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PET — Catalysts

Antimony and Non-Antimony Catalysts in Polyester Production
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1. Introduction POLYESTER TECHNOLOGY

The application of catalyst systems to accelerate esterification, transesterification and polycondensation had been and is ongoing
intensively studied by chemists since polyester was invented and introduced to the industry.

Using the key words “polyethylene terephthalate” + “catalyst” the patent research tool “espacenet .com “ provides more than
1385 hits. The similar situation we have in scientific publications about polyester catalysts.

It is assumed that the basics knowledge about theory of polyester catalysis in function and kinetic is well known and intensively
studied by the audience.

Therefor the content of this lecture covers mainly experiences of catalyst in industry applications.

More than 80% of the world wide produced polyester is based on antimony catalysts where ATO is mainly used. During recent
years the application of ATA and ATG is growing.

2. The antimony catalyst family and their development

There are no intellectual property reasons to choose kind and producer of antimony catalyst. Decisive for the industry are price,
performance/purity, consistency, experience, service, availability and marketing.

There are also no indications in patent and scientific literature about different chemical catalysis mechanism between antimony
trioxide Sb,0; (ATO), antimony triacetate, Sb-(OCOCH;); (ATA) or antimony triglycolate ,Sb(O-EG-OH); (ATG) related to the pure
chemical molecules.

The differences in reactivity and performance (PET color, filterability, spinnability, efficiency) observed by the process chemists are
caused by catalyst purity, solubility and quality fluctuation .
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2.1 Antimony catalyst types:

Antimony oxide Sb,0; (ATO) [MW 291,52; Sb content 83,5% ]
~ Number of producer increased
~Quality improvements during the last decade
~Metal impurities stepwise reduced, improved solubility
~Safer handling by EG wetting
~Wide variety of brands
~Lower price products

Antimony triacetate, Sb-(OCOCH,); (ATA) [MW 298,89; Sb content 40,7%]
~Purity and quality consistency
~High solubility
~Limited producer, market potential stagnate
~ Acetic acid as by product

Antimony triglycolate Sb,[O- (CH,),-OH]; (ATG) [MW 423,68; Sb content 57,5%]
~ATG originally introduced by DuPont, (high purity but no corrosion potential like ATA, stainless steel/black steel
equipment)
~ High purity
~ High solubility
~ No split off acetic acid
~ Glycol ligands are incorporated to the PET-molecule during reaction
~ Limited producer

Other antimony catalysts don’t play any role in industrial PET production
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2.2 The catalytic activity of antimony during the entire process chain

DR. THI Elu
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~ Esterification and pre-condensation

There is a low catalytic effect observed during esterification process
- high activation energy for esterification necessary
- temperature of esterification of main impact

- example: 200 ppm Sb represent approx. 5° C reaction temperature reduction in esterification - result from
comparison trials ES with and without antimony [late addition]

Other observation: boiling process / bubbling in presence of antimony more gentle

Catalytic activity of Sb starts in the melt phase above 250°C = narrow activity window in esterification and broad activity window in
polycondensation

Recommended application concentration of Sb for esterification is minimum 100 ppm Sb,
Side products like DEG, AA and color depends mainly on
- molar ratio and temperature, residence time
- DEG and AA contents indirectly impacted by catalyst
- reduction of discoloration by higher conversion rate --> among others also catalyst impact

Dissolution (clear), even distribution and homogenous mixing are prerequisites for constant and reproducible process.
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2.2 The catalytic activity of antimony during the entire process chain

~ Polycondensation

Application mean concentration at 200 - 250 ppm Sb, special plant and process design allows Sb concentration down 120 - 160
ppm,

250 - 400 ppm Sb for special applications like tire cord or high plant capacity/output or low performance processes
Yellow discoloration and gel formation are not caused by antimony activity

Catalytic affectivity depends not on anion or organic ligand, catalyst must be reacted with the PET chain, especially during pre-
condensation in presence of free MEG

Trials to increase catalytic activity of polyester by melt blending of Sb-catalyst (ATO, ATG) did not increase reactivity (for instance in
SSP)

It is assumed that the reactive matter/molecule/ which is able to create the catalytic complex is an antimony-PET-oligomer like
Sb(O-R-OH),
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2.2 The catalytic activity of antimony during the entire process chain

~ Solid State Polycondensation — SSP

Antimony is an effective SSP catalyst, as example results of SSP at 200°C, nitrogen T, -40°C
100 ppm Sb IV increase 0,010 dl/g/h
150 ppm Sb “ 0,015 dl/g/h
200 ppm Sb “ 0,020 dl/g/h

above 250 ppm Sb no significant reactivity increase in SSP.

Until now besides Sb and Ge no other effective SSP catalyst is known for industrial SSP of PET.

Because Ti is of significant higher reactivity during melt phase polycondensation the catalyst concentration is most of the time
lower = comparison at same metal concentrations

The SSP takes place in the amorphous part of the chips --> crystallinity impacts the SSP velocity

Other important factors besides temperature, catalyst and crystallinity to the SSP process are chips size/dimension/shape, co-
monomer content, P-content, raw material base DMT / PTA, COOH end groups, -O-CH,, dew temperature of gas, gas : pellet ratio
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2.3 Antimony precipitations - source of turbidity and graying LS THlElu POLVESTER TECHROLOGT

~ Hydrolysis
The reaction of Sb with water depends after practical experience: involved cation is of impact.
The acetate is more stable compared to the glycolate. In practice the Sb,0; solution is often added to the PTA/EG paste.

Depending on the water content of the make up EG (content and water conc. Of recovered EG) precipitation of
Sb,0; -oxide-hydrate will happen more or less pronounced.

This precipitation is of negative impact to the added TiO2, because very fine Sb-particles are able to accelerate the TiO2
agglomeration > filterability problems, negative effect to spinning

Sb-(OCOCH,); + 3 H,0 ¢> Sb(OH); |, + 3 CH, -COOH precipitation slow

Sb-(OCH, CH, -OH); +3 H,0 2> S_bQOH)3 4+ 3MEG precipitation slow
Sb-(OCH, CH, -OH)(OH), + H, O = Sb(OH), {, + MEG precipitation fast (incomplete solution of Sb,0;)
Removal of water: n Sb(OH); -m H,0 > oxide hydrate precipitate (further difficult to dissolve

One can interpret the solution of ATO in dry MEG as an esterification which is reacting in 3 steps under creation of water

Sum reactions: Sbh,0; + 6 HO-(CH,), —OH = 2 Sb-[O- (CH,),-OH]; + 3 H, O (valence stoichiometric)
Sb,0; + 3HO-(CH,), —OH = HO- (CH,),-O-Sb-[O- (CH,),-0]-Sb- O- (CH,),-OH (sub-stoichiometric)

In presence of water intermediates as Sb[O- (CH,), —OH](OH),, Sb[O- (CH,), —O],0H are occurring, there is limited knowledge
about the conversion mechanism of ATO - CATALYTIC COMPLEX ( Sb-PET-oligomers) which is taking place during

esterification and polycondensation in the industry PET process.

The addition of complexing agents lice citric acid are able - similar to acetic acid - to reduce precipitation of Sb(OH),
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2.3 Antimony precipitations - source of turbidity and graying
Reactions of Sb with phosphorous
All P-Sb reaction products are less or non active as catalyst

The use of P-stabilizer will reduce the catalytic activity of Sb in any case, consequence is to minimize
the P content and/or to separate the feeding points amap.

PTA process 12 - 20 ppm P as H;PO,
DMT process P content depends on TE catalysts like for instance Mn, Zn, Ca, Li concentration 30 - 80 ppm P

Under hydrolytic conditions H;PO, dissociate finally to PO,> + 3H*and PO,* reacts with Sb3* to SbPO,

Dissoziation of H;PO, is going stepwise depending on partial concentration of water in the reaction medium
Intermediate P-salts like Sb(H,PO,); or Sb,(HPO,); are soluble in the reaction product

SbPO, creates a completely insoluble precipitate in esterification products and polymer melt (turbidity, worse
filterability

H,PO, and PO,-ester, have the potential to reduce Sb*3 to Sb-metal which is precipitating as metal particles of ~ 50
nm —> graying

hydrolytically more stable phosphonates and phosphinates have less graying tendency
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2.3 Antimony precipitations - source of turbidity, graying and deposits
Other reactions of antimony in the process:
Reaction of Sb*?with oxygen to Sb*> - Sb,0,_precipitations

Reaction with thermal destruction products of PET like CO or AA will reduce Sb*? to Sb-metal; (See also S. Aharoni
“The cause of discoloration of PET...”; Polym. Eng. Sci. 38, 1998, 7, p 1039-47)

Paradox: oxygen ingress during the esterification or prepolycondensation is causing graying by Sb*3 reduction.
(excess EG becomes oxidized to CO/AA which will reduce Sb*3 to Sb-metal).

A similar mechanism is thinkable about the formation of the well known black antimony deposits at inner walls of
reactors and melt pipes

Antimony oligomers: around the spinnerets yellow shells of antimony rich deposits are always observed, Sb-
content 5000 - 10 000 ppm Sb
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2.4 Accompanying metals and their impact
Metal impurities and co-catalysts
Complexes with other metals like Ge, Pb, Sn, Bi,As, improve the sometimes catalytic effect of Sb
as observation from practice: very pure Sb-catalyst — slightly reduced catalytic activity
Ge as co-catalyst is in a conc. of 5 - 20 ppm Ge industrial used to improve clarity, for optical applications

The addition of Pb sometimes tragedy/wanted used; 10 - 20 ppm Pb together with Sb,0, - improved clarity and
poly reactivity

Pb and As above 100 ppm are more an image problem than toxicological risk
Bi, Fe, Ni, Cu impurities are causing color problems, total amount less 20 ppm required

Cl-, SO,* less than 30 ppm, discoloration at higher concentration, corrosion problems
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2.5 Catalyst feeding
Feeding points
- Feeding to the paste
- Feeding to esterification 1
- Feeding to esterification 2
- Feeding to the prepolycondensation
- Feeding to the polycondensation
- Splitfeeding technology
- Separation of feeding points P, Sb, Ti-oxide
- What is the right sequence?

- Catalyst feeding concentration
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2.6 Catalyst preparation
Feeding concentration depends on kind of catalyst and preparation
Sb-acetate: 2 - 3 %, Sb-oxid 1 - 2%, Sb-glycolate 2,5 -4 %
General rule: as more diluted as better distributed
Sb-oxid needs to be solved and “glycolized” at > 180°C,

Sb,0; + 6 HO-(CH,), —OH = 2 Sb-[O- (CH,),-OH]; + 3 H, O, removal of water is of advantage (hydrolysis), clarity of
the glycolized Sbh-oxide solution is of importance.

Hydrolysis stability osolution of Sb,0; in EG depends on completion of the conversion Sb,0; --> Sb-[O- (CH,),-OH],
Storage temperature Sb-acetate ambient, Sb-oxide solution in MEG 60°C
Fine filtration of the solution (< 5um) recommended

Nitrogen blanket or purging recommended - also protection against humidity absorption
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2.6 Catalyst preparation
Important experience recently is the solution technology:

Thought Sb,0; is slightly soluble at 120°C in MEG and the solutions are clear and stable under ambient storage
temperature, the hydrolytic stability will be significantly improved by increased solution temperature.

The solution of Sb,0; is going in steps via several intermediates (see slide 8) which are less hydrolysis resistant.

Such kind of intermediates will in case the make-up EG might be contaminated with a high water concentration be
converted to less soluble antimony-oxide-hydrates > filtration problems or produce haze

Recommended solution temperature180 - 190°C, solution under removal of reaction water important, time also
important, 2 h sufficient
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2.7 Antimony and polyester down stream processing effects
~Bottle production

Lower Sb concentration, high clarity and neutral color tone results in high brilliancy, concentration of Sb in
bottle resins should not exceed 250 ppm

Sb precipitates are crystallization nuclei - different Sb-content is causing different crystallization behavior
during bottle blowing

High brilliancy does not correlate to easy processing in bottle blowing
As less fine distributed particles in the resins more difficult the reheating by IR-radiation

The artificial reduction of Sb3* to Sb metal improves the IR absorption (former “IClI LASER” grade),
consequently more Sb is required for the catalysis = negative

Other fine distributed particles like carbon black, graphite (Shell), iron oxide + anthraquinone dyes (Eastman),
activated char coal (former Zimmer), glass powder (Ball Corp. Canada) to improve the IR absorption

Improvements of the IR-spectrum of heating lamps reduced the importance of heat up additives during recent
years.
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2.7 Antimony and polyester down stream processing effects

~Bottle production

In drinking water

Antimony
WHO recommend max. 20 ppb
TVO Germany max. 5 ppb
German ground water untreated of wide concentration range << 1 ppb —16 ppb
TAP water in Germany (cross Europe similar figures) <1 -5 ppb
USA drinking water max. 6 ppb
Japan max. 20 ppb*

(* the limit was increased from 2 to 20 ppb in 2005)
[0,001 ppm =1 ppb = 1000 ppt =1 pg/kg]

Scientific leaching tests of different laboratories using water and edible oil reported Sb leaching depending on time and
temperature in a range of 0,02 — 0,6 ppb

Sources: “Determination of antimony in olive oil by atomic absorption analysis”; Jung, T. et. Al.; Deutsche Lebensmittel-
Rundschau 2006, 102(4), 150 — 153 (Ger)

“Contamination of Canadian and European bottled waters with antimony from PET containers”; W. Shotyk et. Al.; J. Environ.
Monit., 2006, 8, 288—-292
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2.7 Antimony and polyester down stream processing effects POLYESTER TECHNOLOGY

~Spinning / Textile

Quality of Sb,0; is of significant impact to filament breaks/t in POY, DTY-breaks and fluffs, spinneret life time,
spinneret wiping frequency

To maintain high production performance in textile spinning PET some producer are blending 2 — 3 types of
ATO from different sources = change over to ATA or ATG

At higher concentration Sb is attaining the dying bath = waste water problems

Sb is leaching out in case the textile is in direct skin contact in presence of perspiration wetness (in previous
tests up to 6 ppb Sb had been found)

Yellow-white shells around the spinneret in filament spinning contain 5000 - 10 000 ppm Sb
optimization of Sb to a minimum application amount

PET resin used for tire cord and technical yarn production contains often more than 300 ppm Sb. In this case
Sb is acting as crystallization accelerator and SSP catalyst to produce high IV resins

SEMINAR

COPY RIGHTS PROPRIATORY TO: Dr. Thiele Polyester Technology; FOR INTERNAL USE ONLY
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After experience one important issue for the decision of using ATO, ATA or ATG is the catalyst price.

During the late 90t of last century an increasing number of PET producer which started their production with ATA as catalyst
changed to ATO, which is understandable looking at the price difference only.

As simple calculation example (prices are estimated assumptions only — base ALIBABA, current prices might be different).

price ATO/t

price ATA/t

price ATG/t
catalyst addition
PET production
antimony metal
ATO consumption
ATA consumption
ATG consumption

6.000 Euro

7.000 Euro

8.000 Euro

200 ppm = 200 mg/kg = 0,2kg/t

500 000 t/a

100 t/a

119,8 t/a catalyst cost:  718.800 Euro
245,7 t/a catalyst cost: 1.719.900 Euro
173,9 t/a catalyst cost: 1.391.200 Euro

The real difference between ATO, ATA and ATG is the catalyst production process.

Most of the ATO is premium product of flame retardant ATO producers. Only some of them are specialized on ATO catalyst

production only.

Table 1 is providing a selection of antimony catalyst producers.
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Antimony catalyst production - a producer selection

Table 1: Selection of antimony catalyst producer
L = low impur. Level, M = medium impur. level, H = high impur. level — based on web page information

‘Name Oxide Acetate Glycolate Qual.
Amspec X X M/H
Campine X M/H
Yiyang City Huachang Antimony X X X M/H
Ind.

Chemico Chemicals X L/M
Chengdu Huaya X M/H
Il Sung X L
Mine de la Lucette — AMG - Sica X H
Mikuni X H
Nihon Seiko X H
Yizheng Kanren X ?
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The production process is a fuming / condensation process where the purification, particle size, crystal structure is controlled
by the fuming conditions (Figure 1)

The reduction of metal impurities to < 10 ppm is very difficult, consistency of particle size and crystal structure are
challenging.

The catalyst ATO is by-/niche-product of ATO-FR and pigment producers. The ongoing process of industry
consolidation/change of ownership the catalyst expertise is thinned.

Chemical purification via antimony trichloride is more expensive, but removal of impurities is made by standard processes of
chemical industry like distillation/ extraction/ trans-crystallization. Low levels of impurities and consistent product quality.

Problem:

As larger the polyester polycondensation melt phase capacity - there are meanwhile single line capacities of 800 t/d
(~300.000 t/a) no rarity and some capacities are going up to a capacity of 500.000 t/a - as higher the risk of losses caused
by catalyst quality problems.

As mention earlier one possibility to minimize thus risk caused by catalyst problems is the application of catalyst blends.

At this point it might be for large PET producers of interest thinking about the increase of control over catalyst production,
for instance as JV or even by investing in a proprietary catalyst production unit.

As seen in slide 18 that a PET producer of 1 Mio t/a consumes ~ 200 t/a antimony metal or about 350 t/a ATG (50 kg/h) .
This production size fits to plant engineering of pharma base chemicals .

Expertise in metal-organic chemistry might be available from semiconductor industry (SiCl, , GeCl, ).
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Figure 1: Antimony catalyst production path from Sb-ores to ATO / ATA / ATG
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ATO catalyst grade
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3. Introduction of new non antimony catalysts
3.1 Ti-based catalysts, recent status

Despite the desire for a new, heavy metal free catalyst is now discussed for more than 20 years and myriads of patents and
publications are published.

But: the majority of PET produced in world is still using antimony catalysts for polycondensation and SSP.

What are the reasons that the introduction of new catalysts, which are mainly based on Ti-chemistry, is so slowly, so difficult
besides Ti-catalysts promising many points of the whish-list for a new catalyst.

Such a list was presented during PETCORE conference 2008 in Barcelona and the wish list did not become shorter. (slides 23 and
24).

| forgot to mention, the new catalyst shall provide “DORP IN” properties.

# In general plant capacities have been significantly increased and catalyst replacement in large continuous
polyester can only be under lower risk executed during start up or after maintenance shut-down.
reason: many downstream processing properties of PET intermediates will change like crystallization behavior,
spinning performance, dye take up, SSP performance in crystallization and poly — to name only some of them

# Who is willing to bear the risk that large amounts of low quality products appear? The catalyst producer — NO,
the engineering company — NO, the plant manager- NO!
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3. Why and how a non antimony catalyst - NAC?

The whish list for a new catalyst will be long. A hand full of negative process or product
properties caused by antimony is commonly known and therefore an new generation of
catalyst should at first and solely sell advantages. Restrained on the main topics there
are remaining some key points like:

~ Higher specific activity, lower application concentration — target < 50 ppm

~ No black deposits at pipe and reactor walls

~ Lower or no precipitations, longer filter life time, longer pack life time during spinning
~ No or negligible discoloration by catalyst or its conversion products

~ Mo metal oligomers, no ore less spinning smoke
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~ Low nucleation and crystallization acceleration

~ Reduced amounts of necessary co-monomers like IPA or CHDM for bottle resins
~ Severely reduced leaching to dying bath, wet skin, packed liquid food

~ Easy to handle, without toxicity and negative public image

~ Mo toxic ash during waste incineration

~ High S5P acceleration
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# by large PET producers with a number of poly-plants, preferred those having lines from small to large from
discontinuous to continuous

# by selecting a team which is responsible for the task “new catalyst”

# by selecting a catalyst provider who is able to support the introduction by own production experience/experts

# downscaling as complete as possible the conditions of a large continuous line to the lab, pilot or trial facility
like water concentration, water partial pressure, concentration of side- and destruction products, simulating
quality of circuit MEG

many attempts to introduce new catalyst failed, because lab, pilot and trial facility are operated under “ideal” conditions

Test batches produced on bench scale, pilot scale or even on discontinuous lines teach us very little about the real behavior of a
new catalyst within continuous plants.

Catalyst producers have very limited access to such detailed information, which is normally proprietary to the plant operators.
OR: Purchasing a full license which covers the risks and is providing product and process guarantees.

Nearly all large continuous production lines are running the more or less complete closed MEG loop (total MEG-recycling)
where no external MEG-recovery exists and no discharge of by-products takes place.

These MEG circuits are another real hurdle for the success of a completely new catalyst system. It takes the glycol circuit about
two weeks, until all concentrations of by products has reached equilibrium conditions.

Approximately the same time is required to remove/purge out all Sb-residues from inner walls of the reactor system
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Some known PET producers applying Ti-cat for PET.: former WELLMAN (now DAK), EASTMAN, BRILENE, INVISTA, FATRA FILM,
MITSUI, MITSUBISHI, DIPONT-TEIJIN

Table 2: Producer of Ti-based catalysts and technology

COMPANY CATALYST / TECHNOLOGY NAME METAL BASIS
PATENT LITERATUR EXAMPLES
MITSUI MP Catalyst Ti / Mg [US 6,346,070]

MITSUBISHI CHEMICALS

NC2 Catalyst

Ti / Mg [US6,500,915]

TEUIN

PURITY ®©

Ti-based [US6593447]

DORF KETAL (Tyzor and Ti-cat
business from DuPont and J&M)

TYZOR® 420, 422 film, bottle
TYZOR® 450 fiber

Ti-alkoxylates [US5,981,690]

HUNTSMAN
(former SACHTLEBEN/AKZO)

C-94 (former AKZO/ACORDIS)

Hombifast® HS-06 (former
Sachtleben)

Ti-Si precipitate [PCT WO 95/18839

Ti-alkali-complex [DE59610811,
DE19513056

UIF + CATALYTIC TECHNOLOGIES Ltd.

Supp. by CRODA

CTLTi638, CTLTi184, CTLTITi638 UP

Ti-citric acid -complex-cat
[US Appl. 2016108068]

POLYTRADE
(former ZIMMER-AG /TECHNIP)

ECOCAT B®,
ECOCATT®

Ti-based [US6,417,320,
DE10121542A1]
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3.2 Some application experience of Ti-catalysts

Ti-concentration in a wide range, depending on kind of catalyst activity between 20 and 100 ppm Ti, average 50
ppm T

special P-stabilizer of high hydrolytic stability required (TEPA, Pentaerytritol diphosphates ,TEGPAT, amines)

most of the Ti-catalyst are convert in presence of water to Ti(OH),, = TiO, addition of complexing agents
like citric acid, addition to the reaction after esterification finished

SSP activity lower than Sb = higher Ti-concentration + co-catalysts like Mg + P-stabilizer
Tendency to discoloration b-value increase, addition of blue toner, Co(ac), P-stabilizer, antioxydans

Low Ti-concentration in catalyst make up, virgin MEG as solvent
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