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TITLE 

PRODUCTION OF POLY(ETHYLENE TEREPHTHALATE) 
FIELD OF THE INVENTION 

This invention concerns a process for obtaining a 
5 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 BACKGROQND 

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 comillercially 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 polymer 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 meit polymerizations·, that 

25 very high m0lecular weights,-where mel~ viscosities 
would otherwise be extremely high, can be more readily 

·- . 
obtained. In commercial use, however, solid-state 
polymerizations may be relatively slow. Purthermore, 
solid-state polymerizations usually require "that the 

30 lower molecular weight PET, in the form of particles or 
pellets, undergo a relatively lengthy crystallization 
process prior to being polymerized in the solid-state. 
Therefore, better polymerization 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 

1 

•, 



· ·.· ... WO 96/ll319 PCT/US96/00330 

report on the properties, particularly the crystalline 
properties,· of ·various . PET po.lyme,r~. None of these 
polymers disclos'e or teach the,' novel form' of PET I. and . . . . . . . . 

their associated properties, claimed herein. 
s .. U.S. Patent.Nos.·· 3,405,098, ·3,s4·.i,s2s,·4,064,ii2, 

4,165,420, 4,254,253, and 4,271,287, and F.-~Pi.lati in . . .. ·:· .·· ,. . .: 

G. Allen, et al.·,· Ed.~ Comprehensive Polymer scilmce, 
·· Voi. s, ·. p. 201-;!16 (Perga~o~ Press, Oxford 1989) 

•' . . . . . . . . - . ., 

describe 'various aspects of solid-state polymerization 
10 and/or the. preparation .of . PET_ for use in. s.olid-state 

p~lymerization ..• None of. thes:e patents or refeiences 
discloses the novel ·~recesses or compositions of the 
present invention. 

. . . .. suMrwrt OF. :rm· nryp:NixpN 
15 ' This invention concerns 'a co~position, comprising I 

poly (ethylene t'er~phthaiate) havi,.ng a degree of 
pol~rizatio~ of abouts to about 35, an average . . . ' . . . . 

apparent crystaii:l.te size of· 9 nm or more, and a 
melting point of ·27o~c ~r less. ·: 

20 This ·;nvention also coriC:erns a process for 
crystalliziJ~g· po:l';:·(f!thylene terephthalate) , comprising, 
cooiing at a rate's~fficient to cool a molten 
poly(ethylene ,~ereph:thalate) or·, alternatively,. heating 
at a r~te suff~.cie~.t to. heat a glassy poly (ethylene 

25 . t.erephthalate) particle to a temperature. of clbout 120°c 
to about 210°(:. . This pro.cess produces a crystalline 
poly(ethylene tereppth,alate) having an average apparent 
crystallite siz~.o( 9 nm or more ·and a.melting point of 
270°C qr less.apd apoly(ethylene terephthalate) having 

· .. ·' ··. . . . . . . .... · .·· 

30 · . a. degree 9£ .. p~lymerization of about 5 to ab.out 35. By 
· ... degree, of ~lym~rization" is meant a statistical . . . . . . . . . . . . . . . 
average, since such polymeric ma,lecules usually have a 
distribution ·of mo.lecular. weight's. . By the term 
"average" with respect to apparent crystali'ite size is 

··~· . . . '· .· ~ . . 

35 '.me(lnt t_he nl,lme,ric;al ave:rage .of one or more (preferably 
three or mo.re). measurement$ on tO,e same batch, of . .. . . .· . . . . 

polymer. Multiple measurements may be used.to insure 
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reproducibility~- ~c~us.~ of the r,elatively small sample 

size used in . the ·x..:ray .measurement .. 

. ·Mo;~ ~articuiarly, disclosed herein is a process 

for the crysta:liizat.iol'l of ·pellets ~of. poly (ethylene 

5 . terephthala~~) I , c6mprisirig: , .. . i ·. 

. . heati·~g. pellets of' a glassy poly ( e'thylene 

terephthalate{"J?e~~i~t: to a bulk avera$Je temperature of 

120°C to about 2io 0 c w"ithin specified. maximum pe~iod of 
. . . ·.:, . ·" . . .. '· .. .. ······: ' . ". 

time arid, f~~thermore, mair:itafiiing the pellets at that 

10 bulk averag~· te~E!r~t~re t~:t": a sp:e~ified mininniin·. period 

ot .time; ·or · · · ... · ·· .. ·. ~· .. 

~6ol.il'lg' nio1t~n .droplets . (meariing, small 

portions) · .. of a poly (ethylene te~~phthalate) so that the 

bulk averil.ge tetUPeratur~ of the droplets or 
. .. .· . .. : . . ' 

15 ceysta:lli2:'ing i>ellets ··i.s'.brought to a temperature of 

120°C to abOut 2t'o 0 "c withi.~ a speci£1cad.' ma:X:imum. period 
. : . . . . . . • ~· •. f 1 ..,. ·~· . : • .. . . . ·: . . . : : . . ,. -- •.. .. . .· .. 

of time and, furthermore, ,maintaining the crystallizing 

pellets ~t .thcitt bUlk ~vE!i-age te~erature for a· . 
. . . . 

apecified minimum period of time; 

. 20 provided .th~t: ~·aid poly(ethylene terephthalate>' 

has a degree of'po~ymerl.zation o~·aboutS to about 35. 

Thi.s invention also concerns a process 'for.· the 

solid-state· polymerizatic)~··of poly (ethylene 
. . j . 

t~rephthalate), wherein.the improvement comprises, 

25 starting ~ith. a poly(ethylene tereptithalate'> h~.Y.ing an 
. . 

.• . 

average apparent.ceystallite size of 9'nm or more, a 

meltingpoi~t of :270°Cor less~· and '.S. degree of 

polymerization of cibout s ·to about 35. · 

Finally;· a- polymer product is: disclosed that 

30 comprises .a polyethylenEi t~rephthalate polymer having 

an _intrinsic viscosity c»f 0 .6s or more, an average 

apparent.' crystallite .size of. 9. o nm or more, · and a heat 

. of fusion of 95 J/g or iess . 
... BRIEF'. DESCRIPTION OF THE PRAWINGS 

3 S Figure l is a~·. iilustrative X;..~ay diffraction 

pattern of a sample of a PET polymer according to the 

pr~sent invention. 
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Figure 2 is another illustrative X'."'ray diffraction 
-pattern of a ~a_~ple of -a P,E:T polymer according __ to the 
pr.esent invention. 

Figure 3 -- is an lllustrativ~ X-r~y di.ffract~on 
-- S pattern of -a sampi~ -of a PET polymer according to the 

present invention,_ wh~ch_ pattern has been deconvoluted . . ,' . . ' ; ... . 

into two overlapping Gaussian peaks. . . . ,. ... . ,. . .. 

DETAILS OF THE INVENTION 
A novel-composition o~ ~oly(ethylene . ~ . . - . . . 

10 terep.hthalate), also referred to as PET, is disclosed 

15 

2Q 

25 

30 

herein. _ Thj,.s nov~i CC?mposition is characteri.zed by a 
certain kind o,f crystaiiine ··morphology and other .. .. .·· . .. . .. ·: ,. . . . . .. ., . . .. 
desirable characteristics~- Related characteristics are 
also. disclosed. --__ -By PET -or p~ly(ethyiene- ~erephthalate) 

-h~rein is ~eant poly-(ethylen~ -terephthalate) which ~Y 
be modified with small amounts, -less than 10 mole 
pf!rc!!nt, and_ ni<>re pr~ferably.~ess th~n_s mole percent 
Of the polymer. repeat units, of ~oPolymerized monomers 

- (or "c~--repeat \Ulits"} ;. so long ·as the crystallization . . . . . . . . . . . . . : . . . . . . . . 

behavior.of _the polyei;ater ij subs;antially the same as 
"ho°"°polyrner" PET. , . . . ; . .. . 

The present PET.has an a"erage apparent . . . . .: . . . - i . . ., . :.. . . ... ~ . . . ·. . . . . . .. · crystallite size Of about 9 nm or more, preferably 
l.O nm or more, ~~re preferably.about 12 nm or more, and 
~spe_cially prefer~l_y _ ,ab~~t· .14 ?lm or more. The average 

. . . .. -
crystallite size .is measured by wide angle X-ray powder 
diffraction, .. t:~e .. ?11~thod or procedure for wh.ich is as 
fe>llows. 

~ET .. ~,amples -of_ uniform thi~kness for X-ray . ' ~ . . · .. ; . . ; . . 

measurements _.e1;re producer;i by_ c_ryogrinding the ;E>ET in a 
SPEX™·"Free~er/Mill·_ (f!tetuchen~ _-NJ) 1.mder liquid -.. .. . . :.:..• . . . . ·' .. , . '. 

nitrogen for ~Osec()r;ds a~d then compressing the PET ........ 
into. disks approximately l_ mm _thick and 32. mm in 
diame~er. BecausE!) of _~he f ragi_le nature of some of the 

35 PET diE1ks:, ~11- dis.k~ ·-~re mounted on standard sample 
holder~ u~ing 3M s~~tcQTM_ double-sided sticky tape. . . .' . . . .: .: . . . . . ··.·. .. .... : . . 
Consequently, it. i~ necessary to _·collect powder 

·····;'· 

diffraction.patterns of the PET disks (+tape) and a 
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tape control. while.it is pre~er~ble that the sample's 

patterns are collected o~er the ~~rige 15-19° 29 ·cas 

.shown in.Figur7 2), the patterns of ·thesamples · 

(+_tape). and a_: tape cont~ol c~n be ·collected over the 

5 . range 10~35° 2e· in some cases, S:s "'1as obtained. for some 

~f the sa~ples ·<~~-shoWn.in Figl.\re i>. The diffraction 

data are c~ll.e~te;d. usiiig an a:utdmated Philips .· .·· 
. . . . . . . . . . ' . 

diffractometer operating' in the transmission mode (CuK« 
. . . . . " : 

. . 

radiation, cl.lrved diffracted beam mori~chrometer, fixed 

10 ~tep ~ode ca:.os 0 /step{, ~5 s~c./step; i 0 siits, sample 

rot~tillg) . ,.Aft~r ·st.tl;traC:ti.ng the; powder diffr~ction 
.. - .··. . :· .. · .. . .. ,· . . . -

pattern for the ·tape control is subtracted from each of 

the sample~plus~lape (salllPie + tape) diffraction 
. . . . . . . '• . . . '· . 

patterns, Lorentz,;;polarization corrections are applied 

· 15 . t~ eac.h · powder .. J?&tte:t'n ~ . ··. ·. · ... · 

To remove the.locai ·background.· scattering from the 

·. "is 0 ~19° 29 r~gioh' of ~a.ch. ,;poWder pattern, a straight 

.. line elCtendlrig.from 1s~:oo~ t·o·i9.00°2e is defined and 

subtracted~·~.· Thi.a reg~on of .the .. diffractioh pattern has 

20 .. been found to coritai~:twO crystalline ~eflections, at 
approximately 16.5° and 17.8° ~e, that.have been 

defined as the ~of1) a~d •. (0;1,0) 'reflections, referred to 

bY N. S. Murthy; et al.~ in= Polym.~fr, vol. 3·1, 

p. 996-1002, here.in inc6XJ)orated'iby ·refe~~hce. 

25 FigUres 1 ~d 2 shoW· .the· diffracti,ort patterns, 

corrected as detailed abOVe,' coli~cted over the 29 

range 10~35° and.1S-i9°, respectively~· In· addition to 

the Miller indices of the reflections of interest, the 

local ·11 artifici~l·~ bac;kground betWeen 15° ~d 19° 29, 

30 labeled "b 11 ; and' described above, is sho~. 

The l.s-19° :r'etgion is:t:.h.en de~onvoluted .into two 

overlapping.Gaussian peaks c!()rresponding·to· the two 

ceystalline. 'reflections, and the .position, 'width, and 

height of both peaks ~re ·ext~aqted. An example of this 

35 deconv~lution is ·aho~''iri_ Figure 3. The ·apparent 

crystallite . size for the (o:io)' reiflection (herein 

sometitnes aiso ~eferred to simply as apparent 

crystal.lite size)~ ACS010 , is· calculated· from the -

5 
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reflect:ion•s J;>OSit:ion and full width at half height 
using the Scherrer equat:ion, as for ~nstan~e described 
by L. E. Ale~ander, X-Ra-y Diffractiqn Methpds in 
Pol~er Science, p. 33~ et seq. (John Wiley & Sons, New 

S York, 1969) : 

where ACS010 is the mean dimension of the ccystal, K is 
assumed to be l.O, "- is the wavelength, p is the full 
width at half 'htiight of the profile, in radians, and 9 
has its nor_mal meaning. 

10 The. PE'r, has. a melting poi:nt (Tm> of 270°C or less, 
pref~rably 265°C or less, and mo:z:e: preferably between 
2 oo ° C and. _265 ° c, depending on . the DP. The . ~el ting 
point.is measured by Differential Scanning:Cal:,qrimetry 
.{DSC) • _The Tm is ta~en- 21:s the -maximum of the inel ting 

15 _endothermon ~he first _heat. In c,:ontrast, ~amples of 
-.. conventicmal PET w.-hich. h~ve been h.i,ghly annealed 

. : Ca?l.Ilealed over: 1,ong pe,riods) samples of PET:, although 
they may have large C%'}'Stallite sizes, also have high 
melting points, -above 270°C. 

20 It is _also preferred .if the PET has no,.distinct 
premeltj,ng .endotherm. By a "premelting e11.~therm" 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 . . . . . . ~.. . . .. ' . .. . : 25 occurs 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 1 J/g, preferably less than 0.5 J/g. 

30 Premelting endotherms are believed to be indicative of 
small and/or relatively imperfect crystallites, and 
when present, the PET particle may have a tendency to 
more readily stick to other particles when heated, 
usually at or'arotind.' the: temperature of a premelting 
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endotherm.·· which is very undesirable in' solici-st:ate 

polY'merization. ·· 

The PBT of the present invention also has a ·aegree 

df polymerizat:Ion (DP) of about 5 tcfabout :35, 

5 preferably about 10 to about 25. The DP is merely the 

average number of repeat units in a polymer chain and, 

therefore, maynot:·nec:essarily be an integer. The main 

repeat· unit· of PET is 

The DP c:ari be determined by··c:;e1 Permeation 

10 chromatography using approi>ri.ate PET. ·standards.· 

The DP is merely one way of expressing the . 

. 'molec\ilar . weight of the PET. Another COmParable 

me•sure of mo-lecular weight ls the intrinsic viscosity 

· c IVl of the poljmer. Listed below for· the convenience 

15 of <the reader are the IVs :of .,ET polymers arid their 

app:rbxilna.te DP•· s • These numbers assume: that the ratio 

of th~·weight aver~ge moleeular weight/number average 

molecular weight for the PET.is ·"normal" for a 

condensation poiymerization, about 2~J. The 

20 relati~nship between DP and IV is· api)roximately 

DP. - lSS.S (IV)1.H6. 

DP .. IV . . 

5 0.10 

9~6 
0.15 

11.6 0.17 

12.6 0.18 

15.8· 0.21 

16 ~·g 0.22 

·19.2, 0.24 

35 
.. ; ~··· 0.36. 

. The PET of the pr~sent i~vention _ma_y be made by 

25 rapidly heating glassy PET to a certain temperature 

raage or by cooling molten PET to that ·'"'ilame temperature 

7 
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range. The P.ET can be in the form of particles or 
pellets of various size and shap~s or mixtures thereof, 
as w.ii1 be readlly appreciated.by the skflled artisan. 
By a "glassy PET" .ls. ~eant a. PET below i.ts Tg which 

s corit_ains less than about 10 ··weight percent crystalline 
PET, preferably.less than abol'..tt s·percent, most 
preferably lesss tha~ ·1 weight percent. The amount of 
crystali1ne PET pres~nt can be· determined by standard 
methods using DSC to determine the heat of fusion of 

10 the crystallites p~esent. • and comparing that with the 
heat of fusion _of "pure" cryst:ailirie PET.· By a "molten 
PET'' is ~~ant a PET ·in ·.the· iiquid (not gla:ssy) state. 
Preferably it contains l~ss 'than tefo percent {10%), .. 1·; ·.. • . 

more preferably iess than five percent (5%), and most : . . ' . . 

15 preferabiy less than one percent (1. 0%} crystalline 
PET.· It' is preferred.if the ·initial temperature of the 
molteri __ PET is about 2ss.0c or higher, preferably about 

· 210°c· o~ J:iigher, ~inc~ this .is· approximately at· or 
above th~· common meiti~gp~int of PET. •In order to 

20 obtain a large apparent crystallite size, it is 
.·preferred to hav~ a.~ little

1 

ceystallinity in the 
startin'g PET as possible .. 

.. .· l:t ha~ been fcfo.11.d :that· the desired PET crystalline 
1norp~logy may. be t6rmed by· r~pidly heat.ing ··or cooling 

25 . amorphous PET to a preselected temperat\lre range. A 
temperature range of :l:20°c to about 210°c, preferably 
aboµt 150°C to about 190°C~ 'has,bea'n:found to produce 
the des ix:ed result . · 

Accordingly,.· in this ·process, · not only must ~ 
30 ... temperature g~adien't ·}:)~·imposed· between the PET and its . ·1 . . .. • • . 

surro~ndings, but ,heat (or another appropriate form of 
.. ene~gy> $hould be· removed, ~r added to the polymer at a 
·. relatively high. ~ate·~ ·If heating, condtictive and/or 

::adiant heat ~ei_ ~b~~ined.' in:· conventional ovens may be 
35 employed. ··.For. e~ample~ C>vens in whi~h heat flows 

J?rimarily ~y -~,adiation ~nd/or conduction, fl:om .the 
~ur~ou~dil'lgs, .•. ·into _the PET .material, or particle may be 

·- -··--. 
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.. employed. Preferably, the heat radiation has 'a 

frequency belo.,;·microwave, e.g., beiow 15 megaherz. 

This r~quires 'that the su~rc;>undings o~ environment 

of. the PET ,be abl~ to tran.sfe:r this heat ~apidly. 
. . ·.. ,. .. .. . . . . : . . ~·:.: .- . . ·. . ' : ·. 

s Preferably,. the cross-sectional area of the PET should 

nQt be so lar~e. ;ha·t. th~ .. chan~~ of temperature of the 

PET is relatively rapid on.th~ sur;acebut. inadequate 

or too slow fn th:e. center . 

10 

15 

20 

. . When cry~ta].lizing from molten PET, . then in order 
.. · . . . ·.::... . . . . ·' .. . . . . . 

to obtain rap~d .heat transfer int.o . the molten PET, it 

is preferr~d if .. the PEi-. is. in g~d ~ontact with a heat­

transfer mate.J:_ial that haS a relatively high overall 

' }leat capacity (d~rived from both : it,s ma·~ and its 
. : . . . . ,· . ! .":.. . 

actual heat c~pacity) and.thermal conductance. Metals 
. .· •. . . . .. . . 

are particu.i~rly 'useful for this purpose;·' especially 

metais.~ith high c~effic:i.ents:~f'~e~t t:ransfer. 

Howey~r, ,coa,ted '·metais I .· plastics and o_ther' materials 

may be employ(!cl •.for tra~sfe~ririg heat to molten PET· 
. -· . . . . . . .. .. . . ..... . 

d~ring crystal.lization~ 

~e surfa,ce ()f the_molte~ PET may be' eXpbsed to a 

combination of ,heat-transfer materials, for wmple, a 

par.t of the surface may l>e exilosed to a metal surface 
• • •·· • • •• ".r, "• • • ··. • 

.and .another part Of tiie SUrfac::e· may 'be eXiJ,~sed tO I f Or 

example, a, gas. Although a gas may b~ used to transfer 

25 _heat to .. or fro~ the PET··. the heat capacd.ties of gases 
. . . : . .··: . ' .; . 

are relatively low~ and s.o such cooling would be. more 

difficult to achie;..:e by itself .. Liquids' at tb.e 
appropriate temperature may al,so be used, but they may 

be ie~s .preferre.d. because of ~onc~rns that 
.. . . ;.;. :.: . ·.·... . . . 

30 contaminat~on may occur cµid be~ause of the need to 

separate the liquid from the.PET. Thus, it is 

.Prefe~ed to at least.partially cool the. molten PET by 

contact· wit.h a heat _c~nductive so~id. 

Conversely, when-sta~ting with glassy PET.instead 

35 of tnQlten PET~ the glas~y PET should be J:apidiy heated 

inste~d of cool~d. On~ way to accomplish :this. ·is 

expose the gla~sy PET to. a ·vecy 'high ·t:empe.rature· 

environ~ent, about 300°C to soo 0 c or higher for up to 

9 
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about l~O seconds, See. EJ(amples l.and s fqrexamples 
of such.a procedure. Generally speaking, the higher 
the .. temperatuz::e. or. the smaller the cross se.ction of the 
PET being t:reatf\!ci, the less time that will be needed. 

5 In forming the desired crystalline form of PET by 
heatb~g or .cooling, it is prefei::red that the entire 
crystallization process, i.e., heating or cooling and ·. . . . .. 

'. . 

.. crystal formation, be complete in less than 5 min, more 
preferably less than .120.sec, more preferably less than 

10 .90 sec, and most' preferably about 3 to abo\,lt 60 sec. . . 

When c::;-ystal~iz.ing molten PET, the particles may be 
maintained at th~ tempe:c-atu~e.of crystalli~ation for 
longer periods of time.. When crystallizing glassy PET, 
however, prolongedeXposure to the. temperature of .. "' 

15 ' ~rystallization mar b~ .det.rimental to the desired 
result. 

: : : 

As mentioned a))ove,.the minimum cross section of 
the PET, 11sually in th.e fo%:1ft of parti~~e~ .or pellets, 

~. 

I . is important in dete~ining ;t1ow fast .the bul~ of. the . __ , . . .·. . . 
2?. "PET is heated or cooled. Generally speaking, it is 

preferrec,i if .the.ll\Clximum cross section, orits average 
value,.for the P~ which ~s tobe heated or cooled is 
abou.t l. c~ or. les&1 ~ more preferably about O. 6 cm or 
less. ·Preferably,. the minimum .cross section, or. its : ,; . . . .. . . . . : ' . 

25 average, is 500 nm. 
The shape.of .the ~rystallizedPET may vary, and 

may be a film, ribbon, particles of, various shapes, 
etc. In one prefe;r:red.embodiment, the PET is in the . . . . . 

form of. particl~.s (or, more a.ccurately, small discrete 
30 units, mas~e'?, or d;r:oplets in ~he case of molten PET) . 

Crystalline. PET . in the fornt of particl~s is . 
particularly, useful.in solid-state polymerization. 
Preferred forms and/or sizes for particles are 
spherical pa,rticles .wit,h diameters of O. OS mm to . . . . . . . ·' . . ... : .. . 

35 . o. 3 ,mm,· hemispheric:=~l par~icles with a. maximum cross 
section qf 0 .1 mm .. to 9·~9 mm•' or right circular 
cylinders with a d~ameter of O. 05 mm to O. 3 mm. and a 
length of: O. l cm to o. 6 cm .... If shapes such as films or 

10 
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· ribbons are' formed~ then if desired, they can be later 

ground, cut, or othe_fwise divided intd particles'. such 

as are suitable for solid-state pol}'merization. Since 

it. is preferred if · the ·pellet's ~re produced oti· an 

5 economicaliy advantageC>U.s commertial scale, the pellets 

10 

(like the polymer product from. a s'ci1.id-sta_te . 

polymerization·p~oeess} would prefera:k;ly be produced 

and collected ·togeth~r in cominerciai· quantit.ies of 

. greater than 10 kg, more prefeZ:abiy :greate~ thal'l so kg. 

"The pellets may be'used in·the same.plant soon after 

being made, stored for iate'r: use,_' or packaged for 

transport, all in :commi!rci~i qliantities.· 
. 

Before reacbing . .,., Stable shape, molten ~r 

crystallizingPET may'be affe~ted by the shape Of the 

15 . means into which· :it can flaw or withirt whi~h it is 

confined before solidification, whether such means 

"employs physical or other'fordes. 

Glassy PET~ for use as a starting mat~rial'in a 

crystallization prodess ~ccoiding t:() a:·:method. ot· the 
. 

- . 

20 present invention, may. be made. by veey rapidly cooling 

theapPropriate·moleeular weight moiten .PET to_below 

the glass transition·temp~rature of PET~ This· can be 

done in bulk or while forming partlcles"of the PET. 

The PET itself·c~ be ma&! from appropriate methods 

25 know to the artisan, see for instance ·B. ·Elvers, 

et·· al~, Ed., m1mapn' a· Enc;yc10pedia · .. gf Indtlstrial 
. . 

Chemistey; Vol. A2l, p. 232.~237 (VCH 

Verlagsgesellschaft mbH, weiriheim, 1992). Such a 

glassy poiyiner may be stored or·shipped (preferably in 

30 a relatively dry' state) for' later po1Y'tnerization to · 
. . . 

higher molecular weight, whether a· solid-state 

pol}'meriz'ation, melt Polyiner:ization, or other· 

processing. 
In all of· the processes described herein for the 

35 c:ry.Stallization_oflow molecular weight PET.to form 

crystallites· with relatively large apparent crystallite 

· .sizes, it is preferred that the heating or cooling, as 

desired, takesplac;::es in less than 120 sec., more 

11 
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preferably. about 90. sec., ~nd most preferably about 3 

to 6·0 ·sec. 

In. an integrated plant for producing PET·. from 

monomeric ma.te,r:ials, low molecular weight PET will 

S· usually be avai.lable .as a ~olten material .. ·.· Thus, it is 

preferred if the·, instant p.rocess starts with molten 

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

·. "particles 11 just before or essentially sj,.multaneous 

10 with the cooling o·f the molten PET to form.the desired 

crystalline morphology. The preferred .. eventual sizes 

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

15 

The molten ~ET.maybe formed into·particle.$ (or, 

··. if molten, . perhaps mor19 ac:ct.lrately portic;:>ns of PET) by 
a variety of methods, including pastillation. See also 

·u.s~ ... Patent5t340~509, prilling as described in 
numerous patents ·such as U.S. Patent No. .4, 165, 420. 

Melt cutting, dripping (see· .Example 2 below) , or 
extruding · {s_ee Example 3 b~low) are other ·alternatives . 

20 'The PET.portions or particles can be conveniently 
cooled by contacting them with ametal &\1rface1. 

· .··. preferably in a c;::ontrolleci temperature ·environment, 

s.uch as a conveyor belt or moving table held. at the 

proper. temperature to·. achieve the desired crystalline 
25 ' morphology. ·. I.t is .. preferred if the .PET ·initially ·: 

contacts this ... metal while.;_still largely molten,·· sirice 
this· contact with aliqui~will usually lead to better 

· heat . transfer. A ·regulated flow of ~ inert gas may be 

passed over the particles .to increase the.overall rate 

30 " of. cooling. . ;: .. 
· · .. ·. In an integrated process ·for producing· high 

·molecular weight PET, .·the low molecular weight PET 

having· the .. morphology described. above may ?e . further 

polymerized . to ··higher molecular weight. · The PET may be 
• 

JS melted and melt polymerized, but the crystalline PET' 

described herein is·especially ~uitable fo:r use in 

solid~state polymerization.· · Solid•state polymerization 

is ·well known ·to the artisan~. See, for instance, 

12 
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· F. Pilati in G. Allen, et al.'· Ed;,. Comprehensive 

Polymer Science, Vol. 5, p. 201-216 (Pergamon Press, 

oxford .1989), which is hereby· incorporated by 
reference.. Solid-·state polymerization is· particularly 

5 useful for making higher molecular·· weight .PETs· .. · In· 

·.general·; particles of PET are heated to a temperature 

below the melting point and· a .dcy g·as, usually .,. 

nitrogen, i-s. passed, usually.concurrentlyln continuous 
· ·operation, .·around· artd over· the particles~ At the 

10 elevated tempe:r:a·ture, ., transesterification. and 

polycoridensat"ion reactions. proceed, ·.and the gas . can be · 

employed to carry. away· the. volatile produc·ts (similar 

other methods, such as employing a. vacuum,· may be used 

for this purpose),·thereby driving the PET molecular 
15 weight · higher. ;,.· ... -. 

In: the·past:,·· a'il\lmber of.problems or difficulties 
have been associated ·with the solid-st·ate · 

polymerization. of PET~ ··In particular;· ·the particles to 

·.be polymerized usually have had to undergo an annealing 

20 process'# so that when they are heated during solid­

state polymerization, they do not undergo partial 
melting· and stick together. If·,· alternatively1: the 

polymerizat·ion occurs at a relatively lower temperature 

·tO avoid sticking, this would increase the 
25 .· polymerization time,. since the .reactions which .drive 

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. · 
30 Advantageously and surprisingly, the relatively 

35 

low molecular.weight-PET polymer with the crystalline 

:morphology disclosed· herein may be directly ·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 tQe overall 

process time is· thereby avoided. In addit:,ipJ'.l, 

particles produced according to the pre~ent process 

13 
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may, in some cases at least, be.more.resist~nt to . . . . : 

attrition. ·This would usually be advantageous where 
PE'!'. particle~, .. in solid-state polymerization apparatus, 
tend to wear against each othe.r. or the apparatus ~ . . . . . . . 

5 itself. Thus, the use of the partic;::les produced 

10 

l.5 

according _to the present invention can resul.t in· an 
.impr.oved process for s.olid-state _polymerization. 

In any polymerization of ,low molecular weight PET 
to h,igher molecular weight PET, n.ormal additives, such 
as polymerization catalysts, may be prese~t. These may 
.hav~ be~n· added when the l()w mole~ular. weight: PET was 
forined! /\: typical c,atalyst is Sb20 3 , whose 
concentration herein is. given 'as the level of elemental . . ·~ . . . 

antimony. Because of ... the. higher starting. 
polymerization temperatures in ~ol:id state 
polymerization using ·.the c~stalline low .molecular . '. . . . . . '. . . 
weight;. PET, as described herein, .. it .may be, possible 
use lower catalyst levels while.maintaining useful 
polymerization rates. Lower catalyst levels may be 

to 

20 ad~antageo:11s' 'when 'the PET is' intended for use in making 
·certa.i'ri p:foducts, · for ·example, when the PET is intended 
for use ':tn making bottles which will store beverages 
for h~man'co~sumption. 

· A PET polY"mei' product·. having unique properties can 
25 ;be produced by solid-state polymer1·zation of the · 

particles described herein.·· ·.It is possible. to obtain a 
PET polymer product with an intrinsic viscosity of 0.65 
or more, an a'ii-erage apparent; crystallite 'size of 9.0 nm 

'or mor'e, a.nd a 'hea't of' fusiori o~. 9s' J/g or l~ss. 
JO Preferably~ sU:~h a' PET polyRat!':r product' has' an intrinsic 

ViSCOSlty Of. about o·. •fo Or more I more preferably about 
0 • 80. Qr mo:Z::e I ahd/o'r' the average apparent crystallite 
size is ~bouf.-io .o nm'. or ·more, more preferably about 
'11. 0 nm or mo~~, and/or pref~rably the heat of fusion ', 

35 · is ~bout. go·· J/g or iess,. more preferably. ab<:>ut so. J/g 
or .less. . ParticuJ.'.'arly 'for some bottle-resin 

·. applicatio~~~ ah ·esp~c'ially pref~rred: PET polymer . . .. '· j' :· .. . 

product has'an average apparent crystallite size of 

14 
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about 12.0 nm 'or more and a heat of fusion c;f about 

70 J/g or less. 

As. described. above, solid-state. polymer.i.zat:ion is 

usually carried out with particles of''the ldwer 

s molecular weight polymer, restilting' in a higher 

molecular . weight polymer . pol:Ym~r that·.· is. also in the 

form of particl~s ~· The ~hape ·.of the ·ptoduct · may vary, 

·including part::.fcles of various shapes; Preferred forms 

·and/or· sizes for p~rtic·l~s are spliE!ric·a1 ·particles with. 

10 diameters of o. os mm to · o .j mm, heniisph~·rica1· 'par~icles 

with a max'imum cross sect.ioh 'of 0 .1 mn('to 0 ~ 6 mm, or 
.. . . 

right circul'ar cylinders ~ith a di~~eter of· ~.OS mm to 

0 • 3. niln . arid a. length of. O _' l cm to 0 • 6 . dm·.. . Especially 
. ·. . ... ' . .· ' . 

preferred are spheri'cai particles flattened.on one 

15 side, a shape formed before solid-state polymerization 

... as a result 'of .,th~' 1ow .•. lncilecular :weigh~ polymer 

'• partici'le·, ··. du;ing fo~t.ion,~ bein~· ::'d.ropped onto a flat 

slirface. 

In the f~llowing. ~ample&; certain analytical 

20 procedures are used. As,'i~~ from x~:r;~Y. di..ff;raction, 

·which is desc~ibed ·in det,ail ~ove, these procedures 

are described' below. Refe,rences herein ·to these types 

of an~lyses, ~%' their results, correspond. to these 

exemplary procedu~es., 
: . . . . 

25 Intrinsic ,Visc;osity C IV> . .. . 

A solvent. is made by mixing one yolume of 

tri.fl~c:>roacetic acid . and three volumes of methylene 

.chloride . PJtT, · in the amount· o{ o. o 5 o g, is then 
. . ·. . . ..· ·.· . ·. ... . 

. weighed into a clean dry vial, and 10 mL of the solvent 

30 is added to 'it usi~g ~: ~olumetric pipette: .. T~e vial is 

closed (to preve.rit evaporation of the sol vent) and 

shaken. for 30: mi~ or u~ti.1 th~ PET is dissolved. The 

solutic:>n is po~red into the large tube ~-f a #so Cannon-
. . . . . 

Fenske™ viscometer, .. which. is placed in a 25°C water 
. . ~. ·. . ' . . . . ' . ' . . . . . . 

35 bath. a~t;i allowed. to equilibrate to that temperature. 

The drop ti~~s.between the uppe~ anci __ lower ~arks are 

then measured in. tri.pl;Lcate, and sh~uld agree. 'within 

0.4 sec. A simil~r measure~~nt is made in.the 

15. 
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~iscometer. for the sol vent .alone. The IV is then 
calcula,ted by the. equation: 

•.:. 

· .. .-: .. 

IV = Ln (soluti,on time/solvent .. ~ime) · 
0.5 

__ Gel P=rmeatiolk Chromatography (GPC) 

. GPC was run .. in a Waters™ lSOC ALC/GPC instrument, 
· 5 .. using· as a solvent hexafluoroisopropanol _., (HFIP). 

c~ntaini?lg 1.36~7 g of sodium trifluoroacetate per·L . 
. The ins~z:ument . w~s run in the usual . way,_ and standard 
calcula~.~ons ~~.:re ·made to .determine Mn . {number averag_e . . \ 

molecular wej,ght) and Mw (weight average.molecular 
10 .. ·weight). Calibrat:ion. of the. instrument. was made using 

a PET sample with.Mn 22,a~o and Mw. 50,100~ 
·Meltinsi POint ang Heat of Fµsion . . . ' ·,·... . .· . . .· ..... . ·.·. . . ... ,.. . .. 

Meltingpoint was determined by Differential 
Scanning Calori~etry (DSC) and all sample~ were 

15 .. a~alyzedusing ~·TA Instrumentsnc DSC 9~0. The 
instrument was ~alibrated 'with indium con~istent with 
the system documentati~n. · . The .samples were analyzed 
re.~~-ived,: no ~re~-~rinding; using 5-10 mg ±O.oos mg. . . . . ·. ' •· ·,· .. '. .. . . . .. . 
Th.e liJamples we::r;-e sealed· in ·aluminum pans ·then heated . .. . . . . .. 

20 from .room temper~t,ure to ·300°C at l0°c)m;in. in a 
nitr9gen purge4 ~nvironment.. Glass transition 
temperatur~, -~~lti~g point te1n})~rature. ~d heat of 
fusion calculations were ·done with the TA Instrument ·. .. .. . .. ·.·.:.·., :. . . 

as 

software .. Th,e .r~port~d DS~ P.eak melting. temperature is 
25 the ·cor.:respond:i.ng temperature of the peak in the main ····'·· . . . . ·. :·. •.. . . ,. . . 

melting endothe%'Rl. . . . .. . . 
· Heats .of ~-u~i.~n (sometimes abbreviated herein as 

MliL~erf:! me.asured_by DSC d~ring the above described 
'.procedure, and are taken· as the area included within 

30 . the melting :Poi~t:.,,endotherna .. Heats of melting are 
reported in .J/g. c~i polymer) . . ... .. . . . :.·. . 

Tbermomechanical Analysis 
. A Mettle~~ TMA, 40 ktalyz~~ coupled to a TSC iOA 

controller was used for all samples. This instrument 
35 was calibrated for temperature using the standard 

16 
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operating procedure ilius.trated in. the iristruct.ion 

manual at l month intervals o.r when spuriotis results 

were susp~cted. ·The samples had no extra pre-treatment 

in the TMA systettt.that -~~uld.alter the: samples inherent 

5 morphological. history. The part_ial hemispherical 

· particles were loaded in the system ih- c_~rttact with 
both the. quartz sample holder and a 3 mm''diameter probe 

~uch that eh.$ ~s:~\1lple .~a~· con~~ side up with the probe 
in. contact ~ith ••t:he' ape~ . of th~ hemisphe;re. Two 

10 temperatuie· protiie~: ·were used.·· t:~ ·ariB.lyz~ :the· samples . 

. The first being a: high speed sc_anni.ng rab~· of 10°C/min. 

from room temperature' .th:c'o~gh t'he meit and thE! second, 
: : • .' /" ' • • • • :• ~ ' '"• • ' • ·• • I • ' • 

to ensure a homogeneous beat environment, being a l°C 

rate fr~~ 2c>o 0 c tc/ the melt. ''· · · 

15 In the Exaq;le's', SSP meari~ -~olid-state ' · 

.· PET with. an. IV of 0~18 dl/g arid COOH ends ·of 

. l.67. 5 Eq/10' g was produced by ·a atelt..;phase 
20 pol~rization process and coiit.~ined -~proximately 

275 ppn( Sb ···as a catalyst-. The melt was then extruded 

through ·a i mm diameter orifice ·tci 'form cil:'oplets. The 
drop°lets fell th~~~gh ail air gap of about 10· cm into ·. 
chilled water .. to form., cieu. amorphous· part·i~ies. The 

25 particles were shaped .like panC::~k~~' approximately 8 mm 

in diameter and 2.2 ~ thick~ The particles were 
ceystallized one at a ti~e in a 'MettlerTM TMA 40 

coupled to· a MettlerTM Thermal Controller lOA. ·. The · 

. indiviqual particle was placed on top of :the quartz 

30 sample hold~r at r~~m teltlperature. The oven was pre­
heated to 400°c, l.o~~red ov~r th~sample for 
15 seconds, then ~em~v~d allowib.~ the. particle.to cool 

back . to room temperature~·.' After 'e~osure in the oven 
the particle was opaq\ie. DSC analysis of the · 

35 ·. crystal~ized sample indicated no·pre-mel~ing 
endotherms. The peak. melting temperature was 250.1°C. 

The ACS~10 was 11.'6 nm. The AHf was 59. 7 J/g. 

17 
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EXAHJ?LE 7. 
PET with an r.v of 0.15 dl/g, and COCH ends of 

188.2 Eq/106·.g, which had been produced by a melt-phase 
polymer·iZ:ation process and w};ich contained 

5 ,. approxi~ately 275 ppm Sb as a c:;:atal.yst, was heated in a 
.Melt Indexe.r. at 290°C until th.e polymer dripped out of 
the orifice (l mm ill diameter) under its own ~eight. A 
hot p:J.ate .cove:;-ed with a 1.9.cm thick steel plate was 
placed l~ to 25 cm under ori~ice of the melt indexer. 

10 ·· The temp~rat:ure was monitC)Z'.ed .bY a. thin-~ire thermo- · 
couple. :kept in intimate c;:ontact with the steel plate. 
The polymer d:J:'.ipped ontq. the ,hot steel pl.ate . which was 
at 180°C. Cry11talli~atio11 was monitored by observing 
the clear amorp}:ious.d:r°c::>P turn into an opaque solid. 

is·. ?nee ie was op~que the metal.surface wa.e1 tipped at an 
angle to horizontal.:so the particle ~ould sl~c;ie off and 
cool · to· room temp~rature.,, .. The particles. were shaped 

.like pancakes, ·approximately 5.6 mm in. di~meter and 
1.7 mm thick .. DSC.analysis of the cry15tallized sample 

20 indicated no pr419"'."melting endoth~rms. The peak melting 
'.temperatuJ::"e wc,.s 2S.Q.~ 0 c .. · .. The ,AHf was52.0 J/g. Two 

particles formed by.this .method wez:.e placed one on top . . '· .. .. . . . ., . . 

·of the.other in ci·quartz sample h9lder.in a TMA and a ·.. . . . . ·.•' . . 
l·oad of O. 5 N wa11 i!lPPlied on. them wit~ the probe. The 

·. 25 particles showed no. signs. of adhesion _after being held . . .· . " . .. 

for 30 min\l~es ,a~ 240°C.under this load. 
PET with-an IV of.0.24 dl/g and COOH e11ds of 

27. 8 Eq/106 .. ·9, whi~h had peen produced by a melt-phase 
· polymerization proc:ess •an~·:· which co;ritained 

30 approximately-275 pp~ Sb:as a catalyst, was heate~ in a 
Melt Indexer at 290~C until the polymer dr;ipped out of . . •,• . '• .. . ... . . . . 

the orifice. (l mm in .diameter). under its own weight. A 
·hot ·plate covered w,ith a L 9 cm thick steel plate was 
placed 15 to 25 cm under. the melt indexer .. The 

35 temperature was< tllQni.tor.ed by a thin-wire thennocouple 
kept·· in intimate cont~ct with the steel plate. The 
polymer' dr~pped onto the hot stee.l plate which was at 
180°C.· Crystallization w~s.monitored by observing the 

18 
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clea~ amorphous drop turn into an opaque solid. Once 

it was opaque the.metal surface was tippe'd at an angle 
to horizontal·so "the parciclewauld'slide off and cool 
to room temperature. ··· ·The particles Were shaped like 

s he.mispheres·, approximately 4. s ·mm in di:ameter and 

2 ~ 5 mm thick. DSC analysis Of .the ·crystallized sample 

indicated no pre-melting endothe~ms. ·;The peak melting 

temperature was 258. 7°C. The Mif was :51.5 J/g~ Two 
particles formed·bythis method were placed one on top. 

10 of ~he other in a ·quartz sample 'holder in the TMA and a 

load of 0.5 N'wasapplied on them'with the probe. The 

particles 'showed ·no signs of adhe'sion· after being held 

for 30 minutes at '2·40°c under this load. 
. . . EXAMPLE '3 . 

· 15 · PET with an> IV of o. 21 dl/g and 'COOH ends of 

·141.o•Eq/10' 'g,· which had been' produced by a melt-phase 
potymertzatfonprocess arid .. whieh contained. 
approximately 275 ppm Sb asa catalyst, was melted and 
processed· a:t 255.;:zao 0 c through a 1.~ ·mm· twin screw 

2() extruder at· o.s lb/hr.: The· melt ext'ruded through a 

1.0 nnn dl.e'formin~ in~ividua.l droplets· that·fell 1.3 cm 
through roour' tetnperature air 'onto : .• ' heated turntable . 
·The turntable proyided preciae re-~lation .of surface 
temperature ariares'idence time on the heated surface, 

25 with continuous particle formation from. the extruder. 

The device consisted of a. rotary 0 actuator·driven by a 
stepper motor, ··a rotating stainless ·steel turntable in 

.. contact tilth• a ·stationary heated ·plate~ The 

temperatureof the·turntable ·surfacewas controlled 
3 0 through manipulation. of the temperature· of the 

i st~tionaey p'.rate. .. A. calibration curve was generated 

for the ·contb.,lled measured: .temperature of the 

stationary plate versus th~· surface temperature of the 
turntable so that atherinocouple ·did not have .to be 

35 attached to· the rotating turntable during the· 

crystallization. After about 300° of rotation on the 

turittable the crystallized particle~ hit a block of 

Teflon• fluoropolymer which knocked them off the 

19 
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turntable and into a room temperature collect.ion pail. 
For particles fo;-med at surface temperatures between 
160-200°C there were no premelting endotherms in the 
DSC trace~ .. Processing conditions and particle 

s analyses are listed in .. Table I. 

::Cii:bl• J: 
Table ·Time on 

Run. ,Temp Table DSC Peak.Melting Aff f .. ACS010 Ne •. (~C). . .l••c) . Temp < •c::1 .LUal.' (nm) 

1 160 . 28 . 255.4 50.9 ."12 .5 
,2 160 .· ·.: 23 254.1 53.4 9.8 
J 170 .. 23 .. ... -~ 255.S 31.6 10.9 
4 .. 170 45 .255,.5 50.5 10.0 
5 :190 45 253.1 48.6 l.2.0 
6.· l.90 28 254.8 42.8 12.5 
7 200 45 254.4 .· .39.1 13.8 
8 200 .. 60. 254.2 52.3 12.6 

BXAME!LE 4 

PETw:ith ari IV of 0.17 dl/g and COOH ends of 
10 98. o Eq/10' g, .wli.i~h bd been ··produced by a melt:-phase 

15 

. polymerizati~n·process and which contained.· 
approximate!~ 27s ppm Sb.as _a catalyst, was melted and 

.· processe4 through a : Prism .16 'mm twin. sc·~w e·xtruder and 
dropped :~nto a heated turntable ii.a describ~d in 
Exa~le .· 3. Proces~ing ~~nditions and. p~rtiC:le analyses 
are listed in -table I I . . . 

' \ . . .'. : .= . ... • ~; .,_ . ;. 

DSC Peak 
Turntable Time on Melting 

Run .Temperature .. TunJ,table Temperature Llllf ACS010 
No. (•C) (sec) (•C) JiUsll. (nm) 

1 120 10 .· 251.~ ··-~~- ~.·~ .. J.1.3 

2 120 28 251.9 56.8 11.7 

3 120 60 25.l.S . 56 .l 11.4 

4 .. 160 •" ·; 28, 251.8 sa.o 13.6 

5 160 60 251.9 56.9 16.2 

6 170 2·e 252.6· 54.8 13.4 

7 200 60 252.3 57~9 15.2 

20 
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. . EXAJ1PLE 5 . 

PET with an :iv of ··a .1s di/g arid cooH ··~nds of 

13 2 ~ l Eq/ 1 o& g, w~ich was · produce·d by a . me'l t-phase 

polymerization process and which: contained .•. 

approximately 275 PPR.' S):> as a catalyst,' was prilled to 

form clear amorphous particles. About 109 g of 

·particles were placed on a pi~c;e of Kapton• polyimide 

film ·(3 mil thick) which was placed on a' room 

10 temperature ceramic plate. The··_particles, film and 

. plate were then placed in a.Fisher Scientific model 497 

high temperature aven for 15 seconds at· soo 0 c. The 

particles were ·r~d from the oven and allowed to 

cool_to room temperature. The oven dimensions were 

15 3 0 • 5 cm . x 3 0 • 5 cm x 3 5 • 6 cm and the ceramic plate was 

placed in the center' of the oven. The crystallized 

particles showed nopremeltingendotherms in the DSC 

trace. Fifty ~:i;:a~ of particles were loaded into a 

glass tube (5.1 em Dx 40.6 cm H) that was surrounded 

20 ·by a .. la~er diam~ter glass tube. ..· A controlled 

volumetric flow rate and temperature of nitrogen passed 

'.through a poro~s: dtsk ciis~ribiitor ~t the bottom of the 

col11~ and then throUgb theS.1 cm D reactor.· Heated 

ai.r pa~sed thr~~gh<the o\ltside.glass"tube'to insulate 
,._ . ' ' ·;·. '··;. ·\,.. .· . . 

25 . the :reacto:r from heat·'-1oss. when necessary to provide 

30 

particle motion, as wh~n conventional crystallization 

was occurring,.an agitator shaft with .three propeller 

blades at various_heigllts within the column was slowly 

rotated. 

Prag nm fgz: Q,18 Di:, ·DC, SSE·•2ll2°C 

Duration · N ·Flow·· 2 . Air Flow· ·N2 Temp Air Temp 

<mnl (1/min) (1/ndn). ( •C:) (•C) Agitator 

15 200 150 25 to 210. 25 to 210 

. 1440 40. l.50 210 210 

15 200 150 210 to 25 210 to 25 

·.Samples .. ~re taken at o, 6 and 24 hours for 

analysis: 

21 
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I 5 

10 

Time 
(hr) 

0 

6 

24 

Analysis gf O 18 Partic:les TSC. SSP t121p•c 

IV 
(:dl/gm) 

0 •. lB 

O.l9 

0.46 

DSC Peak M.;lting 
. Tempei:'a~ure ( 0 c> 

254.S 

263.S 

267.B 

AiHf .. .Ll.Uti.· 
. ··~ 

66.S 

83.3 

94.2 

ACS010 
·(nm) 

l0.7 

13. 5 . 

so 9m of the TSC particies were also solid state 
polymerized at 240°C under the following conditions·: 

Proaram fgr 0.18 IV. TSC. SSP 124·o•c 

Duration N2 Flow Air Flow N2 Temp Air Temp 
(min) c1/nli.n> Ci/min> ·. (•C) <•c> Agitator 

.. 

15 200 . 150. 25 to 240 25 to 240 on 

1440 40 150 ··240. 240 off 
15 200 150 240 tc 25 240 to 25 off 

Samples were taken at o, 6 and 24'hours for 
analysis·: 

Analyt1i8 gf 

Time :IV 
(hr) (dl/gm) 

0 0.18. 

6 0.53 

24 1. l.4 

Q.l,8 paxt;jc1ea TSC 

DSC ~ealc Melting 
Temperature (•C) 

254.5 

282.0 

SSP •24Q•C 

66.5 

83.3 

ACS010 
(nm) 

10.7 

12.2 

About 50 g of the same amorphous material 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 polymerized at 210°C under 
the following conditions: 

22 
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P;r;CSi'tmD for 0 .1B ui:' CoftyeP:tlgDAlly Cey11tAl°lized SSP !1210°C 
.. 
~r Fl~~,/ ;.Air Temp Duration N2 Flow N;z Temp 

(min) (l/min) <1/min1 . (•C). < •c> ... Agitator 

60 200 150 25 to 210 25 to 210 on 

60 200 lSO 210 210 on 

1440 40 150 210 ' 210 off 

15 200 150 210 to 25 210 to 25 off 

Samples were taken at o, 6 and 24 hours for 

analysis.·. . . 

·> . . 
An&lysi• of 0.18 Partic:les comcentignAlly ci::ystAlliz_ed. SSP 4210 

:rime IV J>S.C ~ale Melting .ABf ACS010 
(hr) .(dl/gm) Temperature c•c> ~ (nni) 

• . . . 

0 0.1.8 .. ~. 
255.5 71.0 too amorphoUa 

' 0.22 2Sl..8 79.) 

24 0.20 . 2~1.7 88.l a.a, a.s 
5 

i ··.~·.::; .• 
......... 

:··-·· 

. .•·• .• -~=/'.· 

' J ... 

: ~-
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Nhat i;s; claimedis: 

l. A.cc;>mposition, comprising, modified. or. . . . . 

unmodified poly(ethylene terephthalate) having .a degree 
of polymeri~ation ()f. about 5 .to about ;35; an average 

5 apparent crystallite size o~ 9 nm or more, anci a 
. melting point· of 270°C or less. 

2; The compos:iti.on as recited in Claim ·1 wherein 
said average apparent crystallite s~ze is about 12 nm 
or mC?re. , 

10 ·· 3 • The composition as recited in Claim l ·wherein 
said average apparent crystallite size is about 14 nm 

.or more . 

. 4. The composition as recited in Claim 1 wherein 
said melting point is 265°C or less. 

15 s . 'l'he compos:i,tion as : reci.ted in Claim 1 wherein 
.· said degree of polymerizatiori is about 10 to about 25. 

6 . The . compqs~ tic>n as recited in Claim s wherein 
said average.apparentcrystallite size is about 12 nm 
or more, and said 111elting point is 2.65°C or less. 

20 7. The compo1Jitio:n. as recit~ci in Claim 1 wherein 
said modified poly(ethylene terephthalate) comprises up 
to · 5 percent · of cc::)ltlo,:nomers ot;her than ethylene 
terephthalate repeat units. 

8. The composition·as recited in Claim 1 wherein 
25 ··said modified poly(ethylene ·terephthalat:e). comprises .. 

comonomers. select.ed from the. group consisting of. 
isophthalic ac~d,,,. t•rie·thyle:ne glycol, l, ~ -cy9lo.l;lexane 
dimethanol, 2,6-napthalene dicarboxylic acid~ adipic 
acid,·· esters·· 9~ the. foregoing,, diethylene glycol, and 

30 ·mixtures. thereof . 
. ·. 9. Particles: of the co.mposition of. Claim 1. 
l.O .. Particles of,. modified or. unmodified 

poly (ethylene terephthalate). having a .. degree of 
·. ·polymerization. of about !; tq ,about. 35, an average 

· 3 S apparent. · crystal l.i te .si_ze of 9 nrn or more, .and a 
1nelting point of 270°:C or le.ss ·: .. .. ·--· 

11. The particles as in Claim 10 having having an 
average diameter of 500 micrometers to 2 cm. 

24 
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12. The particles as recited iri Clai• 10 or ll 

wherein· said average apparent crystallite size is about 

12 nm or more. · ·•· · 

13. The particles as· recited in Claim 1.0 dr·ll 

s wherein said -average apparent cryst.aliite size· is about 

14 nm or more. 

14. The particles'as r~eited' iii Claim 10 or 11. 

wherein said melting point: isabout 265°C or less. 

15. The particles as recited in Claim 10, 11-or 12 

10 consisting: essentially of particles in an amount over 

10 kg~. 

16. The particles as recited in Claim 10 or 11 

wherein said degree of polym~rization is about 10 to 

about 25. ; · 

1s i7. The particles·as·recit~d in Cla~m lo.or 11, 

20 

25 

30 

wherein the particles·. are spherical, semi-spherical, 

cyiindrical, or pahcake.;;.like in· shape.·· 

18. A pro~ess'for crystallizing poly(ethylene 

terephthalate) , comprising, . cool.ing at a ra.te 

sufficient to cool ··a molten ·p()iy(ethylene: '''·;. 

terephthalateJ I 'Or ·heating at a sufficient:': r~~e tO heat 

a glassy poly(~th}'lene terephtti~late) ·, to"-. .-;~,~,Pmperature 
of about l20°c to a;bout· 210°c; to produce a ···¢rystalline 

. poly (ethylene tfid:ephthalate). having·. an· .. ave~~~e 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 . 
19. The' process as recited in Claim 18 wherein said 

temperature is about 1S0°C to aboU:t 190°C. · 

20. The process-as recited in Claim l,.8 wherein said 

degree of polymerization isabout 10 to about 25, said 

average apparent crystallite size is about 12 nm_or 

more, and said melting point/is about 265°C o::r:-less. 

3 5 21 . The· . process as recited. in Claim 18 wherein said 

crystallizing is carried out ·in about· 2 minutes or 

less. 
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22. The process as recitedin Claim. 18 wherein said ... ·· .. . . ' . .. . . . . 

poly(ethylene terephthalatel is in the ~orm a particle. 
23. The proc~ss.as recited in Claim 18 comprising 

t);ie addit:,ional- step of .. solid-state polymerization of 
S said crystalline· poly (ethylene terephthalate) . 

24. The. process as r~cited in Claim.23 wherein an 
initial.temperature in said solid.state polymerization 
is about 23.0°C or more .. 

25. A process for the solid'."'st~te polymerization of· 
10 poly (ethylene . terephthalate) , wherein the improvement 

c::omprises, .starting with._poly(ethylene terephthalate) 
having an ~verage apparent crystallite size of 9 nm or 

.. more, a ~t;!lting _point of 270°C. or less, and a degree of 
polymerization of .. about 5. to about 35. 

15 26. The process as.· recited in Claim 25 wherein said 
average apparent crystallite size is about 12 nm or 
mo:J;"e. 

27. The process as recited in Claim 25 wherein said 
average;apparent:c:rystallite size is about 14 nm or 

2.0.. t119X-e • . ~··. 

. 28 .. The proce~~. as recited in Claim 25 wherein said 
·. :meit_ing point is about .265°C or less_. 

29. The ~roce~s_Cls recited in .Claim 25 wherein said 
degree of polymerization is about 10 to about 25. ,. 

25 30. The process as recited in Claim 29 wherein said 

30 

35 

~verage 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 wherein an 
initial tempera.ture 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 comprising polyethylene 
terephthalate polymer having an intrinsic viscosity of 

..... -· 
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O·. 65 or more·, an average apparent crystallite size of 

9. 0 nm or more, arid a heat of ft!sion''bf 9s J/g or less. 

36. The polymer product as recited in Claim 35 

which has ari' intrinsic viscosity. of abo'ut o. 70 or more. 

s 37. The polymerprod.uct as recited in Cla::i.m 35 

which has an average apparent 'crystallite size of about 
io . 0 nm .. or more . 

38. The polymer product as recited in·claim 35 

which has a heat of ·fusion of about 90 J/g or less. 

10 39. The polymer produ.dt' as recited in Claim 35 

15 

having an intrinsic viscosity of about o.7o:or more, an 
. . 

average apparent ciystallit:e size of about 10.0 nm or 

more, and a beat of fusion of about 90 'J/g or less. 

40. The 'polymer product ·as recit.ed in Claim 35 or 

4 o in the f~rm · of particles. 
. -

· .. 41. The· p.olynier as, recited in ·Claim.40, wherein the 

particles are spherical, semi-spherical, cylindrical, 

or pal_lcake-like in shape. 
42 . The product· of· the process of ·claim 2s ~· 

2 0 43 . The product of the process of Claim 25 which 

product ·has an. intrinsic viscosity of o.65 or more, an 

average ·apparent crystallite size~ of !f. 0 nrit or more, 

and a heat of fusion of 95 J/g or less· . 

. ' !-
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