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{54) Title: METHOD FOR INCREASING SOLID STATE POLYMERIZATION RATE

particles.

wei ght




I ncreasing the rate of polynerization of such particles der .d state
processi ng conditions whereby the progress of polynerif%F%%HmW b eferred
over the progress of crystallization for a given nass of particles. As a
result, the reaction time in the solid state required to reach a sel ected
pol ynmer 1o nol ecul ar weight is substantially reduced. It is known to

produce hi gfhashieRsity, i.e., high nolecul ar weight, pRakyBeker polyners in
the solid phase ‘at tenperatures below the nelting point of the |Iow

nmol ecul ar wei ght starting pre-ﬂ%@\gs and under an inert gas

bl anket or vacuum According t =S . 4,064,112, the is tendency
of the particl mm@* Leki SRt | Ld state

pol ymeri zation Eélé%? can e%ﬂ%?@%‘%gﬁe\t%ﬁt% | m#rqfaéggﬁiw%e solid state

pol yneri zation is precedegpKcROUNSSORTHE AV AORE €P utilizing tenperatures
whi ch are higher than, or équal to, € Ure at which the solid

3 tate bpol yner i zaftieqiedent Iﬁ@éﬂ”ﬁbﬁfblé}{a&f to s8M éatlat@po?ﬁalteﬁﬁﬁoﬁllef low: 5|40, 8|68 aht
escri bes a C i ne ecul ar weig
ol yest or “partesp e wehdole Bl feridbs, BhdmorEba Biiony B3 malief Bho suc
particles, ofncpasingthe ratgofPrlymaiatian efayeloparbgles widgsselidistate t y great er t han
about 15%  apmcesshepdontiitiynsadvarstyeye pragrebosr pofenefisation iprefenelymer. f eest ock
for solid stgid RobugREs SR MiraldfoPRRIdThes FnbRs 2R, hpdgduced into the
SSP react or thlé%_ 1 m'n%teslgf ter tl gar icl 85 are Tormed.
Al t er nat i vel {1 rPactiog time dnythe selid Hiate reayireq 9reaghrselraiadRolymesr an indefinite
peri od oftot i meldselhoweiglitdesiibstpntidizmeduoed.he SSP reactor. Despite the ability
to produce uniform crystalline | ow nolecular weight polyester particles
whi ch can be di r b Kgowsbloyneduice bigh viscasie i.se high mafeputar wgightni t hout furt her
crystal | i zat pélyestdr palyRead infigh sdlith Phaeiab tethpaR@sled Belbw@ tHéoRellidye general Iy | ong

reau e ust Fa e udov ey Hiariie Bl Bl el 7

nol ecul ar welPgRE2%Plapket sevashim; Acedingtolhs. Ratanthesf 084013ithe | evel for
commer ci ab . usaderty lbéthe partizic? @D EgIWMh DAL Ailid foSHickinSys USARY 48 3GatSUMVARY OF THE
~I'NVENTI ON polymerization (SSP) can be reduced and even eliminated if the solid state
polymerization is preceded by a crystallization step utilizing temperatures
which are higher than, or equal fo, the femperature at which the solid state
polymerization is ‘carried out.

20 U.S, Patent No. 5,540,868 describes a process for forming uniform,
crystalline low molecular weight polyester particles in size ranges suitable for
mass handling. Such particles, or pellets, which have a degree of

. crystallinity greater than about 15%, are especially advantageous for use as
a pre-polymer feestock for solid state polymerization. The particles can be

25  introduced into the SSP reactor within 10 minutes after the particles are
formed. Alternatively, it is also possible to store the pellets for an indefinite

~period of time before feeding them to the SSP reactor.

Despite the ability to produce uniform, crystalline low maolecular
_ weight polyester particles which can be directly polymerized in the solid state
30 - without further crystallization or annealing, there is a need to reduce the
generally long processing time, e.g., up to 30 hours or longer, which is
typically required using conVentionally known SSP techniques to increase
the molecular weight of these particles to the minimum requisite level for
commercial use. h ‘




The present invention resides in the discovery that theq te of
pol yneri zati on of | ow nol ecul ar wei ght pol yester pre-po 6 arﬁ&P?ﬁicl es
under solid state processing conditions can be substantially increased by
5 observing specific paraneters with respect to particle heating, i.e.,
conditioning. By follow ng the processing conditions in the sequence

descri bed ¥@W#I#g to the invention, the progress of PgRESNBE#zat i on for

| ow nol ecul ar wei ght pol yester pre-polyner particles in the solid state is
preferred over the progressSHMMARYSDRTHEAMYENTON t hi n a gi ven mass of
particles. 1o The_pol ynerization reaction tine for a given | ow nol ecul ar
wei ght pre- pol ynéPe PEspatipentiondesidesdn the disreverntliabtbelrate ofiei ght range i s
subst ant i al | ypolynetiaatém of ivempleasavieight palydsterprd-Solffier paRicRY @dagr ocess for

- polymer i zi ng dotaraSubAL RN cHPbySBLBRiN FRALYIFES N the solid state

whi ch co | Ses: a)..contactin e ) i Th eat transfer
medi um tg%ea%%i?fﬁdég Sﬁ%‘%’*ﬁﬁ %Efr%_@et?@ h{%??ﬁgtrtapaﬁt'@e hpatingel.e.ange of from about
205C to 240C %Rdifienirg. Byfakoviny i processing dohditiore in émisetiudnoat the time at
whi ch t he ‘pardesaited aascdi tdwhd invérten! REBRALYbEdiIEatth A8k Lo, 205C 1 s
Step () 20 F%%#“%Q&é@%%@e‘?ﬁ%e‘?Wer?&%ﬁiﬁfs%ﬂlh%&ﬁ St ol bs o a
cont i nuous| y PREGsHPVes thedsparess of arrstaliigation within laaieneaass efpatiditésir e and at a
_ tmr‘::ss of gas ﬂ'hepalgm;adiaﬁopoédc@tmfbﬂaglc%éﬂbmﬁﬁét_ l?é%@f%idhp,yv?as 0605 Whe{ ﬁby
he progr ess pelmeP@! r¥ : is preferred over e
progress of pc(;r?_lgegﬁlr! %%laﬁr%a&)gﬁ@;rtnﬁcg% %%@bﬁgﬁ@?%&"?%ﬂ“'ﬁ e particles to a
~ count er cur r efit ving stream of heated inert gas at a mass of inert gas
to mass of soli dsrhreg)% n%i c% is less than the nass ratio nmaintained in
step (b), but the total "haLdHgy ISR dpproyerproeess ifoelyprenang lows ratio for step

(a) and st epMPlsrulpeweighiziclyestepprepmiyagre in thé aslidetle wiich chraprisas] ecul ar
pol yester parti cl are essentially-crystalline, 30 nmeaning that they have

e - -
a crystaftfinity c@i?‘é‘ﬁ?dﬂag dhaxrayticles with aifeet transfir medinmdh heatrthesponds, f or
pol yet hyl enepartcleplotataimpemtur®nthe rahge of femnabduy 200Ce8 baI Clihfias about 1. 36

. i i P eam of i nert gas at
dl ovated tenpenat st e rEe Pl S Inh o pefd B (o) 27 s
of gas to & t%”flpeg%tfl{eorgng% i1(9 ‘?q]tot%qg Cis mmlmlzed, .
: {b) maintaining the temperature achieved for the pariicles in step (a)
20 for at least one hour by subjecting the particles to a continuously moving
stream of inert gas at elevated temperature and at a mass of gas to mass of
solids ratio which can be as low as 6.05 whereby the progress of

polymerization of said particles is preferred over the progress of
crystallization, and then

25 (c) subjecting the particles to a countercurrently moving stream of
heated inert gas at a mass of inert gas to mass of solids ratio which is less
than the mass ratio maintained in step (b), but the total mass of inert gas to
mass of solids ratio for step (a) and step (b) is equal to or greater than 0.6.

The low molecular polyester particles are essentially-crystaliine,
30 meaning that they have a crystallinity content greater than about 15%,
| which corresponds; for polyethylene terephthalate (PET), to a density
greater than about 1.36 g/cc. In addition, the heat transfer medium is a
. stream of inert gas at elevated temperature, and the particles are
contacted in step (a) at a mass of gas to mass of solids ratio in the

35
range from 4:1 to 15:1 to effect a rapid rise in




35 range from4:1 to 15:1 to effect arapid rise in 6 F ruar%zag
031014185 PCT/ US02/ 24886 tenperature whereby the pol yes ?"d% es reach
a tenperature of at least 2051C in |ess than 10 m nutes. BRI EF DESCRI PTI ON
OF THE DRAWNGE S) Fig. | is a graph which illustrates the rel ationship of
crystal average 5 diameter growh rate as a function of degree of

~ polymeri zaf @t (/5" ) and tenperature which applies Woepshgakd ng | ow
- nol ecul ar wei g‘ht pol yester pre- polymer particles. Fig. 2 is a graphical

(di 1 Sfegéié'r mretlieuer iho Rycela Bid Bea i el B e e

| NVENTI ON Th Péeg%%?g?%é’d?l’ fi® |s an i nproved process for polynerizing | ow
nol ecul ar wei ght pol ye ﬁléﬂg%éﬁ d!E&St ate- I n anot her
aspect, the present BRAEE BE§B§|‘er RaWt asing the rate of

pol ymeri zation ofgig |1Q¥"a’§?ip‘ﬁ%”l@ﬁl déﬁét@?fhe}:}@lhﬁcﬁﬁhfﬁ \%B@%ﬁé%&a@é” icles in the

solid state. ,15 he ster I'se the

f eedst ock> tod'?ﬁlgtergﬁ%f‘ ég%?%?f@@e%'r%ﬁ?ée%a Rehenerization (PP nn"\?‘ént ion are
essenti al | y tanmperatuneiwhich gpalias whepheating ipw Imolscslar weigbl mhiyastet greone enbodi nent
of the invenpolpher pdiyesar € obt ai ned by thermal shock treatnent of
conventional ly-forned, essentially anorphous, non-nolten, polyester

pel l ets at about Faagmnsagrapam&emwnmm eftha@ffédstef/cr?ﬁammoaroduced from

essentially ﬁmgfemfwéﬂgmﬁt@@ccor gtag{ r(ﬂﬁ(_ﬂfél [éoy rapidly subjecting the

droplets to thernma Peéss described in U S,

Pat ent Ngp 5, 540, 868, DE*TIRILE@%EBGFGST@N @hfrﬂ*ElﬂVENT‘dr@mpOfat ed herein by
reference. During the 1Tnposition o ermal- snock, the pol yner

dropl ets, or pel Wﬁé@reséﬁtﬂn\%\ﬁﬂcﬂﬂ@dnh"ﬁpralédqjmﬁrsaﬂ‘dﬂpaiy%%ni igivng from about

Tmax to Tm o} y of an

exanpl e, MQHB% Iﬂwéz@ﬁ%ﬁlg?st&ﬁ#rép% grnQ ?ﬁqﬁ%‘%ﬁ%‘ét ﬁ%pﬁ%ﬁg hﬁ%laeSp PET), an

essential | y- @?9@9@8!"11 INyeAtigEs agagth f°h*ﬂ9feﬁ‘é"9 thedelg of pelymeization of

essenti al'l y-lawonqkmodes weightpolydstey poigmergastidldsan theQdlid st al | i ne content) nelt

of a PET oligoner at a tenperature T1 wherein Tl is at |east 250C. The
.15 The polyester polymer particles which comprise the feedstock to the

SSP reactor according to the instant invention are essentially-crystalline
particles, or pellets. According to one embodiment of the invention, they are
obtained by thermal shock treatment of conventionally-formed, essentially
. amorphous, hon-molten, polyester pellets at about ambient temperatures, or
20 they can be produced from essentially amorphous molten polyester droplets
by rapidly subjecting the droplets to thermal shock, according to the process
_described in U.S. Patent No. 5,540,868, the teachings of which are
incorporated herein by reference. During the imposition of the thermal
shock, the polymer droplets, or peliets, are exposed to a temperature
25  ranging from about Ty, to Ty, for at least a period of about 3 seconds. By
way of an example, when making pellets of polyethylene terephthatate
- (PET), an essentially-crystalline PET pellet may be formed from an
essentially-amorphous (i.e., having less than 10% crystalline confent) melt of
_ a PET oligomer at a temperature T4 wherein T1 is at least 260°C. The
30 molten droplets are then crystallized by placing them in contact, for at least
3 seconds, with a solid, preferably metallic, surface which is at a
temperature within the rangé of T, to T max Wherein T is at least 80°C up
- to 150°C. and Tiyay is between about 180°C and 220°C. The thus-obtained
essentially crystalline PET polymer pellets, or particles, are characterized by
35 having a degree of poymerization of about 5 to about 35, an average
apparent crystallite size of 9 nm or more, and a melting point of 270°C or




30 nolten droplets are then crystallized by placing th ! t, for at
| east 3 seconds, with a solid, preferably netallic, Sﬂ%@g&&,ﬂ%@ Is at a
tenperature within the range of Tamin to T nax wherein Tmn is at |east 80C
up to 150C. and Tnax is between about 180C and 220C. The t hus-obtai ned
essentially crystalline PET polyner pellets, or particles, are
characteri zed hBy..35 having a degree of poynerization Qi aboud..5 to about

35, an average apparent crystallite size of 9 nmor nore, and a nelting

poi nt of 270 r Ik A USQ2/ 24886 | ess. However,
the inpr oved%ﬁic%’f il-%“fgfe%t @@grégg%h?slo!@sggdﬁ g}'ﬁéeggastg %%Cc%%?%"é’ﬁ‘ﬁ%‘% tot he i nvention
i's not |imtdteBYeHiARISH0b byt prosesstyavhishdap essentigly-epipiliael i ne | ow

mol ecul ar w_eil@lhmol@p@alp@tgfnmre—pdvmémaﬁ@mm fooneed. "Esentially-crystalline
polyester" is used herein to nean having a s crystallinity content greater

t han about 15% birsentipiy-enistalingpalyastar” is bsed [B08i to mean kavingrali ng,

respecti vel y,cnfstalinfFdontdn® hreate fainibolitol 56, BeTighitally gitfaeatifin d0opn about 1.36
a1 RSO SOV bt S by A AR i

i s’ commonl y #PYtdritacs Buti¥pieally greatar ihandL 49 giec. "Thederscesrsstialljol yest ers of
10 i n]t erest. cmsmlliﬁlﬁ"mmd:ryﬂélg;mf’yﬁtsleﬂ iherietnyargmterided ifl:el‘t-lelglcﬂ?lg wegt idy D|SC.h For f
exanpl e, essepiidhk YerfrdPlots\"sdifi-cifstaing "GBAFARLAHbEEdefibra total heat o
fusion, expresse Ji of. at, | east about 20 g about 35, when 140 J/g
i s used(?L s t"ﬁ%regotrﬁ? aﬁfgg‘ft OSFWftﬁh'P'E’rﬁaBE’eﬁﬁﬁeén'E?§ Y gp’r @ PET. Hi gher heats
of fusion i s¥arcRie.esaentislieerystaling PhkispbhpnterizedHye: ot beainf crystal linity
within a 1.5aspmpe@rétsedinid, Yeati8sst BBSURDE 8b tPibddeds, Sihef 30 DR idlet er mi ned by
COTPaL 1. NSt Bt Sl Bk DgE PES. Pl RepBhE=ert v, the
solid state #§siosingdicale maiecrysiallingunsivener.i Fite pareent pusialinity wiliyest er pel lets to
a t her malisengamplaokapbolpaitdy nidiénal bhsolipedah @b etedinad by edfipangehevated
tenperature W@ét%?ﬁj%i%n ?ﬁﬁ)ﬁﬁgtﬁegcﬁg{%l:ﬁ%% 8’%&%{ \Nﬂﬁ trfe.q{ea{ t\smﬁ%lﬁcl?r{ngfﬁﬁe; under an inert

gas bl anket or V_aCth%Jag] ? remai n sel ect ed
tenmperature rRYF GYSIINCROWEHPE ci ent period of time, e.g., up to 30 hours

or longer, for aJininuma nt ol ynerj zation to occur for
9 olymeriza lonrlrr? e sofl)cI stcplte g\éneralllyzmvolves sul())jectﬁlg pre-

_ polymer polyester pellets to a thermal environment such that the pellets

20~ achieve an elevaied temperature which is below the meiting point for the
polymer under an inert gas blanket or vacuum. The particles must remain
within the selected temperature region for a sufficient period of time, e.g., up
to 30 hours or longer, for a minimum amount of polymerization to occur for
the resulting particles to have practical utility, i.e., be of high enough

25  molecular weight fo be useful in downstream processing.

Polymerization in the solid state according to the invention involves

~ subjecting the pellets to a series of thermal environments in a specific
sequence such that the pellets rapidly achieve a minimum temperature of at
least 205°C, and preferably 230°C, with minimum time spent in the 100°C to

30  205°C temperature range, i.e., the pellets should spend no more than 10

minutes in the 100°C to 205°C femperature range, and preferably no more

“than 5 minutes. When that is achieved, the particles undergo polymerization
without the tendency to undergo further crystallization, i.e., the progress of

- . polymerization of said particles is preferred over the progress of
- 35 crystallization. The time the particles spend in the 100°C to 205°C

temperature range may exceed the 5 - 10 minute range, but there will be a

- corresponding increase in fotal time required for polymerization. Although




the resultin articles to have practical utility, i.e. of ﬁ% h enough
25 nnleculargmgight to be usefulpin domnstreanlprocessﬁ%@&ﬁﬁﬁyg gization
in the solid state according to the invention involves subjecting the
pellets to a series of thermal environnents in a specific sequence such
that the pellets rapidly achieve a m ninmumtenperature of at |east 205C,

and preferghl C, with mnimumtine spent in the 0 205C
t enper at ur@grog{?lléfe;? i.e., .the pellets should spend n(%g?r@?&eﬁ%sﬁan 10 mnutes

in the 100C fg, ;%Q&Estnﬁiﬁ’%nﬁiﬁ‘gmﬁ YRl PR R RGP e than 5
t naer (0]

m nut es. When that. .1 s _achieved, e particl]es undergo heri zation
wi t hout the PS%%’Z%HVGF‘BH%E? Bmf’w'l‘ttoﬁ%?'y"&‘?’%‘ﬂ%‘lti’fjﬁ%gita actale  the progress

- of pol ymeri 2a4 fotah tiote reauiggd fenpolyoiesizatios ipthe Selidrstate is/@ibstahiiallpr ogr ess of 35

crystal | i zat iQ@iced\Rr thehel rBquIRAMH:RcRBtRPARA id MolWes t&%ﬂg to 205C
tenperatu ?é&&?en@@&e‘??ﬁ%ﬁ/ﬁ%{i%ﬁ%{.? - I0 mnute range, but there will be a
0]

e r
correspongi n8 I'ACT ease’i'n me required for polynerization. Although

A 208 S BTSSR

desi red amoufPt FiMasSIYAIMEY Relvetienaateial faving gay shapasr* i .e., total, tine
required for codigynation, ireegilenoi negulive witkih advide rahge ofsizabsitenighaid y  reduced
over polyper onraler pUMTANRIEY Rig ohddlerd e rmoREbCLrgaia | D Do
mean anyxgi‘?s@\ﬁg?’a“sﬁﬁ%?'{‘58¥e%‘§"ﬁg?'"@U%%%W'ﬁ?cﬁ'\? & NfBeerial, having any
shape or - cohfopgdest aarseef the wosduPreferred formgahdior sizdistfhi particlasiate r ange of
sizes. Al t hoygritd gartitles with erahie@rrs"oﬂrwrﬁmtéls n.arrﬁﬂqﬁﬂ:&ﬁisﬁﬂea&al_ el lse\cﬂi/here [‘@Vle a
narrower Conpgf: : re oyed herein. to.i nclude particles
and pellets P’%{'%ée‘&%ar %‘gﬁé@fﬁ %ggr%gec ”‘%@%ﬂﬁ%eﬁﬁ'@f%’r%ﬁ%‘%@h and/ or

si zes for paf¥ipdgrevitya diameiaiof POaIMM Q.3 eeandq lengihichRdiesr® of 0.05 nmto
0.3 mm heni 8pker iSiade, prefardbly tiespaliels Breproducedoniey mes section of 0.1 nmto

0.6 mMmm or rg Bmﬁ%ﬁﬁ*ﬁ({i’éﬂt ?EQM%ﬁ%lqglrrl}? p@eﬁ&ﬁlﬁo@?&ﬁiﬁﬁly%{e p?%a%gedﬂﬂ to 0.3 nm

and a length o i m ; nce, pellets are
produced on P cqii’fé‘?dctog‘ﬁtg‘?fdﬁic@ﬁmﬂp'aéﬁ‘f‘al”@"@rﬂfg@@ﬁﬁrm, kg Hdepel | et s coul d
conveni ent | ypdletspmaydeaised in the same plant soon after being made, stored for

later use, or packaged for fransport, all in commericial quantities.

- 20 Polyesters of the type which are useful according to the invention are
polymers generally comprised of one or more diacid or diester components
and one or more dicl components. The process of the invention is useful for
most aromatic or aliphatic-ring-containing (for example, pheny! or
cyclohexyl-containing) polyesters. This would include, for example,

25  poly(ethylene terephthalate) (PET), poly(ethylene napthalate) (PEN),
poly(butylene naphthalate) (PBN), poly(trimethylene terephthalate) (3G-T),
and poly(trimethylene naphthalate) (3G-N), poly(cyclohexyl terephthalate)
(PCT), and the like. Génerally, polyesters having a glass transition
temperature, Tg, above about 25°C, and a melt temperature, Ty, ranging

30 - from about 200°C fo about 320°C are best suited for the method of this

- invention. '

- The approximate Ty and Tyy, values for some useful polyesters are
listed below in degrees Celsius.




and col |l ected together in commercial quantities of gre [ th@? ag kg. The

pellets may be used in the sanme plant soon after being %%rua 8 d for

| at er use, or packaged for transport, all in comericial quantities. 20

Pol yesters of the type which are useful according to the invention are

pol yners generally conprised of one or nore diacid or diester conmponents

and one or ‘%)53%-14%50! conponents. The process of the i H.F]z%si s useful for

nost aromatli c or aliphatic-ring-containing (for exanple, phenyl or

cycl ohexyl -cont ai ni ng) pol yesters. This would include, for exanple, 25

pol y(ethyl ene tereghthal ate)| GPET), pdgly(ethyl ene napthal ate) (PEN),

pol y(butyl ene naphtlhal ate) ( _._pol V(i ne hyl ene terephthalate) (3GT),

and pol y(trinet hyl d®EThapht hiaftat e) (3G289, ppl y(cycl ohexyl terephthal ate)

(PCT), and the likdg.pEseneral 420 pol yeqixgps having a gl ass transition

tenperature, Tg, alpgy about]@bC—and Gagett]tenperature, Tm ranging 3 0

from about 200C to [ghapt—32 are—bestisuyitefl for the nethod of this

i nvention. The appr(g’ “at e 5;nd Tm \;§PZes or sone useful polyesters are
r

| isted below in dgg_r S Cel s%cgés. 6 Febr uas% 2006 WO 03/014185
PCT/ US02/ 24886 T9o>Ytapiestiackhoistiesstqemponanisipniae palyesiess fawhiolythsy t abl e di aci d
or diester canyamienpatainsmotrhallypreluge stkgldicatmoxyiu atiisthaviag 4itmvent i on pert ai ns

G eoters of apcohaloms deeRbonal i dic s tvilg o 33 elto6l T8 eyt
di carboxylic 3%%'?4%?“{kﬁﬁcﬁﬁo’@%ﬁﬁgf’%‘”‘“f’%ﬁ?’%"? ngﬂgfegpﬁaﬁ'?%? WS diesters of
aryl di car boxdjesters acarddicartioxyliceoids aihieh cogain fom B e22¢artpoatemsons, - al kyl
sustituted aratyl stistimtda bicarbagyiie aciabiviibh 66AIRFBmM g B Raftdn22 car bon

oo oo o) b b el S 9 PRI BeBF o, 1D o
contai n f¥lomfram 1blo22 capopgipms: direfersbaliey! dispivexdiamaids oentain faml es of such
al kyl 4 to 12 carbon atoms. Some representative examples of such alkyl
dicarboxylic acids include glutaric acid, adipic acid, pimelic acid and the like.
Preferred diesters of alkyl dicarboxylic acids contain from 6 to 12 carbon
atoms. A representative example of such a diester of an alkyl dicarboxylic -
15 acid is azelaic acid. Preferred aryl dicarboxylic acids contain from 8 to
16 carbon atoms. Some representative examples of aryl dicarboxylic acids
are terephthalic acid, isophthalic acid and orthophthalic acid. Preferred
diesters of aryl dicarboxylic acids contain from 10 to 18 carbon atoms.
Some representative examples of diesters of aryl dicarboxylic acids include
20 diethyl ferephthalate, diethyl isophthalate, diethyl or orthophthalate, dimethyl
naphthalate, diethyl naphthalaie and the like. Preferred alkyl substituted ary}
dicarboxylic acids contain from 9 to 16 carbon atoms and preferred diesters
of alkyl substituted aryl dicarboxylic acids contain from 11 to 15 carbon
atoms. : '

25 The diol component for polyestets used in the invention suitably
include glycols containing from 2 to 12 carbons atoms, glycol ethers
COntaining from 4 to 12 carbon atoms and polyether glycols having the

- structural formula HO-(AO)nH, wherein A is an alkylene group containing
from 2 to 6 carbon atoms and wherein n is an integer from 2 to 400.

30  Generally, such pdlyether glycols will have a molecular weight of about 400

to 4000.

Preferred glycols normally contain from 2 to 8 carbon atoms with
preferred glycol ethers containing from 4 to 8 carbon atoms. Some




di carboxylic acids include glutaric acid, adipic acid, %hrﬁl i szﬁﬁ d and the
like. Preferred diesters of alkyl dicarboxylic acids cohEdFHY 6 to 12
carbon atonms. A representative exanple of such a diester of an al kyl

di carboxylic 15 acid is azelaic acid. Preferred aryl dicarboxylic acids
contain from8 to 16 carbon atons. Sonme representative exanples of aryl

di carboxylic acids are terephthalic acid, isophthali | nd
ort hopht haI‘Y%“s@&‘Pgﬁ Preferred diesters of aryl di car%cg?%wzé%gci ds contain
from10 to 18 - at [ dye exanples of diesters of
aryl dicar boxfﬁ%gggﬁlﬁsquﬁglleai@g Sﬁﬁ%‘t%ﬁpét% h'l’zggﬁ?ﬁ]glr@fle, di et hyl

i sopht hal at e, “UNRANRYY InGudethivipngigiveal AB@ronylenpolygel, 1.5RFRVRES at e, di et hyl
-napht hal at e agivcd,22-tiethgl-1, RPpmbene didl, 2Lidrhetbyhi st proparediaréthyldi- car boxyl i ¢
aci ds cont ai nyfi9m. ol RoICRALROD AL R 130 fenred, di ers of alkyl
substituted ai’% i’il@%? ﬁy?l a%ﬂs g'o@\ggﬂ?frrg%ﬁlﬁ?g&ﬁé%gf bon atons. 25
The diol conmpb dyfang P’g RRGNEA0l s heaRe dish 2iafrEimetyh ! 8texalsi v i ncl ude
gl ycol s cont adipl hg-cielomaxana dimethaoalr héwuyclatenans dipkihand], et hers  cont ai ni ng

from4 to 12 zaubp@trahomR-1286ycRBULAE RBI, afd ¥edks having the structural
formula HO- (AO nH, wherein A'is an al kylene group containing from2 to 6

carbon atons and Whepelydstdrs bsoligdmertof gRIprédentingention HaPbe 30 General |y, such

pol yet her - gl yigol §eWo} hnl{t‘ fed dMINEG e%romgﬁ(jglgh@'s%r‘ c@%ﬁhﬁg 00 to 4000.

Preferred glycols normall'y contain“from car ons with preferred

~glycol etfiers conpajiigitagy dseRMbshhercRinFae bRBdifddBlyesBA amRnRPT Uary 2006 VO
03/ 014185 PCTI#EJSO [ 24886 representative | es of . gl ycols that can be
utilized as t1e"ef a1 °® Wﬁ(ﬁﬁ%ﬁ@" "H’cP&é%“tgﬁ%éﬁégrgf’%@/mo”f?@?propyI ene

gl ycol , 1, 2- p/rdessliedieatecdyothervise, v the thrmt" polyesierds preaptamedifitidair

g, Ziﬂi et hy! -ghnibdfie® pamsststipelymers. eslimélnygbytlﬂtaménﬁén &l-a%&&?laz gi ?l, g ol
-ethyl-2-is - - i - ane di.a , 4- but ane di ol ,

1, 5- pent ane %%Xfeﬁ%?éﬁg&gﬁféﬁ} gln?ea?:[ %%ﬁeﬂﬁémgllﬁ?q%-'hexane di ol ,

1, 3- cycl otfexdrRinomstseafdnclude dietiixlenedierk(RE Gy thethienealycol,

2,2, 4, 4-t et r aiptygdhelarit-diyethamultisopattaiiodcid @A), 2 Baabhtkelendhe pol yesters or

ol i gomers of diGmRYRSEY abifitSBilN8 nFBYed herddt 3RERERAHP sty anched, and may

be homopol yners or” copo rs. ] .
comonomers for p% y(ethylene terephthalate) include 0-5% by weight IPA

and 0-3% by weight DEG.

20 The polyester pre-polymers or cligomers comprising the pellets
commercially useful according to the present invention can optionally be
pre-polymerized from monomers, oligomers, or mixtures thereof. This
optional pre-polymerization step may be accomplished using known

. methods and apparatus, as will be readily appreciated by the skilled artisan.

25  Polymerization of polyesters is well known in the art. Polyesters are often
formed as a melt by combining a diacid or diester with a diol to produce a
monomer, and heating to polymerize the monomer. A convenient method of
polymerization to achieve a low molecular weight polyester is to carry out the
polymerization reaction using a pipeline reactor. |

30 Polymerization is cohducted_to reach a desired degree of
- polymerization. Generally, the polyester used to make low molecular weight
pre-polymer pellets has a degree of polymerization ranging from about 2 to
about 40. By degree of polymerization (DP) is meant the average number of
repeat units in a polymer chain and therefore may not necessarily be an
35 integer. For example, the repeat unit of poly(ethylene terephthalate) (PET)
is




10 Particularly useful comercially are "nodified poly Lheh are
defined as being nodified with up to about 10% by wei gﬁﬁ%}m%ry?@ nomner .
Unl ess indicated otherwise, by the term"polyester” is neant nodified or
unnodi fied pol yester polyners. Simlarly, by the nmention of a particular
pol yester, for exanple PET, is neant unnodified or nodified PET. 15

Conmonomer s weah, ﬁg,gl ude di ethyl ene glycol (DEG, trietgpthanpesdsycol,
1, 4- cycl ohexane di net hanol , i sopht halic acid (I1PA), 2,6-naphthal ene

di carboxylic acid, adipic acugj and npxtures thereof. Frequently used
conononers for poI y(ethyl ene_te @w Ela(g_agﬁ g Lpcl ude 0-5% by wei ght | PA and
0- 3% by wei ght DEG 20 -The pol yest pre- polzymers or oligoners conprising
the pellets conmmercially useful accordlng to the present invention can
optionally be prEweddf ghaepolyedr dandedetamoined by Gel Fgyowsiian, or m xt ures

thereof. Thi schr&ﬁﬁtbg}&ﬁy @‘r@;&@kdﬁﬁﬁfelsmaafeg $ﬁ@@eg?@é/o hAfeFieamdhi shed usi ng

k t hod d by th killed
ar i san 25 Fn SREPPSREN B Hitpdle Hlrive peafedRils pmbitdadihg L, L, o S
Pol yester & ara@flmqfwsef(ﬁﬂhﬁmahselﬁtsrr@ene@yv edbefiabayt todddei d or di ester

with a diol tp@ef@fé@ﬁuqﬁl?ﬁwh@@ﬂ@r&ﬂetf@rﬁﬁtf&ﬁﬁéaﬂ%gs b papbivAEAi Ze the nononer. A
conveni ent ”%%Qﬂgtoﬂsac%ﬂr%(«{lfﬁéhfﬂa|n&“e &8@8&9 gfm%ah&b%:@i?' ecul ar wei ght

pol yest er O carr eaction using a pipeline
reactor. 30 PeMpHREs @Bé’ﬂt%ﬁomémé'aﬁﬁmff e]s- t1ge Pé‘&éﬁorga'ﬂ%r§P'ﬁa@§ degree of
pol yneri zat i @runan@ihet tontaihdrdo pildwyaitiferm aswednttod theglodymepweltdd ecul ar  wei ght

SRR LA j didierd, $ROGRD 'E%fa’@‘é &bﬁ%t"bﬁ"rrﬁyﬁf‘ MBAZbE O 200LL 2ot
ﬂa?wém%ﬁﬁfqlﬁﬁﬂ)wﬁ' i

r epeat uni ts y not necessarily be an 35

e o bt i A 2 215 P,
a polyner c¢ arﬂTOﬂ@U@é\b’%@hﬁ aiadpobypsien| Apiliciggesisn of the molecular weight is
the intrinsic viscosity (IV) of the polymer. For example, a poly(ethylene
15 terephthalate) polymer having a DP of 2 to 40 should have an IV which
ranges from about 0.05 to about 0.4 dl/g when tested with a solution of one
part volume of triflucroacetic acid and three paris volume of methylene
chloride.

An [V may be determined according to the following example: 0.050 g

20 of a polyester such as, for example, PET is weighed into a clean dry vial and
10 ml of solvent is added using a volumetric pipette. The vial is closed (io
prevent evaporation of the solvent) and shaken for 30 min or until the PET is
dissolved. The solution is poured into the large tube of a #50
Cannon-Fenske viscometer, which is then placed in a 25°C water bath and

25  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 seconds. A similar measurement is made in the viscometer for
the solvent alone. The IV is then calculated by the equation: IV = [n[(solution
time/solvent time)/0.5).

30 o EXAMPLES

A series of three experiments was performed to examine the effect of
crystallinity on SSP reaction rate. The experiments included a control
experiment (Trial 1), an experiment whereby the heating and pretreatment
step occurred faster than the control (Trial 2), and one experiment which

.35 - used a comonomer fo suppress crystallization in the SSP. (Trial 3) The
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experinments was performed to exam ngpidwe effect of

The 1V is then cal cul ated by the equation:
30 EXAMPLES A series of three
crystallinity on SSP

IV =

reacti on rat The experinent i ngl uded a contrao p}(ppri ent (Trial 1), an
experinent whereby the heating amdapriet)r &étlﬁ%n% stefoccyrred faster than
the control (taliz2y @ty §Ne %0813 nem WEstT 85 gsEfta ([conononer to
suppress cryctaFFlafatl o(rill |n§ch 2 Trial 3 T1e
IPA (% w/w) 2. 22 2.21 2.04
DEG (% w/w) 1.51 1.50 2.56
Catalyst Type Antimony | Antimony | Antimony
Catalyst
Concentration 275 275 275
{ppmw)
AH: (J/9) 55.05 54.10 48.66
15 :
Each of the trial materials was processed in a SSP (Solid State
Polymerization Reactor), which used a fluidized bed heater, a first stage of
reaction, a second stage of reaction, and either a static bed or fluidized bed
cooler. The process conditions for each of the trials are shown below in
20

Table 2:




6 February 2006 WO 031014185 PCT/ U502/ 24886 control e brren\? S under
conditions in which crystallization would have been fa Yieto i 8 nol ecul ar
wei ght build. Mre particularly, the control experinment was conducted with
tenperatures in a range where crystallization kinetics were favored over
reaction kinetics. s Levels of isophthalic acid (IPA) and diethyl ene glycol
(DEG that wakfi4s8l gher than in the other experinment $ckR,ssed to suppress
crystallization in the PET in Trial 3. Trials 1 and 2 were performed using
a continuous SSP process. Thereforgpesanpl es could be collected fromeach
process stej Trial 3 was perforned using a batch SSP _process that
f1uidized the pari?FP@ﬂSé§0ndif1@SThere origial bnl [y Tolgi ﬁnﬂ'ﬁ@ﬁand endi ng sanpl es
coul d be col{lFRfiBEy BBy anatyzed ffom Triaff 3. Thg starting materials for
the three tri.als-hag 'rhp_ followingl conposiltions: {Table L} Trial 1Tri al
2Trial 3 | ni|GagtoSelidsRatigmassr20. 23201946 1[PAS(lo W w) 2. 22R. 212. 04 DEG (o

w w) 1. 511. 5( Gagq-e@[e@wé; CJYPEANTT ToNpApT i nonyZyt {mony Cat al yst
Concentrati qn—2752 ppma) _AHE (1.g).55.10554..1048 66.15 Each of the

trial mater i doidsdaét TemperuefOn al SsB1Psol|i 2 afe Pol yireri zat i on

Reactor), wh |R@a.dgﬁ@druﬁet,hmm@g ed bed heat €r|, gofifst stage of reaction, a
second st age-gt_reacti-pn eithera stati-c—bedrorf1u Ei zed bed cooler.
The process éoﬁéﬂgﬁ?%?ﬁ‘gt’qnor each of| the tridls are|shown bl ow in 20 Table
2: Gas-to-Solids Ratio (mass) 0:1 19:1 - ‘

Gas Temperature (°C) - 240 -

Solids Exit Temperature (°C) 232 240 -

Residence Time (minutes) 72 160 -

2" Stage Reaction

Gas-to-Solids Ratio (mass) 1.25:1 15:1 >20:1

| Gas Temperature (°C) 232 229 230
Solids Exit Temperature (°C) 225 230 230
Residence Time (minutes) 1800 720 1440

The heats of fusion and intrinsic viscosities for each trial and each
process step product is shown below:

5 Table 3
Process Step Trial 1 | Trial | Trial 3
2

Fluid Béd Heater Product
v {di/qg) _ 0.247 0.239 -
|28 (a79) 56.20 | 57.45 -
1% Stage Reaction Product '
IV {di/q) T 0.305 0.421 -
AHe (J/q) 65.39 60.10 -
2nd Stage Reaction Product _
IV (dl/g} 0.769 0.820 | 1.052
AH: (J/q) | 76.45 | 67.10 | 63.89

- 10 -




6 February 2006 WO 03/014185 Table 2 PCT/ US02/ 24886 Pr [ onsTrl al
I Trial 2Trial 3 Fluid Bed Heater Gas-to-Solids Ratio (Qrﬁ;g%rf%%gbé
Tenperature (C)240235- Solids Exit Tenperature (C)215230- Residence T| me
(m nutes)510- 1 Stage Reaction Gas-to-Solids Ratio (mass)0:119:1- Gas
Tenperature (C)-240- Solids Exit Tenperature (C)232240- Resi dence Tine

(m nut es) 734 PRr1stss St age Reaction Gas-to-Solids Rati OpcffiRehsks 25: 115: 1>20: 1
Gas Terrperature (C) 232229230 Solids Exit Tenperature (C)225230230 Resi dence

rime (m nutes) 180QY 26kid Talibe, iharit/Sn thesé ﬁ&imsaméréewtdoh@&'tsd viscosities for

h t I Table 3 P
SropTri a1 7ReyiRe ReatB RS B G HRABGBHE) o ip uct SRS 0 240, 280
al 1 (J/ g) 56.co5tafiniyin the gol §tpab{€'eRe[aéﬁqt dhe h%ab\a%ibtbe Weﬁfd"ﬁ?fb?w 50. 421 aHf
(J/ g) 65. 3960.wiB-poBmeTedia icalid state t@trechighest final IV. However, Trial 2,

5 - which used process settings to achieve a fast reaction rate, only had a total -
residence time (1% reaction stage plus the 2" reaction stage) of 720 minutes
compared to 1800 and 1440 minutes residence times for Trials 1 & 3,
respectively.

Another way one may examine the data is fo use the change in IV per
10 change in heat of fusion as shown below in Table 4:

Table 4

Parameter Trial 1 Trial 2 Trial 3

AIV/A(AHg) (dl/g/T/q) 2.44x107% | 4.52%x1072 | 5.29x1072

According to the data in Table 4, Trials 2 and 3 have reaction rates
that are 4.5 to 6.5 times faster than their rate of crystallization. The polymer
15 pellets in Trial 1 never reached the goal IV because too much crystallinity
was built which retarded the polymeration.

Referring now fo the Figures, Fig. 2 illustrates IV build as a function of
the heat of fusion for the steps in the process described in Table 2. The
graph illustrates that polymer from Trial 1 builds more crystallinity than the

20  other two trials, while Trial 2 accomplished a higher reaction rate according
1o the process of the invention.

Referring to Fig. 1, the graph illustrates the effect of number average
degree of polymerization (DP;) and temperature on crystailization growth
rate. As polymer chain length increases, the rate of crystallization

25 decreases. Itis also evident from the graph that as temperature increases
- above approximately 175°C, the rate of crystallization decreases
ﬁgniﬁcantly. The process conditions of Trial 2 resulted in the rapid
- movement of solids femperature into the 225-230°C range. At these
temperatures the rate of crystallization is very low compared to that at
30 175°C. Atthese temperatures the inherent kinetic rates of reaction are also
very high. Therefore, process conditions that result in the rapid increase of
solids temperature to about 230°C would favor the progress of reaction over _
the progress of crystal!azation

...11_




1V (dl/g)0. 7690. 8201. 052 AH (J/ Q) 76.4567. 1063. 89 - - géﬂgry 2006
VO 03/ 014185 PCT/ US02124886 As seen in Table 3, final e FefurRaote: Vi ors
was inversely correlated wth the heat of fusion of the product, which is
a neasure of the amount of crystallinity in the solid polynmer. In fact,
the trial with the | owest feedstock IV was polynerized in the solid state
to the hi ghasiésnisagal |V. However, Trial 2, 5 which usggnRipGaRss settings to
achieve a fast reaction rate, only had a total residence tine (15!
reaction stage pl UidalBheedd coraamined o SUppees theforyéBilizationitesof PEgPared to 1800
and 1440, m nUHRSIGHER beiRsmet LRt Bmdf feRlich Bucor rfsRRABEN Vel V. | Anot her

way one nay amne t to change in
heat of fusi %‘Qp@ﬁﬂ%thﬁéﬁ‘tﬁ\# Frysiglliatien. ﬁ"gh?’dﬁ?‘g‘oﬂ rRigs %rﬁﬁoé?“?*ﬁl al 1Tri al
2Trial 3 Al V/aasepsinTabtei4.g/ J/ g) 2. 44x10- 24. 52x. 5. 29x1 0-2 According to the
data in Table 4, Trials 2 and 3 have reaction rates that are 4.5 to 6.5
tinmes faster than their rate of crystallization. The polyner 15 pellets in
Trial | never reached the goal |V because too nuch crystallinity was built
whi ch retarded the polyneration. Referring nowto the Figures, Fig. 2
illustrates IV build as a function of the heat of fusion for the steps in
the process described in Table 2. The graph illustrates that polyner from
Trial | builds nore crystallinity than the 20 other two trials, while Trial
2 acconplished a higher reaction rate according to the process of the
invention. Referring to Fig. 1, the graph illustrates the effect of nunber
average degree of polynerization (DP') and tenperature on crystallization
growth rate. As polyner chain length increases, the rate of
crystallization 25 decreases. It is also evident fromthe graph that as
tenperature increases above approximately 175C . the rate of
crystallization decreases significantly. The process conditions of Trial 2
resulted in the rapid

- 12 -




novenent of solids tenperature into the 225-230C range. t he 0
tenperatures the rate of crystallization is very |ow co‘?ré Qrg%:yég ?hat at 30
175C. At these tenperatures the inherent kinetic rates of reaction are al so
very high. Therefore, process conditions that result in the rapid increase
of solids tenperature to about 230C would favor the progress of reaction
over the pegneas of crystallization. - 11 - 6 Febr ugfygse@dds WO 03/ 014185
PCTI 13502124886 Trial 3 used a conobnoner to suppress the crystallization
rate of PET. The higher conononer goqp@nt polyner has a slow rate of
crystallization. By suppressing the rate of crystallization, higher
reacti on rat aghatie€clapgrsiidl e as seen in Table 4. 6 February 2006 WO

03/ 014185 PCTNS02/ 24886 CLAIMs What is clained is: 1 A process for

pol yneri zi ng | ow il Rpudcess fepolyiieriginh YRSk culATVRIRS sferi N the solid state
whi ch conpri indré) cles W|t a heat transfer medium
to heat the ﬁﬁi"r"t‘?" " ntﬁ&g&lﬂ%{dté‘ﬂh%{?gornﬁstﬁgthe range of from about 205C to

240C in | gss thaﬁa %Qntﬁ&tiﬂb'il%%a‘ﬁtoia@ﬁnﬂ%ﬂe‘éﬁﬁ%ﬁs H}%n%% g at which the

articles ar ature ran s mnimzed,
(pb) mai nt ai nl%ﬁ‘\g4 Eel(’?éof’"é?{lﬂﬂaelr%wrﬁf hﬁé‘f‘ﬁg«?\})é% %&bog pfé?ot%‘lg ‘?sﬁ step (a) io
for at |east tiae!hoinutaswil ths result thet thetinpat whicH the padiclas srenvithimious| y nmovi ng

stream of i neid tegperaiire erge af €¥0°C e PEI Blid/mmrindipel, at a mass of gas to mass of
solids ratio of at |east about 0.05 whereby the progress of polynerization

of said particl e) mmintaiefgthe ﬁinmﬂnretdaﬁzewmrmsﬁamﬂe@rnﬁépﬁ(ia) i zation, and
(c) subjggti Wétié%smfetlioﬁll l?yssub cﬁllgctﬂé'gﬁrﬂ@%’{orae&rn u So}ﬂr@gm treamof .5

heat ed inert &as a ﬁ% atio which is
less than t R&°HRE '"?59?%"“ VA | "f‘tHresét”Qﬁt?H)aF’S BleastpB2EHelal nmass of
i nert gas t osoligggatiof at lshstaboutd)G5overebyshe progeess afpbhstaipatidn)ofi s equal to or

ar ea‘;]er t hans&idparticRs isptefeREPERE heQfrodbd MclysiigitRinNadde | ow nol ecul ar
wei ght
(c) subjecting the particles to a countercurrently moving stream of

15 heated inert gas at a mass of inert gas to mass of solids ratio which is less
than the mass ratio maintained in step (b), but the total mass of inert gas to
mass of solids ratio for step (a) and step (b) is equal fo or greater than 0.6.

2. The process of claim 1 wherein the low molecular weight
polyestenl' pre-polymer particles have a volume fraction of crystallinity of at
20 least about 15% and an intrinsic viscosity of at least about 0.20 di/g.

3. The process of claim 2 wherein contacting the particles with a
stream of inert gas at elevated temperature according to step (a) occurs in a
fluidized bed, the particles are heated to a temperature in the range of from
at least 230°C up to 240°C in less than 5 minutes, and the particles reside in
25 the temperature range of 100°C to 220°C for less than 5 minutes.

4. The process of claim 2 wherein the temperature of the heated
particles introduced into step (b) is raised and maintained at a value in the
range of from 235°C to 240°C. -

5. The process of claim 3 wherein the temperature of the heated
30 particles introduced into step (b) is raised and maintained at a value in the
range of from 235°C to 240°C.

6. The process of claim 1 wherein said heat transfer medium is a
‘stream of inert gas at elevated temperature, and the particles are contacted
at a mass of gas fo mass of solids ratio in the range of from 4:1 fo 15:1.

- 13 -



pol yester pre-polyner particles have a volune fraction crystallinity of
at 20 | east about 15% and an intrinsic viscosity of até)f:%%[§¥wa"%’8§t 0. 20

dl/g. 3. The process of claim2 wherein contacting the particles with a
stream of inert gas at el evated tenperature according to step (a) occurs in
a fluidized bed, the particles are heated to a tenperature in the range of
from at | @apdsodsC up to 240C in less than 5 m nut espceidzdsg particl es
reside in 25 the tenperature range of 100C to 220C for less than 5

mnutes. 4. The proCesspifestbidiids WHSEH Bid (R dATRPHBLMKESGl the heated
particles mtroducg%@gnto tséget‘g|€§ I'S ral sed and mal ntarned "at a value in

the range ofS'FPBIA 9'$EEa¢ 8 BMpeIaklire, apd degpagicles| 4 prdacipbr ei n t he
‘tenper at ur e dit atrgssioé gastd ma89 opslits citiesn thetrarad ot ishidnt io 1Step (b) is rai sed
and maintained at _a value in the range of from 235C to 240C. 6. The
process of clai m & wHermpsessef dpimdawhergiaseiddeattensienmediua is at r eam of i nert

gas at el evatstdameaifipertgasisitalovaitd tbingedfird, apl @ RNRIEUN &5ifded at a mass of

gas to nmss i (o e.of from4:1 to,15:1. - 13 6
February 200%36&%%3&%%%&%%@gﬁ@ﬁg@%’g‘fa"g‘?ﬁgﬁWéﬂe@éégf claim4 wherein
said heat transfer nediumis a streamof inert gas at el evated
tenperature, and the particles are contacted at a nmass of gas to mass of
solids ratio in the range of from4:1 to 15:1. 8. The process of claimb5
wherein said heat transfer nmediumis a 5 streamof inert gas at el evated
tenperature, and the particles are contacted at a nmass of gas to mass of
solids ratio in the range of from4:1 to 1.5:1.
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