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The solid state polycondensation or in short SSP is the continuation of melt phase polycondensation at lower temperature.
The polymer melt is converted to granulate after MPP.

1. Introduction

This granulate which is also called “virgin pellets” is amorphous, the IV is in a range of 0, 45 — 0, 65 dl/g and it contains 30 —
150 ppm acetaldehyde (AA).

The targets of the SSP are to crystallize the polyester, to increase IV to 0, 75 — 1,0 dl/g and to reduce the AA to traces < 1
ppm at the same time.

The simplified chemistry of SSP is the same like reviewed yesterday in “Polyester-Chemistry-Basics” under the item
“polycondensation” with the difference that the chemical reactions are taking place mainly within the amorphous regions of
the solid pellets.

The technical SSP process exists of three steps which are thermal first or main crystallization, secondary crystallization and
polycondensation.

The removal of the occurring split products MEG, AA and water the SSP is performed at elevated temperature under counter
current flow of inert gas which is mainly purified nitrogen. Compared to the homogeneous melt phase the polycondensation
in solid phase is by fare more complex.

This might be also the reason that it took compared to melt phase polycondensation twenty years more to understand the
large scale SSP-process in all its details in which the semi-crystallinity of PET [see chapter “crystallization”] and its difficult
chemical and physical correlations was the biggest hurdle of understanding.

In the following the complex interacting polymer properties, process parameters and design features of industrial SSP are
discussed.
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2. Polymer Parameter

~Co-monomers

Depending on kind and concentration of co-monomers like IPA, CHDM or DEG the resulting co-polyesters are at gradient co-
monomer content increasingly reduced/increased in softening temperature (Tg), reduced in speed of crystallization and

crystallinity (Tc) and reduced in melt temperature (Tm). (see slides 6, 7, 8).

Especially crystallization behavior and softening properties are of significant impact to the required conditions of the SSP
process .

As a general rule: as higher the co-monomer content as lower the process relevant SSP temperature and as higher the lump
formation tendency during crystallization and SSP reaction.

The influence of the co-monomers like IPA, DEG and CHDM to change Tg, Tcc and Tm is significantly different which is related
to their molecular structure.

The flexible DEG-molecule is reducing crystallite melt temperature similar to the rigid and voluminous CHDM-molecule.

But glass transition temperature is not changed by CHDM and remarkably reduced by DEG.
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Figure 1: the cold crystallization Temperature Tcc as function of concentration IPA, CHDM and DEG

Tx-DSC = f[c-IPA; c-CHDM; c-DEG]

-----

Y

CO-MONOMER CONGCENTHATION
(WEIGHT#4]

SEMINAR

COPY RIGHTS PROPRIATORY TO: Dr. Thiele Polyester Technology; FOR INTERNAL USE ONLY



DR. THIEIH
POLYESTER TECHNOLOGY

Figure 2: The glass transition temperature Tg as function of concentration IPA, CHDM and DEG

Tg-DSC = f[c-IPA; c-CHDM;c-DEG]
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Figure 3: The crystallite melt temperature Tm as function of concentration IPA, CHDM and DEG

Tm-DSC = f[c-IPA; c-CHDM;c-DEG
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Table 1: Common bottle resin modifier and their main functions

Modifier Substance

Main Function

Triethylene glycol

reduce T, and T,

2 Ethyl propanediol-1,3

reduce T, and increase T,

1,1,1 Trimethylol propane

chain branching

2,2-Dimethyl propanediol-1,3

reduce T, and increase T,

1,6 Hexanediol

reduce T, and T,

Polyglycole

reduce T, and T,

Pentaerythrite

chain branching

Naphthaline dicarbonic acid

reduce T, and maintain T,, improve UV and gas barrier

Adipic acid

reduce T, and T,

1,4-Cyxlohexane dicarbonic acid

reduce T,  maintain T, and improve barrier

Phthalic acid or its anhydride

reduce T,

4,4 -Biphenyldicarboxylic acid

reduce T, and maintain T,, improve UV and gas barrier

Trimellitic acid or its anhydride

chain branching

Pyromellitic acid or its anhydride

chain branching

Tetramethyl cyclobutane diol (TMCD)

Reduce Tm and increase Tg (Eastman TRITAN comonomer)
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~ Acetaldehyde (ethanal) CH,;-CHO

The thermal treatment of polyester at elevated temperature especially above melting temperature is causing thermal
destruction which is always combined with AA generation.

Especial in bottle resins AA-content and rebuild is of high importance because AA-traces are deteriorating the taste of drinks —
especially of flat water — packed in PET bottles.

f(exp.T; t)
R,-C¢H,-CO-0-(CH,),-OH >  H,0 +R;-CH,-CO-O-CH=CH

f(exp.T; t)
R,-C¢H,-CO-0-(CH,),-0-CO-R, > R,-C,H,-CO-OH + CH,=CH-O-CO-R,

Reaction of VEG as poly-transesterification

R1-C4H,-CO-O- (CH,),-OH + RO-CO-0-CH=CH, - CH,-CHO + R1-C¢H,-CO-O--(CH,),0-CO-RO

Reaction of VEG as transesterification

HO-(CH,),-OH + RO-CO-0O-CH=CH, - CH,-CHO + RO-CO-O-(CH,),-OH

Reaction of VEG as hydrolysis

H20+ RO-CO-0O-CH=CH, - CH;-CHO + RO-COOH
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After melt phase polycondensation the PET melt contains depending on the process between 15 and 150 ppm AA which is
removed during drying to 2 - 10 ppm .

During drying the physically solved AA of the pellets is diffusing under elevated temperature from the resin pellets to the
process air which removes the AA.

The remaining problem are the not converted vinyl ester end groups of polyester which are reacting during the extrusion again
under AA generation.

In the cast A-PET film and preforms the AA content vary in a wide range between <1 and 15 ppm.

During stretching/bottle blowing and especially during annealing the content of AA will be reduced. The content will vary
depending on process.

AA analysis by desorption and GC
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~Crystallization behavior
The SSP reactivity depends significantly on degree of crystallization and structure of crystals and spherulites.

As more and as dense packed crystals the polymer contains as lower the SSP-reactivity because crystals behave like solid
barrier particles which constrict the diffusion of MEG and water to the pellet surface.

An increasing amount of co-monomer limits the maximum temperature during crystallization and SSP because the reduced
melting temperature supports tackiness and lump formation.

In this way co-monomers are supporting and hindering the technical SSP process at the same time.

~Degree of crystallization and size/shape of crystals and spherulites

To understand the development of polyester crystalline structure of pellets during the crystallization and SSP process there is
to consider besides chemical polymer composition and moisture content the thermal treatment starting from the melt phase
via pellet cutting and ending up at final SSP temperature.

The explanation of the crystallization in detail see chapter “Crystallization of PET”

~Pellet storage after granulation

Storage is causing aging which is disentanglement of polymer chains = longer aging faster crystallization. The aging is more
pronounced in presence of some moisture which is reducing Tg.
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~Microscopic pellet surface properties
Surface roughness and tackiness impose the trickle and flow behavior of the pellets during all stage of the SSP continuous process.

And tackiness during SSP process has been provided many headaches to the experts during the past. To solve the question why,
when and how pellets are stick together was one of the most challenging part of the SSP development.

When two polyester particles are fixed together under a certain temperature and pressure for a defined time there are occurring
coalescence of melt above Tg, trans-crystallization between the both surfaces at temperatures >Tg < Tm and so called “chemical

healing” where molecules of both surfaces reacting under polycondensation above 170°C < Tm].

To prevent lump formation and support a properly trickle performance the surface shape especially the surface roughness of the
polymer pellets is of important influence.

As more planar, smooth and flat the pellet surface is as higher the risk of sticking together. The sketch in figure 4 demonstrates the
differences in surface properties triggered by different heating velocity.

Figure 8: Sketch of different surface properties of PET-pellets triggered by different heating velocity during first crystallization

Besides heating velocity during crystallization also the mechanical treatment of this process step will impact the surface roughness
significantly.

Therefore the measurement of micro roughness of pellet surfaces allows drawing conclusions to kind of SSP technology.
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Figure 4: Sketch of different surface properties of PET-pellets triggered by different heating velocity during first crystallization
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Besides heating velocity during crystallization also the mechanical treatment of this process step will impact the surface roughness

significantly.

Therefore the measurement of micro roughness of pellet surfaces allows drawing conclusions to kind of SSP technology.
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From experiment with various heating rates was found that the lower the rate the higher the number of nuclei and
consequently the smaller the maximum spherulite radius.

Figure 5: Spherulite size in crystallizes PET, magnification of 200 X
heating rates of 50°C/min from 50 to 210°C heating rates of 5°C/min starting from 50 to 210°C

By selection of the appropriate process parameter like IV-amorphous, COOH-end-groups, resin recipe (co-monomers) and
heating velocity during first crystallization the structure of the PET can be optimized toward conditions of “easy upgrading”
means faster SSP velocity and “easy to dry” for the finished resin prior extrusion.

Key of this is the change of diffusion velocity depending on crystallite density.
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~COOH End Groups

The next important chemical impact to the SSP velocity is the ratio of COOH- and OH- end-groups of virgin polymer.

Increasing COOH-concentration is resulting in more polyesterification between the COOH- and OH- end-groups with the
consequence that water as side product is diffusing faster out of the pellets.

In practice COOH concentration of 35 to 45 mequ/kg is sufficient.

~Catalyst
Finally also kind and concentration of catalyst are important to the reaction progress.

This became obvious especially during the process developments to replace the antimony by titanium or aluminum as
polycondensation catalyst.

The presence of antimony is supporting the SSP remarkably.

Not to forget the impact of the catalyst to the thermal crystallization behavior. It is commonly known that Sb 3+ becomes
partially reduced to Antimony metal which precipitate as fine particles with a size of about 50 nm.

These particles are active during nucleation.

Sufficient SSP-velocity will be reached at catalyst antimony concentrations of 200 — 300 ppm. Antimony is boosting thermal
crystallization and titanium is more likely to reduce crystallization.

Titanium catalysts are compared to antimony of significant higher activity during melt polycondensation. Common Ti-
concentrations are between 10 an 30 ppm.

To reduce discoloration additional p-stabilizers are applied. Unfortunately the low Ti-concentration is contra-productive for the
SSP. Co-catalyts (for instance Na, Co, Mg, Ba) are required. Other compromise is the combination of Sb and Ti.
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3. SSP Process

~Crystallization
Virgin polyester pellets are normally amorphous and transparent.

The density of amorphous pellets is about 1, 33 g/cm3.

Each kind of thermal treatment needs to convert the amorphous pellets to the crystalline state where the density is increased
to 1,40 -1, 44 g/cm3, the appearance is opaque white and the pellets are not sticky.

~Primary crystallization
At the glass transition temperature Tg of 78 — 80°C amorphous polyester changes the physical condition from glassy solid to
high viscose liquid and becomes ductile and sticky.

When heating up PET pellets above Tg without movement one gets therefore permanent and solid lumps.

Because the main crystallization is taking place at 130° — 180°C the pellets are steadily to move during heating until
crystallization is finished.

In case of lump formation the removal of crystallization heat will be reduced or hindered which could cause severe overheating
or even melting or burning.

During main crystallization the continuous blending of about 60% already crystallized with 40% amorphous pellets prevents
sufficiently lump formation.

Depending on crystallization temperature and time the degree of crystallization reaches during pre-crystallization 30 — 45%. The
crystallization time is between 10 and 20 min.
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The sequence of main crystallization is undergoing two phases which are the creation of nuclei and the growth of crystals.

~Heating velocity during primary crystallization

Both processes the nucleation and crystal growth are going through a speed maximum — the nucleation in case of PET between
70° - 130°C and the crystallization between 120 and 170°C as it is demonstrated in figure 6.

Figure 6: Schematic diagram correlation of nucleation frequency
And crystal growth during thermal primary crystallization at
Increasing temperature in a viscous polymer melt (example polyester)
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The residence time at maximum nucleation speed controls the number of nuclei and with this the overall crystallization rate
and spherulite shape.

In case of only few nuclei are originated caused by crossing the nucleation maximum in short time (by fast heat up velocity) the
crystallites are growing to large spherulites which could reach a size of some micrometer in diameter.
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The resulting polymer structure becomes coarse and diffusion will be easy.
As a result the SSP velocity will be significantly higher.
A welcome side effect is that such kind of polyester will be “easier to dry”.

Crossing the nucleation phase within a longer time (by slow heat up velocity) high numbers of nuclei are originated, the
crystallites are of small size and denser packed.

The resulting structure is fine and diffusion is more difficult.
As a result the SSP velocity is reduced.

The crystallization of PET is an exothermal process where it is important to remove the generated heat of crystallization
properly.

The heat of crystallization as inversion of the heat of fusion is in a range of 32, 5 cal/g.
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After primary crystallization the crystallite structure is imperfect and the remaining amorphous matter is coursing again
ductility.

This might cause again lump formation while further heating.

Therefore the technical process of crystallization needs a secondary crystallization where the degree of crystallization will
increase up to about 45 - 55% and the tackiness will be predominantly suppressed.

Depending on the SSP process vendor secondary crystallization is taking place between 180° and 220°C.

To assure that after secondary crystallization tackiness is completely suppressed the subsequent SSP treatment is most of the
time done some degree C lower than the maximum of secondary crystallization temperature.

Figure 7 is demonstrating the general characteristics of primary crystallization and secondary crystallization

Figure 7 Schematic diagram of crystallization velocity of semi-
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The SSP process is compared to the MPP slow and inactive. To increase the polymer IV from 0, 60 dl/g to 0, 80 dl/g the SSP is
lasting between 8 and 12 hours.

The average upgrading velocity during SSP is 0,02 — 0,03 dl/g per hour.

Therefore it does not astonish that industrial SSP processes are running at the highest possible temperature even with the risk
of lump formation.

Depending on the amount of co-monomers the maximum SSP temperature is between 200° and 220°C for continuous
processes and up to 235°C for discontinuous processes.

~Process gas
The process gas of SSP is mainly nitrogen of high purity where the concentration of oxygen is < 10 ppm and the concentration
of water is in a wide range between 0,5 and 0,0005 g/Nm?® whereas the moisture content is mainly expressed as dew

temperature with a range of -20° —-80°C.

There are also SSP processes known where as process gas CO2 is used. Advantage is the higher specific heat of CO2 compared
to N2 which is one way to reduce costs of gas transport and purification.

The velocity of the SSP process depends on the water and glycol concentration difference between the pellet surface and the
surrounding purge gas.

As one can see from the big range in moisture content of gas at dew temperatures between -20°C and -80°C the removal of
glycol and water from the pellet surface will be different in the same way.

In terms of diffusion power a wet gas and a dry gas can be compared to a low and a high vacuum.
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The direct conversion of dew temperature to partial water pressure results for -20°C dew temperature in a pressure of 1,01
mbar and for -80°C dew temperature in 5,3 x 10-4- mbar.

Out of this comparison it becomes obvious that the removal of moisture from the pellet surface at —80°C dew temperature is in
magnitudes faster than at -20°C dew temperature.

As a practical result the polycondensation progress at the pellet surface at dew temperature of -80°C is much as increased that
diffusion form the pellet core to the pellet surface does not meet the removal of glycol at the surface with the consequence

that a core — shell structure will appear.

From practical experience the shell of the polymer pellet at very low dew temperatures of process gas can have an IV 0f 1,2
dl/g and the core IV remains at 0,72 dl/g.

For this reason the proper adjustment and control of dew temperature is decisive for consistent molecular weight distribution
and avoidance of core-shell structure.

To remove glycol and water from the pellet surface a certain gas velocity is required which is often expressed as weight ratio
polymer/hour : gas/hour.

The polymer : gas ratio is in a range of 0,1 — 1,0 and determines the energy cost efficiency of the process.
~Moisture of amorphous pellets

The moisture of the virgin pellets prior SSP exists in twofold manner, as surface and core moisture. Short after pelletizing the
moisture exists at the surface only.

Depending on storage time, water content and storage temperature the moisture is diffusing inside the pellets. Because
moisture is reducing Tg and acts also as crystallization nuclei it will support in this way the crystallization.
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Another aspect of moisture is its power to hydrolyze PET at elevated temperature quickly which results in reducing molecular
weight.

But at the same time the water will support the removal of acetaldehyde.

In consideration to the technical SSP process the moisture is involved in complex cross correlations.

~Dimensions of polymer pellets

The SSP is mainly controlled by diffusion processes.

It is easy to understand that SSP progress will increase when average diffusion length within the polymer pellet will decrease.
The SSP velocity is increasing as smaller the pellet dimensions are.

For practical reasons it is of advantage to operate with the average weight of the single pellet instead of the geometrical
dimensions length, width or diameter because it is difficult in practice to measure/analyze exactly those dimensions. For
bottle grade a range 14 — 22 mg/pellet with mean at 17 mg/pellet is widely established.

To get after SSP a narrow degree of molecular weight dispersion the pellet weight should vary in a narrow range.

Besides the geometrical dimension the cutting performance is important because all kind of cutting defects like beards or tails
are causing during pellet transport dust which impacts the pellet quality negative.

During the last decade a new pelletizing concept was penetrating the market where instead of strand pelletizing a die phase
pelletizing is applied.

As result the pellet shape is pearl like without distinctive cutting edges (see figure 10).
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Figure 8: Under water die phase pelletizing, system Automatic Plastics Machinery GmbH

(Publication courtesy by AUTOMATIC MAAG GmbH)
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Most important progress of pelletizing technology is the direct
crystallization using the inherent heat from the melt phase
together with crystallization heat to convert the amorphous
melt during pelletizing, solidification and conveying to
crystalline, non-sticking pellets. Involved companies: MAAG,
POLYMETRIX and NORDSIN BKG (slide 25, 26).
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Figure 9: The different pellet shapes

USG and (under water strand) and
die phase pellets

Between both pellet types are off cause
differences in

~ gap volume / gas flow resistance

~ tendency to tack

~ apparent specific gravity

~ flow behavior /bulk cone

All these details are of process impact
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NORDSON-BKG: http://www.nordson-k.com/en/bkg/know-how/underwater-pelletizing/special-
applications/crystallcut

PET crystallization CrystallCut

CrystallCut was developed to produce free flowing crystallized PET pellets both gently and economically. In a conventional crystallization
process, PET pellets have had a tendency to crystallize with a lack of homogeneity — the amorphous portion is too high, and the degree of
crystallization is very low.

Since amorphous PET pellets have a tendency to stick together during production, processing PET can lead to problems during
conventional crystallization and material handling at elevated temperatures. To crystallize the material sufficiently, it is necessary to supply
the conventional crystallization process with sufficient energy or heat. Before CrystallCut, PET recycling was both a difficult and expensive
process; however CrystallCut now offers processors an economic PET recycling solution.
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4. Industrial SSP Processes — Discontinuous

Depending on plant capacity and product variety the SSP is carried out in discontinuous and continuous production modes.
The discontinuous SSP as a high flexible process ranges from batch sizes between 0,5 t and about 20 t.

The capacity depends on the plant design. The so called semi-continuous plant design which exists of feed hopper, continuous
fluid bed or infrared crystallizer, first intermediate storage vessel of crystallized pellets, vacuum tumble dryer, SSP pellets
storage vessel, continuous cooler + deduster and bagging station is increasing the efficiency of the tumble dryer by about 70%.

Because of the long heating and cooling times the stand alone tumble dryer produces about one batch per day.

The semi-continuous process reduces heating and cooling times remarkably which results in a capacity of about 1,4 - 1,8
batches per day.

The low capacity batch type SSP processes are mainly used to produce resin for technical yarn, monofilaments, special high IV
packaging cast film as it is used for the thermoforming of food trays or to produce the high IV-precursor for foam-PET and
engineering plastic resins.

Figure 10 is showing a semi-continuous SSP scheme. In terms of resin quality the discontinuous SSP provides some advantages
and also some disadvantages.
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Figure 10: Process scheme of semi-continuous SSP process
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Typical process parameter semicontinuous SSP:

% Crystallization:

%+ Tumble dryer

* Cooler deduster

-air temperature 170 - 180 Deg.C
-residence time of PET 10 - 20 min
-chips temperature 150 - 160 Deg.C
-ratio chips/air 1:8 until 1:10
-crystallinity PET 35 - 40 %

-0il temperature 220 - 240 Deg.C
-yacuum < 1 mbar
-residence time 20 - 30 hours
-chips temperature 210 - 230 Deg.C
-crystallinity > 50 %

-1V increase 0.20 - 0.40 dl/g

-air temperature 20 Deg.C
-residence time 10 - 15 min
-chips temperature < 60 Deg.C

COPY RIGHTS PROPRIATORY TO: Dr. Thiele Polyester Technology; FOR INTERNAL USE ONLY



DR. TH I‘Elu
POLYESTER TECHNOLOGY

~Advantages:
~ The narrow IV-distribution over the whole batch because each polymer pellet has an identical thermal and residence time history

~ No risk of core-shell structure because vacuum is commonly 1 mbar which correlates to a dew temperature of about -21°C

~Disadvantages:

~ To reach high polycondensation progress the oil temperature is raised often up to 230°C which is causing together with the
relatively long residence time a high degree of crystallinity.

~ One can find in such products easily up to 65% crystallinity.

~ Especial in case of bottle application high degree of crystallinity needs high energy input during extrusion which will cause a
higher rebuild of acetaldehyde

~ Each leakage will cause severe discoloration induced by thermo-oxidative degradation

~ Depending on pelletizing-quality abrasion of dust. Therefore a striking dedusting unit after the tumble dryer is mandatory
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The main portion of all types of bottle grade resin is produced on continuous SSP plants which are most of the time erected in
connection to the melt phase resin production.

Different to the polyester synthesis with its wide variety on temperature and residence time the currently existing SSP plants are
working after the same base principle and within a narrow operational window.

The main know how of an industrial SSP plant design is hidden in the best maintained plug flow conditions cross the whole
process and the lowest mechanical forces attracting the pellets especially during crystallization to minimize dust generation.

Another than liquid processing where internal movement by boiling and external agitation are providing a high degree of
homogeneity the processing of solids is significantly more complicated.

First aspects are pellet properties like shape, dimension, cut, surface roughness, chemistry and variation of those parameters
which are involved in segregation and differentiated flow and ripple behavior.

Second aspects are the geometrical design features of all technical facilities together with surface properties of pipes and vessels.
Third aspects are correlated to gas purity, gas velocity and gas : solid ratio.

Independent engineering companies which are selling successful continuous SSP-plants are limited. Arranged by market
penetration one can name the companies POLYMETRIX (former Buhler), UOP-HONEYWELL-SINCO, TECHNIP-ZIMMER GmbH, and
HOSOKAWA-BEPEX mainly. From China SSP equipment is coming from WELLSUN (Buhler principle).

Besides the engineering companies large polyester producer like M&G-Group, Mitsubishi, TOYOBO or TORAY are developing own
in-house technology for polyester upgrading. Recently YIZHENG-SINOPEC entered as first Chinese manufacturer this field.

Due to the fact the process differences between the currently existing SSP-technologies are not as pronounced as between the
existing melt-phase-technologies the following will concentrate on some basic design distinctions and their process impact.
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Figure 11: Process scheme of continuous SSP process

AMORPHOU S T ﬂ
PELLETS

* SSP tube reactor
-N2 temperature 200 - 230 Deg.C
-residence time of PET 10 - 20 hours
-chips temperature 205 - 225 Deg.C
-crystallinity PET > 55 %
-ratio Chips:N2
-dew temperature of N2 < -40 Deg.C
-0il temperature 200 - 235 Deg.C
-gas velocity > 0.2 m/sec
-1V increase 0.20 - 0.40 dl/g
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The main process steps are:

~ Amorphous pellets from storage Silo

~ Feeding hopper (A)

~ Lock feeder or belt weigher

~ First or pre-crystallizer (B)

~ Secondary crystallizer (C)

~ SSP reactor (D)

~ Cooler / Deduster (E)

~ Product silo and bagging / truck
loading station

~ Gas cleaning unit (F)

~ Pellet conveying system

A principle process scheme containing
these steps together with typical
process parameter are shown in figure
11.
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~ First or pre-crystallizer

Following the product flow the pre-crystallization is performed meanwhile in most SSP plants by fluid bed crystallizers. A
typical example is shown in figure 12.

At the product entrance (left) most of time additional devices are added to strew/distribute the pellets cross the whole inlet-
area.

The apparatus could as demonstrated in figure 12 contain two or more chambers to maintain good plug-flow conditions.

In some crystallizer versions the chambers are supplied by gas of different temperature and gas velocity to improve the
efficiency.

Welcome side-effect of fluid bed crystallizers is their high effectiveness in dust removal.
The first crystallization can be performed under air or nitrogen whereupon in the last time nitrogen will be preferred.

Advantage of nitrogen is the possibility to heat up and crystallize at temperatures above 180°C without the risk of thermal
degradation.
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Figure 12: Typical fluid bed pre-crystallizer

il | - I Typical process conditions fluid bed pre-crystallizer
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Another kind of pre-crystallizer is shown in figure 13. This so called “paddle” apparatus is mixing and moving the
pellets by mechanical agitation.

The energy consumption of such a system is compared to the fluid bed lower but the mechanical movement needs to
apply sufficient dust removal units

Figure 13: Mechanical mixed pre-crystallizer applying infra red heating
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~ Secondary or final crystallizer

Figure 14: Gravity flow pre-heater and secondary
crystallizer

SEMINAR
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Significant differences in the technical design of
SSP-processes are hidden in the design of
secondary crystallization facilities.

As one can see in figure 7 (slide 17) the
secondary crystallization needs a time of about
30 min along the way the pellets must be gently
moved to prevent lump formation.

Meanwhile are existing three general types of
secondary crystallizers which are at first a
gravity flow pre-heater or roof-plate-apparatus
like demonstrated in figure 14 .

Here the pre-crystallized pellets are trickling
gently from level to level and are at the same
time heated up by cross flowing gas.
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Figure 15: Vertical gravity flow pre-heater on POLYESTER TECHNOLOGY

top of the SSP-reactor

t First or pre-crystallizer

| [ -
L o |I j — 1 Second crystallizer / pre-heater
il L I
I | )1 |
T | & L J _] "
II_.-’ T .lil ! Placing the pre-cystallizer and the second crystallizer / preheater
P vertical on top of the SSP reactor as shown in figure 15 is mainly used
r | % for SSP plants of medium and lower capacity because of the required
| |' building height.
4 [
H— L For large scale SSP units the pre-heater can be a separate unit
i _' ! erected side by side to the SSP-reactor and connected via hot pellet
e conveying.
| |
Fl‘ly o= 12
WV
1% ) o
|_ = . :.FIH"-I
I —t 1 Cooler / deduster
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The next type of pre-heater and secondary crystallizer moves the pellets by rotating discs like demonstrated in figure 16.

The heat transfer is performed by HTM-heating of jacket and agitator.

Besides the advantage of economic heat transfer this type of crystallizer is modifying the pellet surface by mechanical forces.

Comparing pellets processed by gravity flow crystallizer and mechanical moved crystallizer under the microscope one can

easily distinguish both by surface roughness.

The gravity flow type is showing a smooth and shiny pellet surface against what the surface of the mechanically agitated type

appears rough and matte.

Figure 16: Horizontal mechanically moved secondary crystallizer type

HTM

SEMINAR

Typical process conditions of second crystallizer /
pre-heater

~ nitrogen /inert gas

~ gas / oil temperature 200 - 235 °C
~residence time 30- 60 min

~ chips temperature 190 - 225°C

~ crystallinity PET > 50 %

~ dew temperature Nitrogen < -40°C

~ rotary crystallizer shaft speed: 5 -15 RPM
~ ratio pellets : gas 0,05:1 ...0.2:1

inert gas could be also carbondioxide
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Figure 17: Vertical agitated secondary crystallizer

A third type of secondary crystallizer is combining gravity flow and
gentle mechanical movement as it is demonstrated in figure 17.

In this apparatus the pre-crystallized pellets are fed to the top—inlet

bE
|
I
e
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~ SSP reactor POLYESTER TECHNOLOGY
The SSP reactor exists in all state of the art plants of a vertical tube reactor.
Most SSP-reactors are empty tubes where the plug flow is maintained by angle and design of the bottom cone.
Other vendors are fitting flow guiding bodies to the reactor like it is indicated in figure 16.

With increasing line capacity it becomes more and more difficult to achieve plug flow conditions and therefore single line SSP-
capacities of 800 t/d using stat of the art vertical reactor tubes is for the time being the upper throughput limit.

With the steadily increasing line capacity of melt phase polycondensation which has reached meanwhile >1500 t/d there is
the need for a similar capacity development in SSP.

~ Cooler / Deduster

The generation of dust is not to avoid and depends besides the cutting performance on forces and duration of mechanical
treatment during SSP.

Depending on kind and adjustment of crystallization equipment the dust generation during SSP is within a range of 1500 —
6000 ppm.

The presence of dust in the final product should be < 50 ppm better < 10 ppm which requests in any case for a sufficient
dedusting unit.

Most of the time cooling and dust removal is incorporated in one fluid bed cooling unit similar to pre-crystallizer.
The contact duration of the hot pellets to the cooling gas is during cooling short.

Therefore most processes are using filtered air as cooling gas. After cooling the pellet temperature is below 70°C.
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~ Pellet conveying system

After careful dust removal it goes normally without saying that pellet conveying must be done careful to avoid fresh dust
generation.

Any pellet transport movement with a speed above 5 m/sec will cause polymer abrasion during the moment the high velocity
pellet is touching the conveying tube surface especially at the pipe bends.

At the microscopic point of contact the temperature of the pellet surface is raised to high temperature with the result of
transmitting small polyester melt dots to the tube surface.

These polymer layers are growing and one can observe from fine fibrils to large film stripes any kind of abrasion residues,
sometimes also called “angel-hair”.

The presence of air and the high temperature at the microscopic point of contact is causing severely oxidative destructed
polyester.

The macroscopic result are gel like particles and “unmelts “ present in large quantities in the conveying dust.

As a consequence the conveying equipment should be executed as slow motion ore dense phase /pulse conveying.
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~ Gas cleaning unit

After removal from SSP process the nitrogen is containing organic impurities mainly ethylene glycol, acetaldehyde, polyester
oligomers and water.

The removal of these impurities is possible by washing the SSP-gas with ethylene glycol using a washing column.

This technology is an option for large scale SSP units where the feed IV is in < 0,60 dl/g and the IV-lift-up is in a range of 0,3
dli/g

Another approach was in the past to burn the organic residues with access oxygen and removal of the non-reacted oxygen by
adding of hydrogen and reaction at a copper contact.

Some severe plant explosions forced the engineers to find a cleaning process without the need of hydrogen.

The solution was a stoichiometric or even slightly sub-stoichoimetric burning where the added amount of oxygen is
automatically controlled by the trace level of oxygen or carbon monoxide at the outlet of the catalytic burning bed

Another important subject is the selection of the burning / oxidation catalyst and in specific amounts and relation of the noble
metals platinum and palladium which are representing the value and finally the price of the catalyst.
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Until the year 2005 capacity increase of SSP above 1000 t/d in one single line was still a dream because tube reactor diameter
and reactor height are inherently at a capacity of about 800 t/d at physical limits.

~ The new horizontal SSP process

Especially plug flow conditions and even gas distribution are becoming in such huge vertical tube reactor an increasing
problem not to mention the time until the process is running under steady state conditions which is connected to inflexibility
regarding throughput and IV-change.

A new process is suggesting the principle of inclined rotary kiln type reactor which is mechanically a matured technology of
the cement industry .

The principle is demonstrated in figure 18.

The history of this development is interesting.

Knowing the inventor of this technology Mr. Giuliano Cavaglia personally | observed his first attempts to place this new
technology and it took some time until he met Guido Ghisolfi, one member of the M&G owner family who recognized the
potential of this technology and took the risk of industry introduction in a large scale.

| had the chance to see the M&G “horizontal pilot SSP facility” at Patrica / Italy site in 2008 of a capacity of about 500 t/d.

Very soon the first full scale plant of 1500 t/d went on operation in Brazil and this year two parallel working units of 1600 t/d
each are planned to go in operation at Corpus Christi site USA.
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Figurel8: Continuous SSP of polyester applying kiln type horizontal reactor POLYESTER TECHROLOGT
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The polyester granulate from the silo (11) is fed to the pre-crystallizer (13) which could be a fluid bed type and entering the kiln
type reactor (15) where it is gently moved by gravity differences triggered by slow rotation of the reaction tube whereat the
reaction gas is flowing over the steadily renewing granulate bed surface and removing the split off products like water and
glycol.

It is to prescient that in difference to the vertical tube the reactor the plug flow conditions of a kiln type reactor is comparable to
a series of large numbered equal sized back-mix tanks.

Unlike other inventions which need a long of time between filing and large scale industrial realization the new horizontal SSP will
be realized with a new world scale polyester project of M&G in 2008 (SUAPE, Brazil).
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From HCIRR® to EasyUp

DR. THIEI.“
POLYESTER TECHNOLOGY

It started as a patented IDEA - ing 925
(PCT/EP2003/007116) SWIP

Direction of Rotation

Cylinder walt

Faifing
surface layer

Rigid body

Particle path along fine motion

of steepest descent
Granular bed

Horizontal Continuous slightly Inclined Rotary Reactor
No chips-chips compaction pressure, no size limitation

perfect plug flow: more than 600 CSTR in series

Slide courtesy relinquished by M&G Group
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PET SSP -Easy Up - Horizontal vs. Vertical

Standard EasyUp
Sjze Max size 700 ton/day No limitation
Process ~ 15 CSTR in series ~ 500 CSTR in series
Flexibility The bi_gger is the unit cell, larger is High segregation between
transition volume production change

Vertical Chips movement and columnr

: : : Continuous rotation avoid
weight result in agglomeration

Quality e ) _ agglomeration with uniform IV
possibility and not uniform gas/chips distribution between chips
contact

Lower temperature, higher Higher temperatures, lower
Variable cost residence time, 15 hours, residence time, 10 hours, halve
command higher costs variable costs

Slide courtesy relinquished by M&G Group
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From HCIRR® to EasyUp

Technology optimization went through 7 different phases:

More than 2000 mton of
amorphous PET have been
upgraded by HCIRR pilot

'R ar

Ranges of viscosity between
0.5 dl/g and 0.9 dl/g were
successfully covered

Successfully proven GTU
(CATOX + DRYING) on N,, or
CO, closed loop

Slide courtesy relinquished by M&G Group
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Easy Up - Polymer characteristics

More homogeneous structure in terms of Crystallinity and chips morphology
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Slide courtesy relinquished by M&G Group
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EasyUp™ — An Innovative Approach

Traditional: Vertical Reactor (700 MT/day max)

M&G Technology: Horizontal (1,500 MT/day)

u
-.'f
! !
I/

LOO m

Y e/,

v

100 m

e The streamlined process for M&G EasyUp™ requires half the equipment list
utilized in traditional technology

e MR&G EasyUp™ technology avoids the impact of a vertical tower and has no
capacity limitation for a single line
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The inventor of the horizontal SSP Juliano Cavaglia (www.epic-srl) has recently published a new concept for a jumbo multi
chamber pellet cooler. The first unit is installed at an existing Melt to Resin unit of a 825 t/day .

~ New jumbo fluidized bed pellet cooler

A similar one of 1600 t/d size is working in M&G SUAPE, and other two (each one 1600 t/d) will be installed in M&G US Corpus
Christi site.

For those who are interested in this technology there is a simulation video under
https://www.youtube.com/watch?v=_0a5jdkTFW4

Figure19: Jumbo fluidized bed pellet cooler (see also http://www.epic-srl.com)
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40316 : 004
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6. Some lay out examples from market SSP technology

~ UOP SINCO'’s Process

AMORPHOUS FEED INLET
0.60 1V - 10°C
0.5% Moisture

100 ppm Acetaldehyde

Weighing Unit

Fluid Bed Precrystallizer
Crystallizer

Crystallizer

Reactor

Fluid Bed Cooler

Dust Separator

Self Cleaning Filter

O 00 N o uu B W N B

Reaction Air

[EEN
o

Oxidation Reactor

=
[N

N, Drying Unit

[EY
N

Static Cooler HITROGEN

EESIN IN HITROGEN
AIR
COOLING WATER

HCEN

PRODUCT OUTLET
0.72-1.00 IV - 65°C
<1 ppm Acetaldehyde
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UOP SINCO’s Process

SINCO SSP PROCESS

PRE-CRYSTALLIZER

| CRYSTALLIZER

NPU REACTOR

| SSP REACTOR

DRIERS

FLUID BED COOLER
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~Continuous SSP lay out, principle HOSOKAWA BEPEX

B 55 WA e 35 9 o S SRR e s

1 et 5

CONTINUOUS PET
SSP FLOWSHEET .. =0 ... 00 .. i
FOR UP TO 600 MT/DAY . 1" .. -0

3 .._-'.-.' e .'.'i“ : ....:-.:,-:' .-'.-'. .-'- rfl N

o ook
. o086 Amp [P .
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~Continuous SSP lay out, principle BUEHLER / POLYMETRIX

PET SSP with 4 Major Process Units |

~ Crystallization
Crystallizer: Spout Bed Heat Exchanger OTWM
Crystallizer Reactor
- Preheating
Preheater: Vertical Flow Heat Exchanger OKTR
Preheater | !!
! i
—
1 L & o
£ - Solid State Polycondensation
I Cooler Reactor: Vertical Mass Flow Reactor OKTN
i Cooling
Cooler: PULSBED Fluid Bed Heat Exchanger
OTWG

@ BUHLER

YOUR PLRFORMANCE (N MIAD
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~Continuous SSP lay out, principle UIF
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Fig. 2
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~Continuous SSP lay out, principle Shell

-~

feed hopper

crystallizer air 185°C, 5-10 min

pre-heater 1 N2 180°C,3 -4 h

4
pre-heater 2 air 240°C, 5 / 10 min
]
5 reactor 1 N2, 210°C
9

pre-heater 2 N2, 225°C

reactor 2 N2. 220°C
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~ Continuous crystallization lay out, principle epic-srl, M&G new process
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7. MELT TO RESIN or SSP?

During the last decade the MTR® or direct to resin DHI (direct high intrinsic viscosity) technology was successfully developed by
UHDE-INVENTA (THYSSEN-KRUPP), EASTMAN and Technip.

This process is increasing the molecular weight/IV until the required quality for water and CSD bottles up to ~0,85 dl/g and
provides identical quality features like the SSP Process.

Some feature for investment decisions:

Standard Process Direct Processes

MP IV 0,55 - 0,60 dl/g MP 1V...0,85 dl/g

SSP IV...0,85 dl/g

MP capacity up to 2000t/d MP capacity up to 800 t/day
SSP capacity up to 800 t/d

Advantages: high capacity MP, high flexibility Comparable lower investment

Variety of licensors available MP/SSP

Disadvantages: comparable higher investment Low flexibility, limited capacity, limited flexibility in
and product type, throughput < 80% increasing quality
problems
Limited number of licensors

As long as M&G does not license his proprietary “HCIRR” SSP technology the preference between standard process and direct
processes depends very much

on specific situation of PET producer (small, middles, big plant capacity, one line or multiple lines, one production
site or multiple production sites)
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