined asl@wate polymers includes most of
synthetic materials manufactured world-wide andduss high-strength and/or high
toughness plastics and fibers as well as almogte@lhard resins covering very wide range
of applications. The definition of such a familymdlymer is intended to the condensation
methods of polymerization by which they are usuaiwythesis. This synthetic method
from stand point of the polymer chain growth mecdtan follows step growth
polymerization which proceeds via step-by-step sssion of elementary reactions
between reactive sites. Each independent step s#usalisappearance of two coreacting
centres and creates a new linking unit betweenraopanolecules. In order to obtain long
polymer chain, the reactants must be at least tiilmmal, monofunctional reactants act as
stopper.

Polyesters (PEs), polyamides (PAs) and polycarlesn@Cs) are commercially important
condensate polymers as commodity and engineeritgmeos with a wide variety of

usage which are playing very important role inylafe.

1.2 Polyesters
1.2.1 Historical and economical aspects.

The first studies on synthesis of polyesters gk tiache last centurl. It was only in
the late 1920s that Carothers undertook an exterstiwdy of this subject but the product
could not find great commercial interé$t But it was only 15 years after, when Whinfield
prepared polyethylene terephthalate (PET) and becsictely used®. Nowadays, PET is
the third largest produced commodity polymer afi@lyolefins (Figure 1.2.15).

Composites  Others PE
PUR 14% 1% 24%
4%

Syn.Elas
4%

Blends
% PP

14%

6% PVC PET
12% 14%

Figure 1.2.1 Diagram of polymer production in 2006 (in weigl#rcentage).
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Figure 1.2.2 Regional PET production capacity

Figure 1.2.2 shows the regional PET production ciéypa all over the world from 1992
to predicted time of 2012. The total global produttof PET in 2007 was about 20
million metric ton. In general, about 63% of PETused as fibers in staple, filament and
woven forms, while the remaining 37% is used aack@ging resin for bottles, containers,
sheet and film. Figure 1.2.3, represents consumppattern of PET in packaging

application®.

Others

29% CSD

6%
2%

Water
26%

Figure 1.2.3 Consumption pattern of PET in packaging applacafivt %) in 2006.

1.2.2 Synthetic methods of polyethylene terephthaia

PET is a polymer formed mainly by polycondensatbpurified terephthalic acid (PTA)
and ethylene glycol (EG). The synthesis of PET ireguwo reaction steps. The first step

is esterification of PTA with EG, forming a so-&ll pre-polymemwhich contains the
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monomer bis (hydroxyethylene) terephthalate (BHEMY short-chain oligomers. The
esterification by-product, water, is removed vidistillation column system. The second
reaction step is polycondensation, in which a eatesification reaction takes place in the
melt phase. The by-product, EG, is removed fromntieét by using high vacuufy. The
formation of pre-polymer can also be achieved bgngesterification of dimethyl
terephthalate (DMT) with EG, releasing the by-pradmethanol. High purity DMT is
easily obtained by distillation and in the earlyaggeof PET production, all processes were
based on this feedstock. During the late 1960shiyigurified terephthalic acid was
produced for the first time on an industrial scjere-crystallization. Since then, more
and more processes have shifted to PTA as feedatatkoday more than 70% of global
PET production is based on PTA

Transesterification Esterification

O C O O : O
—0 o— HO OH
+

DMT PTA

OH EG
HO™

- CH,OH -H,0

Catalyst

Q P OH
HO }—@—( ﬁOH + n1HO T
Mo 0

PET

Schemel.2.1Reaction scheme of PET production
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Because of the high number of molecules with daffierchain lengths and compositions
present in the polymer, reactions are commonlyridest as reactions between functional
groups. Equal reactivity is assumed for functiagr@lups with the same chemical vicinity,
meaning that their reactivity is independent of tdhain length of the parent molecules.
This concept was initially introduced by FIdPy*” and applies without any serious errors
if the functional groups are separated by more ttihmee atoms in the chain. If the
functional groups in the monomer are separatedhbyane or two atoms, the reactivity of
the monomer and dimer may differ greatly.

PET synthesis is complicated by presence of diftesede reactions beside the main
polycondensation reaction which could be summarazetbliows:

1. Thermal degradation of polymer chain and acetaldehyde formation

Thermal degradation of PET is a major problem atperature above its melting point
(260°C) and inevitably occurs in polymer melts dgrisynthesis and processing. The
primary degradation reactions have higher actimagoergies than the polycondensation
reactions, and thus become more and more importEtit increasing reaction
temperature. Major consequences for the PET qualéyan intrinsic viscosity (IV) drop,
formation of carboxyl end groups and acetaldehyd®),(and yellowing of the polymer.
Carboxyl end groups reduce the hydrolytic and tlarstability, and in standard PET
grades their concentration should not exceed 25Irkgib AA migrates into the contents
of food packaging, so causing flavour problemshs& products. For bottle-grade PET,
often an AA content below 1 ppm is specifiéd The thermal degradation of PET is

[11, 12

influenced by metal catalysts. Zimmermann and cdkers 'have investigated the

influence of various metal catalysts on thermalrddgtion and suggested the following

reaction scheme for the catalyzed reaction.

O T O

Scheme 1.2.2Thermal degradation of PET chain.
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The most active catalysts were Zn, Co, Cd and Ni.
The polymer chain with vinyl end group is a souodeAA formation. It can react with

hydroxyl end group and form a new polymer chain AAdas by-product (Scheme 1.2.3).

O o T O —
O_’/<I> (N
O

Scheme 1.2.3Reaction of vinyl end group with hydroxyl end gpo

Another source of AA formation is thermal degradiatof hydroxyl end group of polymer

chain which leads to formation of AA and carboxgtlegroup (schemel.2.4).

0 0
O — O o
o—/_ OH

Scheme 1.2.4Thermal degradation of polymer chain end and &ion of acetaldehyde

2- Formation of diethylene glycol

Etherification of EG to form DEG is an importantisireaction in PET synthesis. Most of
the DEG is generated during the initial stagesaygondensation in the preheating stage
and in the low-vacuum stage. Chen and Cfiéround that most of the DEG is already
formed during the esterification stage. DEG is lesfatile and, as a diol, it can be
incorporated into the PET chain as co-monomeromesfibre grades, a DEG content of
up to 1.5-2.5% is specified to improve the dyesbifl. Nevertheless, DEG contents
should be as low as possible in other PET gradesause DEG decreases the melting
point and the thermal stability of the polymer.

Etherification reactions are known to be acid sated. Hornof et al** investigated the
influence of metal catalysts (acetates of zincaRth Mn) on the formation of ether bonds.
He found that all metals catalyzed etherificatiath the strong Lewis acid, Zn, having
the highest activity.

3- Yellowing
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The polymer colour is regarded as a qugligyameter, and low-quality PET grades show
yellow colouring. Yellowing of the polymer can baused by thermal as well as by
oxidative degradation and is a severe problem i Blnthesis, especially in the
production of bottle grades. The formation mechasisand the nature of chromophores in
PET are still a matter of discussion. Postulatedmiophores are polyenaldehydes from
the aldol condensation of acetaldeh{ideand polyenes from polyvinyl esters, as well as
quinonest*®. Goodings!*® has proposed aldol condensation as forming pojygated

species by subsequent reactions of acetaldehydecuies.

1.2.3 Catalysis

The metal catalysts based on antimony and germadammnate the industrial production
process of PET. Meanwhile a large number of metats non-metals show a significant
catalytic effect but the replacement of antimony aggermanium as polycondensation
catalysts in an industrial scale has not succeadgdnow.

Today, three different antimony compounds are uasdpolycondensation catalysts;
antimony triacetate, antimony trioxide and antimaglycolate. The majority of the
polyester is catalysed by antimony trioxide origing from a wide variety of sources. The
main drawback of antimony compounds is having neganvironmental impact as heavy
metal although there is no scientific evidence reigg any negative health impact of
antimony used as polycondensation catalyst, bue thee variable limitation of antimony
content of final product specially in food packagiapplication which have limitation in
the range of 5-20 ppb with respect to the consuwnantries (maximum 5 ppb in bottle
application for drinking water based on TVO Gernmjahy.

Germanium catalyzed polyester were mainly usedndutthe early years in film
applications because of its high clarity. Today minin portion of germanium catalyst is
still consumed by Japanese polyester producers hdeothe high brilliancy of the
polymer for bottle applications. Assuming an averagrmanium metal content of 80
ppm, this presents a polyester production of aldorl® % of the world productiormhe
price of about 500 US$ per kg pure germanium dexgl the main driving force to
gradually replace this catalyst.

Titanium based catalysts are very active in the Bfafthesis but the main draw back of
this catalysts is their poor selectivity causingrarease in concentration of side products

and dropping the quality of polymer. The optimalkida of titanium compound for
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catalysis of PET synthesis is a big challenge iatee industries. More information will
be presented in chapter 2. Summary of all publistesd indicate that antimony — free
PET based on germanium covers 350000 t/y and anjyimdree PET based on titanium,
aluminium, magnesium covers about the same amotims confirmed the former

statement: PET based on antimony-free catalystsllis niche product®!.

1.2.4 Industrial processes of polyethylene terephétate synthesis in melt phase

The first polyester fiber production was startedl865 at ICl (GB) with a capacity of
10000 t/y batch wise. Currently, batch plants aeenhg used for specialities and niche
products. Batch plant capacities span the ranga #0 to 60 t/d. The increasing demand
for PET gave rise to the development of continupuglerated large-scale plants. The
capacity of continuous PET plants has grown siheddte 1960s from 20 t/d to presently
600 t/d in a single line, with the tendency tol $tigher capacities. Figure 1.2.4, shows the
four specific units that a continuous polycondeiasaplant is consisted including: Slurry
preparation unit, reaction unit, vacuum unit arstitiation unit. Reaction unit which is the
heart of the production plant consist of one te¢hesterification reactors two to five pre-

polycondensation reactors and one finidhér

Vacuum
purnp

Ethylens ghlycol from vacuum systems

Virgin ethylena

gycol | Ta vacuum
systerms i<
A
Terephthalic Process Process
aad column | cadumn 1l
Additives Procass
Catalysts calumn 11
additivas " N

L

L1

a 4] 4] i3 i} 4]
-1 8,10 8,1 A
Prepaly — —
SIUITY- condensation
preparaten — — ractar
Estenfication Estarification o
reactor | reactor I Polycondensation
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Figurel.2.4 Continuous PET production plant based on Zimmentology?.
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The monomers PTA and EG are mixed upstream todfegifgcation reactor in a jacketed
slurry preparation unit equipped with a stirrer Faghly viscous fluids (e.g. ‘Intermig’).
The typical molar ratio of EG to PTA lies betweerl Jand 1.3. The esterification
temperature and the molar ratio of monomers arentha controlling factors for the
average degree of polycondensation of the estaiiic product (pre-polymer), as well as
for its content of carboxyl end groups and DEG. €kterification by-product, water, is
removed via a process column in a continuous stetatg mode of operation. The bottom
product of the column, being mainly EG, flows bacto the esterification reactor. The
esterification of PTA is catalyzed by protons andtiandard industrial operations neither
an additional esterification catalyst nor a polydemsation catalyst is added to the
esterification reactor. Some new ‘antimony-freelypondensation catalysts’ also affect
the speed of esterification significantly and iultbbe advantageous to add them directly
into the slurry preparation vessel. The esterificatemperature ranges between 235 and
265°C, while the absolute pressure is controlletiveen ambient pressure and a slight
overpressure (0.1-0.4 MPa). At the end of the iistron, the temperature is raised to
values between 260 and 285°C and the pressuréeis tfduced to a moderate vacuum,
thus increasing the evaporation of excess EG.

The product of the esterification reactor is feddvgvity into the pre-polycondensation
reactor. In the polycondensation reactor, the igmer reacts, forming longer polymer
chains and EG is liberated. To shift the chemicgiiléorium to the product side, the by-
product EG is removed via vacuum (ca. 1 mbar (18)).FEG vapour jet pumps or
mechanical rotary piston pumps are used for vacgeneration. In the first quarter of the
polycondensation process, the reaction temper&unereased to values between 270 and
295°C and the pressure is slowly reduced with ttmevoid high carry over of pre-
polymer into the vacuum system. Blade or anchoress are commonly used to renew the
surface of the melt and to provide heat whichasgferred into the melt by dissipation of
the stirrer energy. The stirrer speed is reducedully to avoid overheating and reduce
power consumption. From the pre-polycondensatiagestthe product is pumped by gear
pumps through a filter into the finisher. Finislpeovides a high specific surface area and
short diffusion lengths, thus maintaining high magdensation rates at reduced
temperatures. For a high performance at this glisp; or cage-type reactors are common.
The optimum stirrer design provides a plug flowrelateristic with little back mixing. In

this case, the residence time distribution is mnarrand the average rate of
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polycondensation is high. The desired degree ofygooidensation, and respectively the
final melt viscosity, is set by adjusting the vacyuthe reaction temperature and the
average residence time by level control. Figure5lshows a view of inside of cage
reactor. Figure 1.2.6 represents formation of thyer of PET which accelerates mass

transport phenomena.

Figure1.2.6 Thin film formation in DISCAGE reactor®".

Since 1990, as the production was growing fastraatket demand was increasing large
and larger plant should be built which was not eoeically profitable. Furthermore, the

price of raw material was increasing to 85% of picithn costs, therefore the engineering
companies start to design and build up new plantsder to minimize production cost by
reduction in equipment and installation, buildingdaconstruction, personal, energy
consumption and maintenance costs. In 1996, Uhdmta-Fischer introduced the first 4-

Reactor single-stream PET technology to the mdfkgure 1.2.7}*.



Chapter 1: Introduction to Condensate Polymers 10

Com  PT& g caTCom

e | T
______ .' 74@__(2]_* o

Hu DV T (806

2

ESPIEE
TIMEH REACTOR

-

v]MN}«(]IHI}

al

©

M e

i MLT PSE FINISER
h ﬁ i b
il Pum}%]a i L ives 0x
or (47,01 | e Polyestens
____________ F[Elﬂ'l’l;; —:JLHL ;'5'..1

Figure 1.2.8 Flow diagram of 2R-technology of PET productigh



Chapter 1: Introduction to Condensate Polymers 11

This company?¥ could improve the plant design by introducing aater single stream
PET technology ESPREEin 2002 which could reduced the production cogtsau20%
(Figure 1.2.8). The reduction of number of reactwes also target by other PET plant
designer. Zimmer AG*® and Aquafil®® have claimed PET production plant with 3 and 1

reactor respectively.

EsPREL [y
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{2
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Figure 1.2.9 Scheme of Melt-To-ResifiTechnology of Uhde Inventa-Fish&¥.

The production of bottle-grads resins requires higblecular weight PET which is
achieved by polycondensation in solid state unaker iatmosphere or vacuum to reach IV
of 0.85 dl g. This is a long-term energy and investment-inteaperation that also
impairs quality. In 2004, Uhde Inventa-FishBrannounced their new Melt-to-Resin
(MTR)® technology which was based on their 2R-processisting of the brand new
ESPREE tower reactor and the DISCAGHEVV (for medium viscosity) finisher reactor.

The technology besides other advantages such aovet product quality and less
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maintenance cost, also can increase the profitlbyo340 EUR/ton PET on conversion
costs compared to the old technology (Figure 1.2.8)

1.2.5 Polyethylene terephthalate synthesis in solglate

Polycondensation of highly viscous PET in the npélase is limited. The removal of the
volatile by-products becomes more difficult due ddfusion inhibited by increasing
viscosity of polymer. In addition, undesirable si@actions due to thermal degradation
impede the growth of the molecular chains. As asegnence, the reaction rate decreases
and decomposition reactions dominate, thus regultira decrease in the melt viscosity.
As it is able to address these limitations, sotatespolycondensation (SSP) has become
the method of choice and is therefore so popullis & the kind of process that can be
defined as the polycondensation of semi-crystallloez molecular weight polymers to
high molecular weight polymers occurring below thelting temperature of polymer, but
well above the glass transition temperature.

In order to interpret reaction progress in SSP.,esdvkey assumptions should be
considered; the reactive end groups and the caiigdocated in the amorphous regions,
no reaction occurs in crystalline region, polycamsiion reaction is reversible reaction
but is complicated by the two-phase character @st#mi-crystalline polymé¥. The PET
synthesis in SSP is diffusion controlled; thereforeis needed to provide enough
interfacial area to allow the efficient removallf-products from solid phase, by reduce
the particle size of polymer. A practically diffity in this case is the possible tendency of
particles to stick which make the process unfeasilblcan be overcome by starting with
polymer with sufficiently high crystallinit{?®.

SSP can be carried out batch wise or continuoestlger under vacuuror an inert gas
flow. The continuous process is appropriate for ltrge-scale production of polyesters
used in bottle manufacture. Currently, reactordwapacities of more than 600 t/d have

been employef.

1.3 Polyamides
1.3.1 Historical and economical aspects

Polyamides or nylons were first synthesized by @hland Maas in 188%°. Carothers

continued their work and prepared a large numberngbns in the late 1920’s.
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Independent of his efforts, successful attemptaie nylons frone-caprolactam were
undertaken in Germany, and the first commerciallpdpced nylon monofilaments
appeared on the German market in 198%he U.S. nylon stockings were successfully
introduced to the public in May 1940. Britain analy followed during World War Il, and
since the beginning of the 1950’s, the productibpadyamide fibers has greatly expanded
throughout the world, as many new producers entehed field, and the original
manufacturers expanded their capadffes The annual demands of PAs increase
drastically in application of fiber and automotividhe total PAs consumption in 2006 was
about 7.1 million tons in which polyamide 6 (PA IBds the highest consumpti&
(Figure 1.3.1).

PA 66
38%

PA 6
57%

HPPA
5%

Figure 1.3.1 Global consumption of different polyamides(wt %).

1.3.2 Synthetic methods of polyamides
1.3.2.1. Polycondensation

Amination is occurring by direct reaction of an amiwith a carboxyl acid accompanied
by elimination of water. The reactive groups mayobea single molecule like an amino
acid (AB type) or they can be different molecule,,idiamins and dicarboxylic acids. The
reaction schemes can be described as follows.

NH,NRCOOH === H—NHRC—}—OH + n-1 H,0
n

Scheme 1.3.1AB type of polycondensation reaction in polyamsyathesis.

N'H,NRNH,+ n HOOCR'COOH

H,N—FRNHCORT—=COOH + n-1H,0

Scheme 1.3.2AA and BB type of polycondensation reaction ifypanide synthesis

Polyamide 66
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Polyamide 66 (PA 66) is made by condensation opiadacid with hexamethylene
diamine (Scheme 1.3.3). AH salt is formed as arermédiate and subsequent
polymerization involving the elimination of wateydds to the polymer.

O

H Ao~
nH + N HzN _—

@)
0 |
N
O H n

Scheme 1.3.3Reaction of PA 66 synthesis.

1.3.2.2 Ring-opening polymerization

Ring-opening polymerization is an effective and artant method for preparing high
molecular weight polymers from cyclic lactate suas e-caprolactam. Ring-opening
Polymerization catalyzed by alkali metals follows chain growth polymerization
mechanism without elimination of a by-product malec The reaction shows an
induction period which depends on temperatures Ifollowed by an extremely rapid
reaction which is completed in a few minutes. Altbb salts of phosphorous acid and
other phosphorous can catalyzed the polymerizativey are not commonly added to
commercial polymerizations. However, ring-openiryghlydrolysis follows a step growth
mechanism with 3 steps of reactions as hydrolysi&ction, addition reaction and

condensation reaction.

Polyamide 6

Polyamide 6 (PA 6)s predominately made by a hydrolytic polymerizatimechanism
(Schemel.3.4). The reaction is initiated by hydsialyof e-caprolactam with water, and
aminocaprolactam is formed in catalytic quantitiesaprolactam successfully adds to this
chain until a molecular weight of 8000-14000 g thas reached. Subsequently, a
condensation polymerization occurs, and the imtiérmed short chains are linked
together to chains of molecular weights between0@8&nd 33000 g mdl In the final
equilibrium step, a molecular weight of 20000- 36@mol*is achieved. Chain stopping

elements, either acids or amines, are used to\acthe desired molecular weight.
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1. Hydrolysis of e-caprolactam to aminocaprolactam

O

T H0 == o ’

2. Addition of caprolactam to polymaide molecule

0 H
| O._N
{)K/\/\/N\]\ + —- HO 1H
HO ~4 ‘[\ﬂ/\/\/\l}l o
0] H
3. Condensation of diffenent polyamide chains
0
H
N
0
/[JJ\/\/\/’{I
+ H,0
HO o

Scheme 1.3. Reaction steps of PA 6 synthesis by hydrolytilypmerization
1.3.3 Kinetics

Published results on kinetics of amidation appeduet contradictor{?®. Some researchers
contend that the reaction obeys second-order km¢hrst order in both amine and acid
end groups) and is not accelerated by catalystger8lestudies of polyamidation, under
conditions where the end-group concentrations elegively low (i.e., conversions above
90%), indicate that a carboxyl catalyzed third-ordeaction assumes increasing
importance and becomes predominant. So, otherrodsra have suggested that there is a
shift from second- to third-order kinetics, involgi catalysis by the carboxyl acid end
group, at low water contents and high conversitms&ddition, a study of the hydrolysis
of amides at 220°C in near-neutral buffered sohgidvas shown that this reaction is
carboxyl-catalyzed. Therefore, some researchers hagsumed third-order kinetics (first
order in amine ends and second order in carboxdg)eover the entire water concentration
range®®.

For third-order, carboxyl-catalyzed reaction in arhydrous melt (no reverse reaction),

the rate equation is:
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% = k|[COOH J[NH,] (1.3.1)

If [COOH]=[NH_], the integrated rate equation is given by:

[COOH]™? -[COOH];? = 2kt (1.3.2)

For [COOH] - [NH:]=D, the integrated rate equation becomes

D*In [coon] ~[COOH]|™" = kDt +C (1.3.3)
[NH. ]

where C is a constant of integration determinechitial conditions.
In the presence of water a carboxyl-catalyzed Hydi®reaction must be introduced. The
rate equation is then given by

— d[COOH]
dt

For kinetic studies at high conversions, where [E{PNconcentration of polymer, is

= k|COOH]* - k,[COOH] [H,0] [CONH] (1.3.4)

essentially constant, and at fixed water vapousguree and concentration of water in the
melt:
k, [H,0] [CONH] = K[COOH ] ,[NH ], =kP,, (1.3.5)

where the symbol P stands for end product andateeequation becomes

— d[COOH]
dt

which can be written as following integrated form

In( [COOHT?
[COOH]? - [cooH],

= k[cooH] [P- R, | (1.3.6)

J =Kk[COOH] t+C (1.3.7)

The catalysts applied for the polyamides synthasesbromic acid, hypophosphorus acids
and hypophosphite salts and phosphonic acids amaiding to the type of catalyst used, a
psudo-second-order kinetic contribution were reg/ff’.

Various values have been reported for activatioergynof polyamidation in the range of
47-100 kJ mot. The activation energy of chain end diffusion elyamide is less than
other type of polycondensation reaction. Thereftine, reaction rate is not affected by
viscosity of medium, except that water removal rhagome more limiting in nonagitated
high viscose melt. Another well-established pritesiig that similar to polyester, reactivity

of a functional end group is not affected by thegté of parent molecule.
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During formation of PA 66, equilibrium constantist constant as in other cases. Here the
thermodynamic of liquid phase plays very importaoié. The equilibrium constant is not
a function of concentration but a function of aityivi?”. Therefore, the equilibrium

constant can be defined as:

K=K =B AKX g MK _ e (1.3.8)
K2 yaXakeX AXC

where k, k' are rate constant of forward and bac#weactions respectively;, ai, x; are
activity, activity coefficient and molar fractiorf each species. The activity coefficient of

water can be determined by the following equation:

¥, = exp(6:390- 22> (1L3.9)
The apparent equilibrium constant is written as:
AH 1 1
K., =K, exp(—(=—-—— 1.3.10
a = Ko €Xp( B (T TO)) ( )

It was found®” that the frequency factor of the Arrhenius expms$as the following

dependency to molar fraction of volatile water:

K, =exp(d— 047exp(- \/_))(845 4.2x,,) (2.3.11)

Therefore, the rate of reversible polycondensatsaction to form PA 66 is expressed:
[H,O][CONH]

R = k{COOH]([NH ,][COOH] - ) (1.3.12)

app

A value of 95 kJ mat for activation energy was reported in literatafe

1.3.4 Industrial processes of polyamide production
1.3.4.1 Polyamide 6

PA 6 can be produced in batch and continuous dparathe batch operation is nowadays
applied for very small production. Continuous psseEs are used by the major
manufacturers of PA 6. Continuous production cdutddone in a single stage or two
stage processes. The so-called VK-tube (Vereinfaklntinuierlich = simplified

continuous) was developed in Germany. It is a e&rtiube operated at atmospheric
pressure wherein heating and pre-polymerizatioa fd#ice in the upper part and polymer
is formed in the lower sectidff’. The middle and the lower part of the VK-tube gt

as a tubular reactor. Very even cooling is realifrech the middle to the lower part of the
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VK-tube to achieve a high degree of conversion Wwiansures that the density of the melt
increases constantly downwards to the outlet. Thack-mixing is prevented and plug
flow is guaranteed. The polymer melt, which is kemry close to the chemical
equilibrium, is discharged continuously by a geamp and sent to the pelletizer. A
scheme of the BASF procéd¥ shows a VK tube feeding a pelletizer followed byater
extraction unit (Figure 1.3.2).

Demineralized
water

Caprolactam

Additives
a d r--| 0ff-gas
| |
[
e ,L[
| -
! Hot gas
b l
f i g
Water
Yl 7YY
—- L——Nylon &

Figure 1.3.2 Flow diagram of PA 6 process of BASE.
a) Feed tank; b) VK tube; opFer; d) Pelletizer; e) Water bath; f) ExtracgDryer

A process®! involving vacuum extraction is shown in Figure.3.3Claim is made that
controlling initial conversion to 45% vyields a prmd with less than 2% of cyclic
oligomers with vacuum that does not require pro&mhgeating at less than 665'#a
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Figure 1.3.3 Flow diagram of PA 6 process of Allied Chemi€3l
a) Pump; b) Stirrer; ¢) Holding tank; d) Filtee) Flow meter; f) Pre-heater; g)
Hydrolyzer; h) Metering pump; i) Polyaddition reaictj) Vent; k) Vacuum flasher;
[) Finisher; m) Spinning heads.

In technology supplied by Uhde Inventa-Fisclfél, the VK-tube is developed as a
continuously stirred tank reactor with a built-imaporator. This is the zone where the
reaction is initialized and the water content, \iahis important for the achievement of a

certain degree of polymerization, is adjusted (Fegli3.4).

- B
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ADDITIVE -..,

PREPARATION | E}

o

i

¥
Figure 1.3.4 Simplified flow diagram of one-step PA 6 proce$&/hde Inventa-Fishdf.

Two-stage polymerization consists of a pre-polyaesrialong with a VK-tube has been
proven, in a wide range of applications, to beat##, very flexible, and economical as

well. The pre-polymerizer, as well as the VK-tubeg equipped in the top section with
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tie-heat exchangers providing a large heat traresfea. Prior to the pre-polymerizer, the
inlet product is pre-heated in a vessel and exeeder is evaporated using the reaction
enthalpy which is given off in the VK-tube. The grelymerizer is operated under
controlled pressure which leads to a high convargsibthe caprolactam and to a low
residence time in the polymerization process ahiadrder to produce a polymer with a
high viscosity, the pressure in the VK-tube canrbéduced from atmospheric pressure
down to a precisely controlled vacuum. The watenteot in the polymer is adjusted by
the formation of a thin polymer film at the toptbe VK-tube. The lower part of the VK-
tube is provided with a melt cooling system to aghia high degree of polymerization.
The polymer melt is discharged at a constant ratanbadjustable gear pump. The special
design of the pre-polymerizer and the VK-polymeriziaternals ensure a high
homogeneity of the product. Figure 1.3.5, represensimple flow diagram of the two

stage technology provided by Uhde Inventa-Fister

AODTWE
PREPARATHMN

[

Figure 1.3.5 Simplified flow diagram of two-step PA 6 proceddJhde Inventa Fishét.

1.3.4.2 Polyamide 66

Polycondensation of PA 66 and its processing inntodten stage is far more sensitive
than in the case of PA 6. This also applies toré& materials basis. Only a few
companies worldwide avail themselves of the PA 6&cgss or know about the plant
technology. PA 66 is either made from AH salt ertwo components: adipic acid (ADA)
and hexamethylene diamine (HMD).
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Preparation of AH salt solution

Mixing of the two components ADA and HMD requiresaet dosing, temperature and
process control. Even during storage, liquid HMDsinloe kept within a low temperature
range. HMD is a vivid reagent, which is especiaknsitive to @and CQ. The process
for preparing an AH salt solution from ADA and HMB continuous. After mixing the
two components together with water, the pH-valugrnecisely corrected, in order to
achieve the end-group equivalence necessary for6@/4oolycondensation. The final
concentration of the AH salt solution is about 5B6%6weight. If the starting material is
solid AH salt, it is first dissolved in water anftemwards concentrated continuously by
evaporation of a part of the water. From this pdim¢ process is the same as using liquid

salt solutions from the beginning, comprising twe tomponents ADA and HMBY.

Batch polycondensation

The stored salt solution is concentrated underspresto 65 — 80 % before charging to an
autoclave. The essential features are heating@®linder autogeneous pressure to reach
a pressure of 1.75 MPa, gradually increasing tmepésature to about 275°C while
releasing steam at a rate which maintains the presseducing the pressure at a rate that
avoids cooling and finally holding the batch at aspheric or reduced pressure to obtain
the target molecular mass before extruding the rpetyunder inert gas pressure. This
procedure is designed to assure that there is @noater present to avoid freezing of the
batch before the melting point has been reachedeMéso minimizes excessive loss of
diamine. Stirred autoclaves are used but are ntyroahecessary. The extrudate is in a
wide ribbon that is quenched with water which isequently removed by jet blowers.
The ribbon is cut into chips which are blended padkaged® **| The polycondensation
autoclaves ensure a gentle polycondensation diretsize and favourable arrangement of
the internal heat exchange surfaces. The capalciigtoh polycondensation plants is up to
25 t/d in one liné®Y.

Continuous polycondensation

The same concerns for control of the rate of rehofsavater and loss of diamine exist as

in batch polymerization, but the situation is coitgiled by the needs of a continuous



Chapter 1: Introduction to Condensate Polymers 22

process. Typically, a first stage involves evagordteaction with controlled loss of water

to form a pre-polymer and minimize loss of diamiRgyure 1.3.6).
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Figure 1.3.6 Continuous polymerizer for PA 66,
a) Evaporator/reactor; b) We) Pump; d) Finisher; e) Flash tubes

Further reaction occurs in subsequent stages witlralled evaporation in devices known
as “separators” and “flashers”. The desired mobacweight and water content are
obtained in a “finisher"Howeverlarge patent literature exist that claims improvetrie

each of these devices or combinations thereofrimegss simplificatiof’.

1.4 Polycarbonates

1.4.1 Historical aspects

The existence of polycarbonate (PC) resins has keann for nearly a century. However
the real beginnings of commercial polycarbonatenréschnology occurred on 1950s
when two major international chemicals companieenddal Electric and Bayer
announced their inventions almost simultaneouslyicwvhbased on the reaction of
phosgene and salt of bisphenol A (BPA) to prodieehisphenol A polycarbonalf& %,

Many alternative formulations were published antepged but none of them could take

the place of original PBA.

1.4.2 Polycarbonate synthesis and processes
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The chemistry employed to make polycarbonate redey®ending on process applied
include interfacial, trasesterification and solatisased methods. The methods differ in
reaction medium, reaction condition, catalysts mmwhomeric raw material, but they have
one raw material common to all methods: phosgenehwiprovides the source of
carbonate carbonyl moiety at some stage of monoamepolymer synthesis. The
commercially most important monomer is BPA hower&ny other type of bisphenol
have been converted to polycarbonate but very fietivean have been used in industry for
PC production.Examples include 1,1-bis(4-hydroxyphenyl)cyclohexaisphenol C,
BPC), 2,2-bis(3,5-dibromo-4-hydroxyphenyl)propatetrabromobisphenol A, TBBPA),
and 2,2-bis(3,5-dimethyl-4-hydroxyphenyl)proparetramethylbisphenol A, TMBPA].

1.4.2.1 Melt transesterification

1.4.2.1.1 Synthesis and catalysis

Transesterification is carried out in melt phasae Tarbonyl is provided by carbonyl
ester. The other monomers are aromatic diols wheve the thermal stability at melt
condition to survive the polymerization reactionheT transesterifcation leads to the
exchange of hydroxylic reagents with diol releasihg monohydroxylic agent from the
reactant as a reaction by-product (Schemel.4.1).

0O o

HO—R—OH +RO” “oOR Cat—i'yit HO—R'—O/U\OR + ROH

Scheme 1.4.1Transesterification reaction.

Typical catalysts for melt transesterification dra@sic catalysts like lithium, sodium or
potassium hydroxide. The reaction is also catalymetitanium teterabutoxide much like
polyesterification reactiof”. The catalysts can adjust the reaction rate. Thagt with
aromatic diols to form diolates prior to reactioithithe carbonate ester.

The resin molecular weight is controlled by mangpimg the residence time of the
reactant system at high temperature and high vacuuthe melt phase. The chain
prolongation can be continued and polymer remasmdivéng polymer but it can be
controlled by adding high boiling reactive monoftiogal phenols chain as terminator in
the initial formulation.

The following reaction is the polycondensation gfhenyl carbonate (DPC) and BPA:
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0] )
Alkali
oo OO
O
OO = O

Scheme 1.4.2Polycondensation of diphenyl carbonate and BPA.

Phosgene provides reaction with a phenolate saltdduce the condensate salt. In spite of
intensive research to find alternative routes tarydi carbonate, this rout still is
commercially used.

O

NaOH
ZOOH * C')J\u g
0
@o*o—@ + 2 NaCl +2H,0

Scheme 1.4.3Formation of diphenyl carbonate by phosgenatigshenol.

1.4.2.1.2 Kinetic and mass transfer phenomena

The transesterification is a reversible reactiod #re reaction by-product (phenol) must
be distilled off continuously to facilitate the feard reaction. Phenol is removed from the
melt phase by applying a high vacuum. As the polymelecular weight raises, the melt
viscosity increases rapidly and hence, the polyradon becomes mass transfer
controlled.

The liquid-vapour equilibrium has to be taken iatmount at least for two components:
phenol and DPC. As phenol is removed from the rpelycondensation reactor, some
DPC is also removed from the reactor because DPbiex moderate vapour pressure at
the reaction temperature. Any loss of DPC duriragtien will cause significant variations
in the concentration of reactive end groups (pheaybonate and hydroxyl group) that, in
turn, will make high molecular weight polymers ditflt to obtain. Therefore it is
important to keep the stoichiometric ratio of theotfunctional end groups during the

course of polycondensation. To do so, an apprapimatial DPC/BPA molar ratio needs
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to be employed to compensate for the loss of DP&rieflux column. The concentrations
of phenol and DPC in both the vapour phase andidh& phase need to be calculated.

The following vapour pressure equations are refdrtditerature>® for phenol and DPC:

3
Inp? = 713- 12210° (1.4.1)
T - 9858
148x10"
INPS. = —+1955 1.4.2
bec = (= 1987 )T ( )

Since the transesterifcation reaction occurs toeserient even without any catalyst, the
rate constant of polycondensation could be exprette following form:

k =k, +k_[Cat] (1.4.3)
where [Cat ] is the catalyst concentratignré&presents the rate constant for uncatalyzed
transesterification and; kepresents the rate constant for the catalyzeddsderification.

The forward and reverse reaction rates for the tahaaed transesterification are reported
381 to be:

k, = (3.108><107)exp(—105_|7_1 [l mor* min] (1.4.4)
K = (2028x10")exp28223 [l mor* min] (1.4.5)
and for the catalyzed reactions:

k.= (962x10°) expl—osO: 5810 [F mor2 min'y] (1.4.6)
K. = (804x10) exp(- % [12 mor? min] (1.4.7)

1.4.2.1.3 Transesterification process

Transesterifiction process usually involves pretiamy melting of precursor diaryl
carbonates and BPA. The molten reagent, alongaaitefully metered catalysts and chain
terminators, are fed to a mixer under reduced pres§ he reaction is usually catalyzed
with very small amounts of alkali at 190 — 320°Q@laeduced pressure (down to ca. 0.1
kPa). The temperature is initially low and the pres is slightly reduced (e.g., 200°C at
20 kPa). During the course of reaction the tempeegat raised and the pressure reduced.
Mass transfer and hence the speed with which phearolbe removed are reduced with
increasing viscosity. Reactors are needed thatigwos high rate of surface renewal.
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These may be wiped-film evaporators, single or swentruders, reactor of rotating disk
type [39, 40]

1.4.2.2 Polycarbonate synthesis in solution

Solution PC synthesis was the first process pursta@dmercially. In this synthetic
method, all the reactants are soluble in the reactnatrix. The differences with
transesterification is application of organic soltgelike methylene chloride and organic
base such as pyridine which is sufficiently basisicceed in dissolving the aromatic diol

to produce reactive pyridinium salts as reactiosptduct*® 4%,

1.4.2.2.1 Solution polycondensation process

Commercial solution processes in PC productiorbateh processés *?. The reactants
are placed in a stirred tank reactor. Typically,tgkene chloride, pyridine, BPA and
chain terminator are added to the reaction ve$¥ebsgen is bubbled into the stirred
mixture. At the conclusion of the reaction, theigyrium hydrochloride must be removed
from the reaction solution prior to polymer isotati The removal of the pyridinium
hydrochloride is usually accomplished by multipueous acid and water washes. The
major disadvantages of the solution process atkeardifficulty in removing all traces of
pyridine and pyridinium hydrochloride from the polgr solution and in the cost of

recovery/purification of the pyridine.

1.4.2.3 Interfacial polycondensation
1.4.2.3.1 Synthetic aspects

The interfacial synthesis involves reaction at timundary between two immiscible

solvents which are protic and aprotic respectivBlyme reactant dissolved in the aprotic
organic solvent layer and some in protic aqueoysrl&During the reaction, the monomers
react in the interface with the polymerizing regmowing into and remaining dissolved in

aprotic phase. The typical solvents used in inguate methylene chloride and aqueous
caustic. The caustic dissolves aromatic diol angl phenolic chain terminators. The

methylene chloride layer dissolves the carbonatecgowhich invariably is phosgeé

4] The overall reaction scheme is shown in schedd 1.



Chapter 1: Introduction to Condensate Polymers 27

o
o A -om e ta—
o
+o O O OH_n + 2n NaCl

Scheme 1.4.4Synthesis of PC via interfacial rout of reaction

The synthesis proceeds in three steps: Phosgenati®PA, formation of oligomeric
carbonates with phenolic and chloroformate end mgspuwhich will follow by
polycondensation of oligomers. The phosgenatiostasted by dispersion of two phases.
In phosgenation step, the concentration of BPA é&yvimportant. Since at high
concentration a fourth solid phase might be present

In all interfacial procedures vigorous agitatiomiscessary to promote practical reaction
rate. The reaction is exothermic and provisions tntnigs made to control reflux of the
volatile methylene chloride. The concentration a2 % of resins in methylene chloride
can results in metastable solutions whose coagulabr high viscosities can cause
problems in production facilities.

In polycondensation step, a monofunctional phes@ldded as chain terminator to control
the molecular weight of the final polycarbonate.tis step reaction rate decreases. The

final polycondensation stages are catalyzed biatgramines.

1.4.2.3.2 Kinetic and mass transfer phenomena

Phosgenation is generally mass transfer limiteditnchte depends on mixing as well as
on pH and the volume ratio of the organic and agsephases. Although the
polycondensation reaction of end groups is slovimth rates still show the same
dependencies due to the interfacial nature of #ation. The reaction rate could be
influenced by following phenomena:

» Dispersion of two phases. Rates always depend amgniEffective kinetic rate

constant can be formulated as a function of endiggipation or interfacial area.
* Type of emulsion (oil in water (o/w) as well as efain oil (w/0)).
* The partition of phenols between the phases angHtslependence. Kosky et al.

%% studied the reaction hydrolysis taking into acddte different phases and the
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partitioning of BPA between them. Monofunctionalepbls with better solubility
in the organic phase show a better efficiency asncterminators.

* Mass transfer to and across the boundaries.

1.4.2.3.3 Interfacial polycondensation processes

Interfacial polymerization developed first at Farfabriken Bayer AG*, is employed by
most polycarbonate manufactures by three technichegsh, semi batch and continuous

process.

Batch interfacial process

The reactants and reaction media are charged intgingle vessel where the
polymerization takes place. Phosgene is bubbledragidly stirred vessel at a rate which
is tailored to the parameters of the system ingum@ximum phosgene uptake. pH value
decreases during reaction therefore additionaltaissadded as reaction progress. At the
end of reaction the aqueous solution is separated PC/methylene chloride solution.
The polymer solution is purified and isolated.

The batch process has some drawbacks. Since adranmators are added in the initial
charge diaryl carbonates, low molecular weight atigrs are produced which leads to
broadening of molecular weight distribution. Furthere, the batch processes are also
plagued with the problems of batch to batch valiigbwhich requires very excellent
process controls.

Semi batch interfacial process

Semi batch operations use a sequence of stirr&d-¢actors to promote the polycarbonate
synthesis. Commercial systems can include twouo fieactord” *®. Three series reactors

are common process configuration. These three aeaconfigurations allow sequential

programming of pH, addition of chain terminatorsd gshase transfer agents. The first
reactor is charged similarly to the single batcterfacial reactor. Methylene chloride,

caustic and BPA chloroformates are added and subsé#ly treated by phosgene gas. In
general the whole reaction mixture is transfergedecond reactor when pH of around 10
is reached. There, a phase transfer ageniN{JRI") is added and polymer molecular

weight increases.
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The polydispersity index of semi batch processnslar to that for batch process. If chain
terminating agent is added in the second reacter pfoduction of BPA oligomers, the
level of low molecular weight oligomers are reducelhtive to batch process. However,

control system must be precise in order to avoodipct variability.

Continuousinterfacial synthesis

Continuous polycarbonate processes are only variafthe semi batch proce4d. Here
the functions of the first reactor are preformedcoytinuous mixer where phosgenation
takes place. The reactants are fed into the syst#im all reactants concentrations
carefully set and rate of addition in precisely mained. The mixture is sent to another
stirred tank reactor in which the oligomerizaticakds place. The produced heat is
removed by cooling jacket. After reaching a cerdgree of polymerization, the product
which is mixed with fresh phenol is conveyed to tbbular reactors where the main
polycondensation will occur. Figure 1.4.1 showsnapsfied flow diagram of this process.
The polydispersity index is in the same range abatch process. The products have

consistent properties.
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Figure 1.4.1 Simplified flow diagram of continuously operate@ synthesis.
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1.5 Obijectives of project

Antimony compounds are still the main catalyst lodice in PET synthesis in production
plants. This is due to the high selectivity of tht®mpound in the course of

polycondensation reaction. However, because ofrthie disadvantage of this catalyst as
a heavy metal, intensive attempts have been investe replace it by a more

environmentally friendly catalyst.

Despite of releasing huge number of patents clgmitanium compounds being the best
choice of replacement of antimony, but the fundamdeaspects and mechanism of
catalysis in PET synthesis is poorly understoock fidason lies in the nature of reaction
(reversible and parallel side reactions) and in riection condition (high temperature
causing side reaction, variation of pressure frobaBto 0.1 mbar, high viscosity).

The aim of this project was to understand fundaalesgpect of titanium-based catalyst
PET synthesis by screening of different commergiallvailable titanium-based

compounds. Furthermore, optimization of differeintiscanning calorimetry and

thermogravimetric analysis as fast screening tegliwas in major interest. Another
objective was developing a comprehensive mathealatiodel to be able to simulate
kinetic, molecular weight, concentration of sideoguwcts and molecular weight

distribution. A set of reliable experimental dateosld be achieved by developing a lab

scale stirred tank reactor equipped with a vergipeeonline data acquisition.
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Chapter 2: Screening of Different Titanium (IV) Catalysts in

Polyethylene Terephthalate Synthesis

Abstract

Polycondensation of bis (hydroxyethylene) tereplatieaand its oligomers to polyethylene
terephthalate catalyzed by different chelated amdtehelated titanium (IV) catalysts in
lab scale stirred tank reactor and micro scaleilsleiof differential scanning calorimetry
was investigated. Different titanium compounds shdwlifferent activity and selectivity
in polyethylene terephthalate synthesis. The natfilegand of catalyst has a significant
effect on catalyst activity and selectivity. In geal, non-chelated organic titanium (1V)
derivatives were more active and less selectiva ttmresponding chelated compounds.
In chelated titanium compounds, the activity wae@ed by nature of multidentate and
monodentate ligands simultaneously. In solid sgatlycondensation reaction, the same
results were achieved with respect to effect ofalgat type on catalytic activity.
Polycondensation progress is characterized by iialimduction period which depends
on the type of catalyst. The original used titanisempounds seem to be catalyst

precursors and are probably activated by ligandh&xge reaction.
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2.1 Introduction

In production of polyethylene terephthalate (PERg presence of catalyst is essential.
Although large number of papers and reviews pubtisbn kinetic and catalytic aspects of
PET formation, the mechanism of catalysis is ndi funderstood. Thus, testing of a
new catalyst is by far empirical by trial and erppocess. Despite of the high efficiency of
antimony catalysts, drawbacks to the use of thesgpounds are the formation of side-
products (such as acetaldehyde) and catalyst dextigm depositing elemental
antimony, whichimparts an undesirable gray color to the polymaterisive efforts have
been invested in industries in the search of atedle efficient and more environmentally
friendly antimony-free catalysts, such as thosetam titanium?® *. A huge numbers of
patents had been appeared but few companies ataqmg PET based on antimony-free
catalysts. Table 2.1 names the companies whichupeodET with titanium catalysts.

However, these PET products are mostly used im &pplication.

Table 2.1 Companies producing PET based on titanium ca&fys

Company Catalyst name Catalyst type
Mitsui MP Catalysts Ti/Mg
Mitsubishi Chemicals NC2 Catalysts Ti/Mg
Teijin Purity ® Ti-based
Acordis Cc94 Ti/Si
Lorgi-Zimmer EcocatB& C ® TilP
Invista Special Products Ti-based
UIF NN Ti-based
Sachtleben Chemie Hombifast Alkali-titanate

All published mechanism for metal catalyzed PETtlsgsis can be categorized in two
classes. In first category, a nucleophilic attatkhydroxyl end group to the carbon of
carbonyl group is assumed to be activated by faomaif metal alkoxide following with
formation of 7 or 5 member ring chelating compfEX (scheme 2.1).

In second category, the activation is supposedtoroby complexation of metal catalyst
with carbonyl or ester oxygéfi*? (scheme 2.2).

Furthermore, the reported results show contradidticthe catalytic behavior of titanium-
based catalysts. Weingart ef®ateported that the activity of titanium is indepentlef its

ligand nature. However, Laricheva et'difound some differences in activity with respect
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to the nature of attached ligands. Otton et'al* showed that the activity of titanium
catalysts is affected by the type of reaction medand the kinetic of catalyzed reaction
depends on the reaction medium. Furthermore, pesdérctivation of titanium catalyst
during polycondensation is an open question whechat fully understood, since it was
reported that the polymeric form of titanium compds as product of hydrolysis is still
catalytically active™?.

R M0

m--"O P
/ X Q NV R

(1) 2)

Scheme 2.1 Formation of 7 member ring (1) and 5 member (@gin activation step of metal
catalyzed polycondensation.

Scheme 2.2 Complexation of metal to the carbonyl oxygen ttivate nucleophilic attack for
chain prolongation.

The aim of this chapter is to study catalysis aspet different titanium-based catalyzed
polycondensation reaction and express a reactiogr@ss rout that can explain best the
experimental results by screening of different ptee catalysts.

2.2 Experimental part
2.2.1 Chemicals

Bis (hydroxyethylene) terephthalate (BHET) (> 99¥43s from Aldrich, ethylene glycol
(EG) (>99%) was from Merck, titanium (IV) tetrabumid (Cat 1) (>98%) and

chlorotriisopropoxy titanium (IV) (Cat 3) (> 98%) ere from Fulka, tetrakis
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(diethylamido) titanium (IV) (Cat 2) (>99.999%)tanium (IV) tert-butoxide (Cat 4)
(purum), titanium (1V) bis (ammonium lactate) dilmggide (Cat 5) (50 wt% in water),
diisopropoxytitanium bis (acetylacetonate) (Ca(® wt% in isopropanol) and titanium
(IV) (triethanolaminato) isopropoxide (Cat 7) ( 8@®% in isopropanol) were from
Aldrich. PET oligomer with chain length of 4-5 tsiwas from Equipolymers GmbH.
Antimony triacetate (> 98%) was from Uhde Inveniseher and was mixed with EG.
Model molecule ethylene glycol monobenzoat (EGMB)swsynthesised by method of

Santacesaria et &Y. All the applied chemicals were used without fartpurification.

2.2.2 Preparation of sample for catalyst screening

The preliminary studies of different sample preparamethods showed that the most
reliable and reproducible method of sample prepmaras the following: 1 ul of Cat 1 was

added to the appropriate amount of molten BHET 532 at 110°C and stirred at this
temperature for 15 min. The product was cooled dewd ground to fine powder and
used for catalysts screening. The expressed cttagacentration in mol ppm is based on

mol of titanium atom to mol of BHET.

2.2.3 Catalyst fast screening

Differential scanning calorimetry instrument, DSC fom Perkin Elmer was used as
catalysts fast screening method. Aluminium crucisas filled with about 10 mg of
sample and inserted in the DSC oven. Nitrogen §asn{l mir') was purging over the

sample to carry away the by-product as it formed.

2.2.4 Reuse of catalyst after pre-polycondensation

The desired amount of catalyst was added to m&@tBT in a glass vessel and mixed for
10 min before starting reaction by applying vacuain260°C. The pre-polycondensation
was running for 1 and 4 h and was stopped by bngakacuum with nitrogen flow. The

polymeric product was depolymerised by cooking i@ Ender reflux. After complete

depolymerization, the product was cooled down tonrotemperature and EG was
removed by vacuum at 50°C. Then fresh BHET was @&ddethe obtained powder to

adjust catalyst concentration, mixed and introduoedSC crucible for screening.
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2.2.5 Polycondensation in lab scale stirred tank eetor

200 g of PET oligomer was filled into a 200 ml alaram reactor equipped by a helical
stirrer. The oligomers were molten by heating thactor under nitrogen flow. Catalyst
was added to the molten oligomers at 260°C thenwacwas applied which reached to
the value of 1 mbar after 20 min. Stirring rate 289 rpm. After 4 h of reaction time,
polycondensation was stopped by purging with ngrogPET melt was removed from
reactor and cooled down to ambient temperaturerumttegen flow.

2.2.6 Solid state polycondensation

The reaction apparatus for solid state polycondemsanvolved a series of 3 reaction
tubes, which were connected to a vacuum line tohreavacuum of 1 mbar and immersed
in a salt bath having constant temperature witmegipion of £2 °C. The SSP process of
PET included three stages, i.e., drying, polycosd#@an, and cooling. The drying process
was carried out at 120°C for 24 h under nitrogewflthe polycondensation process was
performed at 230°C for different times (1, 2, 4 @&¢tt) and finally cooling to ambient
temperature was done under nitrogen flow.

The drying process reduced the concentration oemiat PET resin since presence of
water in PET particles usually leads to a decrdasenolecular weight because of
hydrolysis of polymer. Careful removal of water pre-polymer particles is very
important. The pre-polymer particles were clasdifieto three different fractions with
average particle sizes of 700, 400 and 200 um digg and sieving of PET product

from melt phase polycondensation.

Nitroger +— i | : — Vacuun
N

Reacto «—

—1—>» Salt bath

Figure 2.1 Scheme of solid state apparatus.
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2.2.7 Thermogravimetric analysis

Thermogravimetric analysis setup, TGA-209 F3 Tardumm Netzsch was applied for
studying thermal decomposition of polymer and ga&tal 10 mg of sample was filled into
the aluminium crucible with 80 pl volume and lochtsn the sample holder of TGA and
heated up till desired temperatukitrogen was used as purging gas with purging ohte
20 ml miri*. The oven of the TGA was first evacuated and thdiliee with nitrogen
before each run.

2.2.8 Infrared spectroscopy

Infrared spectroscopic (IR) investigations were el@n an attenuated total reflection
Fourier transform (ATR/FTIR) spectrometer of thgdySpectrum One from Mettler
Toledo. Mixtures of catalysts and monomer (1 todanratio) were prepared by heating
the mixtures in DSC crucible for a certain time enditrogen flow. The product was then
cooled down to ambient temperature under nitrotgen from crucible and mounted on

sample holder of IR spectrometer.

2.3 Differential scanning calorimetry

2.3.1 Principle of data acquisition

DSC belongs to the family of thermal analysis md&oThermodynamic data (heat

capacity, phase transition, enthalpy) and kinetitaccan be determined by methods of
thermal analysis. The advantage of thermal analggsise easy handling and the output of
valuable information of small samples. DSC is ahiegue for measuring the energy

necessary to establish a nearly zero temperatiffierattice between a substance and an
inert reference material, as the two specimenssalgected to identical temperature

regimes in an environment heated or cooled at &ralted rate. There are two types of

DSC systems in common use.

1- Heat flux DSC

In heat flux DSC, the sample and reference are exied by a low resistance heat flow

path (a metal disc) symmetrically. The assembhnislosed in a single furnace. Enthalpy

or heat capacity changes in the sample causeaddiffe in its temperature relative to the
reference; the resulting heat flow is small comgavath that in differential thermal

analysis because the sample and reference ar@dhtigermal contact.
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2- Power compensation DSC

In this system the temperatures of the sample efedlence are controlled independently
using separate, identical furnaces. The tempematfréhe sample and reference are made
identical by varying the power input to the tworfaces; the energy required to do this is a
measure of the enthalpy or heat capacity changeisample relative to the reference.

In DSC, when a change of heat capacity, phase itiansor reaction occurs, the
equilibrium between sample and reference is distlirifhe sample temperature is higher
(exothermic event) or lower (endothermic event)ntithe reference. This temperature

difference is detected and heat flow is calculated.
AQ = -K AT (2.1)

AQ is the heat flow and the constakt has to be determined by calibration. The

difference of heat flowing to the sample and rafeeeis given by

AQ = (Qs=Qr) +(Cpus ~Cpu) B (22)
QS is the heat flow to the sampl(;gR is the heat flow to the referend@; ms is heat
capacity of the sample measuring systefgur is heat capacity of the reference
measuring system apftE= dTJdt is heating rate. The heat flow in the sample vath

chemical reaction is given by,

dT, -
> +Q e (2.3)

L o dn
Qs=Cos dt

where C; is heat capacity of the sample aQy,., is heat flow by chemical reaction

which is given by following equation,

Qchem =RV (_AH R ) 24)
R is reaction ratey is reaction volume and\H . is molar reaction enthalpy. For the inert

reference,

. dT,
QRZCp,R d_tR = Cp,R /8 (2.5)

whereC | . is heat capacity of the reference.

Since the measuring systems of sample and referemeemade of same material with the
same heat capacity, therefore the second partusitieq (2.2) is negligible.
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. . . dT .
AQz(QS_QR)ZCp,sd_tS-'- Qchem - Cp,R ﬂ (26)

During reactiondTJdt is not identical with3. This unknown parameter must be
eliminated. It is considered that there is a h&aw fresistanceR,s between the sample
measuring system at temperatdig and the sample at temperatlge

AQ _Tus = Ts (2.7)
RMS
The termdTs/dt can be eliminated by differentiation the previegsiation with time. With

approximation ofiTugdt = 3,

Aé:Qchem-i_(C:p,s-C:p,R)IB_c:p,s R\Asdﬁ—tQ (28)
AQ=Q,. +AC, B-T % (2.9)

The detected signal contains three contributionsst,Fthere is the heat flow from

reactioré Second, there is a term which is dependent ordiffierence of the heat

chem *

capacities of the sample and the reference. Thé daintribution is influenced by the so

called time constant =C, R,s of the measuring system and the slope of the medsu

signal. The third term reflects the time lag betwéee chemical heat flow and the reaction

of the compensation heater.

2.3.2 Principle of catalysts screening

The DSC thermogram of polycondensation reactioshewn in figure 2.2. The first

endothermic peak is due to the melting of mononike second peak represents
evaporation of by-product EG. Since evaporatiokGfis assumed to be fast compare to
polycondensation, this peak represents polycondgienseeaction of BHET. The absence
of mass transfer limitation at present conditiorswdaawn by running polycondensation
reactions at different gas purging rate and diffe@mounts of reaction mass. The bell
shape of the reaction peak is due to the factrtatof polycondensation is a function of
temperature and concentration of functional endiggsoand it increases with increasing
temperature and decreases with decreasing of cowatien of functional groups. At lower

temperatures the effect of temperature is domindmie at higher temperatures the effect
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of concentration of functional end groups is domin#t a certain temperature these two
effects compensate each other and reaction hasmaxiate. According to Wolf et &f!
and Reichert et al*” the temperature at which maximum reaction rate scauas taken
to define an activity index. The activity index Ak defined as 1/ax with an error of
0.5%. The faster the reaction, the larger the vafusl, the more active is the catalyst.

In DSC thermogram of PET synthesis catalyzed layitim compounds, an endothermic
peak at about 300°C can be observed at catalyseotmation of 150 mol ppm. The onset
temperature of this peak depends on the type andeotration of titanium catalyst.
Furthermore the color of the polymeric productradset temperature of this peak is much
darker than that of the product at onset tempezatBrobably, this peak represents a

thermal degradation of polymer formed. The onselpterature (g of degradation peak
was used as degradation index.
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Figure 2.2 DSC thermogram of BHET polycondensation, [Catl®0 mol ppm, 10 K/min.

(@) (b)

Figure 2.3 The color of polymeric product (a) before and #fer appearance of degradation
peak.
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2.4 Results and discussion

Figure 2.4, represents the activity index of Catntl antimony triacetate with respect to
the catalysts concentration. It was observed thasiderable activity of titanium achieved
by only application of 10 mol ppm of catalyst; hawe the first maximum of reaction

peak in case of antimony needs minimum 500 mol ppoatalyst.
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Figure 2.4 Dependency of activity index on concentrationcafalysts in polycondensation of
BHET.

2.4.1 Effect of sample preparation method on actity of titanium (IV) catalyst

It was found that preparation of reaction mixturepresence of different solvents has an
effect on catalytic activity of Cat 1. Mixing of aetion mixture in presence of butanol
shows lower activity than in presence of EG, howedsling of catalyst to molten BHET

in absence of any solvent has highest activity (@ at).

Table 2.2 Effect of sample preparation on activity of cgasal

Sample Al
[°C]
Mixed in Bu 4.32+0.5%
Mixed in EG 4.70+0.5%

Mixed in molten BHET 4.72+0.5%
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2.4.2 Effect of titanium (IV) ligands on catalyticactivity

The influence of ligands attached to titanium otalgéic activity was studied for two

categories of the titanium compounds. First catgegecheme 2.3) involves non-chelated
titanium (1V) derivatives with general name of &tlkyl titanate, consist of monodentate
ligands of alkyl chains with differences in struetwf ligand and electronegativity of

atoms bonded to titanium.

Titanium(IV) tetrabutoxide Titanium(1V) tertbutoxide
(Catl) (Cat2)
)\ (o} L NJ
0]
~_ 7 —
/ m AN N— T|i —N
0 cl /1
A )
Chloroisopropoxy titanium (V) Tetrakis (diethylamido)titanium(1V)
(Cat 3) (Cat4)

Scheme 2.3Non-chelated titanium (V) catalysts.

74

0
Ho\i/
o ! o

o NH," )\

titanium (IV) bis (ammonium lactato) Diisopropoxytitanium bis Titanium (IV) (triethanlaminato)
dihydroxide (Cat 5) (acetylacetonate) (Cat 6) isopropoxide (Cat 7)

Scheme 2.4Chelated titanium (V) catalysts.
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Second category (scheme 2.4) of titanium catalysés)ate chelates, consist of chelated
titanium (IV) derivatives with differences in natuof multidentate ligands.

Table 2.3, represents the activity of all catalgstalied. Cat 1 and Cat 5 show the highest
and the lowest activity index respectively. A stigiop in activity of Cat 1 to Cat 4 was
detected. The nature of monodentate ligands tdsiecho significant effect on catalytic
activity in PET synthesis. The external stereocttme of monodentate ligands has no
evidence effect on titanium catalytic activity snthe activity of Cat 1 and Cat 2 are
almost the same. The electronegativity of attaced to titanium (O, CI, N) also can
not influence the activity of titanium strongly,daeise the presence of an electronegative
atom like chlorine in Cat 3 results in same acgias Cat 1. In general one can say,
Irregardless of nature and structure of ligands,ctitalytic activity of titanium compounds
containing monodentate ligands, tetraalkyl titagate very high and similar to each other.
Whereas, the activity indices of chelated titanicaalysts depend more strongly on the
nature of ligand and larger differences in actiwtyas detected among this type of

catalysts.

Table 2.3 Activity index of titanium (1V) catalysts, [Ti]B0 mol ppm

Catalyst Al x10°
[°C
Catl 4.72+0.5%
Cat 2 4.69+0.5%
Cat3 4.67+0.5%
Cat4 4.67+0.5%
Cat6 4.69+0.5%
Cat7 4.48+0.5%
Cath 4.38+0.5%

2.4.3 Effect of titanium (IV) ligand nature on polymer degradation in the course of
polycondensation

The nature of ligands are affecting onset tempesadfi degradation of polymer formed
(Table 2.4). Tetraalkyl titanates have lowegeglthan the chelated types of titanium
derivatives. The most active catalyst of this groopdegradation reaction is tetrakis
(diethylamido) titanate. Nonetheless, chelatechititan catalysts have similar behaviour
and are less active than non-chelated catalygtelymer degradation. Cat 5 shows least

activity in polymer degradation.
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Table 2.4 Effect of ligand nature of titanium (IV) on ongetperature of degradation
reaction of product formed in DSC, [Ti]:500 mol ppm

Catalyst Taeg
[°C]
Cat4 260
Cat1l 273
Cat3 275
Cat 2 287
Cat7 298
Cat6 303
Caths 303

2.4.4 Thermal stability of titanium (IV) compoundswith different ligands

Thermograms of different titanium compounds are@néed in figure 2.5.
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Figure 2.5 TGA thermogram of thermal decomposition of diffietr titanium-based catalysts
under nitrogen flow. Cat 1*: Product of mixture@ét 1 and EG.

The first mass loss seen in all thermograms istdlee removal of residual solvent which
is followed by mass loss due to thermal decompmmsiaf catalyst compound. Cat 1 has
lowest thermal stability and shows almost comptiteomposition. However, by mixing
of Cat 1 with EG for 2 h at room temperature andaeing the excess of EG (Cailthe
residual shows a better stability than originalduet. Cat 1 is reacting with EG forming a
more stable compound. It indicates that at react@mrdition which EG is present, Cat 1 is
converted to a more stable structure. Cat 5 and@ @atve higher thermal stability than Cat
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1, but decomposition is also taking place at palglemsation temperature. The catalysts
which are more thermally stable were found to lss kctive in polycondensation reaction.

2.3.5 Catalyst screening in lab scale stirred tanieactor

The activity of catalysts was screened in stirgetktreactor by measuring torque of stirrer
online during polycondensation. Since torque afretidepends on viscosity of reaction
mixture and viscosity is correlated to progresspofycondensation, one can follow
conversion of reaction and thereby activity of batia Figure 2.6, presents the change of
torque in the course of polycondensation catalyzgd different catalysts. The
measurements show an induction time for titaniurtalgsts. Since different titanium
catalysts show different induction periods in PBhtkesis, the induction period is not
caused by physical effects like sensitivity of toeqneasuring system. In case of antimony
catalyst, it was found that this period is an iitiol period and is relatively long and can
be due to an interaction of antimony with hydroryld groups of monomer preventing
formation of active site§®. With consumption of hydroxyl end groups in thaise of
polycondensation, the catalytic activity of antingas increasing. The induction period of
titanium based catalysts might be of different matand varies with catalyst type.
However, variation of catalyst concentration did nbange the duration of induction, it
only change slightly the slope of torque measurednd induction period and strong
change in slope was detected in the polycondemsp&dod.

It is believed that induction period of titaniumtalgsts is due to formation of active sites
which is depending on the nature of ligands of lgata That might be reflected in
different capability of titanium compounds to fotitanium alkoxide by ligand exchange
reaction with hydroxyl end groups of monomer andjavhers. The ligand exchange
capability of Cat 1 is very high since it is knowrat butoxide groups attached to titanium
can be exchanged easily. However, in Cat 5, tliedxyde groups are rather stable and
ligand exchange reactions should happen by breadf&atiee chelating ring. In this sense
the original titanium catalysts are precursors aredactivated in the first stage of reaction.
This fact can also be observed in preparation ofpda for catalyst screening in DSC.
Activation of Cat 1 in molten BHET is a time depentprocedure and optimal activity is
achieved after 15 min of mixing (Table 2.5). THisstrates that total concentration of

active species is formed only after a certain tohmixing.
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Figure 2.6 Torque of stirrer during polycondensation of BHETddts oligomers in stirred tank
reactor at 260°C under vacuum in presence of @éiffecatalysts. [Ti]: 20 wt ppm and
[Sb]:250 wt ppm.
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Figure 2.7 Variation of torque of stirrer with change of centration of Cat 1 at 260°C.
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Table 2.5 Effect of mixing time of reaction mixture at 11D%n activity index, [Cat 1]:

500 mol ppm
Mixing time Al x10°
[min] [°CY]
5 4.34+0.5%
10 4.55+0.5%
15 4.72+0.5%
30 4.72+0.5%

Table 2.6 Data of PET produced in stirred tank reactof6i°C under vacuum (1 mbar)
for 3 h, [Ti]: 20 wt ppm, [Sb]: 250 wt ppm

Catalyst Intrinsic viscosity [COOH] [Acetaldehyde] dM¢/dt
[dl g [mmol kg’] [umol kg'] [mN cm min’]

Catl 0.66 13 9.5 6.1

Cat 7 0.54 7 7.0 4.8

Cath 0.43 5 3.4 2.2

Sb 0.42 4 3.3 2.2

The maximum slope of torque-time curve is relatecactivity of catalyst and used as
another kind of activity index. The obtained val{€able 2.6) are in good agreement with
the values of activity indices obtained by DSC meaments. The Characterization of
polymeric samples of different catalysts is sumaetiin table 2.6. Cat 5 has moderate
activity and better selectivity than other catadyahd shows similar values as antimony
with application of only 20 wt ppm compare to 250ppm of antimony.

2.4.6 Thermal stability of polymer

Figure 2.8, represents thermograms of thermal degicm of PET synthesised by
different catalysts at 260°C. No significant diface in thermal stability of PET produced
at this temperature can be seen. PET produced tomany is slightly more stable than
PET synthesised by titanium catalysts.
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Figure 2.8 TGA thermogram of PET thermal degradation synt#eesby different catalysts, under
nitrogen flow, [Ti]: 20 wt ppm, [Sb]: 250 wt ppm.

2.4.7 Effect of reuse of catalyst after pre-polycatensation on its catalytic activity

Reuse of Cat 1 after pre-polycondensation at 2d0tQifferent times did not lead to
considerable variation on the catalyst activityl{léa2.7). This indicates that catalyst is
not severely deactivated and the concentratiorctdfeaspecies remained almost constant

in the course of polycondensation and is in agreemath the obtained kinetic results
which will be reported in the next chapter.

Table 2.7 Effect of pre-polycondensation period on actiwitgiex, [Cat 1]:500 mol ppm

Pre-polycondensation period Al x10°
[h] [°CT]
0 4.72+0.5%
1 4.58+0.5%
4 4.57+0.5%

2.4.8 Solid state polycondensation

The polymer products of polycondensation in melthwdifferent catalysts (for polymer

specification see table 2.6) were used for postquuidensation in solid state.
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2.4.8.1 Optimization of reaction operational condibn

The reaction condition was optimized with respecthte removal of by-product in such
ways; nitrogen purging through a fixed non-stirbedi, nitrogen purging through a stirred
bed and vacuum. It was found that working undemuuat is the most effective way to

carry away the produced by-product.

Table 2.8 Comparison of efficiency of by-product removal natljCat 1]: 20 wt ppm

Removal method Molecular weight
[g/mol]
Nitrogen- non-stirred bed 63827
Nitrogen- stirred bed 71751
Vacuum 79508

2.4.8.2 Catalyst screening in solid state polycondgation

The increase of number average molecular weight tvite is shown in figure 2.8. Taking
the initial slope of curves of different catalystsd normalize them with respect to the
catalyst concentration, the activity indices showtable 2.9 are obtained. This shows that
titanium catalysts are more active than antimonyalgst. Also, in solid state
polycondensation, different types of titanium cgttd have different activity and their
activity order is in agreement with activity ordarthe melt phase polycondensation. The
lower activity of titanium catalysts in SSP mighd baused by the lower mobility of the
chain end to reach catalyst active species with tmucentration compare to higher

concentration of antimony which is more accesdiimehain end.

Table 2.9 Normalized activity index of different catalystssolid state polycondensation

at 230°C
Catalyst Alx10°
[9? mol*h™]
Catl 393
Cat2 388
Cath 384

Sb 47
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Figure 2.8 Number average molecular weight of PET during sshate polycondensation at
230°C under vacuum, [Ti]: 20 wt ppm, [Sb]: 250 winm

2.4.8.3 Effect of polymer particle size on polycorghsation progress

It is known that at high temperature, solid statdy@ondensation is mass transfer

controlled in case of particles with larger diamete
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Figure 2.9 Number average molecular weight of PET particlehvdifferent sizes during solid
state polycondensation at 230°C under vacuum.
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The effect of particles size in titanium catalyzsdid state polycondensation was studied
(Figure 2.9). It was found that for particles witlameters less than 1 mm, the reaction is

completely chemistry controlled and mass transfeitations are absent.

2.4.9 Infrared spectroscopic studies

Pure EGMB has several absorption bands in the rahg®67-1262 cm due to C-O
vibration, a doublet at 1710-1717 ¢mdue to carbonyl stretching and various bands
between 1365-1497 chthat corresponds to benzene. Hydroxyl end grougation
appeared by a broad peak at about 3091-365% d@ine change of spectrum of EGMB
mixed with Cat 1 with molar ratio of 1 to 1 was @stigated (Figure 2.10 and 2.11). The
spectrum did not show significant changes at 10@A@le increasing temperature to
140°C led to disappearing of the peaks correspgnttn hydroxyl end groups. This
indicates that ligand exchange reaction was happkegveen butyl groups of catalyst and
hydroxyl end groups of EGMG and titanium alkoxidasmMformed. Furthermore, a new
peak at about 1550 ¢hwasappeared, which might be due to complexation tditaeium

centre.
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Figure 2.10 IR spectra of EGMB, mixture of EGMB and Cat 1180°C and 140°C in the range
of 1000-2000 cr.

Figure 2.12 and 2.13 represent the IR spectra dEBHCat 1 and Cat 5 and mixture of
each catalyst with BHET (molar ratio of 1 to 2)1&0°C and 260°C. In spectra of Cat 1-
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BHET mixture heated at 140°C for 15 min, a shiftGtO stretching vibration and
appearance of new bands in the range of 1550 were observed. The shift of C-O
vibration of ester oxygen also could be seen ingfectrum. These results might be an
indication of restricted carbonyl and ester oxygebration which could be due to
complex formation at the titanium coordination sitewas the same in case of Cat 7.

Therefore, active species formation starts aterastiage of reaction.
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Figure 2.11 IR spectra of EGMB, mixture of EGMB and Cat 1 A03C and 140°C in the range
of 2000-3600 ch.
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Figure 2.12 IR spectra of BHET, Cat 1, BHET-Cat 1 mixturet@2l molar ratio) at 140 and
260°C.
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Figure 2.13 IR spectra of BHET, Cat 5, BHET-Cat 5 mixturet@1 molar ratio) at 140 and
260°C.

However spectrum of BHET-Cat 5 at 140°C does nes@nt any significant change in
any absorption peaks. This is due to more stabdftghelating ligands against ligand
exchange reaction. Furthermore, in addition of demgtion, one can observe presence of
hydroxides groups showing titanium hydroxide isoktaand no chain prolongation could
happen from these two positions by ligand exchange.

The mechanism of activation step of titanium caetlypolycondensation is in agreement
with the mechanism proposed by Weingart &t alvhich is assuming, first exchange of
initial ligands by hydroxyl end groups of monomeratigomers. In case of non-chelated
titanium derivatives, the exchange reaction of nrganonodentate ligands by hydroxyl
end group is very fast. Nevertheless, in chelat@tpounds, in addition of nature of
multidentate ligands, nature of monodetate ligaadisched to titanium play very
important role in formation of active species. Netdp is intramolecular complexation of
titanium to the ester oxygen of attached chainawnfa favourable stable complex of
chelating glycolate and rendering carbonyl for eophilic attack of terminal oxygen. The
other titanium coordination site might be occupggtther by initial ligand (like Cat 5) or
one of the reaction components which can improeestiectivity or cause side reaction

respectively.
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1. Ti(OR'),+ m ROH Ti (ORY),.{OR) + mR'OH

R: Catalyst ligands or polymer chain

Scheme 2.5Proposed activation steps in titanium catalyzZ&d@ Bynthesis.

2.5 Conclusion

The comparative studies show that all titanium coumgls used are catalyst precursors
and the nature of active form of catalyst is defarfor different titanium compounds with
respect to ligand nature. But formation of a fivember ring might be a common
characteristic pattern of the active form of aditésl catalysts.

Appropriate design of titanium catalysts might lshiaved by application of multidentate
ligand acting as a cage for metal centre and ftxatf titanium on the surface of an

appropriate support.
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Chapter 3: Kinetic Studies of Polyethylene Terephthlate
Synthesis with Titanium Tetrabutoxide and Application of

Thermogravimetric Analysis

Abstract

Thermogravimetric analysis was used to study theetié of polycondensation of bis
(hydroxyethylene) terephthalate catalyzed by tuamitetrabutoxide. Polycondensation
reaction can be modelled best with a second oeestion with respect to hydroxyl end
groups concentration. Kinetic data depends on theéenof operation in thermogravimetric
analysis. In nonisothermal mode, the overall atitvaenergy was determined by model-
free method and the frequency factor was foundet@ffected by catalyst concentration.
The kinetic study of isothermal reaction in thermaagmetric analysis is complex due to
the fact that isothermal condition are reached alyelative high conversion of reaction
and also high activity of the catalyst studied. &io investigation of polyethylene

terephthalate degradation indicates high degradagictivity of titanium catalysts in

comparison to antimony catalysts.
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3.1 Introduction

Thermogravimetric analysis (TGA) was used as artiegcte for catalyst screening for the
first time by Bhatty et af!!, in 1986. They used the onset temperature of thgram at
which initial mass loss occurs as activity index.1P97, Zimmerer et af applied TGA

to examine the kinetics of polycondensation reactioorder to estimate the mass transfer
influence and optimize reaction condition. Theysidered also monomer evaporation in
their mathematical model. Moreover, they studieffudion of EG within the melt by
changing the thickness of the polymer layer. Riemhmet al’® also applied TGA to
study the kinetic of PET synthesis and tried tosider mass transfer effects. Reichert et
al. ™ studied the kinetics of hydrotalcite catalyzed BHEdlycondensation by TGA and
applying nonisothermal mode of operation.

The aim of this chapter is to optimize TGA for qtiative study of titanium catalyzed
PET synthesis and obtain kinetic data of polycosdgan and degradation reaction by

application of this method.

3.2 Experimental part

3.2.1 Sample preparation

Sample preparation technique is the same as dedambkthod in chapter 2.

3.2.2 Polycondensation in lab scale stirred tank eetor

Polycondensation was also run in a lab scale dtitaek reactor made of glass with a
volume of 200 ml equipped with a special helicaeyof stirrer. Polycondensation was
performed with 120 g monomer and 10 wt ppm of Cait Hifferent temperatures 250,
255, 260°C and 0.1 mbar with stirring speed of g for different reaction times 2, 3
and 4 h.

3.2.3 Polymer decomposition

The polymer decomposition was studied in TGA a<iilesd in chapter 2. The polymer
particles used were synthesized in lab scale dtitesk reactor at 280°C for 4 h.
Concentration of Cat 1 in PET synthesis was 50 pmp250 wt ppm of antimony
triacetate was used to synthesize PET as referaataxial.
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3.3 Thermogravimetric analysis
3.3.1 Apparatus

Thermogravimetry, TGA-209 F3 Tarsus, from Netzsadmpany was applied in this
investigation. This instrument offers a resolutwin0.1 pg and operates between room
temperature and 1000°C with freely selectable hgatites from 0.001 K mihup to 100

K min™. The accurate sample temperature is detectedthgranocouple in direct contact
with the sample crucible. Through the reliable icaftconstruction with sample carrier
lift, the thermo-balance as a top-loader is easlysafie to use, with no hang-down wires or
exposed fragile part3he inner room of oven can be flashed with purge(gédrogen) and

it is supported by protective gas to provide arrtim@mosphere with in the oven and
microbalance chamber. 10 mg of prepared samplefilies into the aluminium crucible
with 80 pl volume which was located on the samulielér of TGA Nitrogen was used as
purging gas with purging rate of 20 ml nfinThe vertical construction of sample holder
providedefficient purging. The oven of the TGA was firseuated and then purged with
nitrogen before each run. Isothermal polycondeasatf BHET was investigated at 220,
230, 240 and 250°C for 40 min reaction time. Notnieamal runs were performed at
heating rates of 1, 5 and 20 K nfistarting at 30°C and ending at 300°C.

t— (Gas outlet

Fumace cooling Sample

Radiation shields

Purge gas

Thermostatic control

18
=
#S&mple holder lift

Pressure release ——e Weighing chamber

Microbalance

Protective gas w===t"

Figure 3.1 Scheme of TGA-209 F3 Tarsus.
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3.3.2 Principle of screening

A thermogram obtained from dynamic heating of a BHfatalyst mixture is shown in
figure 3.2. Mass loss starts at a certain temperahdicating onset of polycondensation
with onset temperature of,. TOn the other hand, a temperaturg)(€an be obtained at
which rate of mass loss has a maximum. In additioa,total mass loss which is due to
EG evaporation can be correlated to the total csnwe of polycondensation. These
parameters can be applied as activity orderingcexliin catalyst screening. TGA

measurements are reproducible with standard demidéiss than 1% for each of these
parameters.
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Figure 3.2 TGA thermogram of BHET polycondensation with 10l qmom of Cat 1.

3.4 Results and discussion
3.4.1 Optimization of thermogravimetric analysis fo quantitative study

The micro-scale of the TGA crucibles provides miscale diffusion path length and
thereby mass transfer limitations might be avoiddte main draw back of this system is
the absence of effective mixing of reaction masswever it can be seen that reaction
mixture within the TGA crucible is moving very strgly and stimulates self-mixing
thereby. Another problem can be the catalytic #@gtiof the crucible itself. It was found

that aluminium crucibles have least catalytic ati¥’. Moreover, monomer evaporation
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is present during polycondensation of BHEY!, since polycondensation of BHET in an
open crucible has a mass loss much higher tharceeg&r complete conversion equal to
24.4 wt% (Figure 3.3).

Total massloss _  Molar massof EG _ 62
Monomer mass Molar massof BHET 254

=0.244 (B.1

Increasing mass loss with decreasing monomer amigudtie to increase of specific
surface exposed to purging gas and increase of lilyoloif the melt leading to
enhancement in evaporation rate. To reduce monewsgroration, a lid with a hole in the

centre covered the aluminium crucible in all polydensation runs.

60 300

T 250

T 200

+ 150

Mass loss [wt%]
T [°C]

T 100

T T T T 0
20 25 30 35 40

Reaction time [min]

Figure 3.3 Thermograms of polycondensation of BHET with eliéint weight of monomer in an
open crucible at 250°C.

Another important point in application of TGA isethmode of operation. Running the
reaction merely isothermal was not possible. Stheeheating rate and heating time from
ambient to reaction temperature have effect on nusssand consequently concentration
of hydroxyl end groups. These effects however waresidered in the kinetic studies.
Figure 3.4, represents the thermogram of BHET moigensation in quasi-isothermal
mode of operation with different initial heatingea. At high heating rate the thermal lag

between sample and oven is highest and at lowetingeeate, higher conversion is
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achieved before reaching the isothermal regimeréfoee, 20 K mifit was chosen as
optimal heating rate for isothermal runs in TGA.
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Figure 3.4 Effect of initial heating rate on mass loss of teac mixture of BHET

polycondensation at 250°C, [Cat 1]: 10 mol ppm.<Dioticate nonisothermal and
lines isothermal regimes.
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Figure 3.5 Effect of heating rate on mass loss of reactioxture of BHET polycondensation,
[Cat 1]: 10 mol ppm

Nonisothermal runs were performed by heating uprélaetion mixture at 1, 5 and 20 K

min™. Figure 3.5, represents the thermograms of ndmsotal runs. Heating rate has
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significant effect on the onset temperature of tieac The reason is that the true sample
temperature lags behind recorded temperature causedheat transfer effects.
Furthermore, time effect should also be considefelbw heating rate has the advantage
of overcoming of temperature lag. However, in ttase, the melt solidifies partially due
to increase in molecular weight of product and kirge formed in the thermogram of
polycondensation as can be seen in figure 3.5.eftver, 5 K miit was used as optimal

heating rate for nonisothermal mode of TGA operatio

3.4.2 Mass transport limitations

The effect of mass transfer limitations with in theelt and melt-gas interface was
studied. The absence of mass transfer limitationgas side of the melt-gas interface
was demonstrated with different gas purging rateesthe purging rate had no significant
effect on total mass loss and the lid used to couarible did not affect the EG removal
(Table 3.1).

Table 3.1 Effect of purging rate on total mass loss of pohy@ensation of 50 mol ppm
Cat 1-BHET mixture at 5 K mihin covered crucible

Purging rate Total mass loss
[ml min] [wit%)]
20 22.5+0.5
30 22.6x0.5
40 22.6x0.5

Table 3.2 Effect of sample weight on total mass loss ofypohdensation of 50 mol ppm

Cat 1-BHET mixture at 5 K mihin covered crucible

Sample weight Total mass loss
[mg] [wi%]
3 23+0.5
7 22.4+0.5
10 22.5+0.5

Mass transfer phenomenon within the melt was studig changing the amount of
sample. In published articld, this effect was evaluated in TGA crucible witlspect to
polymer film thickness. However in this investigatino uniform film was observed in

the crucible. The polymer formed was located inftdren of an O-ring in the periphery of



Chapter 3: Kinetic Studies of Polyethylene Tereplite Synthesis 64

the crucible. Therefore, it is unreliable to usknfithickness as parameter for mass
transfer studies. The obtained total mass los®lytcpndensation of BHET catalysed by
50 mol ppm Cat 1 in covered crucible was presemtede table 3.2. The results show no
influence of amount of reaction mixture on totalsmdoss. Mass transfer limitations

within the melt are negligible.

3.4.3 Kinetic of polycondensation

Quantitative evaluation of thermograms which isesponding to calculation of hydroxyl
end groups concentration with respect to massilod8GA was done according to the
method of Reichert et &l. by considering volume change during reaction.

The number of moles of produced EG as a functiotinog, n;ec, is calculated by the

following equation:

_ massloss

n..=-—— 7 ———— 3.2
h EG M (3.2)

where M g is the molar mass of EG.

The initial number of hydroxyl end groupse,, , is given by:

— — ZrnO,BHET

MNoon = 2no,BHET - (3.3)

M BHET

wheren, g IS the initial number of moles of BHET, g is the initial mass of BHET

and Mg is the molar mass of BHET. In each condensatiep $ivo hydroxyl end

groups are consumed and one EG is produced. Théeruai moles of hydroxyl end
groups remaining after a reaction timenoy , can be calculated from the amount of

produced EG by the following equation:

3 _2Mygier  2massloss
N on = Noon _2nt,EG = M - M
BHET EG

(3.4)

For kinetic studies it is required to convert thener of moles of hydroxyl end groups
into concentration via dividing it by the melt vate:

_ Mon
[OH], = v (3.5)

t
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To calculate melt volume, PET is considered asrelywith different segments in table
3.3.
Table 3.3 Different segments of PET and their physical praps

Segment Symbol  V**® E M Density

[mol® [Imol™.K" [gmol] [g mI]

@) : O T 0.1115 6.97 x10 164.11 1.472
@) @)

HO. -~ HE 0.0455 2.84xId  45.07 0.991

P E 0.0327 2.04 x1D 28.06 0.858

The molar volume of the polymer segments at anypegature TV, , can be calculated

by:
V! =V +E(T -299 (B.6

where, E is molar expansivity. The volume of thdtratany time,V, is given by:

\/t = nt,HEVm,HE + r‘.I,ET Vm,ET + nI,TE Vm,TE (37)

The concentration of hydroxyl end groups in lablescaactor was calculated by analysis
of intrinsic viscosity and carboxyl end groups cemication of polymer product.

[OH] = [E]-[COOH] (3.8)
Kinetic studies are based on following assumption:

1- Polycondensation is considered as a reactiomdaet hydroxyl end groups.

2- All hydroxyl end groups have the same activitggardless of the chain length of the
parent molecules.

3- Polycondensation reaction is considered asers#ie reaction due to fast and efficient
removal of EG (Scheme 3.1).

Side reactions are negligible in TGA since the mmliR spectra of evolved gas of
polycondensation reaction in TGA, represented nobHhds corresponding to side
products and was mainly showing bands corresportdiig> bellow 150 mol ppm of Cat
1 concentration while in concentration above 150 ppon of Cat 1, peaks corresponding

to water and carbon dioxide were detected whichwslpoesence of side reactions.
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Furthermore, the results were approved by apptinatbf DSC and appearance of
degradation peaks discussed in chapter 2 (Tab)e 3.4

viom AP om THoR
N\ o—
@) @)
OH + (n- OH
HO{’\‘(}_@_{OM -1 o™~ T

Scheme 3.1Polycondensation of BHET.

Table 3.3 Wave number of detected IR band and corresporatiegical group

Wave number Chemical group
[cm] []
2941 Ch
3650 O-H
1052 C-O0

4- Mass transfer limitations in polycondensatioaicteon are neglected.

Fitting of nonisothermal data to different reactiomodels results in widely varying
Arrhenius parameters. This problem had been adettdsg different author&®. The way

of obtaining trustworthy kinetic parameter is tdragt them in a way that is independent
of reaction model. A viable alternative method aséd on the model—free isoconversional
method and allows obtaining unambiguous valuesctivation energy by considering of
its dependency on reaction conversion. Friedmaooiseersional methodf! applied in
these studies (equation 3.10), is derived by takieglogarithm of reaction rate equation

of nonisothermal experiment (equation 3.9) withstant heating rat@=dT/dt:

dx kg
P ﬁ’ (3.9)
( ) =1In[ko, £ (¥)] = (3.10)

RT

where X is conversion arf(k) represents the reaction progress as function mfersion.
The linear plots between In(dx/dTand 1/T, determine the value of Eactivation energy)

at different conversion. The software package, modéinetic from Netzsch company was
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used for determination of activation energy of othiermal experiments. Figure 3.6,
represents dependency of overall activation eneofynonisothermal reaction on
conversion. It is observed that in the conversiange of 0 to 80%, activation energy
remains constant with a value of#@2kJ mol. Increasing of activation energy at higher
conversion might be due to the presence of sidetioges which affect overall activation
energy. This value of activation energy (92 kJ Mabas used for the determination of

frequency factor by application of simulation sadre.

120
110 H
100 H E

o8 & ¥ 5 o§ 3

Ea [kJ mol™ ]

80 ~

70 ~

60 T T T T

0 0,2 04 0,6 08 1
X

Figure 3.6 Dependency of activation energy on conversionafisothermal reaction evaluated
by Friedman metho.

The reaction order with respect to hydroxyl endug concentration, was determined
with integration method. Best fitting was achiew®dplotting of experimental data with a
second order reaction kinetic (Figure 3.7). Themetfthe reaction rate, R [mot min™],
can be written as following:

_ _1d[OH] _ -E, )
> dt K, expﬁ] [OH] (3.11L

ko is overall frequency factor [| mdlmin™] and E. is overall activation energy.

The PREDICI? software package was used for detailed kineticetiiogl. It was applied
to fit experimental conversion-time curves. Thérfg parameter was frequency factor for
initial overall activation energy of 92 kJ riol Figure 3.8 shows experimental and
simulated data with second order kinetic for nothisomal run. The fitting quality

indicates second order kinetic is able to predatygpndensation progress.



Chapter 3: Kinetic Studies of Polyethylene Tereplite Synthesis 68

1/[OH] [I mol ™]

0 T T T T T T
0 5 10 15 20 25 30 35

Reaction time [min]

Figure 3.7 Fitting of the experimental data with second oildeetic with respect to hydroxyl end
groups concentration.

The overall frequency factor is depending on catalgoncentration and it increases
linearly with increasing initial catalyst concertoa (Figure3.9).

Kinetic studies of isothermal experiments in TGA awot easy task. The reason is the
preheating of reaction mixture to reach the isattamregime which has severe effect on
hydroxyl end groups concentration before reachmgsothermal temperature. Further
more, this effect is more severe with increasirtglgat concentration. The investigation is
only possible at very low catalyst concentratio@ (Aol ppm), which led to the results of
89+4 kJ mof for overall activation energy and 4.5X10mol™min™ of overall frequency
factor.

In order to check the kinetic results of TGA, pagdensation was run in lab scale stirred
tank reactor. Due to low temperature of the reactind efficient vacuum to remove by-
product, kinetics of polycondensation was assurndaketchemistry controlled till 260°C.
Furthermore, the analysis of polymeric product skdwhat the side products are
negligible at this temperature. However the coneioin of side products like carboxyl
end groups is increasing at higher temperature ebar, polycondensation at 250°C for
longer time (more than 180 min) leads to polymercjpitation because the melting point

of reaction product is higher than reaction tempeea
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Figure 3.8 Fitting of experiments (dots) with model, [Cat 1D mol ppm, nonisothermal run.

2,5E+08

2,0E+08

Y

1,5E+08 -

min

1,0E+08 -

Ko [ mol *

5,0E+07 ~

0,0E+00 T T T T
0 10 20 30 40 50 60
[Cat 1] [mol ppm]

Figure 3.9 Effect of catalyst concentration on overall fregeyefactor
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Figure 3.10 Fitting of experiments (dots) with model, [Catll]:mol ppm, in STR at 260°C under
vacuum

Therefore, overall rate constant of polycondensateaction with applied assumption

could be just obtained at 260°C which leads tolaevaf 1.3x1C | mol* min™. This leads

to requirement of developing a more complex modigilatycondensation reaction which

can cover total reaction temperature range. Thigpcehensive model will be discussed in

chapter 4.

3.4.4 Kinetic of polymer decomposition

Figure 3.11, represents the thermograms of thede@mposition of PET synthesized by
titanium and antimony catalysts. Onset of decontmrsdepends strongly on the heating
rate.

The basic kinetic equation used to describe a dposition reaction can be expressed by

rewriting of equation (3.9) as

==k (9 (3.12)
dx _ L =R
lgd_.l_ - kexp( RT)(l X) (3'13)

X can be calculate by following relationship:
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x=To~M (3.14)

my, — My
where m is initial sample mass, s sample mass at time t and is1mass of residual
sample.
At maximum rate, dd?z)z(zo , therefore, followgiequation can be used to calculate
activation energy:
R'Il{iz =E—t(1—x)”‘l exp(—RE—_lf‘m) (3.15)

where T, is temperature at maximum reaction rate. By jplgtin (3/RTyn?) versus 1/,

the slope will be corresponding tq(Eigure 3.12 and 3.13).

Activation energy of 176 kJ mibland 200 kJ mdl was obtained for decomposition of
PET synthesised by titanium and antimony catalysspectively. That is an indication

that titanium catalyst also activates degradateaction of polymer chain. The reasons of
stronger effect of catalysts on decomposition ieadh comparison to results in chapter
2, might be the higher titanium concentration (S0ppm compare to 20 wt ppm), higher

molecular weight of polymer and higher temperatfreynthesis of polymer (temperature
of 280°C and 260°C).

120
—— Sb-5 K/min
Sb-10 K/min
100 B ROCH B ——— Sb-20 K/min
X Ti-5 K/min
— O Ti-10 K/min
L 80 A Ti-20 K/min
2
[}
2 60 -
e
i
x 40 1
20 -
0 T T T T ‘ ‘

350 370 390 410 430 450 470 490
T[°C]

Figure 3.11 Thermograms of PET decomposition with differentabedts at different heating
rates.
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Figure 3.12 Plot of In B/RT,,’) versus 1/F, for Cat 1.
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Figure 3.13 Plot of In §/RT,?) versus 1/F, for antimony.

3.5 Conclusion

Thermogravimetric analysis is a suitable method fast screening of catalyst of
polycondensation reaction, since reaction is charaed by mass loss. However, the

method of thermogravimetry for quantitative kinettadies of polycondensation reactions
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should be used only if another independent metsocbnfirming the thermogravimetry
results. Furthermore, this technique is a suitdabthnique for evaluation of polymer

degradation.
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Chapter 4. Modeling of Kinetic, Molecular Weight and Molecular
Weight Distribution of Polyethylene Terephthalate $nthesis Catalyzed
by Titanium Tetrabutoxide in Melt Phase

Abstract

Low molecular weight oligomers of polyethylene mrthalate were used to conduct the
polycondensation reaction in lab scale stirred taaictor at isothermal conditions (260 to
280°C) under vacuum (1 mbar) with titanium tetraxide as catalyst (10 wt ppm). The
reaction was run for different times and the pragwoduced was analyzed with respect to
molecular weight and molecular weight distributeomd concentration of side products.

A mathematical model was developed including thiyqomdensation reaction, all major
side reactions and mass transfer processes. Wighntlbbdel conversion of reaction,
molecular weight and, concentration of side proslwein be modeled very well. In case of
molecular weight distribution deviation between giation and experiments are observed.
Kinetic data of polycondensation process was etdchdrom simulation work and
indicates that titanium tetrabutoxide is a moreivacbut less selective catalyst than
antimony triacetate. This is due to the fact thetivation energies of all chemical
reactions involved are much lower in case of tilamcatalyst at conditions studied.
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4.1 Introduction

Modeling in general has a high potential valuenidustry in terms of reactor design, scale
up, process optimization, product structure cont@od reactor stability and safety.
Consequently, great effort has gone into model Iopweent for PET process. However,
due to many uncertainty surrounding to mechaniscatdlyzed polycondensation; a wide
range of models and kinetic results exist whiclemftiffer significantly. Moreovetthe
reaction kinetics of the polycondensation processadmplicated by presence of side
reactions and is still under investigation and @& nnambiguously determined. The
published data depend on the specific experimgmtadedures and applied catalysts and
the resulting kinetic parameters vary with the assd kinetic model and the applied data
fitting procedurel’™. Table 4.1 represents published kinetic data dfgomdensation
reaction in synthesis of PET. The presented reswlise achieved by different
determination methods. Effect of catalyst conceimnais mostly included in the rate

constant.

Table 4.1 Published kinetic data of polycondensation reactibPET synthesis™!

Year Auther Catalyst K T Ea k
[ [°C] [kImol]  [I" mol™ min
1
]
1960 Challa No K=K(R 195-282 96 -
1968 Fontana Pb, Zn, Ca, 0.5 152-228 - -
Sb

1969 Stevenson S0 0.36 275 59 (Si05), 0.6

167 (no cat)
1971 Hovenkamp SB; Zn, 0.8 197 - -

Mn, Pb, Ca

1973 Tomita Zn - 270-300 99 -
1978 Yokoyama SID, 1 275,280,285 77 ($D5), 0.3-1.62x10

167 (nocat)
1979 Chegolya H TPA 0.5 214,234,244 102 7.3
1980 Rafler SbhAg - 270 1.55x18
1980 Reimschuessel  *}$h0; AS=-80.3, 202,215,226 115(SBs), -

AH=-38.1 91.4 (H),

205 (no cat)
1986 Ravindranath S0, 0.5 290 77.3 6.8xP0
1989 Yamada Sk - 240-265 11.7 -
2000 Collins No - 270,280,290 168 -
2001 Rieckmann No - 287 92 8.9

2006 El-Toufaili HT - dynamic 92 4.3x%0
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In general three types of methods were applied kametic investigation of
polycondensation reaction: semi batch stirred ta@ctor, thin film and thermal analysis
method in which the micro scale of reactor is cagisiigh specific surface area of reaction
mass. The melt viscosity of reaction mixture inese=a rapidly with progressing
polycondensation. As the polycondensation reaasoa reversible equilibrium reaction,
the macro kinetics of the polycondensation probes®mes more and more limited by the
mass transfer of the volatising EG at higher cosieer and temperature. A good reactor
design should employ this knowledge concerning lratiéations. It should also provide a
maximum specific surface area, ensuring minimumsnieensfer distances, respectively
an utmost thin polymer film.

The aim of this chapter is to evaluate kinetic pseters of titanium tetrabutoxide
catalyzed PET synthesis and develop a mathematnadel to predict conversion,

molecular weight and concentration of side products

4.2 Experimental part
4.2.1Chemicals

Oligomer with properties shown in table 4.2 waspigl by Equipolymers GmbH. A 2:1
weight ratio mixture of o-dichlorobenzol and phemas from Organo Spezial Chemie
GmbH. The chemicals used for analysis were brommghblue (>99%), chloroform
(>98%), o-cresol (>99%) and potassium hydroxideitsmh in ethanol 0.1 N, which were
supplied by Merck. All the reactants were used he experiments without further
purification and without especial treatments, exdephe case of Cat 1, which was mixed

with EG and kept under an inert atmosphere.

Table 4.2 Properties of oligomers used for polycondensation

M, Pn [COOH]
[mol/g] [mmol kg']
889 4-5 30

4.2.2 Polycondensation in lab scale stirred tank eetor

In previous studies, polycondensation was run glass reactor heated by salt bath to
desired temperature, but due to better heat trarigfen heating medium to reaction
mixture, better temperature control and more sadetyng reaction run, glass reactor was

replaced by metal reactor made of aluminium (Figuieb).
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@ (b)

Figure 4.1 (a) Glass reactor with helical stirrer, (b) Aluminim reactor equipped with electrical
heater.

200 g of oligomers was filled into the 200 ml almmm reactor and melted under
nitrogen flow with stirring speed of 200 rpm. Cattlwas added to the melt and the
reaction was stared by applying vacuum at diffenessiction temperature (260, 270,
280°C). The by- product of reaction, EG, was ca#lddn a flask right after the condenser
which was cooled by a mixture of water and trietimd glycol at temperature of -5°C.
After a certain reaction time (2, 3, 4 h) polyconsigion was stopped by purging with
nitrogen. Due to instability of temperature andsstee, sampling at shorter reaction time
was not reliable. The PET was removed from reaictonelt phase and cooled down to
room temperature under nitrogen flow.

Reactor was equipped with two temperature senswr,pressure sensor and one torque
measurement sensor located on the motor of magnetiapled stirrer. The presence of
the second temperature sensor is due to safetyneasigure 4.2 shows the flow diagram

of polycondensation setup.
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Figure 4.2 Flow diagram of polycondensation setup.

4.2.3 Polymer characterization
4.2.3.1 Determination of intrinsic viscosity of palmer

10 g of polymer was placed in a strainer and abbleliquid nitrogen. The polymer was
immediately ground to powder in a centrifugal {RETZSCH MZ 100) with 0.5 mm
mesh bottom. The ground polymer was dried at cobhseemperature of 100°C in a
halogen moisture analyzer of METTLER HG53. The disample was then dissolved in
solvent mixture of phenol and 1,2-dichlorobenzerithva phenol concentration of 50
wt%. Homogeneous sample was filled in sample otiled place in auto sampler of IV
measurement instrument (SCHOTT AVSPro). The ineenperature of capillary was
maintained at 25°C. The time that sample solutieeds to pass the capillary is detected
and the viscosity of the solution was calculatethviihe analytical equation supplied by
Equipolymers GmbH. The measuring system is vergigpeeand reproducible (error of £
0.8).

By using of polymer samples with known molecularigi® and measuring of intrinsic
viscosity (IV), the following equation was definéal describe relation between number
average molecular weight ¢yland IV.

In(M,) = 1V**%+ 23458 (4.1)
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4.2.3.2 Determination of carboxyl end groups concémtion of polymer

1 g of polymer was added as powder in a titratiaskf along with 35 ml solvent (o-
cresol/chloroform). The sample was dissolved forniis at 170°C in a heating block
system and then cooled down to room temperature.c@inboxyl end groups of polymer
were titrated against 0.05 N potassium hydroxidagugetrabromophenol blue in ethanol
as an indicator. The concentration of carboxyl gralips was calculated by application of

following equation.
[COOH] :%m_l?’) 4.2

where Q [mmol] = consumed KOH [ml] x 0.05 [md] i t
B [mmol] = solvent without sample= canged KOH [ml] x 0.05 [molf] x t
m = mass of substance in g
t = titer for 0.05 N KOH by using brobenzoic acid

The error of analysis was calculated to be = 1%.

4.2.3.3 Determination of diethylene glycol conterdf polymer

About 1 g of the ground PET together with 30 ml magiol and zinc acetate as catalyst
and tetraethylene glycol dimethyl ether as inters&@ndard were introduced into a
pressure container. The container was heated fora2 220°C in an oven. The PET
material was decomposed to diethylene glycol anthyhesophthalate.

The reaction solutions are analyzed by gas chramapby (PERKIN ELMER GC -
Autosystem XL) after cooling to ambient temperaturee DEG and IPA amounts are
calculated from the areas of the DEG and IPA eptaks in relation to the internal
standard peak. The GC was calibrated with defimedusts of DEG and IPA ester before.

4.2.3.4 Determination of acetaldehyde content of paner

0.1 to 0.3 g of the ground PET sample is introduiceéd a 22 ml head space vial and
closed with a PTFE-coated seal. Vials are temperedhead space oven (headspace auto
sampler - HS-40XL (PERKIN ELMER)) at 150°C for 90rmtes and then analyzed by
GC (GC - AutoSystem XL (PERKIN ELMER)). The calibmm is done by total
evaporation of different acetaldehyde water mixgure
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4.2.4 Reproducibility of torque measurement and pgimer viscosity

Figure 4.3 shows the diagram of torque of stirrerirdy polycondensation reaction at
260°C and 200 rpm for three runs. The obtainedesufer all three measurements are in

good agreement.

0,9

0,8
—first run at 270C

0,7 1 —second run at 270C

0,6 - ——third run at 270C
0,5
0,4

0,3

Torque of stirrer [N cm]

0,2

0,1

Reaction time [h]

Figure 4.3 Reproducibility of torque of stirrer at threefdient runs

The reproducibility was also tested for intrinsisoosity of PET, at different temperature
and time. Table 4-2 shows the results. Each regortdue is the average value of 3

different polycondensation runs for the certainpenature.

Table 4.3Reproducibility of intrinsic viscosity of PET atfigérent temperature and time.
[Cat 1]: 10 wt ppm

Reaction temperature Reaction time v
[°C] (h] [dl g]
260 3 0.465+0.004
260 4 0.518+0.005
270 3 0.522+0.005
270 4 0.602+0.006

4.3 Reaction model

The kinetic modeling of polycondensation was doasell on following assumption:
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Equal reactivity of functional end groups irregasi of polymer chain length (According
to Flory theory).

A comprehensive model for PET formation was dewetbpaking into account kinetic
data, equilibrium data, and mass transfer procefssethe volatilisation of major by-
products, EG and water. Primary modeling in cha@eshows that a simple model
including only irreversible polycondensation reanti(reaction 1) could fit experimental
data at lower reaction temperature 260°C in whiassrtransfer and side reaction are not
significant and polycondensation is just chemistontrol. At higher temperature, and
higher reaction viscosity, mass transport phenomplay an important role and
polycondensation is controlled by evaporation of. B&reover, side reactions are more
evident at high temperature. The following readiane considered for modelling of PET

synthesis:

Table 4.4 Reactions used for modeling

Nr. Reaction scheme

1. Polycondensation reaction

0 0 K1
2hon W WA on —
Eg
0
0 + \/\OHT

Z EG

2. Polymer degradation

o) 0
R— < : O—Z/_z}—Q—R
O T O

E

E

C Vv
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3. Formation of AA
O
O -
o—/_
Eg
(@)
A+~
OH
= AA
4, Formation of AA

O 0
O e e
O—/_ e)
E

v

5. Esterification reaction

E. EG
O
R@—{ OH + H,0
O
Eg w
6. Esterification reaction

Ok OA
@f@

k6
k'G
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7. Formation of DEG

o k
R4©_< OH + HO\/\ —7>
OH
O—/_
E, EG

O
R + HO OH
< > 20H \/\O/\/

E DEG

c

8. Formation of DEG

@4 @OJO

Formation of DEG

ADA @j

DEG

OH Ke

—_—

@f} <> + HO_~ -~ OH

The rate expression of reactions 1-9 have folloviargs:

= el e e - L

1 Kl

R, =k, [Z]
R, = k;[Eg]
R, =k,[Eg][EV]

R = k{[EC][EG]—W]

5

(4.3)

(4.5)
(4.6)

(4.7)
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R =k el 2| 49

R, = k,[Eg][EC] (4.9)
R; = k;[Eg]? (4.10)
R = kQ([PETDEG][Eg] _%J (4.11)

where, k, and lg.gare second order rate constants, anddare first order rate constants.
Ky is equilibrium constant of polycondensation reattiKs and K are equilibrium
constants of esterification reactions. In equa#ioB, catalyst concentration is excluded
from rate constant (k). In all other rate equations, concentration otalyast is
incorporated into the rate constant. It is assurtied catalyst concentration remains
constant in the course of polycondensation.

In order to simplify the process of fitting paraerstto experimental data and simplify the
mathematical model, three main assumptions weree,dfmllowing the general trend
published for antimony catalyzed PET synthesis.

1- Irregardless of the end groups, the polycondensagactions have the same rate
constant. The assumption eliminates the need afidering three separated rate
constants for the glycolate, DEG and vinyl end go(k = ks = Kg), and simplify
the process of parameter fitting.

2- Two esterification reactions have the same ratesteom, irregardless of the
reactants involved gkkg).

3- All the side reactions of the chain ends have sanedability of reacting and
therefore, have same rate constaptHk; = Kkg).

Mass transfer limitations

It was discussed that the melt viscosity increaséls progressing polycondensation. As
the transesterification reaction is a reversibleildgium reaction, polycondensation

process becomes more and more limited by the massfér of EG evaporation.

Modeling of PET synthesis catalyzed by titaniumabadts without application of mass

transfer effect could not give the reliable fittitgthe experimental results. Especially at
elevated temperature where the viscosity of theti@a mixture increases strongly and
transfer of by-product from reaction mixture is m@roblematic. Therefore it is needed to



Chapter 4: Modeling of kinetic and molecular weight 86

consider a variable mass transfer coefficient of #fh respect to the degree of
polymerization and temperature. The equation wiaiednced first by Reickmann et'd.
K., =Ko €Xp(0.043R,)(1+ 0.1(T - 267°C)) (4.12)

Where I, is the mass transfer coefficient, B the degree of polycondensation, T is the
temperature of the reaction mixture and ks, the initial value of the mass transfer
coefficient, which in the case of the different daions in the system can be obtained by
fitting to the experimental data.

Therefore the rate of mass transfer of EG expressliaws:

R, =k a((EG], ~[EG],) =k, (EG]. -[EG],) (4.13)
[EG], is concentration of EG in melt phase and [E@& interfacial concentration.
Furthermore, similar equation can describe theghiteass transfer of water

R, = kw([W]L _[W]o) 14)
[W], is concentration of water in melt phase and JW]interfacial concentration. For
calculation of mass transfer coefficient of watdre following initial assumption was
considered and the final value was obtained biyndit

Ky = (Mge /m,)"?k,, .18)
The interfacial concentration of EG and water canobtained by considering vapour-
liquid phase equilibrium concept. In the presentknanly the total content of DEG (free
DEG and DEG incorporated in the polymer chain) ddag¢ measured. Furthermore, since
the vapour pressure of AA is very high at polycars#gion temperature, it is assumed that
AA is removed instantly at it formed. The low maléar weight oligomers have very low
vapour pressure and are assumed to be non voldtierefore, initially the phase
equilibrium in the interface is considered justyofbr EG and water. The interfacial
concentration [i or the corresponding mole fraction, (i: EG, Water) of each volatile in
the interface can be calculated from the vapousqune P and the activity coefficient;
taken from the Flory—Huggins model. In this wotke alues reported by Laubriet et!al.
are used:

[il, = (—1_ ([;EE-:] XW)in (4.16)
The vapour phase is assumed to follow the idealayas

X; yiPiO = Py, (4.17)
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Vapour pressure for EG and water is calculated by

In P2, = 49.703-32787

— 4.042In(T) (4.18)

404766

InRy =18568-
T-333

(4.19)

At polycondensation reaction temperature, vapoassure of water was calculated to be
much higher and the partial pressure of water attien pressure is smaller than EG.
Therefore, the phase equilibrium is consideredE@Grwhich means vapour phase contain
only EG and interfacial concentration of wateres@

For calculation of activity coefficient:

1 1
Ve zaexl{l_a"')(%—r} (4-20)

In which my is the ratio of molar volume of polymer to molarlwmme of EG, x, is

Flory-Huggins interaction parameter and is takgoraximately as 1.3 for EG.
The volume of the melt phase occupied by EG peunael of reaction mixture is given by:

v - Meo[EGl, el ECly (4.21)
Pec
and the molar volume of polymer is calculated by
g=12Y (4.22)
[PET]
The material balance at vapour-liquid phase equilib are expressed by

Ve =1 (4.23)
Xeg + Xper =1 (4.24)
Hence, equation 4.16 is rewritten as

[PET]

EG], = X 8
[EC], [HEG o 28)
The material balance equations of reaction compsrae:
d|E
9B o R -R 4R -R-R-2R R (4.26)
d|EG

[ESL g _R —R-R (4.27)

dt
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%z&m‘l (4.28)
%z%mg (4.29)
%z%_& (4.30)
%ﬂ%ﬁ%—& (4.31)
el 1R +R R R R (4.3p

%:@_Rﬁmw% (4.34)

The kinetic parameters which were used for a fitihg test are taken from literatute®
and are listed in table 4.5. The activation eneof)yPET degradation was the value

obtained by degradation study in TGA in chapter 3.

Table 4.5 Data used for parameter estimation

Reaction Rate constant [I" mc|)<roﬁi min] [kJ Irzriorl] [K]
Poylcondensation 1kks=kg 6.80x10 77.4 0.5
Degradation of PET K 3.09x108 176.0 -
Acetaldehyde formation kK 4.16x10 95.0 -
Esterification of E Ks=Ks 1.04x16 73.6 1.25
DEG formation k=kg 4.16x10 95.0 -

The software packages, PREDYGtom company CiT GmbH and Berkley Madonna were
applied to develop the model. The simulation wasgsmed with following steps:

» Sensitivity studies which was applied to find owwhdramatic the effect of
varying one constant might be for a certain prgopertvariable and also for whole
simulation. The following priorities were found: 1yate constant of
polycondensation, 2) rate constant of degrada8pnate constant of side reactions
involved at chain end, 4) rate constant of estaiion and 5) mass transfer
coefficient.

» Parameter estimation which was based on fittingeattion rate constants to the

reliable set of experimental data
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4.4 Experimental results

Effect of temperature on the reaction progressstiadied by running polycondensation at

different reaction temperatures for different times

0,70
280°C
0,60 - 270°C
260°C
0,50
_ 255°C
"> 040 -
k=
= 0,30
0,20
0,10
0,00 : : :
0 1 2 3 4 5

Reaction time [h]

Figure 4.4 Intrinsic viscosity of PET at different tempernasi ([Cat 1]: 10 wt ppm).

2,0E+04

280°C
270°C

1,8E+04 -
1,6E+04 -
1,4E+04 -
1,2E+04 -

260°C
255°C
1,0E+04 -
8,0E+03 -
6,0E+03 |
4,0E+03 -
2,0E+03

Mn [g mol '1]

Reaction time [h]

Figure 4.5 Number average molecular weight of PET at difieremperatures ([Cat 1]:10 wt
ppm).
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Figure 4.4 and 4.5 show increase of IV angdd¥lPET during synthesis with 10 wt ppm of
Cat 1 at different temperatures. The progress deootar weight with reaction time at
high temperature shows a deviation from linear biehat expected of a simple
irreversible second order reaction. The reasomhinie presence of backward reaction,
increase of rate of side reactions and mass tnahisfigations caused by high viscosity of
reaction mixture with progress of reaction.

Effect of variation of catalyst concentration on Mh polymer is shown in figure 4.6.
During polycondensation reaction in presence ofw8Qpm of Cat 1, the increase of
viscosity after 3.5 h was very strong and stirraswot able to rotate. It seems variation
of molecular weight deviates from linearity in pease of 30 wt ppm of catalyst.
Therefore, this concentration is the border to retdecompletely mass transfer control

regime at 260°C.

1,80E+04

1,60E+04 | 20 wt ppm
30 wt ppm

1,40E+04 -

10 wt ppm
1,20E+04 -
1,00E+04 -

8,00E+03 ~

Mn [g mol ']

6,00E+03 ~
4,00E+03 ~

2,00E+03 ~

0 1 2 3 4 5
Reaction time [h]

Figure 4.6 Number average molecular weight of PET at diffe@at 1 concentrations (260°C).

Figure 4.7 and 4.8 shows the progress of formatibiEG during PET synthesis at
different temperature and catalyst concentratioowéler, one should consider that the
measured values are total amount of DEG. In gefemalation of DEG is severe at higher
temperature which might be due to the high ovexetivation energy. Moreover, catalyst

concentration did not have strong effect on fororatof DEG. Furthermore, the DEG



Chapter 4: Modeling of kinetic and molecular weight 91

content of all synthesised PET was much less tinaiteld values for industrial production

of PET.

0,25
280°C
270°C
S
IS
E
0} °
I 260°C
Q.
255°C
0,215 T T T T
0 1 2 3 4 5

Reaction time [h]

Figure 4.7 DEG formation at different temperatures ([CatlJ:wt ppm).

0,236
0,234

20ppm

0,232
30ppm

0,23

10ppm
0,228 - PP

0,226 ~

[DEG][mmol | ]

0,224 ~

0,222 ~

0,218 - T T T T
0 1 2 3 4 5

Reaction time [h]

Figure 4.8 DEG formation at different Cat 1 concentratio28Q°C).

4.5 Modeling results and discussion

Figure 4.9 presents fitting of reaction conversioth the reaction model presented in

table 4.4 and the kinetic data in table 4.6.
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Figure 4.9 Fitting of conversion at different temperaturg€at 1]:10 wt ppm). Dots are
experimental data and bold lines are model.
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Figure 4.10 Modeling of number average molecular weight off RE different temperatures in
case of an irreversible polycondensation and alesehside reactions ([Cat 1]:10 wt
ppm). Dots are experimental data and bold linesvavdel data.

One should consider that good fitting quality ohaton conversion could even be
achieved by considering only an irreversible pohaensation reaction which is not the
case for modeling of number average molecular weigigure 4.10). The most important
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part of modeling is fitting of average molecularigie of PET which is influenced by side
reaction and reaction temperature. The qualitytohd molecular weight of PET with the

set of data in table 4.6 can be seen in figure.4.11

2,0E+04
1,8E+04 -
1,6E+04 -
1,4E+04 -
1,2E+04 -
1,0E+04 -
8,0E+03 -
6,0E+03
4,0E+03 -
2,0E+03

- 280°C
270°C

260°C

255°C

Mn [g mol ]

Reaction time [h]

Figure 4.11 Fitting of number average molecular weight of P& Tifferent temperature with the
model introduced in session 4.3. The points areixental data and the lines are
simulations ([Cat 1]: 10 wt ppm).

The progress of Mwith reaction time at different temperatures isteulifferent from
progress of conversion because it is more affeloyeidcrease of rate of side reactions and
backward reaction. The following equations exptéssrelation between number average
molecular weight and degree of polycondensation thiedreaction conversion. The
value is the ratio of concentration of carboxyliodegroup to the total end groups
concentration. This value depends strongly to #tte of side reactions like esterification

and polymer chain degradation and increases attbigperature.

__ 1
= (4.35)
M, =192P, +62- 2(44a) (4.36)
[COOH] w

~ [OH] +[COOH]
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Figure 4.12 Fitting of carboxyl end groups concentration iffedent temperatures ([Cat 1]: 10
wt ppm). The points are experimental data andities lare simulations.
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Figure 4.13 Arrhenius plot of overall rate constant of formatiof carboxyl end groups during
polycondensation of BHET oligomers.

The model can also predict variation of carboxyd egroups concentration in the
polymeric product (Figure 4.12). The sharp decagasfcentration of carboxyl end groups

in the beginning of reaction is due to the inisalong increase in the esterification rate
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caused by strong reduction of pressure which ingluvere efficient removal of by-

product watef**. By consumption of carboxyl end groups, the efitation rate reduces

and the side reactions produce carboxyl end gralysg reaction. Due to pressure
instability of the system in the initial stage betreaction, initial experimental data could
not be obtained to smooth this sharp decay byndttio experimental points. The
experimental results show that overall rate of potidn of carboxyl end groups is a zero
order reaction between 2 and 4 h of reaction tiyeapplying Arrhenius equation (Figure
4.13), the overall activation energy of formatidrcarboxyl end groups was calculated to
have a value of 82 kJ mblOne should consider that this value is an ovenalile and

includes all side reactions which involve in format or consumption of carboxyl end

groups.

70
280°C
270°C

501 260°C

[AA] [ppm ]

0 05 1 15 2 25 3 35 4 45 5
Reaction time [h]

Figure 4.14 Simulation of AA concentration during polycondatisn reaction ([Cat 1]:10 wt
ppm).

Model could also predict the variation of concetidra of AA and free DEG in the course

of polycondensation reaction. However, unreliapitif analytical results of determination

of AA content caused by operational error durinmmgling and storage of PET samples

led to variation of AA content even for the sammpke. Therefore, it was not possible to

do fitting process.

In case of DEG content, as mentioned the charaeten method detected total amount

of DEG, therefore the experimental results coulth®ofitted.
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Figure 4.15 Simulation of increasing of free DEG concentratitming polycondensation reaction
([Cat 1]: 10 wt ppm).

Table 4.6, presents kinetic data of optimal modgloi PET synthesis including side
reactions and mass transfer process. The activagivergy of 63 kJ mdl of
polycondensation reaction with titanium catalystlasver than the one of antimony

catalyst (77 kJ md).

Table 4.6 Kinetic data obtained by simulation of PET synib@s melt phase with Cat 1

Paratemer Polycondensation* d PET. AA. DEG Esterification
egradation formation formation
Ea
[kJ morY] 63 165 71 71 48
L ko 4.8x1d 7.85%10 2.91x1d 2.91x1d 5.73x10
[I" mol™ min]

* Effect of catalyst concentration on frequency fagteexcluded.

Table 4.7 Initial overall mass transfer coefficient{k) for different temperatures

Reaction Temperature Km.o
[°C] [min 7]
255 1.62
260 2.05
270 2.76
280 2.92

Table 4.7, shows the initial value of overall masssfer coefficient (ko) achieved by

data fitting which increases with increasing tenajpare.
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4.6 Modeling of molecular weight distribution

Modeling of molecular weight distribution (MWD) waexecuted using the same
simulation program. The MWD of the polymer sampbesduced at 260°C and 280°C
with 10 wt ppm of Cat 1 was simulated first by wsihe reaction scheme listed in table

4.4. The result of simulation was a very narrow MEDI less than 2) for reaction at 260

and 280°C (Figure 4.16).

14

Model, 260°C Model, 280°C

\

1,2 1

0,8

0,6
Experiment,

280°C

dw/dlog(Mn)

Experiment,

041  260°C

0,2

0 0,5 1 15 2

log(Mn) [kg mol ]

Figure 4.16 Molecular weight distribution of PET synthesisg¢®60 and 280°C [Cat 1]:10 wt
ppm.

Table 4.8Polydispersity index of PET after 4 h of reactairdifferent temperatures

Reaction Temperature Source PDI
[Cl []
GPC 2.45
260 Model 1.92
280 GPC 3.78
Model 1.90

The PDI values obtained by GPC measurements (GBQ dflAgilent) and modeling are
reported in table 4.7. The large differences betwbese values indicate the necessity to

improve the model by introduction of side reactiteeding to formation of short and long

chain polymers which are missing in simulated MWDve.



Chapter 4: Modeling of kinetic and molecular weight 98

PET chains undergo interchange reactions. Integghanvolves reaction between the
terminal functional groups of the one polymer malecwith repeating units of another
polymer chain. Free interchange corresponds toeakkating units in all polymer chain
having equal probability of interchange. This isalagous to the concept of functional
group reactivity independent of molecular siZé Therefore, interchange reactions does
not affect the degree of polymerization but they edfect the MWD. The following
interchange reaction was introduced in the reacticiheme of model and no effect on

simulated MWD was found.

0
@) R2 + R3 _/—OH ‘
0 0 Kin
P, o
0 0
R1 OH + R24©—< 0
o—/_ o—/_ >—©7R3
o
P |:>y

z

Scheme 4.1Interchange reaction between hydroxyl end groupptymer chain repeating unit.

@]
R (@] o) Kyo
IO o
n
@) @)
PET

Scheme 4.ZFormation of cyclic oligomers by back biting mentsmn.

Another side reaction which might affect MWD isrmation of cyclic oligomers which is
a slow reaction. Among the oligomers, the cyclimér has been postulated to be uniquely
stable!*® *®! This could be due to either a mechanism favoutiregformation of trimer
(kinetic control) or to trimer having a lower engrinan other oligomers (thermodynamic

control), thus decreasing of rate of further react!”. A back biting mechanism
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(cyclodepolymerization) has been proposed as aaptebmechanism for oligomer

formation*® (Scheme 4.2).
By introducing of cyclization reaction in the mogdile fitting of model to the GPC results

improved specially at 260°C.

1,2

1 — o
Model, 260°C Experiment, 260°C

~~ 0,8 1
[
3
g
§ 0,6 1
=
©

0,4

0,2

0 T
0 0,5 1 15 2 25 3

log(Mn) [kg mol ]

Figure 4.17 Fitting of molecular weight distribution of PETW Imodified model with cyclization
reaction.

Table 4.8 Polydispersity index of PET after 4 h of reactair260°C

Reaction Temperature Source PDI
[C] [-]
GPC 2.45
260 Modified model 2.21

4.7 Conclusion
A rather complex reaction scheme must be usednwlate PET synthesis especially

when many parameters should be modeled.
In order to develop a very precise model for MWDsthier side reactions should be

introduce into the reaction scheme to cover whatege of molecular weight at elevated

temperatures.
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Abbreviation

AA
Abs
ADA
Al
BHET
BPA
BPC
Bu
Cat
CsD
DEG
DMT
DPC
DSC

Ecy
EG

EGMB
ET

GC
GPC
HE
HMD
HPPA

Acetaldehyde
Absorbance
Adipic acid
Activity index

Bis (hydroxyethylene) terephthalate

Bisphenol A

Bisphenol C

Butanol

Catalyst

Carbonated soft drink
Diethylene glycol

Dimethyl terephthalate
Diphenyl carbonate
Differential scanning calorimetry
Carboxyl terminal

Cyclic terminal

Ethylene glycol

Glycolate terminal

Ethylene glycol monobenzoate
Ethylene segment

Vinyl terminal

Gas chromatography

Gel permission chromatography
Hydroxy ethylene segment
Hexamethylene diamine

High performance polyamide
Hydrotalcite

Isophthalate

Infrared spectroscopy

Intrinsic viscosity

Melt to resin
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Abbreviation
MWD Molecular weight distribution
PA Polyamide
PA 6 Polyamide 6
PA 66 Polyamide 66
PDI Polydispersity index
PBT Polybuthylene terephthalate
PC Polycarbonate
PE Polyethylene
PE Polyester
PET Polyethylene terephthalate
PP Polypropylene
PS Polystyrene
PTA Purified terephthalic acid
PUR Polyurethane
PVC Polyvinyl chloride
Sb Antimony
SSP Solid state polycondensation
STR Stirred tank reactor
Syn.Elas Synthetic elastomer
T Terephthalic segment
TA Thermal analysis
TBBPA Tetrabromobisphenol A
TE Terephthalate segment
TMBPA Tetramethylbisphenol A
TGA Thermogravimetric analysis
TVO Trinkwasserverordnung
VK Vereinfacht Kontinuierlich tube

Water

Diester
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an Activity of amine terminal [-]

ac Activity of carboxyl terminal [-]

a Activity of polymeric amide [-]

a Ratio of concentration of carboxylic end groups [d

concentration of total end groups

Al Activity index based on DSC measurment HC

Al Activity index based on torque measurement [ roin Y]
B Amount of solvent without sample for titration imol]

B Heating rate [K min™]

C Integration constant []

Cp, MR Heat capacity of the reference measuring system K1J

Cp. ms Heat capacity of the sample measuring system K

Cr r Heat capacity of the reference [FK

Ces Heat capacity of the sample [J*K
[COOH] Concentration of carboxyl end groups [myl |

D Difference in concentration of acid and amine gralips  [mol ]

AH [ Enthalpy of reaction [J mol]

E Molar expansivity of polymeric segment [l el
[E] Concentration of total end group of PET [md] |

Ea Activation energy [J mol]

Eax Activation energy at x conversion [J ripl
[EG]o Interfacial concentration of ethylene glycol [nid]
[EG]L Concentration of ethylene glycol in melt phase [T

f(X) Reaction progress as function of conversion [-]

\Y Intrinsic viscosity [dig™

K Calibration constant of DSC [F &

Kapp Apparent equilibrium constant []

k Rate constant of forward reaction "nilol™ min™]
K Rate constant of backward reaction "miol™ min
Ke Rate constant of forward catalyzed transesteriicat  [I> mol“min’]
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K¢
Ki
Kn
K10

NLEG

NyET

Nt HE

N, TE

[OH]
[P]

Rate constant of reverse catalyzed transesterditat
Rate constant

Rate constant of hydrolysis

Rate constant of polycondensation excluding oalgat
concentration

Frequency factor of Arrhenius equation of rate tamts
Frequency factor of Arrhenius equation of rate tamis
Equilibrium constant

Initial overall mass transfer coefficient

Overall mass transfer coefficient of ethylene glyc
Rate constant of uncatalyzed transesterification
Rate constant of reverse uncatalyzed transessdidit
Overall mass transfer coefficient of water

Order of reaction rate constant

Mass of substance

Initial sample mass

Mass of residual sample

Sample mass at time t

Ratio of molar volume of polymer to volatile

Molar mass

Molar mass of bis (hydroxyethylene) terephthalate

Molar mass of ethylene glycol

Number average molecular weight

Torqgue of stirrer

Order of reaction rate constant and number oymet
repeating units

Amount of produced ethylene glycol at time t
Amount of ethylene segment at time t

Amount of hydroxyl ethylene segment at time t
Amount of terephthalate segment at time t
Concentration of hydroxyl end groups

Concentration of end product of polyamidation

[12 mormin]
[I"mol™ min]
"fihol™ min™]

[1’mol?min™]

[Pmol™ min™]
["mol™ min]
[-]
[rfih
[min™]
mof'min™]
[Imol*min™]
[iin
[-]
[a]
[a]
[d]
[d]
[-]

[g mol™]
[g mol™]

[g Mol
[N cm]
[-]

[mol]
[mol]

[mol]
[md] |

mol ]
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[Ped Concentration of end product of polyamidation fnol I™]
equilibrium
P,OO Vapour pressure of phenol [Pa]
Pbpc Vapour pressure of diphenyl carbonate [Pa]
Pec Vapour pressure of ethylene glycol [Pa]
Pyl Vapour pressure of water [Pa]
Pn Degree of polymerization [-]
Q Amount of consumed KOH for titration [mmol]
o Reaction heat flow [7%
Q- Heat flow to the reference [Fs
o} Heat flow to the sample [3'B
R Reaction rate [mol I"min™]
R Gas constant [J mol* K™
Ri Reaction rate constant (i=1-10) [mdhtin?]
Rm Rate of mass transfer of ethylene glycol [mMiwhin™]
Rwvis Heat flow resistance [K §']
Rw Rate of mass transfer of water [midiin™]
P Density [g mI”]
t Time [min]
T Time constant [S]
T Temperature [°C]
Tmax Temperature at maximum polycondensation rate [°C]
Tm Temperature at maximum polymer decomposition rate[°C]
To Polycondensation onset temperature [°C]
Tus Temperature of measuring system [°C]
Ts Sample temperature [°C]
YA Activity coefficient of amine [-]
Ye Activity coefficient of carboxyl acid [-]
YEG Activity coefficient of ethylene glycol []
Yi Activity coefficient of volatile [-]
i Activity coefficient of polymeric amide [-]

Yw

Activity coefficient of water

[-]
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[Wlo
[WI,

Xa

XEG

Xw

XPET
Yi
YEG

Yw

Reaction volume [1]
Molar volume of polymeric segment [l g
Molar volume of polymeric segment at 298 K [l Mpl

Molar volume of polymeric segment at T temperature [| mol™]

Volume of the melt at time t 1
Molar Van der Waals volume of polymeric segment mér]

Volume of melt occupied by volatile species pelunte [-]

of mixture

Molar volume of polymer in melt phase ]

Concentration of water in gas phase [mig! |
Concentration of water in melt phase [mid |

Mole fraction of amine terminal in liquid phasepdtase [-]
equilibrium

Mole fraction of carboxyl terminal in liquid phass [
phase equilibrium

Conversion [-]
Mole fraction of volatile in liquid phase at phasg]
equilibrium

Mole fraction of amine terminal in liquid phasepdtase [-]
equilibrium

Mole fraction of ethylene glycol in liquid phasetase [-]
equilibrium

Mole fraction of water in liquid phase at phade

equilibrium

Flory-Huggins coefficient [-]
Mole fraction of volatile in vapour phase [-]
Mole fraction of ethylene glycol in vapour phase -1
Mole fraction of water in vapour phase [-]
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Table 1 IR spectra of mixture of Cat 1 and EG (Cat 1*)

. Vibration .
Wave number(cfm) Type Observation
The absorption of ethylene glycol is around
-1 .
3600-3000 O-H [3300cnT. However_the mixed s.yst(.an? shows the
stretch |peak around 3318cMvalue which is in the sanje
range as the butanol (BuOH) peak.
At higher reaction time, the peaks looks more |ike
C-H |the catalyst absorption peaks with the differenge
3000-2700 ] .
stretch |that around 2841cththe shoulder, dissapears qr
is almost neglectable for the products obtained.
1600-1200 C-H The absorption peaks in this region look more|like
bendin¢_|the ones of butanol.
1200-1000 c-0
stretcl
C-H
1000-600 bending

Table 2 *H and**C NMR data of mixture of Cat 1 and EG

Position in molecule * EG EGTi(OBu) (2:1)

'H 3¢ o 13C
CHCL/CDCl 7.26 77.16 7.26 77.03

1 3.72 63.79 - _
2 3.72 63.79 - _

a 3.63 62.70

B 155 34.85

Y 1.37 18.89

5 0.92 13.84

*Numbers/symbols represent the following:
2 B 3

HO\/\ N
OH OH

1 a %
Ethylene glycol 1-Butanol
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Table 1 TGA data of nonisothermal run for calculation ofieation energy based on
model free method for [Cat 1]:10 mol ppm

5K min? 10 K min* 20 K min*
T Mass loss T Mass lass T Mass loss
[°C] [%] [°C] (%] [°C] [%0]
110.43 100 110.40 100 110.40 100
114.2035 99.98019 113.5705 99.99124 113.84872 50199
117.977 99.97235 117.341 99.97317 117.587144 9948869
121.7505 99.96623 121.1115 99.94554 121.32616 996
125.524 99.96623 124.882 99.93347 125.06488 9920483
129.2975 99.96826 128.6525 99.91557 128.8036 99928
133.071 99.96259 132.423 99.90101 132.54232 99M06(7
136.8445 99.94486 136.1934 99.89013 136.28104 959388
140.618 99.9124 139.964 99.871 140.01976 99.86346
144.3915 99.87604 143.7345 99.84504 143.75848 90383
148.165 99.81226 147.505 99.81432 147.49Y72 99.81941
151.9385 99.72787 151.2755 99.78263 151.235%92 98.79
155.712 99.61522 155.046 99.73861 154.97464 9987737
159.4855 99.46275 158.8164 99.68624 158.71336 89474
163.259 99.24068 162.587 99.63436 162.45208 9937091
167.0325 98.99254 166.3575 99.54687 166.1908 99671
170.806 98.67285 170.128 99.41242 169.92952 991614p
174.5795 98.30445 173.8985 99.25539 173.66824 29355
178.353 97.83801 177.669 99.07714 177.40696 994 76(1
182.1265 97.28768 181.4395 98.85534 181.14%68 99139
185.9 96.66406 185.21 98.58913 184.8844 99.2868
189.6735 95.91849 188.9805(1 98.27414 188.62312 60981
193.447 95.1003 192.75101 97.89808 192.36184 99322
197.22051 94.17388 196.52151 97.46119 196.10056 83982
200.99401 93.17481 200.292011 96.9416% 199.83928 63089
204.76751 92.0986 204.06251 96.36539 203.57799 89823
208.54101 90.94942 207.833011 95.69213 207.31671 10989
212.31451 89.7627 211.60351 94.96134 211.05543 79367
214 89.15 215.37401 94.15778 214.794015 97.39876
216.08801 88.54771 219.14451 93.15527 218.53P87 9698.
219.86151 87.34372 222.91501 92.2904 222.27159 (0]] 2}
223.63501 86.17081 226.6855(1 91.25648 226.01031 78953
227.40851 85.05072 230.4560(1 90.18559 229.74903 08989
231.18201 84.01266 234.22651 89.05003 233.48Y75 3894.
234.95551 83.06447 237.99701 87.99672 237.22647 629984
238.72901 82.21086 241.76751 86.90162 240.96519 84081
242.50251 81.43924 245.538011 85.76727 24470891 999712
246.27601 80.78927 249.3085(1 84.83721 248.44p63 099208
250.04951 80.24793 253.07901 83.89647 252.18135 16601
253.82301 79.76796 256.8495(1 83.00939 255.92007 2089.
257.59651 79.3404 260.62001 82.21317 259.65879 08383
261.37001 78.99084 264.3905(1 81.5236% 263.39Y51 39687
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5K mint 10 K min? 20 K min?

T Mass loss T Mass lass T Mass loss

[°C] [%0] [°C] [%0] [°C] [%0]
265.14351 78.68923 268.16101 80.92659 267.13623 .488%7
268.91701 78.4304 271.93151 80.3973¢ 270.87495 98574
272.69051 78.20953 275.70201 79.92472 274.61867 47684

Table 2 TGA data of nonisothermal run for calculationaativation energy based on

model free method for [Cat 1]: 50 mol ppm

5K min* 10 K min* 20 K min™
T Mass loss T Mass lass T Mass loss
[°C] (%] [°C] (%] [°C] [%]
130.05 100 129.73 100 130.05 100

132.889 99.7631246 133.1008
135.728 99.5161113 136.4717
138.567 99.2230661 139.8425 99.2363385 140.06472 9.93971
141.406 98.9278035 143.2134 98.9683144 143.40P296 9.91883
144.245 98.5570626 146.584] 98.6584119 146.7412 88698
147.084 98.1082765 149.9551 98.2911606 150.07044 9.85212
149.923 97.6151065 153.3260 97.9215875 153.41)768 9.80973
152.762 97.0723661 156.6968 97.4472734 156.75p92 9.74949
155.601 96.3730013 160.0677 96.9870289 160.09416 9.67637
158.44 95.5503711 163.4386 96.3551767 163.4324 8956
161.279 94.6574924 166.80946 95.64178381 166.77064 9.48%5

164.118 93.5592108 170.18032 94.8248844 170.10888 9.37663
166.957 92.3224743 173.55118 93.8482803 173.44{712 9.23369
169.796 90.9343223 176.92204 92.7805156 176.78536 9.069

172.635 89.2646262 180.2929 91.4485989 180.1236 84981
175.474 87.4302392 183.6637 89.8841409 183.46[184 8.60934
178.313 85.3683794 187.0346 88.1508008 186.80008 8.31966
181.152 83.0847257 190.40548 86.0217639 190.13832 7.96974
183.991 80.6132844 193.77634 83.8138212 193.47656 7.41665
186.83 77.8290466 197.14772 81.2695361 196.81148 7948
189.669 74.9506573 200.5180 78.0782082 200.15B04 6.48949
192.508 71.8106867 203.8889 75.4123188 203.49[128 5.90261
195.347 68.5409989 207.2597 72.015305 206.82052 .250589
198.186 65.1895497 210.6306 68.8105484 210.16[7/76 4.53856
201.025 61.7409945 214.0015 65.2487072 213.5p6 80934
203.864 58.3339308 215 63.4349633 216.84424 933286
206.703 54.979977 217.3723 61.3225638 220.18P48 .21294
209.542 51.634039 220.7432 58.224008 223.52072 36915
212.381 48.4634837 224.1140 54.5396592 226.85896 0.51608
215.22 45.3132261 227.4849 51.2007728 230.1972 67805
218.059 42.4581058 230.8558 47.924002 231.1 89.37%
220.898 39.8400343 234.2266 44.6482153 233.53p44 8.81899
223.737 37.2590768 237.5975 41.6787843 236.87368 7.98859
226.576 34.8733064 240.9683 38.94078383 240.210192 7.1631

99.7618986 133.38824 9.989223
99.4860068 136.72648 9.96214

RO N|O®

RO N|O®

6
2

=EYEAbYIE
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5K min™ 10 K min™ 20 K min™
T Mass loss T Mass lass T Mass loss
[°C] (%] [°C] [%0] [°C] [%0]

229.415 32.6619264 244.33925 36.3384488 243.55016 6.35836
232.254 30.6119442 247.71011 33.775343 246.8884 5439,
235.093 28.5825845 251.08097 31.2690637 250.22664 4.78882
240.771 25.1415573 257.82269 27.0260556 256.90312 3.57888
243.61 23.464364 261.1935bH 24.9723707 260.24136 0383.
246.449 21.8282266 264.56441 23.28501{1 263.5196 40885
246.449 21.8282266 264.56441 23.285011 263.5196 40885
249.288 20.1903165 267.93527 21.8027364 266.917784 1.95801
252.127 18.8889828 271.30613 20.3680417 270.25608 1.5381
254.966 17.6922352 274.67699 19.2484953 273.59432 1.22896
257.805 16.4970314 278.04785 18.1619087 276.93P56 0.88835
260.644 15.3063425 281.4187]1 17.1395767 280.27081 0.55882
277.678 11.0892686
280.517 10.6636524

model free method for [Cat 1]: 100 mol ppm

Table 3 TGA data of nonisothermal run for calculation ofieation energy based on

5K min™ 10 K min™ 20 K min™
T Mass loss T Mass loss T Mass loss
[°C] [%0] [°C] [%0] [°C] [%0]

118.91 100 130.05 100 136.23 100
121.9718 99.99371 133.0484 99.9807 139.0988 9931 9
125.0336 99.98465 136.047€ 99.96169 141.96[76 99 /A3
128.0954 99.96498 139.0464 99.9344 144.83b4 996m31
131.1572 99.95469 142.0452 99.9053 147.7062 997K/ 2
134.219 99.91813 145.044 99.86653 150.574 99.886904
137.2808 99.88254 148.0424 99.815064 153.44P8 99RSH
140.3426 99.82178 151.0416 99.75233 156.31/16 992705
143.4044 99.75017 154.0404 99.68874 159.1804 991031
146.4662 99.65307 157.0397 99.55023 162.0492 990588
149.528 99.53297 160.038 99.42475 164.918 99.601215
152.5898 99.36443 163.0364 99.26517 167.7868 99asIL
155.6516 99.16439 166.0356 99.08111 170.6556 9974351
158.7134 98.89016 169.0344 98.84944 173.5244 991270
161.7752 98.59254 172.0332 98.5709 176.3982 999UA1 0
164.837 98.22437 175.032 98.24107 179.262 98.9318B5
167.8988 97.77659 178.0304 97.85844 182.1308 oB78x4
170.9606 97.25096 181.0296 97.41857 184.9996 981R18
174.0224 96.64805 184.0284 96.9097 187.86B4 986THG 2
177.0842 95.9708 187.0272 96.32925 190.73J72 9743#D8
180.146 95.2122 190.026 95.6931 193.606 97.5887027
183.2078 94.38958 193.0244 94.99644 196.4748 9881134
186.2696 93.48793 196.0236 94.11383 199.3436 9B 165/
189.3314 92.54938 199.0224 93.35729 202.21p4 965229
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5K min™ 10 K min™ 20 K min™
T Mass loss T Mass lass T Mass loss
[°C] (%] [°C] [%0] [°C] [%0]
226.073 83.03895 232.0097 84.28173 236.638 88.a7046
229.1348 82.54755 235.008 83.66534 239.5068 8768317
232.1966 82.08587 238.0068 83.09764 242.3756 88%6b
235.2584 81.65295 241.0056 82.62293 245.2444 866/
238.3202 81.2097 244.0044 82.18174 248.1182 8558851
241.382 80.82065 247.00372 81.75309 250.982 84.781[72
244.4438 80.46942 250.002 81.35986 253.8508 8488306
247.5056 80.15696 253.0008 80.9863 256.71P6 83(&Y19
250.5674 79.85173 255.9996 80.6136 259.5884 83%BHDY
253.6292 79.56634 258.9984 80.26784 262.4572 835830
256.691 79.32764 261.99772 79.95391 265.326 82.0832%4
259.7528 79.11411 264.996 79.69449 268.1948 8208134
262.8146 78.95002 267.9948§ 79.42451 271.0636 8885P
265.8764 78.81195 270.9936 79.18957 273.93p4 845510
268.9382 78.68226 273.9924 78.98564 276.8012 827118
272 78.58595 276.9912 78.81251
275.0618 78.49239
278.1236 78.40162
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Table 1 Experimental data of lab scale stirred tank reactor

[Cat 1] | Temperature| Time IV_ M, Conversion [COOH]_ [AA] [DEG]
[wt ppm] [°C] (] | g’ | [gmor] [mmol kg'] | [ppm] | [%]
10 260 2 0.37 | 7.93E+03 0.976 5.4 5.2 1.73
10 260 3 0.47 | 1.11E+04| 0.983 8.7 6.4 1.76
10 260 4 0.52 | 1.32E+04| 0.985 9.1 4.6 1.77
10 255 2 0.36 | 7.56E+03 0.974 4.9 4.1 1.72
10 255 3 0.42 | 9.65E+03 0.980 7.0 4.0 1.73
10 255 4 0.46 | 1.09E+04| 0.982 7.6 6.9 1.74
20 260 2 0.40 | 9.05E+03 0.979 10.2 5.6 1.76
20 260 3 0.52 | 1.30E+04| 0.985 11.6 8.4 1.76
20 260 4 0.66 | 1.86E+04| 0.990 13.7 12.7 1.81
30 260 2 0.42 | 9.48E+03 0.980 12.1 9.7 1.75
30 260 25 0.49 | 1.20E+04| 0.984 13.7 9.2 1.75
30 260 3 0.55 | 1.42E+04| 0.986 14.2 11.0 1.78
0 260 4 0.19 | 3.04E+03 0.935 2.9 10.8 1.76
10 270 2 0.43 | 1.00E+04| 0.981 7.4 8.1 1.73
10 270 3 0.52 | 1.32E+04| 0.985 10.0 154 1.81
10 270 4 0.61 | 1.64E+04| 0.988 11.9 8.7 1.88
10 280 2 0.55 | 1.43E+04| 0.987 9.0 8.0 1.75
10 280 3 0.63 | 1.72E+04| 0.989 12.4 16.1 1.86
10 280 4 0.66 | 1.85E+04| 0.990 16.2 12.7 1.90
250 - Sb 260 4 0.42 | 9.53E+03 0.980 4.6 3.4 1.78
250 - Sb 260 3 0.37 | 8.00E+03 0.976 4.1 3.9 1.80
250 - Sb 260 2 0.33 | 6.62E+03 0.971 2.3 2.7 1.75

Table 2 Analytical data of intrinsic viscosity for PET syetsised at 270°C, [Cat 1]: 10 wt

ppm
No. Times measured | Times measured for| Viscosity Nlumber
for the solvent]s] the sample[s] [mlg™]
1 266.31 361.28 61.701
2 266.34 361.48
3 266.19 361.06
4 265.99 361.05
5 266.00 361.41
6 265.96 361.14
7 266.18 361.83
8 265.99 361.8
9 265.87 361.72
10 265.93 361.84
Average 266.07 361.46
St. Deviation 0.16 0.32

Porcentual errof 0.18% 0.27%
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Table 3 Analytical data of determination of carboxyl ensbgps concentration for PET
synthesised at 270°C, [Cat 1]:10 wt ppm

KOH solution Weight of the Volume of KOH
concentration sample used | solution for titration
M] [mg] [ml]
0.1 237.09 0.47 6.47 11.87

Acid number [COOH]
[mg KOH g | [mmol kg']

Table 4 Rate constants of polycondensation of BHET oligemeatalyzed by Cat 1 at

different temperature

Initial overall
Temperature | Polycondensation Degradation | Esterification | Side reactions| mass transfer
[°C] [l mol™ min] [min™] [l mol™ min] | [I mol™ min] coefficient
[min™]
255 4.65E-02 3.70E-07 1.03E-01 2.69E-03 1.62
260 5.08E-02 6.52E-07 1.10E-01 3.15E-03 2.05
270 6.52E-02 1.00E-06 1.34E-01 4.75E-03 2.76
280 8.90E-02 2.25E-06 1.68E-01 5.41E-03 2.92




