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Solid state poly ves eps
chenmi cal reactlo@P@ddCébﬂﬁu§poﬂ ﬁﬁamedcm¢hh(Qﬁhﬂkﬁnﬁnnﬁphéhglamaﬁer and

et hyl ene gl ycol . q @Q the solid state polynerization rate can be
I ncreased by redUC|n% g ffu I onal reS|stance within the pregolyner
granul es. Tie diffustrof ImP gfu{anceetoht RP1Yest sy 3ced CBP™PBAYCi ng t he

prepol ymer parti piredsicee. fidomelew, mshethbar graighte pdlyesteirghef thsadenci es
to stick togetherg Ehgr 'cBﬂlp%%H'tﬁioﬁt ﬁgesé’ﬂd @Eé@%oﬁ%e%‘i%’t@%np ‘iﬁéslow

difficulties. There ore
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state polymerizations are generally prepared by
10 conventional melt polymerization. The molten polyester
product of such melt polymerizations is converted to
solid granules in the shape of pellets, chips, or cubes.
Solid state polymerization of such pellets, chips, or
cubes is generally considered advantageous in that the
15 handling of high molecular weight ultra-high viscosity
molten polymers is eliminated. Thermal degradation is
also essentially avoided during the solid state portion
of the polymerization.
Solid state polymerization of a polyester involves
20 two major steps: chemical reaction and diffusion of
reaction byproducts, e.g. water and ethylene glycol.
Therefore, the solid state polymerization rate can be
increased by reducing the diffusional resistance within
the prepolymer granules. The diffusional resistance can
25 be reduced by reducing the prepolymer particle.size.
However,'smaller granules have higher tendeneies to”’
stick together during solid state polymerization,
causing process difficulties. Therefore, there exists a
minimum particle size that is suitable for solid state
30 polymerization.



-2- Several nethods have been proposed to reduce diffusional resistance
while maintaining a suitable particle size. U S. 3,586,647 (Krener)

pr oposes foaned pellets which are forned by dispersing nitrogen or a 5
foam ng agent into the prepolynmer nelt before pelletizing. W have found
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conbi nation of mMRJroust pe@lahd G9thdinterconnected voids which,

polymerize 2 to 3 times as fast as standard solid PET

15 pellets. Since the voids inside each porous pellet are
interconnected, a great improvement in the solid state
polymerization rate is achieved by using porous pellets.
Although porous pellets offer greatly improved solid
state polymerization rates, the formation of porous

20 pellets involves expensive operations-grinding,
compacting, and classifying, etc.-and porous pellets
tend to generate large amounts of fines, which impacts
productivity.

Because of its high strength and barrier properties,

25 poly(ethylene naphthalate) (PEN) is an excellent
material for the applications of beverage and food
containers and industrial fibers. Due to its extremely
high melt viscosity, PEN with an intrinsic viscosity
suitable for such applications cannot be produced by

30 melt state polymerization process alone. Instead, PEN
is produced by a combination of melt state and solid
state polymerization processes. Because of the high
barrier properties of PEN, the solid state
polymerization rate is relatively slow. It is also

35 known that PEN is preferably devolatilized prior to



state pol ynerization processes. Because of the high barrier properties of
PEN, the solid state polynerization rate is relatively slow It is also 35
Khown that PEN is preferably devolatilized prior to -3- solid state

pol ynerization, as described in U S. 4,963,644 (Duh). The solid state
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sur prisingly unexpect ed, t he' known i npr overmdnf that results
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The use of a foakgéré’éﬁﬁgng%é%&t%%nb%éﬁqﬁ S’ ﬁ'%hag% %?atl |8‘|2Jét I on step
prior to solid $MREEVEBEDRHeER2 t?%ﬁplﬁﬁ(ﬂhQﬂfo§W@§r?E€uP§rF?liésﬁtéhﬁ

productive soli goayabeleeaywewezais@cswxéwe@fatf ®olddPElapel yrer.
Thi s |nvent|on co ses_a.proce for_preparin sol i,d hate i nerlzed
PEN pol yrer by: BOLYRBFERAFLAD Zane 1Ber Pl (i foRREr BRN HERRRLAS
viscosity uf fremeﬁ BYed| Sganhdadd S€oid g?Eh( eramﬂ}ersr,susgsanprmelngggs into
el onns o ASGHIERPh e el O LN M ptleESariof KOLE
granul es, (4) déPpravempRELngytperous PET granules over the standar
solid PET granules, where the foamed PEN granules are
devolatilized prior to crystallization and solid state
15 polymerization. The use of a foamed PEN prepolymer,
combined with a devolatilization step prior to solid
state polymerization, provides a particularly fast and
productive solid state polymerization process for a PEN
polymer.
20 This invention comprises a process for preparing a
solid state polymerized PEN polymer by: (1) preparing a
molten PEN polymer with an intrinsic viscosity of from
0.25 dl/g to 0.50 dl/g, (2) dispersing an inert gas into
the molten PEN polymer to form a foamed PEN polymer with
25 a void fraction of from 0.10 to 0.50, (3) forming the
foamed PEN polymer into granules, (4) devolatilizing the
granular PEN polymer at a temperature of -from 80°C to
140°C, (5) crystallizing the devolatilized PEN polymer
at a temperature of from 150°C to 260°C, and (6) solid
30 state pdlymerizing the crystallized PEN polymer at a
temperature of from 235°C to 265°C to form a solid state
polymerized PEN product with a reduced melting point.
The PEN prepolymer prepared by known melt
polymerization techniques which result in the formation
35 of PEN which is essentially amorphous in nature. The
PEN prepolymer is virtually totally amorphous even



granul ar PEN polyner at a tenperature of fromJ[err] to [err] (5)
crystallizing the devolatilized PEN polyner at a tenperature of from/[err]
to\[err] and (6) solid 30 state polynerizing the crystallized PEN pol yner
at a tenperature of from[err] to [err] to forma solid state pol yneri zed
PEN product with a reduced -nelting point. Fha PEN prepol yner prepared by
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to 8 carbon atons. For I nstance, snal S be
20 utilized i n PRergP§ab| urbhpdraih kel deriyespdrongachds other than

naphthalene dicarboxylic acid and/or glycols other than
ethylene glycol. For inétance, small amounts of
15 isophthalic acid or terephthalic acid can be used in the
diacid component utilized in preparing the PEN
prepolymer. PEN prepolymer can be modified with a small
amount of a diol containing from 3 to 8 carbon atoms.
For instance, a small amount of 1, 4-butane diol can be
20 utilized in the glycol component used in preparing the
modified PEN prepolymer. Normally, no more than about
20 mole percent of the repeat units in such modified PEN
prepolymer will be derived from diacids or diols other
than naphthalene dicarboxylic acid and ethylene glycol.
25 Diesters of such dicarboxylic acids and diols can also
be used. In most cases, such modified PEN, prepolymer
contains not more than about 15 mole percent units
derived from diacids other than naphthalene dicarboxylic
acid and/or less than 5 mole percent units derived from
30 diols other than ethylene glycol. It will normally be
preferred for such modified polyesters to contain not
more than about 10 mole percent units derived from
dicarboxylic acids other than naphthalene dicarboxylic
acid and/or less than 5 mole percent units derived from
35 glycols other than ethylene glycol.



nmodi fi ed PEN prepolymer. Normally, no nore than about 20 nole percent of
the repeat units in such nodified PEN prepolyner will be derived from
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SUF i ci ent to adeniey dly dranarE polyhers "ALgRER FEEr s S Lk her
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rates. Al so, sinegeadtors UHhIPBeBvoided. Such polymer would have
insufficient density to provide cost-effective polymer
15 production rates. Also, since the solid polymer
typically passes through at least some process equipment
by gravity flow, polymer with an excessive void space
may be too lightweight to provide sufficient gravity
flow rates, resulting in bridging and plugging in the
20 process equipment. The foamed granuleé formed from the
molten polymer will have a void fraction of from 0.10 to
0.50, preferably from 0.15 to 0.30, and most preferably
from 0.20 to 0.25. This provides enhanced solid state
polymerization rates while avoiding associated excessive
25 void fraction.
To ensure uniform dispersion of the inert gas within
the PEN prepolymer, the intrinsic viscosity (IV) of the
PEN polymer is kept at less than about 0.50 dl/g. A PEN
prepolymer that has reached an IV of from 0.25 dl/g to
30 0.50 dl/g will allow good dispersion of the inert gas,
and have sufficient melt strength that it can be
converted to granular form (e.g. pellets, cubes, etc.)
for solid state polymerization. The IV of the PEN
prepolymer is measured in a 60:40 phenol:tetrachloro-
35 ethane mixed solvent system at a temperature of 30°C.
Given the very high melt viscosity of PEN prepolymer,



typiccal |y passes through at |east sone process equipment by gravity flow,
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greatly in size; however, the smaller the size of the
granules, the faster any reaction byproducts will be
15 driven off in the subsequent solid state polymerization.

In the devolatilization step, the amorphous PEN
prepolymer is heated to a temperature within the range
of 80°C to 140°C in the presence of a purge gas or under
a vacuum to devolatize the amorphous PEN. This

20 devolatilization procedure is preferably conducted at a
temperature which is within the range of 115°C to 137°C.
It is most preferred for the devolatilization to be done
at a temperature of from 120°C to 135°C. The
devolatilization step can be carried out as either a

25 batch or a continuous operation.

The purge gas utilized in the devolatilization
procedure is any gas which does not react with the PEN
prepolymer under devolatilization conditions. Since the
PEN prepolymer is relatively stable at the

30 devolatilization temperature, air can be used as the
purge gas. It is, of course, also possible to utilize
nitrogen, or a noble gas such as helium or neon in the
devolatilization procedure. Even though it is possible
to carry out the devolatilization step under a vacuum,

35 it is preferred to carry out the devolatilization in the
presence of a stream of a purge gas because the purge



10 - generally converted to a solid formthrough rapid cooling and

pel letizing, dicing, etc. the prepolynmer into pellets, chips, or cubes.
Suéh granul es can vary greatly in size; however, the snaller the size of
the granules, the faster any reaction byproducts will be 15 driven off in
t he subsequent solid state polynerization -I'h the devolatilization step,
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W th the PEN prepalssarachflt ' Bl e ooptiindfe: ofb e et fi e
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devolsti1 122t on hSKS DRI SSRGS otk bl thot BY PR e SR LI,
provi de i nproved RFRE¢isiesdegreerinf gevelatilization. st Epriexample cchind
for a temperature of 115°C the time required for
devolatilization is about four hours. At a temperature
15 of 130°C only about two hours is required for
devolatilization. The optimum period of time required
for devolatilization will also be somewhat dependent
upon the equipment utilized and upon the size and shape
of the granules. The time required for devolatilization
20 in a continuous process will typically be within the
range of 15 minutes to 10 hours and will more typically
be within the range of 30 minutes to 4 hours.
Since the devolatilization procedure is carried out
at a temperature below the sticking temperature of the
25 amorphous PEN prepolymer, agitation is not required
during the devolatilization step. Accordingly, a hopper
type devolatilizer can be utilized wherein the amorphous
PEN prepolymer granules are continuously charged into
the top of the hopper and are allowed to move through
30 the hopper by gravity countercurrent to the flow of
purge gas. The devolatilized granules leaving the
bottom of the hopper devolatilizer can then be
continuously fed into a crystallizer. Alternatively,
devolatilization can be conducted in a horizonal vessel,
35 with agitation to move the polymer through the vessel.
In a batch operation, a tumbling vessel may be used.



period of tinme which is sufficient to renove nost of the 5 vol atil e
materials, such as water, ethylene glycol, and acetal dehyde fromthe PEN
prépolyner. It is desirable to renove virtually all of the volatile
conpounds fromthe PEN prepolyner prior to crystallization. The anount of
time required for the devolatilization step &8epends 10 upon the
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hori zonal vessel, 35 . with agitation to nove the pol ynmer. through the
vessel . In a bat s §XP8ﬁﬁai He;%s&i& t?m‘grib%twatlon
15 temperatures. Since the foamed granules have a lower
weight for a given size of granule, and therefore a
lower density, the severe distortion of the foamed
granules may be due to the greater expansion that occurs
relative to a given weight of PEN. Use of a
20 devolatilization step prior to crystallization and solid
state polymerization of foamed PEN granules also
enhances the solid state polymerization rate for the
foamed PEN granules. This is due to fractures occurring
within the granules, connecting some of the void spaces
25 within the granules, due to expansion of the inert gas
present within the foamed PEN, and to the rapid
expansion of reaction byproducts, during the
devolatilization step.
In the crystallization step, the devolatilized PEN
30 prepolymer is heated to a temperature within the range
of from 150°C to 260°C to crystallize the polymer. When
an amorphous polyester is heated significantly above its
glass transition temperature (Tg), it will become sticky
before it starts to crystallize. PEN has a Ty of about
35 118°C, and it exhibits a crystallization peak between
180°C and 220°C, and its sticking temperature is about



-8--Use of this devolatilization step is particularly critical when foaned
PEN prepol yners are to be solid state polynerized. Solid PEN granules
expand and stick together to forman inseparable nass when directly 5
exposed to crystallization tenperatures. This is the result of rapid
rel ease of byproducts inside the granules atgtenperatures approaching the
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wei ght for asgi vesrgsegl Di z 8¢ fow! tempd¥h ey ekobe %i'tﬁ%ﬁrtﬂénféxﬁ%e spe
severe distortion {)oét}%f%d granul es may be due to the greater
expansi on t hat oc%g r zﬁ ‘to a given weight of PEN. Use of a 20

devol atilization stepTheiorystalrizstdlon sdepodsandndattéd Swigi Be the PEN

[ [ ! | l id, stat
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Wi thin the goanulesiliizing ca exPAtHIAN Zfr WASChNBRE §2818{ &858 %y}t_hi n the
f oamed PEN, and tg.% roducts, during the

devol atilization St %ae ’f’ﬁ‘ﬂ d%‘%?;@ts ﬁ%@&#@ﬁ%b%?%ﬁ@%ﬁ%i#i&%zquN
30 prepol ymer igasebs etypical v midioaedr dowiflbivnthheughngee of from [err]
to [err] to cryst@yizer A PUY B ratWelrficient to maintain the
prepolymer cubes or pellets in the fluidized state. It
15 is, of course, also possible to perform the
crystallization step in an agitated vessel which
provides sufficient agitation so as to prevent sticking
or agglomeration of the PEN prepolymer pellets or cubes.
The amount of time required for the crystallization
20 step depends upon the temperatures utilized. Higher
temperatures naturally require shorter periods of time
to achieve a requisite degree of crystallization. The
optimum period of time required for crystallization is
also dependent upon the equipment utilized and the size
25 and shape of the polymer granules. Because polyester
granules entering the crystallizer in a continuous
process have been preheated to near the sticking
temperature, they can be heated in the crystallizer to
the crystallization temperature and crystallized
30 quickly. This leads to a shorter polymer sticky stage
and more uniform granule temperature and crystallinity,
and hence a more stable and efficient process. The time
required for crystallization will typically be within
the range of from 1 minute to 4 hours. In a continuous
35 process, the crystallization step will normally take
from 2 minutes to 30 minutes. The crystallization step



an 'armrphous pol yester is heated significantly above its glass transition

tenperature (Tg), it will beconme sticky before it starts to crystallize.
PEN has a Tg of about 35 [err] and it exhibits a crystallization peak
between [err] and [err] and its sticking tenperature is about -9- Jerr]

when in the anorphous state. Therefore, aceargi-ng to conventional w sdom
the preferred crystal | zation éenperature range for PEN woul d be between

[err] and [err] 12 Ps By FPERIRS ARF 2Hreftdieed Rtahersa copijsuansi zati on

tenperature to beomperbtmonhe range of [err] to [err]. The crystallization
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size 25 and shabelow tlhe $MﬂgkﬁnggpempﬁnatureBe@auhe peyyeslBized PEN
prepolymer. The optimum solid state reaction
temperature will differ somewhat for polymers of
15 different molecular weights, and compositions (e.g. PEN
homopolymers and PEN copolymers).

As a general rule, the optimum solid state
polymerization temperature for the PEN prepolymer will
be from 5°C to 20°C below its sticking temperature. For

20 example, in the solid state polymerization of
crystalline PEN, the temperature employed normally
ranges from 210°C to 265°C. Generally, the crystalline
PEN prepolymer will be solid state polymerized at a
temperature of from 230°C to 265°C. 1In most cases, PEN

25 prepolymer will be solid state polymerized at a
temperature of from 240°C to 260°C.

The solid state polymerization is conducted under a
vacuum or, more typically, in the presence of a stream
of an inert gas. It is highly desirable for the inert

30 gas to flow uniformly throughout the solid state
polymerization zone which is filled with the polyester
prepolymer which is being polymerized. A typical
polymerization reactor is designed so that inert gas
flows evenly through the polyester prepolymer in the

35 reactor. It should be noted that the inert gas actually
flows around the polyester prepolymer granules as it



granul es entering the crystallizer in a continuous process have been
preheated to near the sticking tenperature, they can be heated in the
crystallizer to the crystallization tenperature and crystallized 30

qui ckly. This leads to a shorter polyner sticky stage and nore uniform
granul e tenperature and crystallinity, and henee a nore stable and

ef ficient process,_The ti l,red fqr, crystallization will typically be
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prepol yner whi ch &ksp Hee widdd.10 In mositowases metrogen pbs nised e t3@ i d
state pol ynerizat{go.¢ rature utilized will typically be from[err] to

500C bel ow the sticking tenperature of the crystallized PEN prepol yner. The
opti mum sol i d state reg¥ctBEsh RrepedyBesr dswerlidi stake eadameniast fioal wner s

of 15 di fiber ent ini| Ack# iayi endi ot s_ncaedséom’legsmlt:i@aﬂehe-v&i_g‘?ﬁ!\lor v
Ctato pol yer i 2att Oy Av Sl mBRECRERE pYEpB G o 99 b a st er 1]
to [err] bel ow i tEt sits cl@sigabdepdoat the. hEgh molecular weight PEN resin
being prepared to have an IV of greater than 0.50 dl/g.
In most cases the high molecular weight resin will have

15 an IV of at least 0.65 dl/g and for some applications
will preferably have an IV of'greater than 0.75 dl/g.
The polymerization time needed normally ranges from 1 to
24 hours and in most cases will range from 4 to 14
hours.

20 Use of foamed PEN prepolymer allows use of lower
solid state polymerization temperatures to achieve the
same target IV for the solid stated product, with the
same solid state polymerization time. While the melting
point temperature (Tp) of PET is affected only slightly

25 by the solid state poiymerization temperature used, we
have found that the melting point temperature (T,) for
solid stated PEN polymer increases 5°C to 10°C with
every 10°C increase in solid state polymerization
temperature. With foamed PEN prepolymer, it is possible

30 to produce high molecular weight solid stated PEN resins
(e.g. IV of 0.70 dl/g) with lower melting points (e.qg.
less than 270°C), by using lower solid state
polymerization temperatures (e.g. 240°C) with reasonable
solid state polymerization times (e.g. less than 6

35 hours). Use of lower temperatures for solid state
polymerization may also allow use of equipment designed



20 - exanple, in the solid state polynerization of crystalline PEN, the
tenperature enployed normally ranges from[err] to [err]. Cenerally, the
crystalline PEN prepolynmer will be solid state polynerized at a tenperature
of from[err] to [err]. In nost cases, PEN 25 prepolymer will be solid
state polynerized at a tenperature of from[xxrd to [er_r].l;l'he jsolltﬂ state
olynmerization is . co ted,under vacuumor., nmore typically, in e
BreZence of a stré%h%%#ggnsFﬁgFtpaggme¥}z?s§#?gﬁﬂ%ﬂqﬁﬁﬂ MR8 f6r the inert
30 gas to flowtymiceddlyysohidughate pdkymetizbdiatt depel LHah 230PO) &HNe
which is filled W%bhibh%tBQEYBéi9ﬁeP££QO%ﬁ o%ﬁ%%?l I s being polynerized. A
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nost cases the hi §aWAB| acaraldekydmtcontsnt wi [Hollysees with lower T are
also generally easier to process into finished articles.
Low acetaldehyde content is particularly important for
15 some finished articles, such as mineral water bottles.
The unexpectedly great effect of foaming of
prepolymer granules on the solid state polymerization
rate for PEN polymer may be attributed to several
factors. Because of-the higher barrier property of PEN
20 polymer, a greater reduction in the diffusional
resistance can be achieved by foaming. Amorphous PEN
polymer is quite brittle, consequently, dicing or
pelletizing tends to crack open the cells within the
foamed cubes or pellets. In addition, the relatively
25 large amounts of byproducts trapped inside the foamed
PEN cubes may open up the cells as they escape from
within the granules during devolatilization.
Example 1 _
Foamed and unfoamed PEN prepolymers with a target IV
30 of 0.50 dl/g in the form of 3.18 mm cubes were prepared
and solid state polymerized at three temperatures
(240°C, 250°C and 260°C) to compare their solid state
polymerization rates.
The last stage of the melt state polymerization used
35 to prepare the.prepolymer is normally conducted under
vacuum. When the desired prepolymer IV is reached, the




15 - an IV of at least 0.65 dl/g and for sonme applications will preferably
have an IV of greater than 0.75 dl/g. The polynerization tinme needed
normal |y ranges from1l to 24 hours and in nost cases will range from4 to
14 hours. 20 Use of foamed PEN prepolynmer allows use of |ower solid
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various porosities can be obtained. One batch each of
solid and foamed PEN prepolymer cubes were produced for

15 this example. The IV's of the solid and foamed PEN
prepolymers were 0.500 dl/g and 0.497 dl/g respectively.
The bulk density of the foamed PEN cubes was 79.4% of
that of the solid PEN cubes. Therefore, the void
fraction of the foamed PEN cubes was 0.21.

20 A glass, tube-shaped reactor, 25.4 mm in diameter
and 508.0 mm in length, was used to conduct the solid
state polymerization experiments. During the solid

state polymerization experiments, the reactor was
immersed in a thermostatted oil bath, and a stream of

25 nitrogen, preheated to the reactor temperature, was
passed through the bottom of the reactor to sweep away
the reaction byproducts. 1In each solid state
polymerization run, 80 grams of PEN prepolymer cubes
were charged to the reactor.

30 In the standard procedure for solid state
polymerization of PET, the PET prepolymer granules are
directly exposed to the crystallization temperature
(160°C to 200°C) to effect crystallization. However,
when either foamed or solid PEN prepolymer cubes were

35 directly exposed to the crystallization temperature



tenperature for PEN. Consequently, a PEN polyner with a 10- [ower Tm may
be processed at a | ower processing tenperature into articles such as
bottl es that contain a | ower acetal dehyde content. Polymers with |ower Tm
are al so generally easier to process into finished articles. Low

acet al dehyde content is particularly inportas -for 15 sone finished

articles, such as botil es.. The une tedly great effect of
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circumvent thlS problem, the PEN prepolymer was
devolatilized at 125°C, which is below the softening
point of amorphous PEN, in a stream of nitrogen for 2

15 hours before the crystallization step, to slowly remove
most of the trapped bypfoducts. Then the prepolymer was
crystallized and further dried at 200°C for 60 minutes.
With this devolatilization step, no sudden expansion and
sticking were encountered. The reactor temperature was

20 then raised to the desired reaction temperature (240°C,
250°C, or 260°C) to effect the solid state
polymerization which lasted for 23 to 24 hours. Solid
state polymerization runs, each with a different
reaction temperature (240°C, 250°C, or 260°C) were

25 conducted for each of the foamed and, for comparison,
unfoamed PEN prepolymers. The IV's of the foamed and
unfoamed PEN samples taken at various periods of solid
state polymerization time during the six solid state
polymerization runs are listed in Table 1.

30 For comparison, the solid PEN prepolymer was also
used to prepare porous pellets for a solid state
polymerization test. Samples of solid PEN cubes were
ground in a Wiley mill through a .250 mm sieve. The
powder obtained was screened with a .149 mm sieve. The

35 fraction retained on the .149 mm sieve was used to
prepare porous pellets with a Parr Pellet Press using a



pressed into a 3.18 mmribbon. The ribbon is solidified by quenching with
cold water, and then diced into 5 3.18 mm cubes. In the normal
production of standard solid prepol ymer cubes, the agitation is stopped
before the reactor is pressurized. To produce foamed cubes for this
exanple, the agitation was kept running dufil¥fg-pressurizing to whip

nitrogen into theqprapaly t endi ng on_the speed,and duration
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prepol yrer cubes YBf fndfi 2o S ok PRI b ohDSG CLHSEE 1944 Ohe
15 total weight of the PEN porous pellets charged, were
recovered from the bottom of the reactor tube. These
fines arose as a result of partial disintegration of the
porous pellets during the experimental run. This could
be a serious problem considering that disturbance of the
20 porous pellet bed during the experimental run was kept
. to a minimum. In a commercial solid state
~polymerization process, which requires vigorous
agitation at least during the crystallization step, a
major fraction of the mass of the PEN porous pellets
25 will fall off to generate a large amount of fines. The
PEN porous pellet samples taken during the solid state
polymerization run were also tested for IV. The results
are included in Table 1. Because of the IV data for the
solid state polymerization of PEN porous pellets
30 appeared to scatter more than for PEN solid and foamed
cubes, duplicate IV tests were performed for each solid
stated PEN porous pellet samples.
For comparison, foamed and unfoamed PET prepolymer
cubes with a target IV of 0.58 dl/g were produced by
35 methods similar to those used for the PEN prepolymers.
The bulk density of the foamed PET cubes was 88% of that



- 14 - [err], the cubes expanded greatly and stuck together to form | unps,
which were very difficult to separate, as the polyner tenperature reached
t he softening point before significant crystallization took 5 pl ace.
Thi s phenonenon has been determned to be due to the sudden volatilization
of byproducts (water, ethylene glycol, and déetal dehyde, etc.) trapped
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solid state Table 2 lists the IV's of the foamed and unfoamed PET
samples taken during the solid state polymerization
15 runs.

The IV data in Tables 1 and 2 can be used to prepare
polymer IV vs solid state polymerization (SSP) time
plots for all the SSP runs conducted for the PEN and PET
prepolymers. From these plots, the SSP times required

20 for the PEN prepolymers to achieve 0.70 and 0.80 dl/g
IV's at 240°C, 250°C, and 260°C and the SSP times
required for the PET prepolymers to achieve 0.80 dl/g
and 0.95 dl/g IV's at 220°C can be determined. The SSP
time requirements thus determined are listed in Table 3.

25 From these SSP time requirement data, the SSP rate
advantages of foamed PEN over unfoamed PEN and foamed
PET over unfoamed PET can be calculated for each product
IV at each SSP temperature. For example, the SSP times
required for the foamed and unfoamed PEN to achieve a

30 product IV of 0.80 dl/g were 5.1 hours and 23.0 hours
respectively at 250°C. Thus the foamed PEN solid state
polymerized 4.51 times as fast as unfoamed PEN and the
SSP rate advantage of foamed PEN was 351% over unfoamed
PEN. The SSP rate advantage data thus determined are

35 also included in Table 3 for the foamed and unfoamed
PET. Since the productivity of a solid state



pol ymeri zation test. Sanples of solid PEN cubes were ground in a Wley mll
through a .250 mm si eve. The powder obtai ned was screened with a .149 mm
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reaction was ter”ha@&ﬁéaéééeéf f@aﬁ@&”ﬁN s g‘%P‘%BﬁmQ%EEE 31? %;ﬁ't of

pol yneri zation, PEN fineS, weighing about

the PEN porous pePEBt SVEhWHEREMeR RET ddwireobiraingsh ane bbs@om«aludm in
reactor tube. TheSablén®s asm:ElﬁSlﬁ rt@fel Irta tef aﬁafbhraliuétﬁrﬂﬁfgrat'on of

t he porous pell et riment al uld be a_ serious
probFenlconglderlﬁg %ﬁ % %ésﬁ ur Hﬂ“ﬁw&?lgﬁts BXFBU§°§%?$e@n%ed during
the experineft al vuhosmed KREN vere dﬂtﬂrm;medl and theiercabhesodiel S1sg €

pol ymeri zati on pr9§@§§dea\hi§hrgﬂguj es vigorous agitation at |east during
the crystallization step, a major fraction of the mass of the PEN porous

pellets 25 will fal o‘F"’Pn {Re RERY de Tablgr dethabubhe ofoamerd PEN Had id

state polymerized from about 4 times (in the IV range of
0.50-0.70 dl/g at 240°C) to about 4.5 times (in the IV

15 range of 0.50-0.80 dl/g at 250C) as fast as the unfoamed
PEN. Adjusted for its lower bulk density, foamed PEN
offered productivity advantages of at least 200% over
unfoamed PEN. These exceptionally high SSP rate and
productivity advantages of foamed PEN prepolymer were

20 unexpected based on the modest SSP rate and productivity
advantages of foamed PET prepolymer over unfoamed PET
prepolymer.

In comparison, it can be seen in Table 3 that the
foamed PET had SSP rate advantages of only 20.3% and
25 32.0% for products of IV's of 0.80 dl/g(for bottle
application) and 0.95 dl/g (for frozen food tray
application) respectively. Adjusted for its lower bulk
density, the foamed PET had SSP productivity advantages
of 5.9% and 16.2% respectively over the unfoamed PET.
30 While these advantages are significant, they are quite
low compared with that of foamed PEN over unfoamed PEN.
These observations may be explained by the following
two reasons: First, PEN has a much higher barrier
property than PET and the SSP of PEN is more
35 diffusionally controlled than the SSP of PET.
Therefore, any measure that contributes to a reduction



PEN-porous pellet sanples taken during the solid state polynerization run
were also tested for IV. The results are included in Table 1. Because of
the |V data for the solid state polynerization of PEN porous pellets 30
appeared to scatter more than for PEN solid and foamed cubes, duplicate IV
tests were perforned for each solid stated BBEN-porous pellet sanples. For

1 ' , f ET. prepol ymer cybes with a target |V of
0,55 dl /g were proBuBEE By Rt 1Y O 14 B LOUPABEL GObY FORULhALPEN
prepol ymers. The Bugkeabesiiycrgaseaeir dziva.’e($S|PEI*ad:abesSwasa_snﬁﬁi}’?c Octﬁuf:t’t]?cj d-
16 - of the unfoa SHOLE; 7 f t VQl cfkop O e fo
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al so solid state LBF?%E?WQERF?EQ#u?XPFéH%ﬂ&&rGSpWQéédaﬁenher®¢mytmaﬁﬂbdcw 5
PET. No devdl ati inahdé othetﬁqsnnlmfﬁ quujxaaﬁodlllfecgg obBfe8EL plgggogé%ﬁpg sOIE de
PET | ymer L LSt Z an ried at.[ert o m nu ,
and ?L:gotze re\zglgs?%jr'a én%rgér%%}?e&%/e\aag aiegg&nF&nFe%P% gLt EppLen #Hes A d
state pol yneri zat tlo@, reae¢ieion dymmpdusts2 4ndotths. o@akgl10SSP om?téojluzﬁlirij ate

[ [ re e
pol yneri zati on wago LA dsied €8 dynfAGaREbnR ¢ R@lt%ilaﬁnghv\é@fr&r 3 %%:ﬁ%l\gl&?%lrlaﬁt\f

different periods of solid state polynerization d T :
Table 2 lists the""fﬁx‘D soé}fe’f § ed t4caninFSEnEat pEdeankarges tikelrs duri ng

the solid stiate pityractizedl do Hrodudenhighhev! l}afEﬂa?ﬂa;gts?ig%béz % F;.)lle?ii‘Bjrrez can
4
gfofzegoﬁoaf[efﬁgﬁéégﬁégﬁéfIg%%%%fg%ﬁ%%ﬁﬁﬁhg B%R#QE%SPET prepol yners. From
t hese plots, the SSP Resides agniddcant improvements in SSP rate and
productivity, the use of foamed PEN prepolymer instead
of standard unfoamed PEN prepolymer offers another
15 advantage; namely, it facilitates economical production
of solid stated PEN resins with substantially lower
melting points. Low melting PEN resin is particularly
suitable for applications, such as soft drink bottles
and food containers, where low acetaldehyde content is
20 important.

The melting point of solid stated PEN is primarily a
function of SSP time and temperature--molecular weight
or IV has very little effect on the melting point. The
effects of SSP time and temperature on the melting point

25 of PEN are much greater than on PET and are of
particular interest here. At a fixed SSP temperature,
the melting point of PEN at first decreases with the SSP
time and reaches a minimum, and then increases
monotonously as the SSP is continued until it reaches an

30 equilibrium value. Thus, at an SSP temperature of
240°C, the melting point of PEN decreases from 268°C to
a minimum value of about 264.5°C in 6 hours, and then
increases monotonously as the SSP is continued. At an
SSP temperature of 250°C or higher, the melting point

35 reaches the minimum within 30 minutes and the minimum
value is only slightly lower than the initial wvalue. 1In



20 - for the PEN prepolynmers to achieve 0.70 and 0.80 dl/g IV s at
[err]and the SSP tinmes required for the PET prepolyners to achieve 0.80
dlAg and 0.95 dl/g IV's at [err] can be determ ned. The SSP tine

requirenents thus determned are listed in Table 3. 25

From

t hese

SSP tinme requirenent data, the SSP rate advaatages of foanmed PEN over
unf'oamed PEN and 8@%& P cal culated for
product |V at eaé% I_:‘;Iileér)aoure %ggexa gﬁﬁtﬂgt%ﬁﬁﬁt F%Hh
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pol ymeri zati on reactor
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5 SSP productllﬁ\jbe vant ages. The SSP productivity advantages of
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are al so i nd®udedEiampllablze 3. Sinlarly, the rate and product i Vi ty

advant ages of PEN po-mgis oSt Siq0Y 8" 250 ]w f
determ ned and their va tf%s grwé s% ?Iﬁc% IeethgD

d PEN and foamed PET over unfoaned PET thus obtai ned

vvere
86[’] I n

Table 3 that the Sf%cfmdsmdp§9§tl§tpﬂ¥’9mlQ‘&ﬁﬁamadﬂmﬂwem mes (in
the IV range of melting point can be produced with a reasonably short

SSP time by using foamed prepolymer instead of unfoamed

15 prepolymer.

The maximum safe temperature for a continuous solid
state polymerization of PEN in a moving-bed reactor is
about 250°C. To produce 0.70 dl/g IV solid PEN cubes
for bottle application at a reactor temperature of

20 250°C, a residence time of 12.3 hours is required.

This

solid stated PEN bottle resin will have a melting point
of 277.8°C (see Table 3). Although it may be feasible
to produce 0.70 dl/g IV solid PEN with a significantly
lower melting point (271.0°C) by using a lower reactor

25 temperature of 240°C, the much longer residence time

required (22.0 hours) will make the process less

economical. If foamed PEN prepolymer is used in place
of the standard unfoamed PEN prepolymer, 0.70 dl/g IV
solid stated product with a melting point of 264.5°C can

30 be produced with a relatively short residence time of

5.6 hours at a reactor temperature of 240°C.

Not only

is the product melting point about 13°C lower, but also
the solid stating residence time is about 47% shorter

than for the standard process using unfoamed prepolymer

35 and a reactor temperature of 250°C.



0.50-0.70 dl /g at [err] to about 4.5 tinmes (in the IV 15 range of
0.50-0.80 dl/g at 250C) as fast as the unfoamed PEN. Adjusted for its |ower
bukk density, foaned PEN offered productivity advantages of at |east 200%
over unfoaned PEN. These exceptionally high SSP rate and productivity
advant ages of foanmed PEN prepol yner were 26 20 unexpect ed based on the

nmodest SSP rate and pe t a PET | ymer over
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frozen food tray C ectiv Al ed for its | ower

density, the foanggwﬁETgheg égﬁ'ﬁgﬁ%dﬁ%?\?#ﬁy g{ﬁ/}rﬁ V&8s termings, shat1Eheo,
respectivel y over acktaddebydedgPESrattion nité eof IREMe iadvast ages are
significant, theypafneiddl 6”)9{ f N. over

unf oaned PEN Thelsne o%sgr%gtol&gﬁgm @%ﬁ%ﬁ% ng%%‘t# taﬁ’g’gg":‘gf“sgﬁﬁg t wo
reasons: First, PERUR&ESaf ﬂﬁcﬁaﬁhg C B@creasepippEenperatmr ®ET Wachate SSP
of PEN is nore 35furtthéiudebsshlyedorhd®!dwst tdwn otﬂ"‘%hgsac@i:afgghyde

g1 ust onal a?ésri?éﬁéénghg‘f ERSLPIN TS rRhesims %0 cgpexiBREPACPEathe | n
the SSP ratel0 Secarefgldghydegoenerafad|duriny dthicoingeepiohhmol dirgse of

the relatively | agggpanogptgipf @Wpfégggﬂéﬁ¥gsﬁﬁﬂ ss%%en%héegﬁgﬁﬁégppﬁg 5

i nside the foaned, P granules opened e cells
greatly enhanci ngPP FRBsR ottt %t"i‘esm%lftlt% Rodadt Pén 18YHr kewex stlsam tthee

overall SSP rate dtahdgrd solid PEN bottle resin can be injection molded

at a barrel temperature of about 13°C lower than the

15 standard barrel temperature, yielding preforms with at
least 40% lower acetaldehyde content. Consequently,
foamed PEN polymer can provide finished articles with
significantly lower acetaldehyde content. Because of
this property advantage, and the enhanced SSP rates

20 possible, we believe that among the three forms of PEN
prepolymers, foamed granule is the preferred form for
use in solid state polymerization.



solid state polynerization. Al though porous PEN pellets also offered a
significant SSP rate advantage, it is 10 i npractical to produce high IV
PEN via porous pellets because of pellet durability problens. Besides
si.gni ficant inprovenents in SSP rate and productivity, the use of foaned
PEN prepol ynmer instead of standard unfoaned2PEN prepol ynmer of fers another
15 advantage; nanely, it facilitates e 1 gal production of solid
stated PEN resins with substantially lo SIS L ng points. Low nelting PEN
resin is particularly suitable for applications, such as soft drink bottles
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4.5 0.667 0.775 0.911
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11.0 0.811 0.990 1.175
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24.0 0.978 1.172 1.353

Solid Cubes 0 0.497 0.497 0.497
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4,75 1.045

7.5 1.258

7.5 1.188




i ncreases by [err] to [err] for each [err] increase in the SSP tenperature.
Therefore, based on the SSP tinme required and the SSP tenperature used, the
mekting point 5 of each of the solid stated PET and PEN products |isted
in.Table 3, regardless of its form can be estimated wi th reasonabl e
accuracy. The estimated nelting point of eagh solid stated product is also
included in Table 3. 10 Exanpl e The £o||omﬁng i's, an exanpl e that
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- 22 - Table 2 - Conparative Intrinsic Viscosities of Solid and Foamed PET
Sanpl es Taken During Solid State Polynerization at [err] Intrinsic

Viscosity (dl/g) Reaction Tine Foamed PET Solid PET (hours
0 = 0. 579 0.580 1 0. 630
0.617 2.5 0. 667 - - 250~670 4 0.727
0.717 6 0. 789 0.762 9 0. 864
0.826 12 0.934 0.880 18 TH 025940
0.963 21 1. 087 0.999 24 1.134
1.031 [err] - 23 - -24- Jerr] €C26-ATHNM25 CL Al MS 1. A
process for making a high nol ecul ar wei ght

1. A process for making a high molecular weight

poly(ethylene naphthalate) polymer or copolymer thereof
comprising preparing a molten poly(ethylene
naphthalate) prepolymer having an intrinsic viscosity

5 of from 0.25 dl/g to 0.50 dl/g; dispersing an inert gas
into the prepolymer to form a foamed poly(ethylene
naphthalate) prepolymer having a void fraction of from
0.10 to 0.50; forming the foamed prepolymer into
granules suitable for solid state-polymerisation;

10 devolatilising the granular prepolymer at a temperature
ranging from 80°C to 140°C; crystallising the
devolatilised prepolymer at a temperature ranging from
150°C to 260°C; and solid state polymerising the
crystallized prepolymer at a temperature ranging from

15 235°C to 265°C to form the high molecular weight
poly(ethylene naphthalate) polymer or copolymer
thereof.

2. The process of claim 1 wherein the molten
prepolymer has an intrinsic viscosity of from 0.25 dl/g

20 to 0.45 dl/g.

3. The process of claims 1 or 2 wherein the inert gas
is nitrogen.

4, The process of any one of claims 1-3 wherein the
foamed prepolymer has a void fraction of from 0 15 to

25 0.30 or preferably from 0.20 to 0.25.

5. The process of any one of claims 1-4 wherein the
prepolymer is devolatilised at a temperature of from
120°C to 130°C.

6. . The process of any one of claims 1-5 wherein the

30 prepolymer is crystallised at a temperature of from
190°C to 205°C.

I I"I"I ] liiﬂl‘llll I



pol y(et hyl ene napht hal ate) pol yner or copol yner thereof conprising
preparing a nolten poly(ethyl ene naphthal ate) prepolynmer having an
imtrinsic viscosity 5 of from0.25 dl/g to 0.50 dl/g; dispersing an inert
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intrinsic vi scom%of %rrom 0.25.4l./9.20_ .to 0.45 dl/g. 3. The process

of claims 1 or T2 T SRR h@&é‘ci 8%frrogen. 4. The process of any
one of clains 1-33wherBien hiuh fmedreeh Liawre peligher phdyg (athwlend racti on of from
0.15 to 25 0. 30, £ B ST SEADIpb IR Gr20obB10mas: thereod o AIRGEE ST aNY

one of clains 1-4 ereint eoﬁqr pal ynmer i Ised at a tenperature
of from[err] to {k§rgrogess El#iFEed580f any one of claims 1-5 wherein
the 30 prepolymer—is crystallised at a tenperature of from[err] to. [err]
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7. The process of any one of clains 1-6 wherein the prepolyner is solid

state polynerised at a tenperature of from[err] to [err] 8. The process
of .any one of clains 1-7 wherein the 5 copol yner contains no nore than 20
nol e percent repeat units fromterephthalic acid. 9. The hi gh nol ecul ar

wei ght pol y(et hyl ene napht hal ate) pol ynmer or copol yner thereof produced by
the process of clains 1-8. [err] [err] TH 0255

ABSTRACT

SOLID STATE POLYMERIZATICON PROCESS
FOR FOAMED POLY (ETHYLENE NAPHTHALATE)

This invention includes a process for preparing a

solid state polymerized poly(ethylene naphthalate)
(PEN) polymer or copolymer thereof comprising: (1)
preparing a molten prepolymer with an intrinsic

5 viscosity of from 0.25 dl/g to 0.50 dl/g, (2)
dispsersing an inert gas into the molten prepolymer to
form a foamed PEN prepolymer with a void fraction of
from 0.10 to 0.50, (3) forming the foamed PEN prepolymer
into granules, (4) devolatilizing the granular PEN

10 prepolymer at a temperature of from 80°C to 140°C, (5)

' crystallizing the devolatilized PEN prepolymer at a
temperature of from about 150°C to 260°C, and (6) solid
state polymerizing the crystallized PEN prepolymer at a
temperature of from 235°C to about 265°C to form a solid

15 state polymerized PEN polymer or copolymer thereof.
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