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which are higher than, or equal to, the temperature 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 molecular
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 technigues to increase
the molecular weight of these particles to the minimum requisite level for
commercial use.
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the temperature range of 100°C to 205°C is minimized,

(b) maintaining the temperature achieved for the particles 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 0.05 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.

In a preferred embodiment of the invention the low molecular
30 polyester particles are essentially-crystalline, 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
35 mass of solids ratio in the range of from 4:1 to 15:1 to effect a rapid rise in
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particles, or pellets. According to one embodiment of the invention, they are
obtained by thermal shock treatment of conventionally-formed, essentially
amorphous, non-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 thermall
shock, the polymer droplets, or pellets, are exposed to a temperature
25 ranging from about Tpay to Tmin for at least a period of about 3 seconds. By
way of an example, when making pellets of polyethylene terephthalate
(PET), an essentially-crystalline PET pellet may be formed from an
essentially-amorphous (i.e., having less than 10% crystalline content) melt of
a PET oligomer at a temperature T4 wherein T+ is at least 250°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 range of T, to T na Wherein T, is at least 80°C up
to 150°C. and Ty 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
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20  achieve an elevated temperature which is below the melting 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 to 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 temperature 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 total time required for polymerization. Although
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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 diol components. The process of the invention is useful for
most aromatic or aliphatic-ring-containing (for example, phenyl 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. Generally, polyesters having a glass transition
temperature, Tg, above about 25°C, and a melt temperature, Ty, ranging

30  from about 200°C to about 320°C are best suited for the method of this
invention.

The approximate Tg and Ty, values for some useful polyesters are
listed below in degrees Celsius.
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di car boxyl i élicacherylie @esids includerglutaric acid, adipic acid, plmellc 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 terephthalate, diethyl isophthalate, diethyl or orthophthalate, dimethyl
naphthalate, diethyl naphthalafe and the like. Preferred alkyl substituted aryl
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 polyesters 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 polyether 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
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carbon aboms and Raniciarly oséfsil eomiereiagy afd anodifit® pdhRstéie” @aRgrakl vy, such

pol yet her gl i Ve l.ar_, we of about 400 to 4000.
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and 0-3% by weight DEG.

20 The polyester pre-polymers or oligomers 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 conducted 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



branched or unbranched, and may be honopol yners or copolynmers. 10
Particularly useful comercially are "nodified polyesters"” which are
defi ned awolaiongssrodi fied with up to about 10% by wei ght eCTaSopmss©MEr .
Unl ess indicated otherwise, by the term"polyester” is neant nodified or
unnodi fi ed pol yester polyners.oSimlarby, by the nention of a particul ar
pol yester, for exanple PET, LS” a@dbg% _Qy_nndified PET. 15
Comononers can i ncl ude di et hyl ene col (DEG, triethylene glycol,

1, 4-cycl ohexane di net hanol, isophthalic aC|d (I'PA), 2,6-naphthal ene
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pre-pol ynmer pellets has a degree of polynerization ranging fromabout 2 to
about 40. By degrlée dsigreelof pelvimetidatinn (Dmerély omeawiay phexpressingdhaunber of
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I nteger. For, exa gat unit o | ene ferepht e) (PET)
is 7 WO 03fhRintd 'Sbwﬁpgswl‘@heéﬂﬁe Rolgmer.” Fogsxample, 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 trifluoroacetic acid and three parts 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 (to
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 = In[(solution
time/solvent time)/0.5].

30 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 to suppress crystallization in the SSP. (Trial 3) The
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for the solvent alone. The IV is the Ql'cul at ed by the equation: |1V =

In[(solutiof tTine/solvent tinme)/ P, pl; U [EXANELGES A 567i,gS30f| three
experinments was performed to exam ne the effect of ¢rystallinity on SSP
reacti on rat/elnifhiealexiper(dieft)s | ncbudéd a |cort.r2d2 ekxpefi.ggwt ([Trial 1), an
experi ment W i at nent

IPA (% w/w) .22 2.21 2.04

DEG (% w/w) 1.51 1.50 2.56

Catalyst Type Antimony | Antimony | Antimony

Catalyst

Concentration 275 575 275

(ppmw)

AHe (J/9g) 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:
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a conti nuoliS#3Se-SplidcRatio (Mhss)ef ore] satpliies coug:d be collected from each
process step Tr+al—3—was—perforned usi%? a—batch SSP process |t hat
fl ui di zed tK%aSpE?@"'Per%gf_e €& Thereforp, o Y bepi iNg |and endi ng sanpl es
coul d be colgshgk Eitathp&Bing4e@) from TrHgs 3771 rarting naterials for
the three frials had the followng conpositions: Tablle 1 Trial 1 Trial 2
Trial 3 | nRasidence (ige @inotesl2 0.232 0.246 | PA1Q% W wW) 2.22(2.21 2.04
DEG (% W W7&&L I ¢-nt CatatystTypeAntiponyAntironry—Anrfi nony
Cat al yst ConcenP e Reee 275 275 [ppmw) AHE| (3] @) 85.05 54.10 48.66 15
Each of the Gas-@-SolidseRatid $mees) processegd:in a SIB:1Sgl i d St at ¢
Pol yneri zatien—Reactor)—whteh—usedafluidized bed heater—a first stage
of reacti ()ﬁaSaT@@E’SF?J'{“?LGG of reaction, and pit a static bed or
fluidized bedlids BhteremddiatREqeCFs cpndipapdns forpgach of The (rials are
shown bel ow.in_ :

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:

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

Fluid Bed Heater Product
IV (dl/q) 0.247 0.239 -
AHg (J/g) 56.20 57.45 -
1%% Stage Reaction Product
IV (dl/g) 0.305 0.421 -
AHg (J/9) 65.39 60.10 ~
2™ Stage Reaction Product
IV (dl/qg) 0.769 0.820 1.052
AHe (J/9) 76.45 67.10 63.89

- 10 -



20 Table 2: - 9 WD 03/014185 PCT/ US02/ 24886 Table 2 Process Conditions
Trial 1 Trial 2 Trial 3 Fluid Bed Heater Gas-to-Solids Ratio (mass) 10:1
8:1 - GaswOanpensiure (C) 240 235 - Solids Exit Tenperat uPeT(USp2/2(88 230 -
Residence Tinme (mnutes) 5 10 - 1st Stage Reaction Gas-to-Solids Ratio

(mass) 0:1 19:1 Amﬁmrﬁmmaﬁuﬁeal(l‘@)in{hwrials‘:“wb"sdwﬁély comslatedt ure (O

Rat 34?@3??%“‘9%?%%@@5"%8%%05% DI S, ﬁ%%?ﬁa%%é@% Eolide
Exi t Tenper &tystallinity inths spid pphanerrdsifaeinthe triahwithihe laveest fastrdodied/ 1440

The heats ofydsUsdpimerrdd umﬂfé mlucstafe%qrﬁéwgq—fesftﬂhaﬁ@cmmé@ér T4 gach
process ste roduct is shown below 5 T % 3 rocess Bpharlal 1 Trial

Trial 3 52 WHICH HS grq_c“@g{seqettts}géagacme\ye(qj yezrtionrate, 98¢ hachgriotal o)
56.20 57. 45resﬂemc@tmr@emReraabﬁmtag@@mtthls\z W Actionst36S) &F 72WIminuieE (J/ 9)

65. 39 60. 1ocom%%r§(§ (E‘cg%ﬁﬁ%% ﬁt’lo%%ﬁ'r' es reslde(nOII /t%esofgraf%la?s }?%(0 1.052

respectively.

Another way one may examine the data is to 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) (d1/g/J/9g) 2.44x107% | 4.52x107% | 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 to 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
to the process of the invention.

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

25 decreases. ltis also evident from the graph that as temperature increases
above approximately 175°C, the rate of crystallization decreases
significantly. The process conditions of Trial 2 resulted in the rapid
movement of solids temperature 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 crystallization.

- 11 -



AHf (J/g) 76.45 67.10 63.89 - 10 WD 03/014185 PCT/ US02/24886 As seen in
Table 3, final IV in these trials was inversely correlated with the heat of
fusi on ofwohg/oprietluct, which is a nmeasure of the anount ofPCTArSYZ2@Bé i nity
in the solid polymer. In fact, the trial with the | owest feedstock IV was
pol ymeri zed in t Heiad 8lusedst edraohomehto sughress the ogbktalliZatiboweteest PET| al 2, 5

whi ch used i i f ast o) .opnly had a
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& 3, respegkidsdnyin A Aer way one may exam ne the data is to use the
change in IV per to change in heat of fusion as shown below in Table 4:
Table 4 Paranmeter Trial 1 Trial 2 Trial 3 AIV/A (LH) (dl/g/Jd/g) 2.44x10-2
4.52x10-2 5.29x10-2 According to the data in Table 4, Trials 2 and 3 have
reaction rates that are 4.5 to 6.5 tines faster than their rate of
crystallization. The polynmer 15 pellets in Trial 1 never reached the goal

| V because too nuch crystallinity was built which retarded the

pol yneration. 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 fromTrial 1 builds nore

crystallinity than the 20 other two trials, while Trial 2 acconplished a

hi gher reaction rate according to the process of the invention. Referring
to Fig. 1, the graph illustrates the effect of nunber average degree of

pol yneri zation (DPn) and tenperature on crystallization growh rate. As
pol ymer 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 novenent of solids
tenperature into the 225-230C range. At these tenperatures the rate of
crystallization is very | ow conpared to that at

- 12 -



30 175C. At these tenperatures the inherent kinetic rates of reaction are
al so very high. Therefore, process conditions that result in the rapid

i ncrease Wb 03pol1BRls tenperature to about 230C woul d favor PCRAISpL/DEYBESS Of
reaction over the progress of crystallization. - 11 WD 03/014185

PCT/ US02/ 24886 Trial 3 used a conDngiespg® Suppress the crystallization
rate of PET. The hi gher conononer contenlt pol ynmer has a slow rate of

crystalliza ressing the rate of crystallization, higher
reaction ray‘elgéltalrsﬁog%qu as seen in Table 4. - 12 WO 03/014185
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solids ratio of at |east about 05 whereby the progress of polynerization

of said particl gg) m%url@élﬂfr@rthé(ieﬁﬁbéfathF@a«%@ﬁé&fb‘? tRd ng\ﬁ/ft)b‘?é%ﬂéetg t(éPn and
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t t o or
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crystallinity of at 20 |least about 15% and an intrinsic viscosity of at
| east about 0. 20 (el supiedingthe pariiniessto aicouhteireureentlyenevingstresatof ng t he

particles Whihied 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.

2. The process of claim 1 wherein the low molecular weight
polyester 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 dl/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 to mass of solids ratio in the range of from 4:1 to 15:1.

- 13 -



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 wWeastn148)C up to 240C in less than 5 m nutes, an@CThsopa4s886 cl es
reside in 25 the tenperature range of 100C to 220C for less than 5

et cles i nt foduced TP oeef8f iﬁgﬁﬂﬁ@g@%@@%ﬁ%ﬁ%ﬁ@ﬁ 3%l e i n
the range §trepmyRf Ped@asatalenated termperaivisc esd the pertisiea graantactedt he

t enper at ur e abh hes begash mads RAEbIIE Rtid AthE ] i s raised
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03/ 014185 PaTaAUBasgs pAGaSto MasT ok splidicesd infths kaigs &f mbrarei ko 38id heat
transfer mediumis a streamof inert gas at elevated tenperature, and the
particles are contacted at a mass of gas to mass of solids ratio in the
range of from4:1 to 15:1. 8. The process of claim5 wherein said heat
transfer nediumis a 5 streamof inert gas at el evated tenperature, and the
particles are contacted at a mass of gas to mass of solids ratio in the
range of from4:1 to 15:1. - 14
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