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1. RAW MATERIALS USED IN THE PET PROCESS

More than 90% of polyester production is meanwhile based on purified terephthalic acid (PTA) and mono ethylene glycol
(MEG).

The raw material dimethylterephthalate (DMT) is playing a steadily declining role and is retaining mainly in areas where a
long tradition of polyester production exists like it is in the PET-film production.

It is also used to produce polybutylene terephthalate (PBT). All polyester raw materials are till now mainly produced from
naphtha and natural gas.

1.1 Purified Terephthalic Acid — PTA — CAS-No: 100-21-0 oH
Synonym: 1,4 Dibenzenedicarboxylic acid,
Sum formula CcH,(COOH), , mol weight: 166,13
Structure formula:

H

PTA is fines white powder which is insoluble in water and which sublimate at about 300°C.

The production of PTA is based on petroleum where the benzene fraction is converted via a number of refinery steps to p-
xylene which is finally oxidized in presence of catalysts to crude terephthalic acid.

Another synthesis path is the CYCLAR process where natural gas is converted to aromats.
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The last step of TA-purification takes place under pressure as recrystallization in a mixture of acetic acid and water. The result
is a fine white powder of a particle size between 20 and 200 um and a very low amount of impurities which are often less
than 200 ppm in total.

The breakthrough of the industrial polyester development was the successful purification of the crude terephthalic acid which
devours a pertinent amount of the PTA production cost till now.

Therefore developments are ongoing to simplify the purification process and to tolerate during PET production a higher level
of impurities.

Till now the application TA of lower purity like MTA or QTA (Eastman/Mitsui/Mitsubishi) did not achieve a significant market
penetration.

New approaches of PTA production:

The problem: conversion cost of PTA production, PTA cost are more than 60 % of the total production cost

- Expensive is conversion in Titanium equipment
- Additional purification

—>Several new approaches to minimize PTA production cost
like
# Direct conversion of toluol to TA
# One step oxidation
# Application of organic solvents for trans-crystallization
# Integ-Rex process to integrate PTA and PET production
# Bio based PTA synthesis see 1.6
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1.2 Dimethylterephthalate POLYESTER TECHNOLOGY

]
Dimethylterephthalate — DMT- CAS-No: 120-61-6
Synonym: 1,4 Dibenzenedicarboxylic acid dimethyl ester
Sum formula CgH,(COOCH,), , mol weight: 194,19 o
Structure formula:

o

DMT is a white waxy substance which is melting at 140 - 141°C and boiling under ambient pressure at 288°C and which can be
distilled under reduced pressure.

The production route of DMT is very similar to the PTA-route with the difference that the oxidation of p-xylene is done in
presence of methanol with the resulting dimethylester of terephthalic acid.

50 years ago most of the polyester feedstock was DMT with the disadvantages of lower reactivity and poison and explosive
methanol as side product which where finally the trigger to enforce the development of terephthalic acid purification

Besides the usage as polyester raw material DMT is used for the synthesis of CHDM which is generally done by DMT
hydrogenation.

With the steadily increase of PETG production where CHDM is applied up to 30 weight % as modifier this kind of application is
of growing interest. See also slide CHDM

For those who are interested in some DMT synthesis details:

% . e = P ocm “OCH;3
3 air
DMT N OH \OCH3 e - O
ONE CH3OH 0, CHsOH DMT PROCESS 150 °C
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1.3 Monoethylene Glycol - MEG HO-[CH,],-OH

Mono Ethylene Glycol — MEG — CAS No. 107-21-1

Synonym: 1,2 Ethanediol e
Sum formula: C2H602 , mol weight: 62, 07 Structure formula: \—\
oH
naphtha
02 H,C-CH, H,0
CHs=CHy e 2 % 2 2 HOCH, —CH,OH
LPG

ethene oxirane ethylene glycol

MEG is a colorless and hygroscopic liquid of sweet taste. Its boiling temperature at ambient pressure is 197 — 196°C.
Liquid power gas (LPG) or petroleum are main start materials of MEG production.

The first step is the synthesis of ethane which is further oxidized in presence of catalysts to ethylene oxide (EO).

EO is a highly reactive substance which is serving besides raw material for MEG production as base chemical to make large
numbers of organic substances.

To get MEG from EO it will be converted by adding water during a highly exothermic reaction. 10 % side products of this
process like diethylene glycol (DEG) or tri-ethlene glycol (TEG) are removed by vacuum distillation.

In this way a highly purified “fiber grade” MEG is available (99,9% purity).
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1.4 Co-Monomers
14.1 Isophthalic Acid - IPA

Isophthalic Acid — IPA — CAS-No: 100-21-0 .

Synonym: 1,4 Dibenzenedicarboxylic acid, | /l\

Sum formula C6H4(COOH)2 , mol weight: 166, 13 ~F N
Structure formula: du

IPA as the most common co-monomer which is used mainly to produce PET bottle resins is produced by the oxidation of m-
xylene in a similar process like PTA synthesis.

It behaves physically and chemically very similar to PTA.

Important sources are for instance EASTMAN CHEMICALS, PERSTORP or LOTTE. Similar to PTA the isophthalic acid for fiber
and bottle applications is available as purified isophthalic acid PIA.

In bottle resin application IPA is used within a range of 0,5 — 5 weight % mostly in combination with DEG.

In the same way IPA is also used to produce A-PET film or cast film for thermoforming.

In fiber an filament applications IPA addition is limited to some specialties like bonding fibers or high shrinkage fibers.
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1.4.2 Naphthalindicarbonic Acid/Dimethylnaphthalate - NDA/DMN POLYESTER TECHNOLOGY

2,6-NAPHTHALIC ACID (NDA) — CAS No: 1141-38-4

Synonym: Naphthalene-2,6-dicarboxylic acid o
Sum formula: C12H804, mol weight: 216.19 O QO /

Structure formula: o

o
NDA was during the past mostly introduced to the PET-process via its dimethylester NDC (dimethyl-2,4-naphthalene
dicarboxylate). M

eanwhile highly purified NDA is also available at industrial scale for instance from BASF. The modification of PET resin by NDA
has the targets of improved mainly gas UV barrier and Tg.

Comparative properties of PET and PEN resins

An |nStru CtIVe summa ry Of the With superior attribute values on the outer edge of the figure
improvement potential of NDA ,
. . . Water vapor transmission
modified polyester is provided fg-mm/(m-day-atm)] PEN
by BASF (www.basf.com) ¥
N PET

Glass transition O, permeation —
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BASEF is calling its NDA because of
its high purity HNDA.

Mechanical continuous
use temperature [C]
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UV absorbance

200 Hydrolysis resistance [hr]
[%] (360 mn) ORI e

45

60

Tensile strength [MPa]
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1.4.3 Cyclohexanedimethanol - CHDM

Cyclohexanedimethanol (CHDM) — CAS No: 105-08-8
Synonym: 1,4-Bis(hydroxymethyl)cyclohexane
Sum formula: C8H1602, mol weight: 144, 21

CHDM is a blend of isomers, namely cis-CHDM and
trans-CHDM and is prepared by hydrogenation of DMT.

Key of the process is to adjust the desired cis : trans
correlation by selective catalysts which is 30:70.

Structure formula:

DR. THIEL“
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HOH,C  CH,OH

cis-CHDM
HOH,C |

\

CH,OH
trans-CHDM

CHDM is a white, waxy substance which melts at 41 - 46°C and its boiling temperature under ambient pressure is 284 - 286°C.

CHDM is mainly used to produce amorphous co-polyester like the glycol modified PETG but several bottle resin producers are

using CHDM instead of IPA as crystallization modifier.

CHDM as the main modification component of PETG is meanwhile produced by a number of companies like Eastman, SK-

Chemicals and several producers in China.

The synthesis technology of PETG together with know how and license to produce CHDM modified polyester is offered by EPC

recently (www.epc.com).
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1.4.4 Diethylene Gycol - DEG HO-[CH,],-O- [CH,],-OH

Diethylene Glycol (DEG) — CAS No: 111-46-6
Synonym: Bis(2-hydroxyethyl)ether
Sum formula: C8H1602, mol weight: 106, 12 HO

Structure formula:
H

1,2-diethylene glycol is the naturally occurring ,co-monomer” during polyester production process. It is created during
esterification and transesterification depending on process conditions.

High molar ratio of PTA:MEG, increased acidity, extended residence time and high process temperature support the DEG-
generation

DEG is also a side product of the MEG-production. It is a slightly viscous, hygroscopic and colorless liquid of sweet taste.
Below -10°C it becomes solid and the boiling temperature is 244 — 245°C.

Meanwhile a lot of PET recipes are containing added DEG to modify the polymer properties.

To suppress the negative impact of increased DEG formation especially during reduction of plant capacity several polyester
producers are adjusting the DEG level by a capacity-dependent DEG dosing.

The origin of this method is DuPont because especially its high temperature process is sensitive against DEG formation
during throughput/residence time changes.

Production of DEG by conversion of EG in presence of strong acids, also side product of the EG production, sometimes DEG is
cheaper than EG.
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1.4.5 1,4-Butanediol

Butanediol -1,4 — BD-1,4: CAS-No: 110-63-4
Synonym: Tetramethylene glycol,
Sum formula C,H;,0, , mol weight: 90,12 Structure formula:

HO\M
OH

The polybutylene terephthalate (PBT ), a linear polyester, is based on terephthalic acid and BD-1,4 as glycol component.
Main applications of PBT are mainly in injection moulding and carpet yarn.

A lower portion is used for special textile application like sports wear. Important BD-1,4 producers are BASF, Lyondell and
Ashland.

In the former time PBT was mainly produced by the conversion of DMT and BD-1,4 where the occurrence of the side product
terahydrofurane (THF) is controllable within a range of 5%.

Meanwhile PBT is also produced by direct esterification of PTA and BD-1,4 where under special process conditions and catalyst
composition the THF formation could be kept at a lower level.
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1.4.6 1,3-Propanediol (PDO) POLYESTER TECHNOLOGY
Propanediol-1,3 — PD-1,3: CAS-No: 110-63-4
Synonym: Trimethylene glycol,
Sum formula C;HgO, , mol weight: 76,10 Structure formula: HOMOH

The production of high purity PDO is the access key making PTT.

Especially aldehydes and ketones like they are occurring as side products of the PDO and PTT synthesis should be reduced to
a very low level.

The PDO purity demand is very similar to the common purity for fiber grade ethylene glycol as it is used for the PET
production.

Larger industrial facilities producing PDO are known from DuPont using the acrolein-process from DEGUSSA (plant
WESSELING) and SHELL who has developed a new economical process based on ethylene oxide, carbon monoxide and
hydrogen.

DuPont has started up a PDO production based on a biochemical route using corn starch as feed stock in 2003.

DuPont has applied for a patent recently where the use of PDO synthesized by a biologically process is claimed.
Main impurities of PDO are acrolein and allyl alcohol.

The high expectations regarding the market success of PTT during the years around 2000 failed at that time and the first
PTT dedicated plant in Canada was later back converted to PET.

Meanwhile PTT is growing slowly with production by DuPont, Toray and SKC for example. Especially the PTT fiber SORONA
with bio based PDO is of increased interest.
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In addition to the commonly used co-monomers numbers of substances could additionally be added to a resin recipe to
adjust polymer properties in a more specific way which are for instance polyfunctional substances like

# pentaerytrithe,
# trimellitic acid and its anhydrite,

# pyromellitic acid and its anhydrite or different diols and

Commonly used co-monomers to modify polyethylene terephthalate are:

# Triethylene glycol (TEG)

# Tetramethylcyclobutanediol (TMCD Eastman TRITAN co-polyester, replacement of PC)
# 2,2-Dimethyl propanediol-1,3 = neopentylglycol (NPG)

# 2-Methyl-1,3-propanediol

# Polyglycole (PEG, PPG, PCHDM, PTHF)

# Pentaerythrite (PENTA)

# Adipic acid (AA)

# Phthalic acid or its anhydride
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# 4,4’ -Biphenyldicarboxylic acid
# Sulfo isophthalic acid or dimethyl-sulfo-isophthalate = CD-polyester

# Phosphinic acid derivatives like methylphospholane or phenylphospholane - FR-polyester

1.4.8 Some properties of commonly used co-monomers

Only for some of the co-monomers are PET standardized specifications available — no commodity products — intensive chemical
analysis of purity is necessary!

T-melt T-boil

[°Cl] [°Cl]
# NPG 128 208
# PDO-1,3 -26 213
#BD-1,4 20 229
# CHDM 41 286
# DEG 245
# Triethylene glycol (TEG) 288
# Polyglycole depending on MW
# Pentaerythritol (PENTA) 258 276 (30 hPa)
# Adipic acid (AA) 152 337
#NDC 187 -193 -
# Phthalic acid (PA) 207 -
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1.5 Raw Material Analysis

1.5.1 Purified Terephthalic Acid — PTA

—>Acid number 674 +/- 3 mg KOH/g, typical results 675 — 677 mg KOH/g

- Particle size / distribution / shape
typical median size of 139 +/- 25 um,

typical particle size distr. specification typical analysis result source X:
<40 um <20 % <40 um < 28,4 %
40-160 um > 62 % 40—-160 um > 57,2 %;
160 -250 um <15 % 160 — 250 um < 10,8 %;
>250 um <3 % > 250 < 2,8 %;
>500um O >500 um < 0,8 %

Particle size, size distribution, particle morphology and shape significantly impact solubility of PTA in esterification product and
reactivity = changes of DEG-content and polymer color could be caused by size change (PTA type change).

In the continuously operating PET process is reactivity increase equivalent to increase of residence time! To avoid quality
impact of particle size some PET producer are blending PTA from different sources. (particle size analyzer control the process)
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SEM of PTA — Source 1

100 microns

A
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SEM of PTA — Source 2
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Difference between 44 and 105um [%] 26,8 50,4 33 36,7 59,3 13,2 2,7
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200
9 1l.o 11.2 154 1?6 1:8 2.0
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1.5.1 Purified Terephthalic Acid — PTA (cont.)
- Angle of repose 35° or less (bulk flow ability)
- Color b < 1, better < 0,5, typical resultsb =0,7 +/- 0,3

- Metal content, Al, Ca, Co, Cr, Fe, K, Mg, Mn, Mo, Na, Ni, Ti < 1 ppm of each, total < 4 ppm (AAS fingerprint or other
trace identification like XPS)

- Ash <6 ppm, typical results 1 - 2,5 ppm
- 4 CBA < 100 ppm, typical result 15 +/- 5 ppm

- Monofunctionals: benzoic acid < 20 ppm, typical result 8 ppm, p-toluic acid < 100 ppm, typical result 27 ppm,
acetic acid is not specified

- Polyfunctional impurities not specified but important

- Optical properties, inhomogeneity not specified but important
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Effect of 4—CBA on Polyester Color
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Effect of 4-CBA on Polyester |V
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Effect of p-Toluic Acid on Polyester |V
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1.5.2 DMT

Two grades: solid pellets or flakes and liquid, today liquid transport is preferred
- DMT content > 99,9 %

—> Melting point resp. solidification temp. 140,63 — 140,64°C

-> Color, colorless, color number b < 1, typical result 0,2

- Ash max 6 ppm, typical result 1,5 ppm

- Acid number < 0,03 mg KOH/kg, typical result 0,008 mg HOH/Kg

- MeOH-content (stabilizer) 0,5 % in liquid grade DMT

- Fe-content< 1 ppm
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1.5.3 EG

(Example spec of UC)
- EG content>99,9 %

- DEG:<0,04 %

> H,0 <0,05%

- Smell: mild

- and other organic Impurities out of transportation like crude or mineral oil
—> KOH-Number

- Haze, Color: colorless, no haze

- UV Transmission 220nm > 80%, 250 nm > 90%, 275 > 94 %, 350 nm >98 %
- Boiling test with NaOH, HCL or without additive = discoloration

- Acidity: < 0,002 % calc. as acetic acid

- Cl, <0,1 ppm; Fe < 0.05 ppm
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1.5.4. IPA
During the last 10 years the quality of IPA is increased significantly.

Especially organic impurities like 2- or 3-carboxybenzaldehyde, m-toluic acid, trimellitic acid, terephthalic acid and other
polycarboxylic acids are reduced.

Also the color of IPA is meanwhile comparable to the color of TPA.
acid number 674 +/- 3 mg KOH/g, moisture < 0,1%

typical particle size distr. Spec. IPA (AMOCO):
<44 uym <30 %

40— 105 pum > 55 %

105-250 um 25-40 %

>250um<3%

typical impurities:

ash <10 ppm, color b< 1; iron< 1 ppm;
2/3-CBA < 20 ppm;

m-TA < 20 ppm; m-TMA < 30 ppm;

PTA < 10 ppm;

acetic acid < 50 ppm

total metal content <5 ppm
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Triggered by the environmental movement during the recent decade and the general target to reduce the CO2 emission globally
there are increasingly processes introduced or on the way to the industry which are using instead of crude oil bio based

materials to produce the building blocks of polyester mainly MEG and PTA.

Looking at the time axis of this process we observe the following development: start point was about a decade ago the
replacement of fossil fuel by bio-based ethanol.

A logical consequence was the production of bio-based MEG where ethanol is converted to ethylene oxide as building block of
MEG.

Later we saw the furious trail to introduce PLA as replacement of PET.

But is became obvious very soon that neither fibers nor packaging materials based on PLA found their way to the market,
irrespective of those special products where for instance bio-degradation is required.

Than we observed the introduction of PEF which is the polycondensate of MEG and furandicarboxylic acid. There was a lot of
promis PEF could substitute PET.

But till now there is no mass application in packaging and textile as well.

It is most likely that the development of PEF is becoming overtaken by the development of bio-based PTA which will replace
fossil-based PTA as drop in solution.

Having had the opportunity to interview Guido Ghisolfi, owner of M&G group, in 2013 about his thoughts about the future of
PEF his straight answer was: “We will develop bio-based MEG and PTA as well and from this bio-based PET as drop-in-solution
and this will be truly realized until 2020. Anything else is not constructive at all.”

M&G group is within a process to establish an industry demonstration plant to produce PTA from lignin based on their
proprietary “PROSEA” technology.
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Based on aliphatic organic compounds like sugar or starch the first bio-PET raw material was MEG.

Here the company India-Glycols (http://www.indiaglycols.com/divisions/ethylene_glycols.htm) was a front runner.
Its bio-MEG production is reaching back to 1989.

The goal of India-Glycols was in the first years more to discover new and cheap raw material to produce bio-based ethanol and
out of this MEG.

Meanwhile the number of bio-MEG producers is drastically increased and bio-MEG can replace fossil based MEG as drop-in
replacement to produce PET without any process adaptation.

1.6.2 Bio-PTA

The base of bio-based organic building blocks is the conversion of bio-mass to bio-fuel, ethanol or ethylene which are
transformable with known technologies like reforming, platforming or cyclization to desired intermediates like p-xylene or
ethylene oxide.

Typical patent example is USP 8378160 claiming a process to make renewable compositions useful as fuel which is composed
among other substances of aromatics which are under application of state of the art technology convertible to bio-based p-
xylen, MEG or PTA.

A similar publication is US2009082604 “Novel process for producing liquid hydrocarbon by pyrolysis of biomass in presence of
hydrogen from a carbon-free energy source” which is describing a process to convert bio-mass to ...”alkanes, alkenes, alcohols,
aldehydes, ketones, aromatics, hydrocarbons or mixtures thereof” which are base materials to produce bio-PTA and out of this
PET.

Substantial amounts of bio-PX is produced meanwhile by Virent in the US which is problem-free to convert to PTA using any
existent PTA-plant.
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1.6.3 Bio-PET
Mainly driven by the packaging and food industry and here especially by Coca Cola the so called “PLANT BOTTLE” was invented.
Target is to advertise their products by environmentally friendly packaging materials.

Coke filed the patent “Bio-based polyethylene terephthalate polymer and method of making the same” (EP2265659) in 2008
and is trying to convince the packaging industry to follow.

Meanwhile other large brand owners like Nestlé, P&G, PepsiCo, Danone to name the most important are following this trend.

And it is not astonishing that large polyester textile producers like FENC are stepping into this business to produce PET fibers,
filament and garments from 100% bio-PET.

Because bio-PET can replace the fossil-PET as drop-in technology smoothly there is finally the economy behind this
development together with the public pressure to reduce the CO2-emmission which are decisive for market further penetration
and economic success.
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