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IITLE .
PRODUCTION OF POLY (ETHYLENE TEREPHTHALATE)
EIELD OF THE INVENTION
This invention concerns a process for obtaining a
S novel form of low molecular weight poly(ethylene
terephthalate) and its use in solid-state
polymerization to obtain a higher molecular weight
polymer. A novel product of a solid-state
- polymerization is also disclosed.
10 TECHNICAL BACKGROUND
Poly(ethylene terephthalate), herein abbreviated
PET, is widely used in many materials and products,
such as fibers, fabrics, molding resins, and soda
bottles. Most of these uses require a polymer of
15 relatively high molecular weight. Such polymers have
been commercially made by raising, either in melt or
solid-state polymerization, the molecular weight of a
prepolymer or oligomer.
Melt polymerizations require higher temperatures,
‘20 which is more likely to cause polymef decomposition,
and expensive equipment. Solid-state polymerizations,
in contrast, are usually run at somewhat lower
temperatures. Solid-state polymerizations also have
the advantage, compared to melt polymerizations, that -
25 very high molecular weights, where melt viscosities
would otherwise be extremely high, can be more readily
obtained. In commercial use, however, solid-state
polymerizations may be relatively slow. Furthermore,
solid-state polymerizations usually require that the
30 lower molecular weight PET, in the form of particles or
pellets, undergo a relatively lengthy crystallization
pProcess prior to being polymerxzed in the solid-state.
Therefore, better polymerlzatlon methods for PET are
desired.
35 N. S. Murthy, et al., Polymer, vol 31,
p. 996-1002; C. M. Roland, Polym. Eng. Sci., vol. 31
p. 849-854; and A. Siegman, et al., J. Polym. Sci.,
Polym. Phys. Ed., vol. 18, p. 2181-2196 (1980) all
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'._report on the propertles particularly the crystalllne
' properties, of varlous PET polymers None of these
- polymers dlsclose or teach the novel form of PET, and

thEIr assoclated propertxes. clalmed here1n
U S. Patent Nos. 3 405 098 3, 544 525 4 064 112
4, 165 420, 4, 254 253 and 4, 271 287, and F. Pllatl 1n

G. Allen, et al., Ed., Cnmnr.ehensue_laolmer_s.clence

TVol S,.p 201 216 (Pergamon Press, Oxford 1989)

descrzbe varlous aspects ‘of solid-state polymerlzatlon

_and/or the preparatlon of PET for use in solld-state
polymerxzatlon. None of these patents or references

d1scloses the novel processes or compos1tions of - the
pPresent 1nventlon._ R .

Thls lnventlon concerns a comp051t10n, compr151ng.

_,'poly(ethylene terephthalate) hav1ng a degree of

20 .
'Elcrystallizlng poly(ethylene terephthalate), compr151ng,

25
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35

lpolymerxzatxon of about 5 to about 3s, an average

apparent crystallite size cf 9 am or more,'and a
melting point of 270°c or less-l_ . _
This invention also concerns a process for

cooling at a rate sufflclent to ccol a molten

| poly(ethylene terephthalate) or, alternatlvely, heating

at a rate sufflclent to heat a glassy poly(ethylene
terephthalate) partlcle to a temperature of about 120°c
to about 210°C. Thls process produces a crystalllne '
poly(ethylene terephthalate) havxng an average apparent
crystallite size of 9 nm or more. and a melting point of
270°C or 1ess and a poly(ethylene terephthalate) having

a. degree of polymerlzatlon of about 5 to about 35. By
_"degree of polymerlzatlon" lB meant a Statlstlcal '
- average, sznce such polymerlc molecules usually have a

distribution of molecular weights, By the term
“average" w1th ‘respect to apparent'crystalllte size ls_

. meant the numer1ca1 average of one or more (preferably

three or. more) measurements on the same batch of
polymer Multlple measurements ‘may be used to lnsure
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preproduCibility, because of the relatively small sample
'Size used in the x ray measurement

More particularly, disclosed herein is a process

for the crystallization of pellets of poly(ethylene_
'terephthalate), comprising -

' heating pellets of a glassy ooly(ethylene

terephthalate) pellet to a bulk average temperature of
__120°c to about 210°C within Speleled maximum period of

";Htime and, furthermore, maintaining the pellets at that
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pattern of a sample of a PET polymer according to the

bulk average temperature for a speCified minimum period '
of time, or _ ' : _

" cooling molten droplets (meaning small
portions) . of a poly(ethylene terephthalate) 80 that the
bulk average temperature of the droplets or
crystallizing pellets is brought to a temperature of

_1120°C to about 210°C Within a speCified maximum period
" of time and, furthermore, maintaining the crystallizing

pellets at that bulk average temperature for a
specified minimum period of time;
provided that said poly(ethylene terephthalate)

has a degree of polymerization of about 5 to about 35.

This invention also concerns a process for the

solid-state polymerization of poly(ethylene
Jterephthalate), wherein the improvement comprises,
'_starting with a poly(ethylene terephthalate) having an
_'average apparent crystallite size of 9 nm or more, a
'melting point of 270°c or 1ess, and a degree of '

polymerization of . about 5 to about 35.
Finally, appolymer product is disclosed that

'comprises a polyethylene terephthalate polymer haVing

an 1ntr1nSlc Viscosity of 0.65 or more, an average

' apparent crystallite Size of 9. 0 nm or - more, and a heat
-,of fusion of 95 J/g or less ' -

Figure 1 is ‘an illustrative x-ray diffraction

present invention



10
15
”2%.“

-'“homopolymer" PET
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Figure 2 is another lllustratlve x -ray" dlffractlon

1pattern of a sample of a PET polymer accordlng to the
present inventlon : : .

_ Flgure 3 1s an lllustratlve X- ray dlffractlon
pattern of a sample of a PET polymer accordlng to the
present 1nventlon, Whlch pattern,has been deconvoluted
1nto two overlapplng Gaus51an peaks '

A novel compositlon of poly(ethylene

_ terephthalate), also referred to as PET, is d1sclosed

tlﬁhereln Thzs novel compOSLtLon ls characterlzed by a
fcertaln klnd of crystalllne morphology and other

"“deslrable characterlstlcs._ Related characterlstlcs are

also dlsclosed By PET or poly(ethylene terephthalate)_

-'hereln is meant poly(ethylene terephthalate) whlch may
‘be modified with small amounts,:less than 10 mole
_percent. and more preferably less than ‘5 mole percent
;'of the polymer repeat unlts, of copolymerlzed monomers

(or “co repeat units"). so long as the crystallization
behav10r .of the polyester 15 substantxally the same as

The present PET has an average apparent'

'crystalllte slze of about 9 nm or more,_preferably

10 nm or more, more preferably about 12 nm or more, and
especlally preferably about 14 nm or more The average

:ucrystallite 91ze is measured by w1de angle x -ray powder

dlffract1on, the method or procedure for whlch zs as

PET . samples of unlform thlckness for x ray

._measurements .are produced by cryogrlndlng the PET 1n a
- SPEX™. Freezer/lel (Metuchen,_NJ) under llquld

T _nltrogen for 30 seconds and then compressxng the PET

35

into dlsks approxlmately 1 mm thlck and 32 mm 1n'

'-.dlameter Because of the fraglle nature of some of the

PET dlsks,.all dlsks are mounted on standard sample

~.holders using 3M Scotch“’double 51ded stlcky tape

Consequently,_lt ls necessary to collect powder _
dlffractlon patternsiof the;PET disks (+ tape)land a
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ptape control While lt 1s preferable that the sample’s
':patterns are collected over the’ range 15 19° 20 (as
.shown in Figure 2), the patterns of the samples

(s tape) and a. tape'control can be collected over the
,”range 10 35° 29 1n some cases, as was obtained for some

of the samples (as shown 1n Figure 1) The diffraction
data are collected using an automated PhlllpSJ:'

K diffractometer operating in the transmisSion mode (CuKo
:_radiation, curved diffracted beam monochrometer, fixed
'step mode (0 05°/step), 65 sec. /step; 1° slits, sample
| rotating) After subtracting the powder diffraction
_ pattern for the tape control is subtracted from each of

the sample-plus tape (sample + tape) diffraction

| patterns, Lorentz-polarization corrections are applied
.to each powder pattern h

To remove the local background scattering from the

i715° 19° 29 region of each powder pattern, a straight k
':line extending from 15 00° to’ 19. 00° '20 is defined and
fsubtracted This region of the diffraction pattern has

approximately 16.5° and 17 8° 29 that have been

. _defined as the (011) and (010) reflections, referred to
- by N. S. Murthy, et al., ‘in Pozymer, vol.' 31,
| P- 996-1002, herein incorporated by reference

' Figures 1 and 2 show the diffraction patterns,‘ﬁ

'corrected as detailed above, collected over the 29

range 10-35° and 15-19°, respectively. ‘In addition to
the Miller indices of the reflections of interest, the
local "artificial“ background between 150" and 19° 20,
1abeled 'b"'_and described above, is shown. _

The 15 -19° region 'is then deconvoluted into two
overlapping Gausszan peaks corresponding to the two.
crystalline reflections, and the posztion, w1dth and

i_height of both peaks are extracted An example of this

f-deconvolution 1s shown in Figure 3. The apparent
'lcrystallite szze for the (010) reflection (herein

sometimes also referred to simply as apparent i

| crystallite size), ACSOlo, is calculated from the .
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reflectlon s posxtlon and full wxdth at half hezght
usxng the Scherrer equatxon, -as for ;nstanee described

Relmer_s.uen:_e P 33j_:-_:_ et seq’. (John Wiley & Sons, New

York 1969) :

':.Acs .
v D010 F 5010C059010'

_where ACSg10 is the mean dimension'of the crystal, K is
-assumed to be 1.0, A is the wavelength B is the full
‘width at half’ hezght of the proflle, in radlans, and e

has its normal meaning
The PET has. a melting point (T,) of 270°C or less,

' preferably 265°C or less, and more preferably between

200°C and 265°C, dependlng on - the DP. The melting
point is measured by Differential Scanning ‘Calorimetry
{Dsc) .  The Ty is. taken asg the maximum of the meltzng

_endotherm on the first heat In contrast, samples of
- conventional PET. which have been highly annealed

- ... (annealed over long periods) samples of PET, although
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.. they may have large cryatallite sizes, also have high -

melting points, - above 270°C. . : _
It is also preferred 1f the PET has no dlstlnct
premeltlng endotherm. ‘By a "premelting endotherm" is.

' meant an endothermic peak in the DSC due to. a melting

endotherm at a lower temperature than (before) the main
melting endotherm. - By "distinct" is meant the melting
Ooccurs over a temperature range of 60°C or less,
preferably less than 40°C. By having "no distinct
premelting endotherm” is meant that if one or more such
endotherms are detected, the total heat of fusion is.
less than'1l J/gq, pPreferably less than 0.5 J/qg.
Premelting endotherms are belxeved to be indicative of
small and/or relatively imperfect crystallites, and
when present, the PET particle may have a tendency to
more readlly stlck to other partlcles when heated
usually at or around the temperature of a premelting _
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endotherm,'whlch is very undeszrable in so11d state
"polymerlzatxon ' ' .
The PET of the present 1nventlon also has a degree
”of polymerlzatlon (DP) of about § to ‘about 35,
5 preferably about 10 to about 25. The DP is merely the
average number of repeat. units in a polymer chain and,
ftherefore, may_not,neqessarlly be an integer. The main
_ repeat'unit-of.PET.ls

: The DP can be determ1ned by’ Gel Permeatzon _
10 - Chromatography using approprxate PET standards.
' The DP is merely one way of expresslng the
 ‘molecular: weight of the PET. Another comparable
' measure of molecular wexght 1s the 1ntr1nszc viscosity
1(IV) of the polymer. Listed below for the convenience
15 of ‘the reader are the IVs o£ PET polymers and their
' approximate ‘DP's. Theee riumbers assume that the ratio
of the wexght average molecular weight/number average
molecular wezght for the PET is "normal" for a
- 'condensatlon polymerzzation, about 2-3. The
20 relatzonship between DP and IV is approxlmately
' np - 155 5(1v)1 -466 R .

DR e IV

§ o e 00100
9.6 ©0.15 ..
. 11.6 1 0.17
12.6 0.18
 15.8- . 0.21
©16.9 o 0;22 .
19,2, _ . : 0.24
I T ___.o;.35.

o The PET of the present xnventlon may be made by
25 rapldly heat;ng glassy PET to a certaln temperature
range or by coollng molten PET toO that-same temperature

7
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'u'PET,g It is preferred lf the ln1t1a1 temperature of the
__molten PET is about 255°C or higher, preferably about
'270°C or higher, since this is approximately at or
'above the commen melting pornt of PET. In order to
20
S ,preferred to have as little crystallinity in the
'ustarting PET as possible.' '

" WO 96/22319 o ' ' rcrmsssm_o:so

range. The PET can be in the form of particles or

_pellets of various ‘'size and shapes or mixtures thereof,

as w111 be readily apprecrated by the skilled artisan.

By a "glassy PET" is meant a PET below its Tg which
_contains less than about 10. weight percent crystalline
.PET preferably less than about 5 percent most
7'preferably 1esss than 1 weight percent The amount of
- crystalline PET present can ‘be determined by standard
~ methods using DSC to determine the heat of fusion of

the crystallites present and comparing that with the
heat of quion of "pure" crystalline PET. By a "molten
PET" is meant a PET in the 11qu1d (not glassy) ‘state.

_Preferably it contains less than ten percent (10%),
_more preferably less than five percent (5%), and most

preferably less than one percent (1.0%) crystalline

obtain a large apparent crystallite size, it is

It has been found that the desired PET crystalline

) :__'morphology may be formed by rapidly heating or cooling
a5

amorphous PET to a preselected temperature range A

___temperature range of 120°C to about 210°C, preferably

30

about 150°C to about 190°C has been found to produce

.the desired result.

Accordingly, in this process, not only must a

.“temperature gradient be imposed between the PET and its
surroundings, but heat (or another appropriate form of
T_energy) should be removed or added to the polymer at a

relatively high rate.h If heating, conductive ‘and/or

k radiant heat as obtained in conventional ovens may be
35

employed . For example,_ovens 1n which heat flows N
primarily by radiation and/or conduction, from the
surroundings, 1nto the PET material or particle may be
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~ separate the liquid from the PET. Thus, it is
._.preferred to at’ least partially cool the molten PET by
__contact Wlth a heat conductive solid '

35

{Jemployed Preferably, the heat radiation has a |
frequency below microwave, e. g ' below 15 megaherz

This requires that the surroundings or envrronment '

”of the PET be able to transfer this heat rapidly
Preferably, the cross sectional area of the PET should
,.not be so large that the change of temperature of the

PET 1s relatively rapid on the surface but 1nadequate
or too slow in the center L :
When crystallizing from molten PET,:then in order

-to obtain rapid heat transfer into the molten PET ic
: is preferred if the PET is in good contact with a heat-
'transfer material that has a relatively high overall
_ heat capacity (derived from poth its mass and’ its
le_actual heat capacity) and ‘thermal conductance ' Metals
15

are particularly useful for this purpose, especxally
metals with high coefficients of heat transfer

'However, coated metals, plastics and other materials
- may be employed for transferring heat to molten PET

during crystallization.ﬁ_

The surface of the molten PET may be exposed to a
combination of heat transfer materials, for example, a
part of the surface may be exposed to a metal surface
and another part of the surface may be exposed to, for
example, a gas. Although a gas may be used to transfer

_uheat to or from the PET, the heat capacities of gases
- are relatively low, and so such cooling would be more

difficult to achieve by itself. Liquids at the

_ appropriate temperature may also be used, but they may

be less preferred because of concerns that
contamination may occur and because of the need to

_ Conversely. when starting w1th glassy PET instead
.of molten PET,;the glassy PET should be rapidly heated

.instead of cooled One way to accomplish this is

expose the glassy PET to a very ‘high temperature

‘environment, a bout 300°C to 800°C or higher for up to
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about 120 seconds. See Examples 1 and § for. examples
of such a procedure _ Generally speaklng, the hlgher _

'ﬁ_the temperature or the smaller the cross sectlon of the
_PET being treated the less time that will be needed
_lIn formlng the desxred crystalllne form of PET by

heatlng or. coollng,.lt Ls preferred that the entire

. crystalllzatlon process, 1 e., heatlng or coollng and

10
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:.crystal formatlon, be complete in less than 5 min, more
. preferably less than 120 .sec, more preferably less than
80 sec, and most preferably about 3 to about 60 sec.

When crystalllzlng molten PET the partlcles may be
malntalned at the temperature of crystalllzatlon for
longer perlods of tlme. When crystalllzlng glassy PET,
however, prolonged exposure to the temperature of

,?crystalllzatlon may be detrlmental to the de51red
.result, ' '

As mentloned above, the mlnlmum cross sectlon of

the PET, usually 1n the form of partlcles or pellets,
,18 1mportant xn determxnxng how fast the bulk of the
fPET is heated or cooled. Generally speaking, it is
_.preferred if the maxamum cross section, or. 1ts average
tvalue,,for the PET whlch is to be heated or cooled is

about 1l cm or less, more preferably about 0. 6 cm or

) less. Preferably, the mlnimum cross sectlon, or its

average, is 500 nm. e : .

' The'shape of the crystalllzed PET may vary.'and
may be a fllm,_rlbbon, partlcles of. varlous shapes,
etc. In one preferred embodlment the PET is in the
form of partlcles {or, more accurately, small discrete
units, masses,_or droplets in the case of molten PET) .

Crystalline. PET in the form of partlcles is

partlcularly useful 1n solld -state polymerlzatlon._
Preferred forms and/or sizes for partlcles are

- spherical. particles w1th dlameters of 0.05 mm to

35 0.3 mm,- hemzspherlcal partlcles with a- maxlmum cross

E sectlon of 0.1 mm to-0.6" mm,;or rlght c1rcular ,

cylinders w1th a dlameter of 0.05 mm o 0.3 mm and a

length of 0.1 cm to 0. 6. cm CIf shapes such as films or

10
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" ribbons are’ - formed,; ther lf ‘desired, they can be later
“_ground cut, or otherwxse lelded lnto particles, such
© as are suitable for solid- state polymerization Since

it is. preferred if the’ pellets are produced on an
economically advantageous commercial scale, the pellets

" (like the polymer product from a solid state
’polymerization process) would preferably be’ produced
_”and collected together in commerc1a1 quantities of
'greater than 10 kg, more preferably greater than ‘50 kg.
' The pellets may . be ‘used in the ‘same plant soon after'
'being ‘made, stored for 1ater usef or packaged for

o transport, all in commercial quantities

20
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‘Before reaching a stable shape, molten or
crystallizing PET may ‘be affected by the shape of the
means into which it can flow or Wlthln which it is
confined before solidification,_whether such means

'employs physical ‘or other forces

e Glassy PET, for use as a starting material 'in a
crystallization process according to a method of the

'present invention, may be made by very rapidly cooling
'_the appropriate molecular weight molten PET to below
" the glass transition temperature of 'PET. This can be

done in bulk or while forming particles ‘'of the PET.

' The PET itself can be made from appropriate methodsl

known to the artisan,_see for 1nstance B Elvers,

'Chem;s:zx Vbl a21, p. 232- -237 (VCH
Verlagsgesellschaft mbH, Weinheim, 1992). Such a
_glassy polymer may be stored or- shipped {preferably in

a relatively dry state) for later polymerization to
higher molecular weight, whether a solid-state
polymerization,_melt polymerization, or other -

‘processing.

In all of the processes described herein for the

"crystallization of low molecular weight ‘PET to form - -

crystallites with relatively large apparent crystallite

~‘sizes, it is preferred that the heating or COOllng,_aS

desired, takes places in less than 120 seé., more

11
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. preferably about 90 sec., andgmost'preferably about 3

to 60 sec. - L AP

Inuan integrated plant for producing PEthroﬁ
monomeric materials, low molecular weight PET: will
usually be available as a molten material... Thus, it is

-}3preferred if the. instant process starts with molten

10

15

PET, which is then cooled. It is' convenient, and
therefore preferred, if the PET is formed in -

n"particleS"-just before or essentially simultaneous

with the:coolingaof-the-mélten.PET to form the desired
crystalline morphology.  The preferred. eventual sizes

--and shapes of such particles are as given above.

The molten PET.may be formed into-particles (or,

1f molten,.perhaps_mcre:aqcufateiy portions of PET) by

a variety of methods, including pastillation. - See also

'U.S. Patent 5,340,509, prilling as described in

numerous patents such as U.S. Patent No. 4,165,420.

;.Meltacutting.;dripping'(See“Example 2 below), or

+ . extruding (see Example 3 below) are other alternatives.

20 -

25 -

35

;The,PET.portions or particles can be conveniently
cooled by contacting them with a metal surface,
preferably in a cbntrolled temperature environment,

such as a conveyor belt or moving table held at the .
. proper. temperature to. achieve the desired crystalline
‘morphology. It is preferred if the PET :initially

contacts this metal while.still largely molten, -since

this eontact .with a liquid will usually lead to better
.aheat.trénsfer..-Aﬁrggulated-flow-of-an-iner;-gas may be

passed over the particles to increase the overall rate

-of ‘cooling.

sole T In ran integrated;proceSSSforuproducingQhigh
‘molecular weight PET, the low molecular weight PET

having the morphology described:above may be further
polymerized to "higher molecular weight. - The PET may be
melted and melt polymerized, but théscrystallihe PET:

~described herein is-'especially suitable for use ‘in

solidéstate-pdlymeriZation:"Sdlid+state polymerization

" is“well known to the artisan: See, for instance,

12
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"F. Pilati: in G. Allen, et al.; Ed.. Comprehensi
Jlemﬂz;Ss;engg Vol. 5, p. 201-216 (Pergamon Press,

'Oxford 1989), Whlch is hereby lncorporated by

reference Solid- -state polymerlzatlon is. partlcularly

-useful for making hlgher molecular: welght PETs. In -
“general partlcles of PET are heated to a temperature
below the meltlng po;nt and:a dry gas, usually

nitrogen, is passed, usually. concurrently. 1n.continuous

-operation, around and over: the’ particles At the

elevated temperature, transester;fzcatzon and .
polycondensation reactxons.proceed,_and-the gas. can be -
employed to carry away the volatile products (similar

' other methods, such”aS'employihg a‘vacuum, .may be used
" for this’ purpose), thereby driv1ng the PET molecular
‘weight higher. R

Inithe’ past, a‘ number of: problems or - dszxcultles

* ~have been associated with the solid-state

polymerizatlon of PET. In particular, ‘the particles to

- be polymerized usually have had' to undergo an annealing
- process; ‘8o that when: they are heated during solid- '

state polymerlzatzon, they do not undergo partial

- melting and stick together. If, alternatively; the

30

35 .

-polymérizatiOn'occurs at a relatively lower temperature
.. to avoid sticking, this would increase the - '
25
" the. molecular weight up ‘proceed faster at higher
"temperatures.' In either event, these difficulties or
' problems tend to make the solid-state polymerization
‘process more ‘expensive to’ run. ' -

polymerization time, since the .reactions which drive

Advantageously and surprislngly, the- relat;vely

:low molecular weight PET polymer with the crystalline
- morphology disclosed herein may be dlrectly polymerized
'(preferably without . further crystallization.or '

annealing) starting at' higher temperatures,: for
instance 230°C, preferably 240°C. The need for a:

“lengthy annealing step, which- lengthens the“overall
‘process time is thereby avoided. In additiom, .
- particles produced according to the present process

.13
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may, in. ‘some cases at. least, be .more resistant to
attrltlon ' This would usually be advantageous where

PET partlcles,:ln solid-state polymerlzatlon -apparatus,
-tend to wear agalnst each other or the apparatus

1tself Thus, the use of the partlcles Produced )

: accordlng to the present lnventlon can result in an
:rlmproved process for solid- state polymerlzatlon

In any polymerlzatlon of low molecular wexght PET

.hto hlgher molecular welght PET normal addltlves, such
:as polymerrzatlon catalysts, may be present These may
_have been added when the low molecular welght PET was
“formed A typ1ca1 catalyst 1s Sb203, whose
_concentratlon hereln is given as the level of elemental

antlmony._ Because of ‘the hlgher starting
polymerlzatlon temperatures 1n SOlld state _
polymerlzatlon using the crystalllne 1ow molecular

_'weight PET as. descrxbed herein, it may be possible to

use lower catalyst levels while’ malntalnlng useful
polymerlzatlon rates. Lower catalyst levels may be

' advantageous when the “PET is 1ntended for use in making

”'.certaln products, for example, when the PET 1s intended

25

for use 1n maklng bottles whlch w1ll store beverages

for human consumptlon.'

" A PET polymexr’ product havrng unlque propertles can
be produced by solid-state polymerlzatlon of the
partlcles described herein. Tt is p0981b1e to obtain a
PET polymer product with an rntrlnslc v1scos1ty of 0.65

" or more, an average apparent crystalllte s1ze of 9.0 nm
,~,°r more, and a heat of fusion’ of 95 J/g or 1ess.

'.30“"Preferably, such a PET polymer product has an’ intrinsic

v13cos1ty of about 0. 70 or more, . more preferably about
0. 80 or more. and/or the average apparent crystalllte

Is1ze 1s about 10 0 nm or more, more’ preferably about
o .11 0 nm or more, and/or preferably the heat of fusion
' '”_or less Partlcularly for some bottle- -resin -

is about 90 J/g or less, more preferably about 80 J/g

appllcatlons, an espec1ally preferred PET polymer

product has an average apparent crystalllte size of

14
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" about 12.0 ‘nm or more and a heat of quion of about

70 J/g or less
 As described above. solid- state polymerization is

B usually carried out Wlth particles of ‘the lower

molecular weight polymer, resulting in a higher

-'molecular weight polymer polymer that is also in the

'form of particles ' The shape ‘of the product may vary.
” including particles of various shapes Preferred formsH
-and/or sizes for particles are spherical particles with

diameters of 0. 05 mm to 0 3 mm, hemispherical particles
with a maximum cross section of 0 1 mm to 0.6 mm, or

'right circular cylinders Wlth a diameter of '0.05 mm to

0.3 mm and a length of 0. 1 ¢m to 0 6 cm. Especially
preferred are spherical particles flattened on one
side, a shape formed before solid state polymerization

_”as a result of the low molecular weight polymer
“particle._during formation, being dropped onto a flat
surface.'

In the following Examples, certain analytical

l_procedures are used Aside from x-ray diffraction,
'_which is described in detail above, these procedures
are described below References herein to these types

of analyses, or their results, correspond to these
exemplary procedures

.WM' i .

A solvent is made by mixing one volume of

.trifluoroacetic acid. .and three volumes of methylene
'chloride PET, in the amount of 0 050 g, is then
_,weighed into a clean dry vial, and 10 wL of the solvent
is added to it using a volumetric pipette The vial is

closed (to prevent evaporation of the solvent) and
shaken for 30 min or until the PET is dissolved The

.f-solution is poured into the large tube of a #50 Cannon-

Fenske“‘Viscometer, which is placed in a 25°C water
bath and allowed to. equilibrate to that temperature
The drop times, between the ‘upper and lower marks are
then measured in. triplicate, and should agree ‘within
0.4 sec. A Similar measurement is made in the

15
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15

.__VLScometer for the solvent alone . The IV is then
__calculated by the equatlon o ' -

Ss v, - (solution time/solvent time) .

0.5

GPC was - run in a Waters“'lsoc ALC/GPC instrument

'_uSing as a solvent hexafluoroisopropanol (HFIP)
'containing 1. 3637 g of sodium trifluoroacetate per L.
_5.The instrument was run in the usual way, and standard
.calculations were made to determine Mn (number average
.molecular weight) and M, (weight average. molecular
llweight) Calibration of the 1nstrument was made uszng
a PET sample with M, 22, aoo and M,,, 50, 100.

Melting point was determined by Differential

_Scanning Calorimetry (DSC) and all samples were
;,analyzed uSLng a TA Instruments“‘DSC 910.. The

instrument was calibrated w1th indium consistent w1th

-,,nthe system documentation The samples were analyzed as

20

25

30

35

§ received “no pre-grinding, using 5- 10 mg to 005 mg.
- The samples were. sealed in- aluminum pans then heated
- from room temperature to 300°C at 10°C/min..in a

nitrogen purged env1ronment ' Glass transition
temperature, melting pOint temperature and heat of

R fusion calculations were done w1th the TA Instrument
software. . ‘The reported DSC peak melting temperature is
- the corresponding temperature of the peak in the main
melting endotherm '

. 'Heats of fusion (sometimes abbrevzated herein as
AHg) were. measured by DSC during the above described

,procedure,'and are taken. as the area included within

the melting p01nt endotherm ' Heats of melting are
reported in J/g (of polymer) f” S

~A Mettler“‘TMA 40 Analyzer coupled to a TSC 10A
controller was used for all samples ThlS instrument
was calibrated for temperature usxng the standard

16
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: operatlng procedure 1llustrated in’ the 1nstruction

manual at 1 month lntervals or when spurlous results
were suspected The ‘samples had no extra pre- -treatment

- in the TMA system that would alter the samples inherent

morphological history The partlal hemxspherxcal

:partlcles were loaded ln the system ‘in” contact with

both the quartz sample holder and a 3 mm dlameter probe
such ‘that the sample was convex s1de up w1th the probe
in contact with ‘the apex of the hemzsphere " Two

'temperature profiles were used to analyze the samples.
_ . The f1rst belng a hlgh speed scannlng ‘rate of 10°C/min.
'“from room temperature through the melt ‘and the second,
to ensure a homogeneous heat environment, belng a i°C

rate from 200°C to the melt )
In the Examples, SSP means solid-state o

" PET with an IV of 0.18 dl/g and COOH ends of

| “167.5 Eq/10‘ g was prodnced by a melt phase
: polymerization process and contained approx;mately

275 ppm’ Sb as a catalyst. The melt was then extruded

fthrough a1l mm diameter. orlfice o ‘form droplets ‘The:

droplets fell through an air gap of ‘about’ 10 ‘cm into

‘chilled water to form clear amorphous particles The*
partlcles were shaped llke pancakes, approximately 8 mm

in dxameter and 2. .2 mm thlck _ The partzcles were
crystallized one at a t:.me in a Mettler‘"‘ TMA 40
coupled to-a Mettler™ Thermal Controller 10A.  The -

“1nd1v1dua1 partlcle was placed on top of - the ‘quartz
sample holder at room temperature The ‘oven was pre-

heated to 400°C, lowered over the sample for
15 seconds. then removed allowing the partlcle ‘to cool

'back to room temperature After exposure in the oven

the particle was opaque DSC analysis of the

__crystallized sample lndlcated no pre-meltlng e

endotherms The peak meltlng temperature was 250.1°C.
The ACSOlo was 11 6 nm The AH‘ was_59 .7 J/g.

17
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. PET with an IV of 0.15 dl/g, and COOH. ends of
--188.2 Eq/106.g, which had been produced by a melt -phase
polymerlzatlon process and which contalned , '
S+ approximately’ 275 ppm Sb as a catalyst, was heated in a
. :Melt Indexer.at 290°C until the pol?mer dripped out of
the orifice (1 mm in diameter) under its own welght A
hot plate covered with a 1.9 cm thick steel plate was
- placed 15 to 25 cm under orifice of the melt indexer.
--10." ‘The temperature . was -monitored by a. thln—w1re thermo-
- - couple kept in intimate contact with the steel plate.
. ‘The polymer drxpped onto the hot steel plate which was
- at 1s80°C. _Crystalllzation was monitored by observing
the clear-amorphous-drop turn into an opaque solid.
15: Once it was -opaque the metal surface was tzpped at an
: -_angle to horlzontal 80 the particle would sl1de of £ and
‘cool - to’ ‘room. temperature.mpthe partlcles,were shaped
.like pancakes,-approximate1y'5;6 mm in diameter and
© 1.7 mm thick. ;Dsgianalysis_of the crystallized sample
'20a.-indicated-no;prermelting endotherms. The peak melting'
".temperature . was'zsh 3°C. . The AH. was 52.0 J/g. Two
. particles formed by’ this method were placed one on top
of the other in a- quartz sample holder in a TMA and a
_ load of 0.5 N was._ applzed on them with the probe. The
‘25 ' particles showed no sxgns of adheslon .after belng held
- for 30 minutes at 240°C. under this load .
PET with. an IV of. 0. 24 dl/g and COOH ends of
- 27.8 Eq/105 ‘g, which had been produced by a melt -phase
'Tpolymerlzatlon process angd-: which contained
30 approximately-275 ppm. Sb .as" a catalyst, was heated in a
' Melt. Indexer: at 290°C until the. polymer drxpped out of
the orlflce (L mm in dlameter) under 1ts own welght A
‘hot plate covered with a 1.9 cm thick steel plate was
“placed 15 to 25 cm- under the melt 1ndexer The
35 'temperature wasumonltored.byua thin-wire thermocouple
kept ‘in intimate contact with the steel plate. The
- polymer dripped onto the hOt.steel'plate_which was at
180°C. . Crystallization was monitored by observing the

18
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10

5
: ‘141 0 Eq/iO‘ g, which had been produced by a melt-phase
"”polymerization process: and which contained.

approximately 275 Ppm - '8b 'as a catalyst, was melted and
processed at 255-280°C through a 16 mm “twin screw

" extruder at 0. 5 lb/hr.. The melt extruded through a .

1 0 mm die forming 1ndiv1dua1 droplets that fell 1.3 em .

25

a0

35

clear amorphous drop turn into an opaque solid. Once

it was opaque the metal surface was tipped at an angle
' to horizontal §o the particle would ‘slide off and cool

to room temperature. The particlés were shaped like

'hemispheres, approximately 4.5 mm in diameter and

2.5 mm thick. DSC analy51$ of the - crystallized sample
indicated no pre melting endotherms "The 'peak melting

'"'temperature_was 258.7¢C. :The AH;_wasfSI.SfJ/gd Two
' partic1e§7fofmea¥5y-this method were placed one on top .

of ‘the other ‘in a quirtz sample ‘holder in the TMA and a

' load of 0.5 N was applied oh"them*with the probe. The
':particles ‘showed no- signs of ‘adhesion: after being held

for 30 minutes at’ 240°C under this load.
PET With an IV of 0. 21 dl/g and ‘COOH ends of

'The turntable provided ‘precise: regulation of surface
Ptemperature and residence tiwe on the heated surface,
.w1th continuous particle formation from the extruder.

The device- cons;sted of a rotary: actuator: driven by a

' stepper motot,'a rotating stainless’ steel turntable in
‘contact with a stationary heated plate. The

temperatﬁre”of'the*thrntable'surfaCe~wastcontrolled .

”:through'manipﬁlation”of"the temperature of the
5'st:a.t:ionary plate ) A:calibration curve was generated

for the controlled measured temperature of the

'stationary plate versus the surface temperature of the
' turntable 86 that a’ thermocouple 'did not' have to be

attached to- the rotating turntable during the.
crystallization After about 300 of . rotation on the

| turntable the crystallized particles hit a. block of

Teflon® fluoropolymer which knocked: them_off the

'ThlsSheetHasBeenRe . g 19
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| '_'polymerizatlon process and whzch contalned
- approximately 275 ppm Sb as a catalyst, was melted and
'.:processed through a Prism 16 mm tw1n screw extruder and

15
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turntable and into a room temperature collection pail.
For particles formed at surface temperatures between
160-200°C. there were no premeltlng endotherms in the

. DSC traces. . Processrng condltzons and partlcle

analyses are lzsted 1n Table I

' Table  Time on B

" Run.  Temp . Table . DSC Peak Melting = AH; - ACSpi1p

g

{°C) . (sec)  Temp (°C) . 71 ) R (nm)
60 .28 .255.4 so.s  12.5
160 23 .., 254.1  53.4 "_:' 9.8
170 .23, 2s5.5 31,6 1009
Lo-170. . 450 . . . 2855.5 o ': 50.5 . ..._10.0'
.1s0 . . 45 2831 486 . 13,0
1% . 28 2548 42.8 . 12.5
200 . 45 - 2544 391 138
200 .. .60, . 2542 .  52.3 128

® 9 n M s w N e

: PET with an IV of 0.17 dl/g and COOH ends of
98.0 Eq/lO‘ g, which had been produced by a melt-phase

dropped onto a heated turntable as descrzbed in
Example 3 Processlng condrtlons and partlcle anaIYSes

o are llsted in Table II.Z'””

et
' ' DSC Peak

: - Turntable Time on Melting R

Run -~ Temperature - Turntable . Temperature AH¢ ACSg10

No. . (°Q) o (sec) o (eQ) L3/g) (nm)

120 - 10 . .2s1.9 © sas. a3
120 - . 2. 251.9 5.8 11,
120 - 60 .. 2515 .56. 11,

160 .. . 28 251.8 58.
160 60 - 2s1.9 s6.
im0 28 - 282.6 . 54,
200 60 _ 252.3 - . §7.

13.
5 -
13.

9 At b W N M
[S I CR. S S |

W .o w o B

15,

20
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NP |
PET with an’ IV of 0.18 dl/g and ‘COOH ends" of

132.1 Eq/lO‘ g,'whlch was produced by a melt phase

polymerization process and Wthh contaxned
approxlmately 275 ppm. Sb as a catalyst, was prilled to
form clear amorphous partlcles About 100 g of

"-'partlcles were placed on a pxece of Kapton- polylmlde

”1_0-'
'-is__
.20

';35_

- 30

film (3 mil. thlck) which was placed on a room

jltemperature ceramie ‘plate. The" partlcles, £ilm and
'plate were then placed in a Flsher Scientific model 497
" high temperature oven for 15 seconds at 500°C. The
-particles were réﬁUVEd from the oven and allowed to

cool to room temperature. The oven dimensions were
30.5 cm x 30. 5 om x 35.6 cm and the ceramzc plate was

‘placed in the center of the oven. The crystallxzed

partlcles showed no" premelt;ng endotherms in the DSC

trace. Fifty grams of particles were loaded into a
gglass tube (5.1 cm ‘D x 40.6 cm H) that was surrounded
:by a larger dxameter glass tube _ A controlled “
d:volumetrlc flow rate and temperature of nitrogen passed
.jthrough a porous disk dlstrzbutor at the bottom of the
ﬂincolumn and then through the 5.1 cm D reactor ' Heated
- air passed through the outszde glass tube to 1nsu1ate
=the reactor. from heat loss ‘when necessary to provide

partlcle motlon, as when conventxonal crystalllzatlon
was occurring, an agltator shaft with three propeller
blades at various helghts within the column was slowly

rotated.

Duration N: Flow ‘Air Flow  Nj Temp_.”'hir Temp -

(min) (1/min) _ (i/min) __ (°C) ©.- (eC) . _hgitator
15 200 150 25 to 210 25 to 210 eon

1440 40 150 210 220 . . Off
1 200 156 210 to 25 210 to 25 - off

zSampleSkwere taken at 0, 6 and 24 hours for

analysis:

21
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Time IV DSC Peak Melting ' AH¢  ACSgio

(hr) ~ (dl/gm) ' remperature (°C) - LI/fgl = (am)
0. 0.8 | 2sas . e6.5 . 10.7
0.1 - 263.5 . 83.3 ==

24 . 0.46 B  267.8 . %42z 135,

50 gm of the TSC partlcles were also solld state
polymerlzed'at 240°c under the follow1ng condltxons

Duratxon Ny Flow Air Flow N} Temp Air Temp

(min) - (L/min) - (I/min) | (eC) C(sE). - _Agitator
18 200 £ 150" 25 to 240 . 25 to 240 " on
© 1440 40 150 - 240 240 - off
s 200 150 240 to 25 240 to 25 off
5 : _ _ e
' Samples were taken at 0, 6 and 24 -hours for
analysis: ' '
. “Wm—m‘u . i d .
Time v DSC Peak Melting AH, Acsblo
(hr) -{dl/gm) : Temperature {°C} o dXg) . {nm)
o 0.18. | .254.5 . 66.5  10.7
6 0.83 - .- -— - -
24 - 1.14 282.0 83.3  12.2
10 _ About 50 g of the same amorphous'meterial were

crystallized for 16 h at 90°C. DSC of this material
showed a small crystallization peak at 117°C that
extended to the main melting endotherm, indicating that
the particles were still partially amorphous. The main
15 melting peak was at 255.5°C. This material was further
crystallized and solid state polymerlzed at 210°C under
the followxng condltlons

22
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' .'Durar.i..éﬁ N Fi_ow- Axrylow Nz Temp ;'hi_r. Temp
" {min) {1/min) (1/min) . =~ .{°C). - -{%€) - - Agitator

§0 200 150" 25 to 210 25 to 210 on
60 200 '_1§o - 210 210  on
1440 40 . 180 " 210 ‘a0 off
15 200 150 210 to 25 210 to 35 . Off

Samples were taken at 0, 6 and 24 hours for
analysis.-
Time . IV - DSC Peak Melting . AH; ACSgio
(hx) (a1/gm) Temperature (°C) L/ {nm)
c 6.8 . 2655 71.0 too amorphous
6 0.22 251.8 7.3 Lo
24 - 0.20. - . 261.7 - ., ., .. 88.3 8.8, 8.5

23



15

- 20

.25
10

T

- ‘1. A composition, comprxszng, modlfled or .
unmodified poly(ethylene terephthalate) having a degree

PCT/US96/00330

of polymerlzatlon of about. 5 to about 35, an average
- apparent crystallite size of 9 nm or more, and ai
.meltlng point-of 270°C or less.

2: The composition.as recited in Clalm 1 whereln
sa1d average apparent crystalllte size is about 12 nm

- .. or more.
10 -

3. The composxtlon as reczted in Clazm 1 -wherein
sald average apparent crystalllte size is about 14 nm

or more.

4. The compositzon as rec1ted in Clalm 1 wherein

| - said melting point. is 265°C or less.

5. The composition as. -recited in Clalm 1 wherein

:said degree of. polymerlzatlon is about 10 to about 25.

6. The compositlon as rec1ted in Claim 5 wherein
said average. apparent crystalllte size is about 12 nm
or more, and sa;@,melt;ng point .is 265°C or less.

7. The.compoeitiOQ;as,reoiteo_in-Claim.;;wherein

-gaid modified poly(eth?lene'terephthalate) comprises up
-to -5 percent of comonomers other than ethylene
._terephthalate repeat units.

8. The composition as recited in CIalm 1 wherein

:-said modified poly(ethylene terephthalate) comprises.

comonomers. selected from the group con31st1ng of .

- isophthalic acid,: -triethylene glycol, 1 4-cyclohexane

dlmethanol, 2,6- napthalene dicarboxylic acld adipic

-acid, - estersof the foregoing, dlethylene glycol, and
-mixtures thereof.

9. Particles: of the comp051tlon of Clalm 1
10. Particles of. modified or unmodlfled
pbly(ethylene terephthalate) having a”degree_of__

“polymerization.of about ‘5 to. about 35, an average
‘apparent. crystallite size of 9 nm or more, and a
melting point: of 270°C or less .

11. The particles as in Clalm 10 havxng havzng an
average diameter of 500 mlcrometers to 2 cm.

—_——“__;_______;_;_—1
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‘a glassy poly(ethylene terephthalate). to. &

12. The particles as recited in Claim 10 or ‘11

-wherein said average apparent crystallite size is about
12 nm or more. ' ' ' ' '

* 13. The particles as recited in Claim 10 or- 11
wherein said average apparent crystallite'siZefis about
14 nm or more. IR '

14. The particleeias'recited*in”claim 10 or 11 .
wherein said melting point-isiabOut:265°C or less.

15. The particles as recited in Claim 10, 11 or 12
consisting essentially of particles in an amount over.
10 kg -. . : ; : :

16. The particles as recited in Claim 10 or 11.

" wherein said degree of polymerization is about 10 to

about 25 _ _
i7. The. particles as recited in Claim 10 or 11,
wherein the particles are spherical ‘semi- spherical

cylindrical, ‘or- pancake ~1ike in shape.

18. A process for crystallizing poly(ethylene
terephthalate);"COmprising,'booling'at"a rate

' sufficient to cool a molten’ poly(ethylene

terephthalate), ‘or heating at a- suffic1ent“rate 'to heat
‘femperature

of about 120°C to about’ 210°C, to produce a.erstalline

'poly(ethylene terephthalate) having an- average apparent
"crystallite Size ‘of 9 nm or more ‘and a’ melting point of

270°C or less, provided that said poly(ethylene -
terephthalate) has a degree of polymerization of about
5 to ‘about 35. s : o :

'19. The process as recited in Claim 18 wherein said
temperature is about 150°C to about 190°C."

'20. The process - as recited in Claim 18 wherein said
degree of polymerization is about 10 to about 25, said
average -apparent’ crystallite size is about 12 nm or
more, and said melting pcint ‘is about 265°C or less.

'21. The process as recited in Claim 18" wherein said

_'crystalllzing is carried ‘out in about 2 minutes or

“less.

“ﬁ;;__ﬁg_”___r__~4~—ﬂ
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_ 22. The process as reclted in C1a1m 18 whereln said
poly(ethylene terephthalate} is in the form a particle.
_ 23. The. process as rec1ted.1n Clalm 18 comprising
tbe additiomai-step-of“solid7state polymerization of
said crystalline poly(ethylene terephthalate) .

24. The brocess as reclted in Claim 23 wherezn an
initial temperature in said solld .state polymerlzatlon

lécrmswooaso

_is about. 230°C or more.

25. A process for. the solld state polymerlzatlon of

poly(ethylene terephthalate), wherein ‘the improvement
- comprises, starting with poly(ethylene terephthalate)
- having an average apparent crystalllte size of 9 nm or
- more, a melting point of 270°C_or_1ess, and a degree of
pPolymerization of. about S'to about 35..

26. The process as. ‘recited in Claim 25 wherein said
average apparent crystallite size is about 12 nm or

27. The process as reclted in. Clalm 25 whereln said
average apparent crystallite size is about . 14 nm or

: more.

. 28, The process as rec1ted in Clalm 25 wherein sazd,

,meltlng point is about 265°C or less.

29. The process. as recited in Claim 25 whereln said
degree of polymerlzatlon is about 10 to about 25. _

30. The process as recited 1n Claim 29 whereln said
average apparent crystallite size is about 12 nm or
more, and said melting point is about 265°C or less.

31. The process as recited in Claim 25 whereim'an
initial temperature is about 230°C or more..

32. The process.as recited in Claim 25 wherein an
initial temperature is about 240°C or more. _

33. The process as recited in Claim 30 wherein an

initial temperature is about 230°C or more.

34. The process as recited in Claim 30 wherein an
initial temperature is about 240°C or more.

35, A polymer product comprlslng polyethylene
terephthalate. polymer hav1ng an intrinsic VlSCOSlty of

26 | - This Sheet Has Been Replaced
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0.65 or more, an- average apparent crystalllte size of
'9 0 nm or more, and a heat ‘of fusion-of 95 J/g or less.

36. The polymer product as recited in Claim 35
which has an’ intrinsic v1scosxty of ‘about 0. 70 or more.
37. The- polymer product as rec1ted in Clalm 35

‘which has an average apparent crystalllte size of about -
10.0 nm or more. S o

38. The polymer product as reclted in Claim 35
whlch has a heat of fuslon of about 90 J/g or less.
39, The _polymer product as recrted in Claim 35

-hav1ng an 1ntr1nsic v;sc091ty ‘of about 0.70 or more, an

average apparent crystallite size of about 10.0 nm or
more, and a heat ‘of fudion of about 90 T/g or less.
40. The polymer product as recited in Claim 35 or

40 in the form of partlcles

41. The polymer as. reclted in clalm 40, whereln the

- particles are spherxcal, semi - spherlcal cyllndrlcal
‘or pancake-like in shape.

42. The product of the process of Claim 25.°
43. The product of the process of Clalm 25 whlch

' product ‘has an 1ntr1n51c viscosity of 0 65 or more, an
" average apparent crystalllte gize of 9. O nm or more,
: and a heat of fuslon of 95 J/g or less.

—_
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