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CHAPTER |

INTRODUCTION

1.1 Polyethylene Terephthalate (PET)

Polyethylene terephthalate (PET) is a well-known plastic used in great quantities
around the world to make products such as/bettles, fibers, and packaging. Polyethylene

terephthalate (PET) is a polymerformed by st€p=growth polycondensation from ethylene
-t

glycol (EG) and terephthalieracid (TPA). The synthesis of PET requires two reaction
steps. The first of these"is esierification oq; TPA with EG, forming a so-called prepolymer
which contains the monomer bis-hydroxyethyl terephthalate and short-chain oligomers.

The esterification by-pfodugt, ite Swater, iéfreﬁmoved via a column system. The second
: )

reaction step is polycondensation, in Whicff-g transesterification reaction takes place in
the melt phase. The by-product, EG;is reﬁﬁu@d from the melt by using high vacuum.

High-viscosity PET grades for ‘betiles or technical yarns are typically produced by

o

™
=i

further polycondensation.in an additional solid-state proeess under vacuum or in an inert

gas atmosphere, respé“ctively.

Direct Esterificariion

Esterification/Hydrolysis
Transesterification
Transesterification/Methanolysis
Melt -Phase Polycondensation
Transesterification/Glycolysis
Transesterification/Glycolysis
Solid-State Polycondensation

Transesterification/Glycolysis

TRPA +2EG = BHET + 2H20

DMT + 2EG =BHET * 2CH30H

2BHET = PET2 + EG

N(PET)m = (PET)n xm + n-1EG

PETn + PETm = PETn+m + EG

Figure 1.1 Stoichiometric equations for the synthesis of PET
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The formation of prepolymer can also be achieved by transesterification of
dimethyl terephthalate (DMT) with EG, releasing the by-product methanol. High-purity
DMT is easily obtained by distillation and in the early years of PET production, all
processes were based on this feedstock. During the late 1960s, highly purified TPA was
produced for the first time on an industrial scale by re-crystallization. Since then, more
and more processes have shifted to TPA asithe feedstock and today more than 70% of
global PET production is based on TPAs Fhe. TPA-based PET production saves
approximately 8% of total capital inve'thment and 15% of feedstock cost. Two PET
grades now dominate the“glopal market, l.e. fiber-grade PET and bottle-grade PET.
These standard grades differ mainly inl' r]jolecular weight or intrinsic viscosity (IV),

respectively, optical appearance anda-the'production recipes. The latter differ in the
amount and type of co-mongmers, stabilizers and metal catalysts, as well as colorants.
Textile fiber-grade PET .€ontains 0103 toj';,(__).é-lwt% of titanium dioxide (TiO,) as a

delustering agent. This grade'has a mol@tﬁr weight (number-average molecular

weight, Mn) of 15 000 to 20-000-G/miol, which refets:to an IV of between 0.55 and 0.67

dL/g. The standard} t:eitﬂe fiber grade has an IV of 0.64;'lvdl/g. PET fiber grades for
technical yarns such aé_tyre cord are high-modulus low-shrinkage types with very high
molecular weights, respectively, with an IV abeve 0.95 dL/g.

Bottle-grade ™ “PET appears=‘glass-clear” in" the " amorphous state. Special
requirementssfor, bottle-grade RET.are a brilliant, white.color and a~composition fulfilling
the regulations for food packaging. The average molecular weight ranges from 24 000 to
36 000 g/mol, which refers to an IV of between 0.75 and 1.00 dl/g. The standard bottle
grade has an IV of 0.80 dl/g. Other PET grades are manufactured for packaging films,
as well as for the production of video and audio tapes. These PET types are often
standard grades with an IV of 0.64 dL/g. To reduce the sticking tendency of the final

product, solid additives such as SiO, or china clay with specific particle sizes and
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particle-size distributions are incorporated by master-batch processes. The final
product, the so-called BOPET, is a biaxial oriented PET film with high mechanical

strength and a thickness between 1 and 180 um [1,2].

COOH
TPA
OOCH,CH,0H
COOH
BHET
ROty COOCH,CH,0H
DMT
— HOCH,CH,0H
COOCH i
0
e, ¢!
OCHCHE O 9% /  '0—CH,CH,——OH
e M
/ ' OPET =130 - 150
‘o | v/
AWEANANINENDL..

ARIAATAUNNIING A Y



1.2 Isophthalic acid (IPA)

Often PET is modified with a carboxylic acid other than TPA and/or a diol other
than ethylene glycol to enhance particular physical properties. For example, isophthalic
acid is added as a partial replacement to terephthalic acid in commercial polyester
production processes to change the morphology of the resultant polyester product.
Typical modification levels are 0-5 mole % replacement of primary terephthalic acid,
resulting in more desirable «properties of .the" pelyester produced. These improved
properties include, for example, reduééd crystallization rate and improved barrier

properties for packaging.resins:

\

|
isophthalic acid (IPA) typically is produced using the same basic process steps
as terephthalic acid, but starting with a m"_éta»;xylene feed. Commercial isophthalic acid
contains low levels of impuiities. Like comfﬁ@.rc@al terephthalic acid, this is important for
most applications where isophthalié acidv';ié_ﬂ"_ys:ed in significant quantities. It can be
appreciated that the importancé- of -absoluteﬁfrhy of the isophthalic acid diminishes as

the amount of isophthalic acid used is a lower overall fraction of the monomer mix for

making the polyester.” -

The isophthalic agid.production progess can be divided into the oxidation zone
and the hydrogenationizones Crude isophthalic acid is produced in the oxidation zone.
The crude (or non-hydrogenated) IPA is purified (afshydrogenated)‘in’the hydrogenation
zone. The hydrogenation zane'typically“includes the following steps:«() replacing the
mother liquor of the crude IPA-containing slurry with water, (2) heating the crude
IPA/water slurry to dissolve the crude IPA in water, (3) catalytically hydrogenating the
crude IPA/water solution to convert impurities to more desirable and/or easily-separable
compounds, (4) precipitating the resulting purified IPA from the hydrogenated solution

via multiple crystallization steps, and (5) separating the crystallized purified IPA from the



remaining liquids. Although effective, this type of conventional purification process can

be very expensive. Individual factors contributing to the high cost of conventional crude
IPA purification methods include, for example, the heat energy required to promote
dissolution of the crude IPA in water, the catalyst required for hydrogenation, the
hydrogen stream required for hydrogenation, the yield loss caused by hydrogenation of

some isophthalic acid, and the multiple vessels required for multi-step crystallization[3].

Figure 1:3-Structure fjf'rtéOphthaIic acid

1.3 Research goal

At the present, FT-IR%s an in-house"method use for the analysis of IPA in PET.
The sample is' molded=to afilm ‘with 100 & 200 pm thickness by a 280°C hot-plate.
Afterwardssthe film-is measured with an infrared spectrophetemeter at ;700 — 600 cm’
and the spectrogram is recorded. Seek the absorbency D632 at the key band 632cm’,
and determine IPA content using the calibration curve. However, FT-IR method requires
a proprietary standard and it is not commercially available. Thus, the analysis of IPA in
PET cannot be done in other laboratories. Moreover, PET sample film with 100 — 200 ym
thickness is non- homogeneous as reveals by FT-IR (as shown in figure 1.4) which

causes fluctuation of IPA quantity in PET resin.
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The process capability (Cpk) ¢ anak FIPA in PET by FT-IR is 0.43 that means result
.ﬂ].‘ﬁf-‘l \

of analysis of IPA in PET by FT- f;{ ctua (€ k from theoretical for suitable analysis

ET

there

is more than 1.00 at 90% con idential work, a more general method for
analysis of IPA con -PET-based-on-gasc :‘1 analysis was developed.
The process was ca%d out by lysis™ 0 PEﬂto convert IPA to dimethyl

isophthalate (DMI) and thénsanalyzed by gasichromatography (GC).
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CHAPTER 1l

THEORETICAL

2.1 Transesterification/Methanolysis

Transesterification is the general term used to describe the important class of

organic reactions where an ester{\w into another through interchange of the

alkoxy moiety. When the o r |s re an alcohol, the transesterification
process is called alcoh [ ). we term transesterification will
be used as synonym ( islo rooxyli sters, in agreement with most

uilibrium reaction and the

publications in this
transformation occur: . However, the presence of a
catalyst (typically a str iderably the adjustment of the
equilibrium. In order to a , the alcohol has to be used in

EXCEeSS.

Figure 2. 1 General equation of transesterification reaction

AULINENINYING

The apaﬂcablllty of transesgerlflcatlon |snrl1.ot restricted &oJlaboratory scale.
SeveraﬂeWﬂi@@aﬂ@% ueWis’]e,%t%t ro}j@s E}ferent types of
compounds 1. An example is the production of PET (polyethylene terephthalate), which
involves a step where dimethylterephthalate is transesterified with ethylene glycol in the
presence of zinc acetate as catalyst (Figure 2.2) 2. Furthermore, a large number of
acrylic acid derivatives is produced by transesterification of methyl acrylate with

different alcohols



-0 0 HO -2 CH,0H
)—@—( v2on — o/ )-@-4( OH
0 0— OH va

Figure 2.2 Transesterification of dimethylterephthalate with ethylene glycol

2.1.1 Acid — catalyzed of transesterification reaction

The transesterification process is catalyzed by Brnsted acids, preferably by
sulfonic and sulfuric acids. These cataly’gts give very high yields in alkyl esters, but the
reactions are slow, requiting, typically, temperatures above 100 oC and more than 3 h to
reach complete conversion. Fhe metk]ano[y‘s‘i_s of soybean ail, in the presence of 1 mol%

of H,50,, with an alcohel/oilimolar ratio-of 80:1 at 65 °C, takes 50 h to reach complete
conversion of the vegetable oil (> 99%‘), while the butanolysis (at 117 °C) and

T
v i

methanolysis (at 78 °C), using the séme qua"%ities of catalyst and alcohol, take 3 and 18

h, respectively. Fhas 2,

S

The alcohol/vegetable Gifrmolar ratiofié'"c";ﬁé of the main factors that influences the

transesterification. A'r)‘éxcess of the alcohol favors the Torrﬁéﬁion of the products. On the

other hand, an excessiie amount of alcohol makes the rq_éovery of the glycerol difficult,
so that the ideal alcohol/oil=ratio has to betestablished empirically, considering each
individual process.

The, mechanism. of. the. acid-catalyzed-transesterification..of .vegetable oils is
shown in, figure 2.3, for a monoglyceride. However, it can be extended to di- and
triglycerides. The protonation of the carbonyl group of the ester leads to the carbocation
[l which, after a nucleophilic attack of the alcohol, produces the tetrahedral intermediate

[, which eliminates glycerol to form the new ester IV, and to regenerate the catalyst H



+

8] H* OH OH
R'/LLDR“ R');LDR“ " R'/i\uﬂ“

OH R OH, y -W/ROH
R'/J\ ok H . ..D ‘R R')LUR

f alcohol

Iymer
Figure 2.3 Mechw estenﬂcahon of polymer

be formed by reaction of the
This suggests that an acid-
absence of water, in order to

hich reduce the yields of alkyl

i,u-j}‘.u‘ .fj, __r i =3
2.1.2 Base — catalyzgﬂ of transesterifi cam £‘
The base-ca ed transester _ s proceeds faster than the

acid-catalyzed reactlom Due to this reason, together mth the fact that the alkaline

catalysts are lﬁ ﬁ ani dﬂ pc1 ﬁaﬁarocesses usually favor
lkaline metal I oxides

base catalysts, wc as a hydroxides as well as sodium or

"““SQTW""Tﬁﬂﬂ‘ﬁﬂJ UANINYA Y

The mechanism of the base-catalyzed transesterification of vegetable oils is
shown in figure 2.4. The first step (Eq. 1) is the reaction of the base with the alcohol,
producing an alkoxide and the protonated catalyst. The nucleophilic attack of the
alkoxide at the carbonyl group of the triglyceride generates a tetrahedral intermediate

(Eq. 2)11,40, from which the alkyl ester and the corresponding anion of the diglyceride



are formed (Eqg. 3). The latter deprotonates the catalyst, thus regenerating the active

10

species (Eqg. 4), which is now able to react with a second molecule of the alcohol,

starting another catalytic cycle. Diglycerides and monoglycerides are converted by the

same mechanism to a mixture of alkyl esters and glycerol.

ROH + B RO™ + BH'
RCO0—CH, ’//// €00~ CH,
R*COO—CH ....-ﬂbo cH OR

w{zc—o-ﬁ:-k

+ B

I - - [
HoC—0__ZET87/ A 2108 H,C—OH

Figure 2.4 Mechg f the \ rification of polymer

m R =alkyl group o alcoholm

ﬂumwﬂ%"ﬁ%‘”ﬁfﬁﬁehﬁ

Alkaline metal alkoxides (as sz ,ONa for the methanol Sis):

e the most active

o AN A LA T ELAREL oy e

if they are applied at low molar concentrations (0.5 mol%). However, they require the

absence of water which makes them inappropriate for typical industrial processes30.

Alkaline metal hydroxides (KOH and NaOH) are cheaper than metal alkoxides, but less

active. Nevertheless, they are a good alternative since they can give the same high

conversions of vegetable oils just by increasing the catalyst concentration to 1 or 2
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mol%. However, even if a water-free alcohol/oil mixture is used, some water is
produced in the system by the reaction of the hydroxide with the alcohol. The presence
of water gives rise to hydrolysis of some of the produced ester, with consequent soap
formation (Figure 2.5). This undesirable saponification reaction reduces the ester yields
and considerably difficults the recovery of the glycerol due to the formation of

emulsions30. According to this me h boxylic acids can be formed by reaction

of the carbocation Il with v&
acid-catalyzed transesterr@ould:'be out in the absence of water, in order

to avoid the competitiv

|on mixture. This suggests that an

lich reduce the vyields of alkyl

esters [4].

= carbon chaln of polymer

ﬂ‘iJEJ’WIEJ‘ﬂ‘ﬁWEJ’]ﬂ‘i

2.3 Literature ?dwews

ABNBIN A INEDALL e

determination of phthalic acid isomers; the procedure includes the preparation of
diisoamyl esters by reaction with isoamyl alcohol in a benzene solution in the presence
of sulfuric acid with the distillation of an azeotrope mixture of benzene with water, the
neutralization of acid with triethylamine, and the separation of esters by gas-liquid

chromatography on a steel column (1 m x 3 mm) filled with Chromaton N-AW-HMDS
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with 5% Apiezon L in the temperature programming mode with flame-ionization
detection. The time of separation is 13 min. The time of the sample preparation step is 2
— 2.5 h. The lower determination limit is 20 ng. The procedure allows the determination of
phthalic acids in the concentration range from 0.02 to 2 mg/L in liquid samples and from

0.03t0 3 mg/m3 in air [5].

In 2003, Kurokawa H. and coworker sused Aluminium triisopropoxide (AIP)
promoted the methanolysis-of polyethz/jlene terephthalate (PET) to form monomers,
dimethylterephthalate (DMT) and _ethylene glycol (EG), in an equimolar ratio. The
methanolysis at 200°C"In methanol with zin AIP catalyst gave DMT and EG in 64% and

63% vyields, respectively. The yields were increased by using a toluene/methanol mixed

solvent containing 20-50 veal.% toluene; mégximum yields, 88% for DMT and 87% for EG,
were obtained at 20 vol.% foluene. These 'XrJesults indicate that the rate of methanolysis

strongly depends on the solub|l|ty OF PET. Tl‘le- results of GPC analysis suggest that the
2h
methanolysis of PET in the absence of the cﬁyst includes three steps. In the first step,

ol

the depolymerlsatlon occurred at a tlemolecule connectmg PET crystals and the chain

length was shortened_to about 1/3. The shortened cham was depolymerized to
oligomers in the second step. The GPC curve of the oligomers tailed to low molecular
weight, clearlyfindicating that the depolymerization 'took: place-at random positions on
the polymer chain. The third step, .the depolymerisation from the oligomers to the

monomefs, was promoted only in the presence of the AlP catalyst [6].

In 2003, Guclu G. and coworker study neutral hydrolysis of waste polyethylene
terephthalate (PET) has been carried out with different amounts of water and different
catalysts, in the presence of xylene. The organic solventmade it possible to employ very
little amounts of water, lower temperatures and pressures and providing concentrated

ethylene glycol (EG) solutions in contrast with previous methods, yielding intermediates
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suitable for PET preparation. These intermediates were characterized by FTIR
spectroscopy, acid value (AV), hydroxyl value (HV), viscosity average molecular weight
(Mv) determinations as well as by DSC. Multiple heating/cooling runs in DSC apparatus
were carried out and a deconvolution procedure was applied using Haarhoff-Van der
Linde (HVL) function to verify the presence of the same components and also to

compare polymerization tendency of these various hydrolysis products [7].

In 2005, Xi G. and~eoworker stujdy on-depelymerization of waste polyethylene
terephthalate (PET) intosmonomer bis(2-hydroxyethylterephthalate) (BHET) in order to
obtain with high purity and.significant yiefld. The glycolysis reaction was carried out at
196 °C with a weight ratios6f ethylene glycol (EG) to PET from 0.5 to 6; weight ratio of
catalyst to PET from 0 to 1:5% and: time d_j 1e5 h in the presence of zinc acetate as a
transesterification catalyst. Thesoptimal co'r‘.fq_ltiqns are reaction time of 3 h, weight ratio
(EG to PET) of 5, weight ratio (cata}yst to PéT) pf 1% and the yield of BHET is 85.6%

: eced 4

under these conditions. The glycolysed products were separated into monomer and

=

oligomers and identifiad by IR, DTA (differential thermal'anélysis), 'H NMR and °C NMR

[8].

In 2002, Holland B. G. and coworker analysis Conéentrations of diethylene glycol
(DEG) and isophthalate ‘unit present in twa commercial \polyesters by using Fourier
transform infrared (FT-IR) spectroséopy and bysa. lowering of the melting point as
measured by differential scaniing calorimetric (DSC) method.' To carry out the FT-IR
spectroscopic analysis, it was necessary to synthesizes poly(diethylene glycol
terephthalate) and poly(ethylene isophthalate). With FT-IR spectroscopy, it was possible
to measure with reasonable accuracy the DEG content of the two commercial
polyesters, whereas by DSC, the presence of IPA in one material affected the result.

Cyclic oligomers of the two commercial polyesters were extracted using chloroform and
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analyzed by preparative high performance liquid chromatography and electrospray
mass spectrometry. It was found that polymer containing more DEG units promoted the
formation of oligomers less than trimer in size, whilst the polymer containing more IPA

units promoted the formation of oligomers greater than trimer in size [9].

In 2002, Yang Y. and coworker study on Methanolytic depolymerization of
VJ#/U in a stainless stirred autoclave at
- Pa, and with a weight ratio of

ainly composed of dimethyl

polyethylene terephthalate (PEI
temperatures of 523-543 &

methanol to PET from

terephthalate and small froxyethyl) terephthalate, bis

— ' S .
influenced by the temperature, wrg[@ ethanol to PET, and reaction time, whilst
B Ll ion

the pressure has msﬁuﬂcant |anuence w_hg‘ﬁé critical point of methanol.

33-543 K, pressure of 9.0-

11.0 MPa, and the wei

several PET vﬁtéﬂcﬁfdﬂdﬂﬁ%@?ﬁ Ejﬁtf?rﬂnvestlgated under the

optimal COﬂdItIOM 10].

QW’]Mﬂ‘ﬁﬂJﬁJW]’W]MﬂEJ

t ratio (methanol to PET) from 6 to 8. The depolymerization of



CHAPTER 1lI

EXPERIMENTAL

3.1 Materials and Chemicals

Polyethylene Terephthalate (PET) (bottle grade and fibre grade) was supplied
from Thai PET Resin Co., Ltd. (Rayong, ;Thailand). Dimethyl terephthalate (DMT),
ethylene glycol (EG), diethylene glycol (DEG) and sodium hydroxide were reagent or
analytical grades purchased-from Merck (Germany).-Dimethyl isophthalate (DMI) was
analytical grades purchased from Fluka, diethyl phthalate was purchased from Sigma-
Aldrich and analytical grademethanol iIWas purchased from RClLabscan (Bangkok,
Thailand). . 4

)

3.2 Instrument and Equipments 7,
o

The gas chromatographie (GC) analysé,@ was carried on HEWLETT PACKARD

model HP 6890, performed on DB-WAX Co5lgu_rr-ih—model J&W 125-7062, column length

60.0 m diameter 530 dm-and-film-thickness-1=00-um-with flame-ionization detector (FID).

Fourier transform im;rarred spectroscopy (FT-IR) was crarried on BRUKER model

TENSOR?27, measured withs a infrared spectrophotometer at 700 — 600 cm’. Mini

Reactor was carried-onHACH mini reactor with temperature control.

3.3 Methanolysis of isophthalic acid in PET

3.3.1 Gas chromatographic condition

The separation of a mixture containing dimethylterephthalate (DMT),
dimethylisophthalate (DMI), ethylene glycol (MEG) and diethylene glycol (DEG) was

carried out by gas chromatography (GC) under the following condition
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Column: Capillary column DB-WAX model J&W 125-7062, 60 m length, 530
pum diameter, 1.00 pm film thickness.
Inlet: 2500C temperature, 20.00 psi pressure, 50:1 split ratio, 583.4 ml/min split
flow, Helium as a carrier gas.

Temperature program: Initial temperature 170°C, 20°C/min until 235°C holding

time 10 minute then decrea until 170°C

2

20°C/min
170°C

10 minutes

170°C

25 minute

Detector: Flame lo
Temperature: 250°C
Hydrogen flow: 30.0.mi/n e
Air flow: 300.0 Tl

Makeup Gas TyE: Nitroge —

Makeup ﬁw: 23.0'mifm
Y

ST henInyIng

Standard dimethylisophthalate concentration at 0.9 mol%, 2.3 mol%, 4.7 mol%

and 9.4% were prepared and analyzed by GC.
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3.3.3 Sample preparation for methanolysis of isophthalic acid in PET resin

3.3.3.1 Efficiency of catalyst in methanolysis of isophthalic acid in PET resin

Weighting 0.3 g of PET sample and dissolve in 5 ml methanol in the presence of
catalyst into a glass tube of mini-reactor and heated up to 150°C. Similar processes of

methanolysis were also carried out with various types of sample and catalyst (Table 2.1).

Table 3.1 Type of sample, catalyst and reaction.time in the methanolysis of isophthalic

acid in PET resin.

Sample Catalyst Solvent

Fiber PET resin

Bottle PET resin
Acid-catalyst Methanol

Fiber PET

Bottle PET

Fiber PET resin

Bottle PET resin Antimony. (Ill}acetate in

Methanol
Fiber PET acid solution
Bottle PET
Fiber PET resin
Cobalt (Il) acetate in acid
Bottle PET resin Methanol

solution

Fiber PET
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Bottle PET

Fiber PET resin

Bottle PET resin

Base catalyst Methanol
Fiber PET
Bottle PET
3.3.3.2 Effect of reaction i alic acid in PET resin
PET samples we 2 meth ‘ methanolysis reaction in the

ethanol in the presence of

I& 150°C. Similar process of

methanolysis ﬁucﬁemj%ﬂ wﬁbwﬁcﬂ]fﬁﬁon time by increasing

reaction time at 40 min interval until reac‘uon was completed

QWWNT’I‘?EM URIINYIAY

catalyst in a glass t e of mini-reactor and heated
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3.3.3.4 Optimization of PET particle size for methanolysis of isophthalic acid in PET

resin
Weighting various size of 0.3 g of PET sample and dissolved in in the presence
of catalyst in a glass tube of mini-reactor and heated to 150°C. Similar processes of

methanolysis were also carried out with various size of PET samples (PET chip resin size

3.3.3.5 Optimization of a P S& mple fo methanolysis of isophthalic acid in

PET resin
Various amount Q \1 e \ methanol in the presence of
catalyst in a glass tube of mi \\\o 0 150°C. Similar processes of

methanolysis were also capfied -. \ nst of PET samples (PET fiber and

PET bottle grade at 0.1 -1 g

ﬂuEI’J‘VIEWl?WEI’m‘i
ammmm URIINYIAY



CHAPTER IV

RESULT AND DISCUSSION

4.1 Methanolysis of isophthalic acid in PET

Two reaction types of methanolysis of isophthalic acid in PET including open

|

complete in a closed rea i-reai tor ure 150°C. Under various types

of catalysts and with mM ous ¢ ﬁ."-'h of catalysts, it was found that

reflux on hotplate at temperature and closed reaction in mini-reactor at

temperature 150°C were carri hat methanolysis of PET resin was

based catalysts were ophthalic acid in PET resin.

Therefore, this study h

the & ffe u ._ type, concentration of base

e

catalyst, sample types, s ighﬁh ¥ act
4.1.1 Effect of catalysts for anolysis. ‘:_ h acid in PET

{éi'ma

The catalysts for the m.a{@glﬁ of

(II) acetate, acid ,9‘_;,“_.....=m........4_.._—"57..-...4:;(‘- investigated. Result of
R

ch as Antimony (lll) acetate, Cobalt

effect of various types Ca alys s of isophthalic acid in PET at 150°C in

closed reaction in mini- re@@r with sample Wount of 0.3g, particle size of PET sample

between 355 pﬂugﬂ v &LWQM $dhe Lbdah ravle 4.1.1.
AW AINIUNRIINYIAY
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Table 4.1.1 Effect of type of catalysts for methanolysis of both fiber grade PET and

bottle grade PET in a closed reaction in mini-reactor with 0.3 g of PET sample, sample

size between 355 ym — 425 pm, and 20 min. reaction time.

Sample types Sample Type of Reaction Physical
weight Catalysts Time appearance
Grinding PET fiber resin Antimony (I11)
0349 20 min Cloudy
(Particle size between 355 um — 425 pm) acetate
Grinding PET fiber resin et Gobalt (I1)
03 g 20 min Cloudy
(Particle size between 355 um — 425.uMm) acetate
i
Grinding PET fiber resin® 1
0.3 9 H,50, 20 min Cloudy
(Particle size between 355 um —_.425 14m) Ak ; #
Grinding PET fiberfesin v 4
0.3_@ o NaOH 20 min Clear
(Particle size between 355 umi= 425 [im) 7
Grinding PET bottle resin " Antimony (IIl)
I readeede N 20 min Cloudy
(Particle size between 355 pm — 425 um)—— A 7 acetate
i PV,
Grinding PET bottle resin . %7 . Cobalt (1)
_ 083 @HH="" ) 20 min Cloudy
(Particle size between 355 um — 425 um) acetate / |
Grinding PET botilé resin e
’ 039 H,S07 20 min Cloudy
(Particle size between 355 ym — 425 ym) i
Grinding PET bottle resif NaOH /
084 20 min Clear
(Particle size between 355 pm - 425 um) methanol

The 'methanolysis of isophthaliel acid in PET was' complete.using NaOH in

methanol but incomplete with other catalysts such as Antimony (Ill) acetate, Cobalt (I1)

acetate and sulfuric acid (H,SO,) (Figure 4.1). Therefore, the best catalyst for

methanolysis of isophthalic acid in PET was NaOH in methanol.
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Figure 4.1 Pictures show é reaction-mixture of methanolysis of isophthalic acid in

J'_J'

PET with various typesof ta]ysts (@) prepared by base catalyst with 1% NaOH in

methanol, (b) prepared by A bny (1 éptate, Cobalt (ll) acetate and sulfuric acid.

]
¢ "

{;

.-41
*
! 2y

4.1.2 Optimization of concen&atlondof NaOH: ll;methanoIVSIs of isophthalic acid in PET

-..;a

The concentration of NaOH in mefhapolxsm of isophthalic acid in PET was

investigated. The reacilon was performed in a mini reacton’J ‘L5O C, 3 g sample, particle

1,," \_J
size 355 pm - 425 pm, and 20 min. reaction time. The result showed that at 1%

5 E AP
=y —

concentration of NaOH, the reaction was completed in 20 min. as shown in Table 4.1.2.
At higher concentration; however, the reaction gaye: cloudy appearance as shown in
Fig. 4.2. Thus the appropriate amourit of NaOH for. methanolysis of isophthalic acid in

PET resin was 1%.
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Table 4.1.2 Effect of concentration of NaOH for methanolysis of both fiber grade PET

and bottle grade PET in a closed reaction in mini-reactor using 0.3g of PET sample,

sample size between 355 pym — 425 pm, and 20 min. reaction time.

Sample types Sample | Concentration | Reaction Physical
of NaOH Time appearance
Grinding PET fiber resin ° ‘NaOH /
: 20 min Clear
(Particle size between 355 pm — 425 um). | _.Methanol
Grinding PET fiber re 0 ‘-'
v 3 .\ 20 min Cloudy
(Particle size between 355 um — 4 \
1‘ \
Grinding PET fiber resin -
$ 20 min Cloudy
(Particle size between 355 4
Grinding PET bottle fesi :
% 20 min Clear
(Particle size between 355 um — )
Grinding PET bottle resi tﬂﬂ" ;T_,
= 0.30= 20 min Cloudy
(Particle size between 355 pm — 425 pm-);;_;r'
Grinding PET bottle
----- 20 min Cloudy

(Particle size between 3 v

po |
\"

ﬂumwﬂmwmm
QWWMﬂ?ﬂJ UAIINYAY




24

Figure 4.2 Pictures showed ihe reaction mixture of methanolysis of isophthalic acid in

PET with various conce sfof; NaDH m methanol (a) prepared by methanolysis with
1% NaOH in methanol, W?pared by n>ethanoly3|s with 2% NaOH and 3% NaOH in
methanol. - A

";
..,.:' J,

le

li' L]

.-
”

e

4.1.3 Optimization of particle size of PET fof-'fnéihanolvsis of isophthaic acid in PET

&

The effect ofva Ijsh’"s of isophthalic acid in PET
w i et
at 150°C in a mini-reactor in the presence of 1% NaOH in methanol (5 m), 0.3g sample

-d‘ —

and 20 min. reaction timerwere investigated.and the results are shown in Table 4.1.3. It
was found that the particle size between 356 um -+ 425 pym| were the most suitable. It
was also observed that at higher particle size the reaction was incéniplete as shown by

a cloudy'reaction mixture in Fig. 4.3:
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Table 4.1.3 Effect of particle size of both fiber grade PET and bottle grade PET in

methanolysis using 0.3g of PET, 1% NaOH in methanol and 20 min. reaction time in

closed reaction in a mini-reactor.

Sample types Sample | Concentration | Reaction Physical
weight of NaOH Time appearance
PET fiber resin 1% NaOH /
0.3g 20 min Not dissolve
(Particle size between 1500 um — 2500 um) Methanol
o
Grinding PET fiber resin 1% -NaOH /
03¢ 20 min Clear
(Particle size between 355 pm.=425 um) | Methanol
1
]
PET bottle resin ~ 1% NaOH /
0:3ig# 20 min Not dissolve
(Particle size between 2000 pmg= 3000 um) : Methanel
Grinding PET bottle resin ) “ 1% NaoH /
0.3/@4 20 min Cloudy
(Particle size between 425 pm — 740 um) -+ i i Methanol
iz,
Grinding PET bottle resin 4l .l 1% NaOH /
0.3.g [ 20 min Clear

(Particle size between 355 um — 425 pm)

> 'le
. Methanol
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Figure 4.3 Pictures showed the reaction mixture of methanolysis of isophthalic acid in
PET at various size of both fiber grade PET and bottle grade PET (a) PET fiber resin &
PET bottle resin (Particle size between 355 ym — 425 um), (b) PET fiber resin & PET
bottle resin (Particle size between 1500 um — 2500 um), (c) PET bottle resin (Particle

size between 425 ym — 710 pym).

methanolysis of isophthaic acid in
PET ' —d

4.1.4 Optimization of the a

unts of PET samples in closed

The reaction was caifi ”
reaction in mini-reactor at gy pres Q\. NaOH in methanol (5 mL),

particle size of PET sa 20 min reaction time and the

results are shown in Table 4 ount of both fiber grade PET
and bottle grade PET fro ] it was observed that at higher
amount of sample the me ic acid in PET was incomplete. At

sample size less than 0.3 g _{f_—;?,%o \' ar reaction mixture.

)

ID 2
ﬂUU?ﬂﬂ‘ﬂiWﬂﬂﬂ‘i

ammmm UAIINYAY
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Table 4.1.4 Effect of sample amount of both fiber grade PET and bottle grade PET in

methanolysis in closed reaction in mini-reactor with PET particle size between 355 ym —

425 1um,1% NaOH and 20 min. reaction time.

Sample types Sample | Concentration | Reaction Physical
of NaOH Time appearance
Grinding PET fiber resin \Q 1% NaOH /
\\ 20 min Not dissolve
(Particle size between 355 um — % 1anol
Grinding PET fiber resigme™ 1, | H/
. Y 20 min Cloudy
(Particle size between 355 5 gm / e |
Grinding PET fiber resin N B ‘ /
. % m 20 min Clear
(Particle size between 355 2 . ‘ { |
Grinding PET fiber re & 2 % 1% NaOH /
L0 20 min Clear
(Particle size between 355 pm — :::‘_ . a"{:f <)z ethanol
] + ‘,\___.- )
Grinding PET fiber resin Al 1% NaOH /
20 min Clear
Methanol
l OH [
20 min Not dissolve
(Particle size between 3 ‘
Grinding PET bott@esin o Nacﬂ/
05¢g 20 min Cloudy
(Particle size between 355 pmr425 pm) ot Methanol
amnar FErGobedsn] YT F1 913 19T
.3g 20 min Clear
(Particle size betw@n 355 pum — 425 um) Methanol
— -
#
@W@Fﬂﬁﬂ'ﬁm #ANTIUN R | oo
(Particle Size between 355 pm — 425 um) Methanol
Grinding PET bottle resin 1% NaOH /
0149 20 min Clear
(Particle size between 355 pm — 425 um) Methanol
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\

ﬁgture after methanolysis of isophthalic acid in

Figure 4.4 Pictures show,éij the feaction m

PET using various amount of bo}chfdiﬁ)er g[?-’are‘PET and bottle grade PET (a) grinding
PET fiber grade resin & PET ’botﬂév-gade rei{?ﬁrﬂcle size between 355 pm — 425 um)
sample amount lower than 0.39.,--(b}7:“'grindingTngEIFFﬁ‘iber gra!r.de resin & PET bottle grade
resin (Particle size b%tweenﬂﬁﬁmﬁ—smnpre%ejmount more than 1.0g, (c)

grinding PET fiber gradé resin & PET bottle grade resin (_P;:;\rticle size between 355 ym —

425 um) sample amount 0.5g.

4.1.5 Optimization of reaction time in mini-reactor for methanolysis“of isophthaic acid in

PET

Various reaction times in methanolysis of isophthalic acid in PET resin were
investigated in a mini-reactor at 150°C in the presence of 1% NaOH in methanol (5 ml),
PET particle size between 355 pm — 425 ym and 0.3 g sample and the results are shown

in Table 4.1.5. Reaction times from 10 min — 60 min were investigated. It was found that
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the reaction time of 20 min. was appropriate to complete the reaction as shown in

Table 4.1.5 and Fig. 4.5.

Table 4.1.5 Effect of reaction time in methanolysis of both fiber grade PET and bottle

grade PET in closed reaction in mini-reactor using PET particle size between 355 ym —

425 pm, 0.3g sample, 1% NaOH in methanol.

Sample types Reaction Physical
Time appearance
Grinding PET fiber & bottle re
: 10 min Cloudy
(Particle size between 355
Grinding PET fiber & bg
20 min Clear
(Particle size between 355 um
Grinding PET fiber & bottle resi
30 min Clear
(Particle size between 355 um — 4.
Grinding PET fiber & bottle resin i —— & 1% NaOH/
_..-‘_,./ b3 a " 40 min Clear
(Particle size between 355
Grinding PET fiber & ot
- - 50 min Clear
(Particle size between 355 um — 425 um Methafm
Grinding PET fiber & bottle am 9 1%NaCOH/
; 4= 60 min Clear
(Particle size between ethanol

ammmm UAIINYAY
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W o
I
o id

Figure 4.5 Pictures showed th result from methanolysis of isophthalic acid in PET at

various reaction time of bothﬂber de PE?/aﬁquottle grade PET (a) grinding PET fiber

_._ -..;al

grade resin & PET bottle grade re Partrcj?snze between 355 um — 425 um) reaction

time higher than 20 m‘ln (b) grlndlng PET fiber grade re§ag & PET bottle resin grade

(Particle size betweenj3555 pum — 425 um) reaction time 10m|n

. -

4.2 GC condition far analysis of dimethylisophthalate

4.2.1 GC separation.of.mixture of dimethylisophthalate and-dimethyiterephthalate

A" mixture obtained from mixing of methanol, ethylene glycol, diethylene glycol,
dimthylterephthalate (DMT), dimthylisophthalate (DMI) and diethylphthalate as an
internal standard was separated by gas chromatography using temperature
programming mode as shown in the experimental section. The analysis time was 51

minute. The GC chromatogram is shown in Fig. 4.6. It was clear that the separation of
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DMT and DMI was very good and they did not overlap with the peak of internal

standard. Thus quantitative analysis was further carried out.

FID1 A, (ZT0SDS\TEST—01.0}

i

17 -
] el

357=MeBH

.

16
'IE—E
14—5
13-
12—2

11

BRI

Figure 4.6 GC chromatogr, anol, ethylene glycol, diethylene

glycol, dimethylterephthalate, di and diethylphthalate.

4.2.2 Analysis of rea *-ﬁh_ _JE'F[ is of isophthalic acid in PET

I
When methano yS|s of isophthalic aC|d in PET was completed, the reaction

mixture was sﬂe%idﬁ c% WIEFw ﬁ w E’]ﬂﬂ@ asin 42.1. and the

gas chromatogra‘ns are shown in Flg‘gre 4.7 and 4. 8

ARIANN I UNIINYAY
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FIDT A, [OF1T1E2UFA-RO0Z.D)

o
L
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a ) ) ) ) 5
Figure 4.7 GC chromatogfamso

in PET fiber grade resin.

Narm.

154

14 7

13

12 5

-—n————7r——————7F— 7
0 5 10 15 20 25 30

Figure 4.8 GC chromatogram of mixture obtained from methanolysis of isophthalic acid

in PET bottle grade resin.
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4.3 Determination of IPA in PET resin

4.3.1 In-house method of determination of IPA in PET resin using FT-IR

Determination of IPA in PET by FT-IR is an in-house method. The calibration

-1 . .
curve at wave number 632 cm in IR spectrum was used and the result is shown in

Figure 4.9. The standard IPA concentrations at 0.9 mol%, 2.3 mol%, 4.7 mol% and 9.3

IP A peak at
wavenumber
632 cm-!

3.00 3.80 00

20

20

15

150

op

2000

r giagg ﬁ resin.
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Figure 4.10 Calibr, Gurve | IPA in PET by FT-IR.
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Table 4.3.1 The result from FT-IR determination of IPA in both bottle grade and fiber
grade PET and checked for repeatability using 5 samples in one batch and repeat 3

times in each sample.

IPA in PET by FT-IR IPA in PET by FT-IR
PET Sample PET Sample
Repeat IPA Repeat IPA
sample name sample name
no. content no. content
1 1.870 1 1.779
A 2 1.836 A 2 1.756
3 ¥ 3 1.735
1 1,902 . 1 1.671
B 2 1.874 B 2 1.635
3 1.873 3 1.639
PET 1 2197 1 1.602
PET fiber
bottle C 2 24395 a=sl . C 2 1.596
fesin
resin 3 2485 Y= 3 1.574
1 1.854 1 1.693
D 2 1.846 D 2 1.688
3 1.821 3 1.677
1 1,783 1 1.812
E 2 1.767 E 2 1.787
3 1,780 3 1.764

4.3.2 Determination of IPA in PET resin using Gas chromatography

The standard curve of DMI with internal standard diethylphthalate was
constructed using concentration of IPA at 0.9 mol%, 2.3 mol% and 4.7 mol% in PET and
it is shown in Fig. 4.11. The result of determination of IPA in PET by GC is shown in Table

4.3.2.
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Calibration Curves

Area Ratio DMI at exp. RT: 15.307
E + | FIDT A,
T Correlation: 0.855%7%
0.7 Residual Std. Dewv.: 0.00530
ﬂ.ﬁ-f Formula: y = mx + b
] m: 7.0430%e-1
0.5 5 bt -8.63474e-3
0.4 ¥: Amount Ratio
] ¥: Rrea Ratio
034 '
0.2 1 é
0.1 "'-ﬁ_ -
04 -~
] 05
Figure 4.11 Calibration e halate as internal standard.

AULINENINYINT
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Table 4.3.2 The results of determination IPA in both bottle grade and fiber grade PET
by GC using the same batch of sample as in FT-IR method and checked repeatability

for 7 samples and repeat 3 times in each sample.

IPA in PET by GC IPA in PET by GC
PET Sample PET Sample
Repeat IPA Repeat IPA
sample name sample name
no. content no. content
1 1.733 1 1.768
A 2 1743 A 2 1.793
3 ¥ 0 3 1.788
1 1749 1 1.776
B 2 1.742 B 2 1.790
3 1.768 3 1.785
1 1.805 1 1.815
C 2 12795 C 2 1.794
3 1803 3 1.796
PET 1 1.766 1 1.809
PET fiber
bottle D 2 1.759 D 2 1.800
resin
resin 3 1.770 3 1.802
1 1.752 1 1.749
E 2 1.749 E 2 1.772
3 1,751 3 1.756
1 1.819 1 1.756
F 2 1.818 F 2 1.750
3 1.812 3 1.753
1 1.704 1 1.821
G 2 1.694 G 2 1.813
3 1.689 3 1.802
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4.3.3 Comparison of determination of IPA in PET resin between FT-IR method and

Gas chromatographic method

Isophthalic acid (IPA) was a comonomer in PET process to improve some
properties in PET resin such as transparency in PET bottle and decrease melting point in
injection process in making PET bottle or fiber. Thus the amount of IPA needs to be
strictly controlled otherwise the bottle imanufacturing process would be altered.
Moreover, price of IPA was more expensive than'other raw materials of PET producing.
Therefore, accuracy and-preeision of analysis {PA«in"PET was so important. Process
capability (Cpk) was one of stat|st|cal tools for investigation of fluctuation of

determination of IPA Content i@ PET by C(J‘mparmg with manufacturing specification. The

formula on calculation gf'Cpk is shown ig, Figure 4.12 and theoretical Cpk should be
\ 4
higher than 1.00 which indicates that -the pfocess was producing product that conforms

to specifications and is on target If Cpk is IQwer than 1.00, it indicates the high variation

of analysis or PET process eonifal'is shifted;tp.iy}pper or lower specification. Therefore,

PET manufacturing process control-IPA Conti—;«ht-'m—both fiber grade and bottle grade PET

in a range of 1.6 — 1‘:91}.0!%. f_;
) v [.SI.
E.}#__ = min --IH' | ;""E
3 X o 3xa
L5l ¥ ™
|
i
|
!
I
I
|
i
Target

Figure 4.12 Formula for calculation of process capability (Cpk) and normal distribution

curve for Cpk > 1.00
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Comparison of process capability (Cpk) of determination of analysis IPA in
PET between in-house method by FT-IR and GC method are shown in Table 4.3.1 and
Table 4.3.2, respectively. It was shown that the process capability (Cpk) of FT-IR
method was 0.20 that indicated high variation in analysis method and some result out of

specification as shown in Figure 4.13.

Process Capability of IPA by FT-IR

~
ESL | Sk
Process Crata — iiithin
Lo, i.E\ - Cryarall
Target R A
LIS'EI 1.9 Patential (Within) Capability
Sample Mean  1.20053 Cp 031
Sample M 30 CPL 041
StDev(Within)  0,161792 CPU 020
StDev(Cwerall] 0160403 Cpk  0.20
Orverall Capability
Pp 031
PPL 042
PPU  0.21
ppk 021
Cpri *
T ?"'-l"kl1 LA
B b el L
YECTEE e 02
| i
A
Chzerved Peformance | Bap, Wlithin Peformmance Exp, Cwerall Perforrmance | o

PRM = LSL  BBEEEEF || PRR = [SL 10752289 PPM = LSL 10561654
PPM = LSL 13333333 PP = LISL  269349.39 PPM = LISL 2E7594.80
PPM Tatal  200000.00 PRM Total 37633829 FEM Tatal 37321134

ol —

Figure 4.13 Process capability (Cpk) ofidetermination of IPA in PET by FT-IR.

Meanwhile, .the process, capability (Cpk) for'GC. was 1.23.which indicated that
the analysis of IPA" in PET by GC had low deviation and~on target ih manufacturing

specification as shown in figure 4.14.
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Process Capability of IPA by GC

LSL

Process Data
LSL 1.6
Target ¥
LsL 1.4
Sample Mean 177176
Sample M 42
StDew(Within]  0.0346345
StDev(Oweralll  0.034424

I

e |y

I
I
I
I
I
I
I
I
I
I
I
I
I
.

e Wit RIR
— o Crpatall

Patential (Within) Capability
cp 144
CPL 1.kE

e cpk 123 =

Crverall Capability
Pp 145
PPL 1.
PPU  1.24
Ppk 124
Zprm %

—5 ’ T
1.a0 l.ﬁrﬁI WhE 1.?2Ll 1.7 1.80 1.84 1.88
Observed Peformance Exp. \Wlighin Perharmance Expt Owerall Perfarmance
PPM = LSL 0,00 PRM = LSk 0.35 PPM = LSL 0,30
PPM = JSL 0,00 PPM =050 ANEFO F‘F‘I"-"I:: LSL. 97,56
PPM Total 0,00 PPrTotal 10705 PPM Toral 97,26
7 -

Figure 4.14 Process capability (Cpk) of determination of IPA in PET by GC.

#

4.3.4 Statistical method for quantitative analysis of determination of IPA in PET resin by

Gas chromatography

One of statistical-tools-foranalysis-ofthe precision.oef determination of IPA in both

fiber grade and bottle grade PET resin was gage capability by using Range (R) values

which represent the difference between measurements made on the same unit using the

same GC instrument.and the-results are shown in Table 4.3.3!
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Table 4.3.3 The range (R) values of determination of IPA in both bottle and fiber grade

PET with repeatability of 7 samples in one batch and repeat 3 times for each sample.

Measurement no.

PET sample Sample name R
1 2 3

1.733 | 1.743 | 1.720 | 0.023

1749 | 1.742 | 1.753 | 0.011

1.766 | 1759 | 1.770 | 0.011

A
B
C | 805 1 1.795 | 1.803 | 0.010
D
PET bottle resin.. .

3 1.762 | 1.749 | 1.751 0.003

A A f1819 1818 | 1812 | 0.007

4.704 1 1.694 | 1.689 | 0.015

| / %erage i 0.011

‘.jj 768 | 1.793 | 1.788 | 0.025

T 4776 | 1790 | 1.785 | 0.014
L 1816 1794 | 1.796 | 0.021
Y D 180918004 1.802 | 0.009
PET fiber resin — -
E 1749 | 1772 | 1.756 | 0.023
- F 1756 | 1.750 | 1.753 | 0.006
e 18210 1781311802 | 0.019
Average 0.017

p ). Yils. .
The /standard “deviation of measurement error, "¢, can be estimated as

follows:

d, from theoretical was 1.693 for repeat 3 time (n=3)
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It was a common practice to compare the estimate of gage capability to the
width of the specification or the tolerance band (Upper specification limit (USL) — Lower
specification limit (LSL)) for the part that was being measured. The ration of 6 gage

capability to the tolerance band was often called the precision-to-tolerance or P/T ratio.

Upper specificatio or |P} { juali ontrol for PET manufacturing

process was 1.6 mol%. andlo .9 mol%. Therefore, value of

P/T in theoretical calculation 2555 adequate gage capability. The
y T

V s
result of GC analysis of IPAin P '2-';!-- 3.3 indicated that P/T ratio for PET fiber

grade was 0.010 andsbo rade was 0.( 1 P/ ratios were lower than 0.1
which indicated th € >ihad high precision and low

deviation. @
AULINENINYINT
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CHAPTER V

CONCLUSION

In this research, methanolysis of isophthalic acid (IPA) in both fiber grade and
bottle grade PET resin in a closed mini-reactor in the presence of 1% sodium hydroxide

(NaOH) in methanol was carried

” nvert IPA to dimethyisophthalate (DM)

which was then analyzed . Optimal particle size, sample
T ——
amount and reaction ti en m = 425 um, 0.3g and at least 20

min., respectively, for and quantitative analysis by

gas chromatography in-house method using FT-IR

and a new method g statistical tools. Process

of PET manufacturing process u Cation limit (USL) at 1.6 mol% to upper
specification limit (L@N at 1.9 mol%. P & (P/T ratio) which was one of

for PET fiber grade ana’0.015 for bottle grade. The result’of P/T ratio above were lower

than 0.1 of thﬁﬂtﬁﬁuﬂvﬁ%%%aﬁﬂﬂ GSPA in PET by GC had

high precision aid low deviation.
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