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POLYESTERS AND FIBERS MADE
THEREFROM

[0001] This application claims benefit under 35 U.S.C.
§119(e) of U.S. Provisional Patent Application No. 61/618,
449 filed on Mar. 30, 2012, which is herein incorporated by
reference.

FIELD OF THE INVENTION

[0002] This invention relates in general to fibers prepared
from polyesters and in particular poly(trimethylene-2,5-
furandicarboxylate) (PTF) and PTF based blends and copoly-
mers.

BACKGROUND INFORMATION

[0003] Synthetic fibers are found in many essential appli-
cations ranging from apparel to carpets to automobile interi-
ors. Polypropylene (PP), polyethylene terephthalate (PET)
and polyamides (nylon-6 and nylon-6,6) are frequently used
polymers in such applications and while manufacturing
routes and applications have been developed during the past
several decades, these polymers are all derived from fossil
fuel.

[0004] In the recent years sustainable routes have been
developed for bioderived monomers and polymers. One such
example is Sorona® polytrimethylene terephthalate (PTT)
that is based on bio-derived 1,3-propanediol (Bio-PDO™)
and terephthalic acid. The bio-content of the polymer resin is
37% by weight. Since terephthalic acid is derived from fossil
fuel (naptha) there is an interest in new bio-derived aromatic
monomers that are compatible with traditional polymeriza-
tion routes. Furan 2,5-dicarboxylic acid (also referred to
herein as 2,5-furandicarboxylic acid, or FDCA) meets this
requirement since it is a bifunctional aromatic diacid made
from sugar intermediates. The polymer produced from FDCA
and Bio-PDO™ (PolyTrimethylene-2,5-Furandicarboxylate
(PTF)), is thus 100% bioderived. These bio-derived polymers
can be used to produce bio-derived fibers. There is substantial
interest in 100% bio-derived polyester fibers because bio-
derived polymers are resourced from renewable materials,
and there is typically a reduced environmental footprint ver-
sus incumbent fibers.

SUMMARY OF THE INVENTION

[0005] In an aspect of the invention, there is a fiber com-
prising a polymer, wherein the polymer comprises poly(alky-
lene furandicarboxylate) obtained by polymerization of a
reaction mixture comprising a furan dicarboxylic acid and a
C, to C, , aliphatic diol.

[0006] Inanembodiment, a fiber of the present invention is
obtained from a polymer composition which is a polymer
blend comprising poly(trimethylene-2,5-furandicarboxy-
late), alternatively referred to herein as PTF, and a second
poly(alkylene-furandicarboxylate) that is different from PTF,
and wherein the second poly(alkylene-furandicarboxylate) is
derived from furan dicarboxylic acid and an aliphatic diol
selected from the group consisting of ethylene glycol and C,,
to C,, aliphatic diols.

[0007] Inone embodiment, a fiber of the present invention
is obtained from a polymer blend comprising PTF and poly
(alkylene terephthalate), wherein the poly(alkylene tereph-
thalate) comprises a C, to C, , aliphatic diol moiety.
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[0008] Inanembodiment, a fiber of the present invention is
obtained from a copolymer comprising of 2,5-furandicar-
boxylate, terephthalate and 1,3 propane diol monomer units.
[0009] The molar ratio of 2,5-furan dicarboxylic acid to
other diacids can be any range, for example the molar ratio
can be greater than 1:100 or alternatively in the range of 1:100
t0 100to 1 or 1:9to 9:1 or 1:3 to 3:1 or 1:1 in which the diol
is added at an excess of 1.2 to 3 equivalents to total diacids
charged.

[0010] In an aspect, there is a method of making a fiber
comprising the steps:

[0011] a. providing a polymer composition, wherein the
polymer comprises poly(alkylene furandicarboxylate)
obtained by polymerization of a reaction mixture com-
prising a furan dicarboxylic acid and a C, to C,, ali-
phatic diol; and

[0012] b. spinning the polymer composition to form
fibers, such that the temperature applied to the polymer
during spinning is in the range of about 180-265° C.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The invention is illustrated by way of example and
not limited to the accompanying figures.

[0014] FIG. 1 schematically illustrates an exemplary appa-
ratus for spinning either spun-drawn or partially oriented
yarn.

[0015] FIG. 2 is a schematic illustration of an exemplary
press spinning unit.

DETAILED DESCRIPTION

[0016] Disclosed is a fiber comprising a polymer, wherein
the polymer comprises poly(alkylene furandicarboxylate)
derived from the polymerization of furan dicarboxylic acid
and a C, to C,, aliphatic diol.

[0017] Poly(alkylene-furandicarboxylate) can be prepared
from a C, to C,, aliphatic diol and from 2,5-furan dicarboxy-
lic acid or a derivative thereof. In an embodiment, the ali-
phatic diol is a biologically derived C; diol, such as 1, 3
propane diol.

[0018] Derivatives of 2,5-furan dicarboxylic acid suitable
for use in the practice of the present invention include furan
dicarboxylic acids wherein the hydrogen atoms at the 3 and/
or 4 position(s) on the furan ring are replaced, independently
of'each other, with alkylene substituents such as, for example,
—CH,;, —C,H,, or a C; to C, straight-chain, branched or
cyclic alkane group, optionally containing one to three het-
eroatoms selected from the group consisting of O, N, Siand S,
and also optionally substituted with at least one member
selected from the group consisting of —Cl, —Br, —F, —1I,
—OH, —NH, and —SH.

[0019] One of ordinary skill in the art would also know that
in the polymerization reaction described herein, carboxylic
acid derivatives such as acid halides, carboxylic acid esters,
and carboxylic acid anhydrides can be useful functional
equivalents of either or both of the carboxylic acid moieties of
the furan. That is, these functionally equivalent groups can be
used to obtain the polymeric fiber of the presently claimed
invention when reacted with C, to C,, aliphatic diols. For
convenience, the carboxylic acid groups of the furan dicar-
boxylic acid will be referred to as “acid” or “diacid” groups,
but for the purposes of the present invention, such reference
will also incorporate any conventional functional equivalent
of'a carboxylic acid.
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[0020] As used herein, the terms “biologically-derived”
and “bio-derived” are used interchangeably and refer to
chemical compounds including monomers and polymers,
that are obtained from plants and contain only renewable
carbon—that is carbon obtained from a source that can be
regenerated, for example, from crops—and not fossil fuel-
based or petroleum-based carbon. Hence, bio-derived mate-
rials have less impact on the environment as their creation
does not deplete diminishing fossil fuels and, upon degrada-
tion, releases carbon back to the atmosphere for use by plants
once again.

[0021] Examples of suitable C, to C,, aliphatic diol
include, but are not limited to, ethylene glycol, diethylene
glycol, 1,2-propanediol, 1,3-propanediol, 1,4-butanediol,
1,5-pentanediol, 1,6-hexanediol, 1,4-cyclohexanedimetha-
nol, and 2,2-dimethyl-1,3-propanediol.

[0022] Inaparticular embodiment of the present invention,
an aliphatic diol can be 1,3-propanediol (Bio-PDO™) that is
biologically derived and is polymerized with a furan 2,5-
dicarboxyl derivative, whereby the polymer shown below
(poly(trimethylene-2,5-furandicarboxylate), known alterna-
tively herein as PTF, can be obtained:

n

[0023] where n=10-1000 or 50-500 or 25-185 or 80-185.
Other variations of PTF can be obtained by using 1,2-pro-
panediol, or by using mixtures of the two propanediols.
[0024] In a fiber of the present invention, the polymer can
have a number average molecular weight (Mn) in the range of
10,000-12,000, or in the range of 10,000-13,000, or in the
range of 10,000-14,000, or in the range of 10,000-15,000, or
in the range of 10,000-16,000, or in the range of 10,000-17,
000, or in the range of 10,000-18,000, or in the range of
10,000-19,000, or in the range of 10,000-20,000, or in the
range of 10,000-21,000, or in the range of 4900-196,000.
Desirable molecular weight for a polymer composition useful
in the practice of the present invention can depend on the final
application or use of the fiber. However, typical of most
polymers, processing polymers having very high molecular
weight can be difficult due to high melt viscosity of polymeric
materials of higher molecular weight. Therefore, it can be
desirable to balance difficulties in processing high molecular
weight polymers with any improvement that can be obtained
in the properties of high molecular weight polymers in the
practice of the present invention.

[0025] A fiber of the present invention can have a modulus
in the range of 10-100 g/den, or in the range of 30-100 g/den,
or in the range of 35-100 g/den, or in the range of 40-100
g/den, or in the range of 45-100 g/den, or in the range of
50-100 g/den, or in the range of 55-100 g/den.

[0026] A fiber of the present invention can have a tenacity
in the range of about 0.2-5 g/den, or in the range of 0.8-5
g/den, or in the range of about 1.0-5 g/den, or in the range of
1.2-5 g/den, or in the range of 1.4-5 g/den, or in the range of
1.6-5 g/den, or in the range of 1.8-5, or in the range of 2.0-5
g/den, or in the range of 2.2-5 g/den, or in the range of 2.4-5
g/den, or in the range of about 2.6-5 g/den, or in the range of
2.8-5 g/den, or in the range of 3.0-5 g/den Typically, as the
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molecular weight of the polymer of the present invention
increases, the tenacity will have a tendency to increase until a
plateau is reached. Therefore tenacity, as it may relate to
molecular weight of the polymer, can be manipulated by
varying the molecular weight within the broad range
described herein.

[0027] A fiber of the present invention can have a percent
elongation in the range of 5-500, or in the range of 25-500, or
in the range of 30-500, or in the range of about 35-500, or in
the range of 40-500, or in the range of 45-500, or in the range
0f'50-500, or in the range of 55-500, or in the range of 60-500,
or in the range of 65-500, or in the range of 70-500, or in the
range of 75-500, or in the range of 80-500, or in the range of
85-500, or in the range of 90-500, or in the range of 95-500,
orin the range of 100-500, or in the range of 150-500, orin the
range of 200-500. Typically, as the molecular weight of the
polymer of the present invention increases, the percent elon-
gation will increase until a plateau is reached. Percent elon-
gation, as it may relate to molecular weight of the polymer,
therefore can be manipulated by varying the molecular
weight within the broad range described herein.

[0028] A fiber of the present invention can be oriented or
not oriented, and a polymer suitable for use in the practice of
the present invention can be amorphous or crystalline. It can
be useful to orient fibers in applications such as apparel or
carpets. Alternatively, fibers that are not oriented can be use-
ful in such applications as staple.

[0029] In one embodiment, a polymer as described herein
has a heat of crystallization less than 1 J/g or less than 10 J/g
or less than 100 J/g, as measured by differential scanning
calorimetry with heating rates of 10° C./min. In one embodi-
ment, the polymer consists essentially of poly(trimethylene-
2,5-furandicarboxylate) (PTF) and is amorphous. Crystalline
polymers can be suitable for preparing fibers of the present
invention, and such fibers can be useful in such applications
as apparel and carpets. Alternatively, amorphous polymers
can provide fibers of the present invention that are suitable for
use in such applications as disposable garments, for example
medical gowns, protective apparel, disposable gloves, dia-
pers.

[0030] Inoneembodiment, the polymer is a polymer blend
comprising poly(trimethylene-2,5-furandicarboxylate) and a
second poly(alkylene-furandicarboxylate) that is different
from the PTF, wherein the poly(alkylene-furandicarboxylate)
is obtained by polymerization of a furan dicarboxylic acid
and an aliphatic diol selected from the group consisting of
ethylene glycol, and C, to C, , diols, or mixtures thereof. The
polymers can be blended in any proportion in order to provide
afiber having properties desirable in a given fiber application.
One of ordinary skill in the art would understand how to
obtain desirable fiber properties by using different propor-
tions of materials to achieve the properties needed from the
blend. For example, a blend useful for preparing a fiber of the
present invention can have from about 0.1 to about 99.9% or
from about 5 to about 75% or from about 10 to about 50% by
weight of PTF based on the total weight of the blend, in order
to obtain a fiber having desirable modulus, elongation, tenac-
ity, crystallinity.

[0031] Inanother embodiment, a fiber of the present inven-
tion is obtained from a polymer blend comprising poly(trim-
ethylene-2,5-furandicarboxylate) and poly(alkylene tereph-
thalate). The polymers can be blended in any proportion in
order to provide a fiber having properties desirable in a given
fiber application. One of ordinary skill in the art would under-
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stand how to obtain desirable fiber properties by blending
different proportions of materials. For example, a blend use-
ful for preparing a fiber of the present invention can have from
about 0.1 to about 99.9% or alternatively from about 5 to
about 75% or from about 10 to about 50% by weight of PTF
based on the total weight ofthe blend, in orderto obtaina fiber
having desirable modulus, elongation, tenacity, crystallinity.
[0032] Inanother embodiment, a fiber of the present inven-
tion can be obtained from a random or block copolymer
comprising 2,5-furandicarboxyl, terephthalate and Bio-
PDO™ monomer units. The monomers can be reacted in any
proportion in order to provide a fiber having properties desir-
able in a given fiber application. One of ordinary skill in the
art would understand how to obtain desirable fiber properties
by using different proportions of materials to achieve the
properties of the fiber which are desired. For example, a
copolymer useful for preparing a fiber of the present inven-
tion can have from about 0.1 to about 99.9% or alternatively
from about 5 to about 75% or alternatively from about 10 to
about 50% by weight of PTF-based repeat units based on the
total weight of the copolymer, in order to obtain a fiber having
desirable modulus, elongation, tenacity, crystallinity. PTF-
based repeat units, as the term is used herein, include a diol
and a furanyl dicarboxylate moiety.

[0033] The molar ratio of 2,5-furan dicarboxylic acid to
other diacids can be any ratio that provides a fiber having the
desirable properties for the intended fiber application. For
example the molar ratio can be greater than 1:100 or alterna-
tively in the range of from about 1:100 (2,5-furan dicarboxy-
lic acid):(other acid) t0 100:1 0or 1:9t0 9:1 or 1:3 to 3:1 or 1:1
in which the diol is added at an excess of 1.2 to 3 equivalents
to total diacids charged.

[0034] Other diols and polyols useful as monomers in the
practice of the present invention include, for example, 1,4-
benzenedimethanol, poly(ethylene glycol), poly(tetrahydro-
furan), 2,5-di(hydroxymethyl)tetrahydrofuran, isosorbide,
glycerol, pentaerythritol, sorbitol, mannitol, erythritol, and
threitol.

[0035] Other polyfunctional aromatic acids suitable for use
in the practice of the present invention include, for example,
terephthalic acid, isophthalic acid, adipic acid, azelic acid,
sebacic acid, dodecanoic acid, 1,4-cyclohexane dicarboxylic
acid, maleic acid, succinic acid, naphthalene dicarboxylic
acid, and 1,3,5-benzenetricarboxylic acid.

[0036] Hydroxy acids can be suitable comonomers having
both hydroxyl and acid functionality for use in the practice of
the present invention to form copolymers, and thereby form
covalent linkages with acid and/or hydroxy!l functional moi-
eties in the polymerization mixture. Examples of suitable
hydroxy acids include but are not limited to, glycolic acid,
hydroxybutyric acid, hydroxycaproic acid, hydroxyvaleric
acid, 7-hydroxyheptanoic acid, 8-hydroxycaproic acid, 9-hy-
droxynonanoic acid, or lactic acid; or those derived from
pivalolactone, e-caprolactone or L,L., D,D or D,L. lactides.
[0037] Exemplary copolymers derived from 2,5-furan
dicarboxylic acid, at least one of a diol or a polyol monomer,
and at least one of a polyfunctional aromatic acid or a
hydroxyl acid include, but are not limited to copolymer of
1,3-propanediol, 2,5-furandicarboxylic acid and terephthalic
acid; copolymer of 1,3-propanediol, 2,5-furandicarboxylic
acid and succinic acid; copolymer of 1,3-propanediol, 2,5-
furandicarboxylic acid; copolymer of 1,3-propanediol, 2,5-
furandicarboxylic acid and adipic acid; copolymer of 1,3-
propanediol, 2,5-furandicarboxylic acid and sebacic acid,
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copolymer of 1,3-propanediol, 2,5-furandicarboxylic acid
and isosorbide; copolymer of 1,3-propanediol, 2,5-furandi-
carboxylic acid and isomannide.

[0038] The intrinsic viscosity of the poly(trimethylene-2,
S-furandicarboxylate) is at least 0.3 dl/g, or atleast 0.5 dl/g or
at least 0.6 dl/g and most preferably at least 0.7 dl/g. The
intrinsic viscosity of the disclosed polymer composition is up
to about 0.52 dl/g, or up to 0.7 dl/g, or up to about 0.92 dl/g.
[0039] Additives, including delusterants, heat stabilizers,
viscosity boosters, optical brighteners, pigments, and antioxi-
dants, can be used. TiO, or other pigments can be added, such
as described in U.S. Pat. Nos. 3,671,379, 5,798,433 and
5,340,909, EP 699 700 and 847 960, and WO 00/26301,
which are incorporated herein by reference.

[0040] By “fibers”, reference is made to items recognized
in the art as fibers, such as continuous filaments, monofila-
ment, staple, etc. The fibers can be round or have other shapes,
such as octalobal, delta, sunburst (also known as sol), scal-
loped oval, trilobal, tetra-channel (also known as quatra-
channel), scalloped ribbon, ribbon, starburst, etc. They can be
solid, hollow or multi-hollow. They can be used to prepare
fabrics or textiles, carpets (from bulked continuous filaments
and staple), and other products. Fabrics include knitted,
woven and nonwoven fabrics.

[0041] The fibers may be produced from the PTF
homopolymer or from blends comprising PTF and copoly-
mers comprising of PTF repeat units. The fiber of the present
invention can have fiber denier of less than 1 or less than 50.
[0042] A fiber as disclosed herein can be, and more typi-
cally is, a continuous filament fiber. Alternatively, however,
the fiber can be a discontinuous filament fiber that is com-
posed of pieces of entangled filament, and such a fiber can
have an length/diameter ratio (I/D) of about 20-60. Yarns as
formed from such fibers are typically long unbroken lengths
of continuous filament fiber in which the fibers are bonded or
interlocked together and are typically not twisted. If desired,
however, a yarn can be prepared from a fiber hereof by pro-
viding forward or reverse twist therein, and this is more often
the case if the fiber used is a discontinuous filament fiber.
[0043] The advantage of PTF compared to existing polyes-
ters, is that the PTF is 100% bio-derived and also allows for
lower processing temperatures due to its relatively lower
melting point. Further, PTF also lends itself to be spun at
relatively low molecular weights.

Method of Preparation of Polymer

[0044] The various polymers used in a fiber hereof include
polyesters, and also various copolymers (random or block),
that may be made according to the selection of which mono-
mers are used for polymerization.

[0045] The polymer can be prepared from a C, to C,, ali-
phatic diol and from 2,5-furan dicarboxylic acid or a deriva-
tive thereof. Aliphatic diol is a biologically derived C, diol,
such as 1,3 propane diol. Derivatives of 2,5-furan dicarboxy-
lic acid suitable for use in the practice of the present invention
include furan dicarboxylic acids wherein the hydrogen atoms
at the 3 and/or 4 position(s) on the furan ring are replaced,
independently of each other, with alkylene substituents such
as, for example, —CH,;, —C,H,, or a C; to C,5 straight-
chain, branched or cyclic alkane group, optionally containing
one to three heteroatoms selected from the group consisting
of O, N, Si and S, and also optionally substituted with at least
one member selected from the group consisting of —Cl,
—Br, —F, —I, —OH, —NH, and —SH.
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[0046] A polymer for use herein can be made by a two-step
process, wherein first a prepolymer is made having a 2,5-
furandicarboxylate moiety within the polymer backbone.
This intermediate product is preferably an ester composed of
two diol monomers and one diacid monomer, wherein at least
part of the diacid monomers comprises 2,5-FDCA, followed
by a melt-polymerization of the prepolymers under suitable
polymerization conditions. Such conditions typically involve
reduced pressure to remove the excess of diol monomers.
Esters of 2,5 furan dicarboxylic acid or the diacid itself or
mixtures of both may be used.

[0047] For instance, in step (I) dimethyl-2,5-furandicar-
boxylate is reacted in a catalyzed transesterification process
with about 2 equivalents of a diol, to generate the prepolymer
while removing 2 equivalents of methanol. Dimethyl-2,5-
furandicarboxylate is preferred, as this transesterification
step generates methanol, a volatile alcohol that is easy to
remove. However, as starting material, diesters of 2,5-FDCA
with other volatile alcohols or phenols (e.g. having a boiling
point at atmospheric pressure of less than 150° C., preferably
less than 100° C., more preferably of less than 80° C.) may be
used as well. Preferred examples therefore include ethanol,
methanol and a mixture of ethanol and methanol. The afore-
mentioned reaction leads to a polyester. Moreover, the diol
monomers may if desired contain additional hydroxyl
groups, such as glycerol, pentaerythritol or sugar alcohols.
The furan diacid may also be used directly, or converted to the
diester or can be added along with the diester.

[0048] Step (II) of this process is a catalyzed polyconden-
sation step, wherein the prepolymer is polycondensed under
reduced pressure, at an elevated temperature and in the pres-
ence of a suitable catalyst. In various embodiments of this
process, the first step is a transesterification step, catalyzed by
a specific transesterification catalyst at a temperature prefer-
ably in the range of from about 150-260° C., more preferably
in the range of from about 180-240° C. and carried out until
the starting ester content is reduced until it reaches the range
of about 3 mol % to less than about 1 mol %. The transesteri-
fication catalyst may be removed, to avoid interaction in the
second step of polycondensation, but typically is included in
the second step. The selection of the transesterification cata-
lyst is therefore effected by the selection of the catalyst used
in the polycondensation step. Tyzor® organic titanates and
zirconates catalysts such Tyzor® TPT, Tyzor® TBT can be
used. Tin(IV) based catalysts, preferably organotin(IV) based
catalysts such as alkyltin(IV) salts including monoalkyltin
(IV) salts, dialkyl and trialkyltin(IV) salts and mixtures
thereof, can also be used as transesterification catalysts, that
are better than tin(II) based catalysts such as tin(II) octoate.
These tin(IV) based catalysts may be used with alternative or
additional transesterification catalysts. Antimony based cata-
lysts can also be used.

[0049] Examples of alternative or additional transesterifi-
cation catalysts that may be used in step 1 include one or more
of titanium(IV) alkoxides or titanium(IV) chelates, zirco-
nium(IV) chelates, or zirconium(IV) salts (e.g. alkoxides);
hafnium(IV) chelates or hafnium(IV) salts (e.g. alkoxides).
Other suitable transesterification catalysts are butyltin(IV)
tris(octoate), dibutyltin(IV) di(octoate), dibutyltin(IV) diac-
etate, dibutyltin(IV) laureate, bis(dibutylchlorotin(IV))
oxide, dibutyltin dichloride, tributyltin(IV) benzoate and
dibutyltin oxide, antimony oxides.

[0050] The active catalyst as present during the reaction
may be different from the catalyst as added to the reaction
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mixture. The catalysts are used in an amount of about 0.01
mol % relative to initial diester to about 0.2 mol % relative to
initial diester, more preferably in an amount of about 0.04 mol
% of initial diester to about 0.16 mol % of initial diester.
[0051] The intermediate product is used as such in the
subsequent polycondensation step. In this catalyzed polycon-
densation step, the prepolymer is polycondensed under
reduced pressure, at an elevated temperature and in the pres-
ence of a suitable catalyst. The temperature is preferably in
the range of about the melting point of the polymer to about
30° C. above this melting point, but preferably not less than
about 180° C. The pressure should be reduced preferably
gradually. It should preferably be reduced to as low as pos-
sible, more preferably below 1 mbar.

[0052] This second step is preferably catalyzed by a poly-
condensation catalyst such as one of those listed below, and
the reaction is preferably carried out at mild melt conditions.
Examples of suitable polycondensation catalysts include tita-
nium(I'V) alkoxides or titanium(I'V) chelates, zirconium(IV)
chelates, or zirconium(IV) salts (e.g. alkoxides); hafnium
(IV) chelates or hatnium(IV) salts (e.g. alkoxides), tin(Il)
salts such as tin(II) oxide, tin(II) dioctoate, butyltin(Il)
octoate, or tin(Il) oxalate. Various catalysts include tin(Il)
salts obtained by the reduction of the tin(IV) catalyst, e.g.
alkyltin(IV), dialkyltin(IV), or trialkyltin(IV) salts, antimony
based salts Additional catalyst can be added prior to the
condensation reaction to increase reaction efficacy, which can
be used as transesterification catalyst with a reducing com-
pound. Reducing compounds used may be well-known
reducing compounds, preferably phosphorus compounds.
Particularly preferred reducing compounds are organophos-
phorus compounds of trivalent phosphorus, in particular a
monoalkyl or dialkyl phosphinate, a phosphonite or a phos-
phite. Examples of suitable phosphorus compounds are triph-
enyl phosphite, diphenyl alkyl phosphite, phenyl dialkyl
phosphite, tris(nonylphenyl)phosphite, trilauryl phosphite,
trioctadecyl phosphite, distearyl pentaerythritol diphosphite,
tris(2,4-di-tert-butylphenyl)phosphite,  diisodecyl  pen-
taerythritol  diphosphite,  di(2,4-di-tert-butylphenyl)pen-
taerythritol diphosphite, tristearylsorbitol triphosphite, tet-
rakis(2.,4-di-tert-butylphenyl) 4.4'-
diphenylenediphosphonite, 4.4'-isopropylidenediphenol
alkyl (C12-15) phosphite, poly(dipropylene glycol) phenyl
phosphite, tetraphenyl dipropylene glycol phosphite, tet-
raphenyl diisopropylene glycol phosphite, trisisodecyl phos-
phite, diisodecyl-phenyl phosphite, diphenyl isodecyl phos-
phite, and mixtures of these.

[0053] Other suitable catalysts therefore include tin(Il)
salts such as tin(II) dioctoate, butyl(Il) octoate and other
alkyltin(II) octoate compounds, prepared from the corre-
sponding tin(IV) salt using e.g. a trialkyl phosphite, a
monoalkyl diaryl phosphite, a dialkyl monoaryl phosphite or
a triaryl phosphite. Preferably, the reducing compound is
added in the melt of the prepolymer. The addition of the
reducing compound at this stage will avoid discoloration of
the polymer product and increase molecular weight of the
polymer.

[0054] The catalysts are used in an amount of about 0.01
mol % relative to initial diester to about 0.2 mol % relative to
initial diester, more preferably in an amount of about 0.04 mol
% of initial diester, to about 0.16 mol % of initial diester.
[0055] In solid state polymerization (SSP) processes pel-
lets, granules, chips or flakes of polymer are subjected for a
certain amount of time to elevated temperatures (below melt-
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ing point) in a hopper, a tumbling drier or a vertical tube
reactor or the like. The presence of titanium based catalysts
during SSP of the FDCA-based polymers has enabled the
polymer to reach a number average molecular weight of
20,000 and greater. As compared to SSP as typically used to
upgrade recycled PET, the temperature should be elevated but
nonetheless remain (well) below the melting point of the
polymer.

[0056] In an aspect, there is a method of making a fiber
comprising providing a polymer composition comprising
poly(alkylene furandicarboxylate) derived from furan dicar-
boxylic acid and a C, to C,, aliphatic diol and spinning the
polymer composition to form fibers, such that the highest
temperature applied to the polymer during spinning is in the
range of about 210-250° C.

[0057] In an embodiment, the highest temperature applied
to the polymer during spinning is in the range 0f 210° C.-215°
C., or in the range 0 210-220° C., or in the range of 210-225°
C., or in the range 0 210-230° C., or in the range of 210-235°
C., or in the range 0 210-240° C., or in the range of 210-245°
C., or in the range of 210-265° C.

[0058] In an embodiment, the step of providing a polymer
composition comprises providing a polymer blend compris-
ing poly(trimethylene-2,5-furandicarboxylate) and poly
(alkylene-furandicarboxylate), as disclosed supra.

[0059] In another embodiment, the step of providing a
polymer composition comprises providing a polymer blend
comprising poly(trimethylene-2,5-furandicarboxylate) and
poly(alkylene terephthalate), as disclosed supra.

[0060] In yet another embodiment, the step of providing a
polymer composition comprises providing a copolymer
derived from 2,5-furan dicarboxylic acid at least one of a diol
or a polyol monomer, as disclosed supra.

[0061] FIG. 1 schematically illustrates an exemplary appa-
ratus for spinning either spun-drawn or partially oriented
yarn, which is useful in the process of the spinning disclosed
fiber. An exemplary process using the exemplary apparatus
shown in FIG. 1 is disclosed infra in Example 1.

[0062] FIG. 2 is a schematic illustration of an exemplary
press spinning unit, which is useful in the process of the
spinning disclosed fiber. An exemplary process using the
exemplary apparatus shown in FIG. 2 is disclosed infra in
Example 4.

[0063] As used herein, the terms “comprises,” “compris-
ing,” “includes,” “including,” “has,” “having” or any other
variation thereof, are intended to cover a non-exclusive inclu-
sion. For example, a process, method, article, or apparatus
that comprises a list of elements is not necessarily limited to
only those elements but may include other elements not
expressly listed or inherent to such process, method, article,
or apparatus. Further, unless expressly stated to the contrary,
“or” refers to an inclusive or and not to an exclusive or. For
example, a condition A or B is satisfied by any one of the
following: A is true (or present) and B is false (or not present),
A is false (or not present) and B is true (or present), and both
A and B are true (or present).

[0064] Asusedherein, the phrase “one or more” is intended
to cover a non-exclusive inclusion. For example, one or more
of A, B, and C implies any one of the following: A alone, B
alone, C alone, a combination of A and B, a combination of B
and C, a combination of A and C, or a combination of A, B,
and C.

[0065] Also, use of “a” or “an” are employed to describe
elements and described herein. This is done merely for con-
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venience and to give a general sense of the scope of the
invention. This description should be read to include one or at
least one and the singular also includes the plural unless it is
obvious that it is meant otherwise.

[0066] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although methods and materials similar or
equivalent to those described herein can be used in the prac-
tice or testing of embodiments of the disclosed compositions,
suitable methods and materials are described below. All pub-
lications, patent applications, patents, and other references
mentioned herein are incorporated by reference in their
entirety, unless a particular passage is cited. In case of con-
flict, the present specification, including definitions, will con-
trol. In addition, the materials, methods, and examples are
illustrative only and not intended to be limiting.

[0067] In the foregoing specification, the concepts have
been disclosed with reference to specific embodiments. How-
ever, one of ordinary skill in the art appreciates that various
modifications and changes can be made without departing
from the scope of the invention as set forth in the claims
below.

[0068] Benefits, other advantages, and solutions to prob-
lems have been described above with regard to specific
embodiments. However, the benefits, advantages, solutions to
problems, and any feature(s) that may cause any benefit,
advantage, or solution to occur or become more pronounced
are not to be construed as a critical, required, or essential
feature of any or all embodiments.

[0069] It is to be appreciated that certain features are, for
clarity, described herein in the context of separate embodi-
ments, may also be provided in combination in a single
embodiment. Conversely, various features that are, for brev-
ity, described in the context of a single embodiment, may also
be provided separately or in any sub combination. Further,
reference to values stated in ranges include each and every
value within that range.

[0070] The concepts disclosed herein will be further
described in the following examples, which do not limit the
scope of the invention described in the claims.

[0071] The examples cited here relate to tannin-based
foams. The discussion below describes how PTF based poly-
mers, copolymers and blends and fibers made therefrom are
formed.

EXAMPLES
Methods

Molecular Weight by Size Exclusion Chromatography

[0072] A size exclusion chromatography system Alliance
2695™ from Waters Corporation (Milford, Mass.), was pro-
vided with a Waters 414™ differential refractive index detec-
tor, a multiangle light scattering photometer DAWN Heleos 11
(Wyatt Technologies, Santa Barbara, Calif.), and a ViscoS-
tar™ differential capillary viscometer detector (Wyatt). The
software for data acquisition and reduction was Astra® ver-
sion 5.4 by Wyatt. The columns used were two Shodex GPC
HFIP-806M™ styrene-divinyl benzene columns with an
exclusion limit of 2x107 and 8,000/30 cm theoretical plates;
and one Shodex GPC HFIP-804M™ styrene-divinyl benzene
column with an exclusion limit 2x10° and 10,000/30 cm
theoretical plates.
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[0073] The specimen was dissolved in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) containing 0.01 M sodium tri-
fluoroacetate by mixing at 50° C. with moderate agitation for
four hours followed by filtration through a 0.45 ym PTFE
filter. Concentration of the solution was circa 2 mg/mlL..

[0074] Data was taken with the chromatograph set at 35°
C., with a flow rate of 0.5 ml/min. The injection volume was
100 pl. The run time was 80 min. Data reduction was per-
formed incorporating data from all three detectors described
above. 8 scattering angles were employed with the light scat-
tering detector. No standard for column calibration was
involved in the data processing.

Molecular Weight by Intrinsic Viscosity

[0075] Intrinsic viscosity (IV) was determined using the
Goodyear R-103B Equivalent IV method, using T-3, Selar®
X250, Sorona®64 as calibration standards on a Viscotek®
Forced Flow Viscometer Modey Y-501C. Methylene chlo-
ride/trifluoro acetic acid was the solvent carrier.

Thermal Analysis

[0076] Glass transition temperature (T,) and melting point
(T,,) were determined by differential scanning calorimetry
(DSC) performed according to ASTM D3418-08.

'H-NMR Spectroscopy

[0077] 'H-NMR spectra were recorded on a 400 MHz
NMR in either deuterated chloroform (CDCl;) or tetrachlo-
roethane (tce-d2). Proton chemical shifts are reported in ppm
downfield of TMS using the resonance of the deuterated
solvent as internal standard.

Fiber Mechanical Properties

[0078] Fiber tenacity was measured on a Statimat ME fully
automated tensile tester. The test was run according to an
automatic static tensile test on yarns with a constant defor-
mation rate according to ASTM D 2256.

Fiber Crystallinity Determination

[0079] Wide angle X-ray scattering (WAXS) is a non-dis-
ruptive technique to study fiber crystallinity. WAXS gener-
ates a diffraction pattern from which crystallinity is measured
and depicted as a crystallinity index (CI). Cl is defined as the
ratio of the area of crystalline peaks to the total area after
deconvolution of the crystalline peaks from the broad amor-
phous regions in the XRD pattern. Cl takes a value between 0
and 1, i.e. 0 for a fully amorphous sample and 1 for a fully
crystalline sample.

[0080] Measurements were made on a PANalytical X’Pert
MPD diffractometer equipped with a Curved Graphite Mono-
chromator producing Cu K-Alpha radiation (wavelength=1.
5418). Measurement conditions: 0.5 degree divergence slit,
0.5 degree anti-scatter slit and 0.3 mm receiving slit, and
generator setting of 45 kV, 40 mA.

[0081] The data are collected in reflection geometry. The
diffraction scan range is 4 to 40 degrees two-theta with a step
size of 0.05 degrees. During the measurement the sample is
rotated 2 seconds per revolution with a counting time of 5
seconds per step.
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Materials

[0082] As used in the Examples below were: titanium(I'V)
isobutoxide (TBT catalyst), titanium(IV)isopropoxide (TPT
catalyst), ethylene glycol, 1-4-butanediol, polytetramethyl-
eneglycol 1000 g/mol (PTMEG), trimethyltrimellitate
(TMTM) obtained from Aldrich and used as received. 2,5-
furandimethylester (FDME) was obtained from AstaTech and
used as received. Ethylene copolymer Surlyn® 8920, Polyt-
rimethylene terephthalate (Sorona®, PTT, J1156, 0.961V)
and bio 1,3-propane diol (Bio-PDO™) were provided from
the DuPont company and was used as received. Dovemox-10
was obtained from Dovemox® and used as received.

Example 1

Synthesis, Solid Phase Polymerization, and Fiber
Spinning of
Polytrimethylene-2,5-Furandicarboxylate (PTF) and
Resulting Properties

A. Polycondensation of Bio-PDO™ and FDME (PTF
Pre-Polymer)

[0083]
(€] (6]
O.
\ / O/\/\O
[0084] 2,5-furandimethylester (2557 g), 1,3-propanediol

(1902 g), titanium (IV) isopropoxide (2 g), Dovemox-10 (5.4
g) were charged to a 10-1b stainless steel stirred autoclave
(Delaware valley steel 1955, vessel #: XS 1963) equipped
with a stirring rod and condenser. A nitrogen purge was
applied and stirring was commenced at 30 rpm to form a
slurry. While stirring, the autoclave was subject to three
cycles of pressurization to 50 psi of nitrogen followed by
evacuation. A weak nitrogen purge (approximately 0.5
L/min) was then established to maintain an inert atmosphere.
While the autoclave was heated to the set point of 240° C.
methanol evolution began at a batch temperature of 185° C.
Methanol distillation continued for 120 minutes during which
the batch temperature increased from 185° C. to 238° C.
When the temperature leveled out at 238° C., a second charge
of titanium (IV) isopropoxide (2 g) was added. At this time a
vacuum ramp was initiated that during 60 minutes reduced
the pressure from 760 torr to 300 torr (pumping through the
column) and from 300 torr to 0.05 torr (pumping through the
trap). The mixture, when at 0.05 torr, was left under vacuum
and stirring for 5 hours after which nitrogen was used to
pressurize the vessel back to 760 torr.

[0085] The formed polymer was recovered by pushing the
melt through an exit valve at the bottom of the vessel and into
a water quench bath. The thus formed strand was strung
through a pelletizer, equipped with an air jet to dry the poly-
mer free from moisture, cutting the polymer strand into chips
approximately %4 inch long and approximately % inch in
diameter. Yield was approximately 2724 g (approximately 5
Ibs). T, was ca. 58° C. (DSC, 5° C./min, 2"? heat), T,, was ca.
176° C.(DSC, 5° C./min, 2" heat). 'H-NMR (TCE-d) §: 7.05
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(s, 2H), 4.40 (m, 4H), 2.15 (m, 2H). M,, (SEC) approximately
10300 D, PDI 1.97. IV approximately 0.55 dL/g.

[0086] Using the same synthetic setup as described above,
four other polymerizations were conducted. The summarized
reaction setup, and obtained molecular weight characteristics
are captured in the Table 1 below.

TABLE 1

Characteristics of PTF pre-polymers.
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TABLE 2-continued

Characteristics of solid phased PTF polymers.

PTF pre- SPP
polymer  temp. SPP reaction M, v
Polymer used °C) time (hrs)  (g/mol)! PDI'  (dL/g)?
PTF_3 PTF_3p 163 256 18100 1.95 0.78
PTF_4 PTF_4p 165 290 n/a n/a 0.92
Ifrom SEC,

2from intrinsic viscosity.

Batch
Reaction # Eenép) Ciﬁ:ﬁﬁg " Additive (g/xgl)l PDI: (di\/;)z C. Fiber Spinning and Fiber Properties
[0088] Pellets of polymer prepared as described above (Ex-
g%l}ig ;;g ; E;i 45143188 }:g; 8:§§ ample lA and 1B) were melt spun into spun-drawn, or par-
PTE_ 3p 238 5 D-10* 10300 197 055 tially oriented fibers. The pellets were fed using a K-Tron
PTF_4p 248 4 D-10? 9100  2.04 057 weight loss feeder to a 28 millimeter diameter twin screw
TP extruder operating at ca. 30-50 rpm to maintain a die pressure

from intrinsic viscosity,
3*Dovernox-10 (D-10).

B. Solid Phase Polymerization of PTF Pre-Polymers

[0087] Inorderto increase the molecular weight of the PTF
pre-polymers (described in section 1A above) solid phase
polymerization was conducted. The quenched and pelletized
PTF pre-polymer was initially crystallized by placing the
material in a vacuum oven, subsequently heating the pellets
under vacuum and a weak nitrogen purge to 120° C. for 120
minutes. At this time the oven temperature was increased to
approximately 163° C. and the pellets left under vacuum/
nitrogen purge condition to build molecular weight. The oven
was turned off and the pellets allowed to cool and analyzed
with SEC and IV, for a summary of conditions and obtained
molecular weights see Table 2 below.

TABLE 2

Characteristics of solid phased PTF polymers.

PTF pre- SPP

between 400-1100 psi. The extruder has nine heated barrel
zones and the polymer was extruded with the following tem-
perature settings: 100/150/230/230/230/230/230/230/230°
C. A Zenith metering pump conveyed the melt to the spinneret
at a throughput of approximately 10.5 g/min, the transfer line
temperature was held at 240° C.

[0089] Referring to FIG. 1 the molten polymer from the
metering pump was forced through a 4 mm glass bead, one 50
mesh, and five 200 mesh screens, to a 10 hole (d/1, 12/30
mills) or 17 hole (d/1, 12/48 mills or d/1, 15/90 mills) round
spinneret, 301, heated to 240° C. The filament stream leaving
the spinneret, 302, were passed through an air quench zone,
303, where they were impinged upon a transverse air stream
at 21° C. The filaments were then passed over a spin finish
head, 304, where a spin finish was applied (1 wt % finish on
yarn), and the filaments were converged to form a yarn. The
yarn so formed was conveyed via a tensioning roll, 305, onto
two non-heated feed rolls (godets), 306, and then onto two
non-heated draw rolls (godets), 308, via a steam jet, 307,
operating at a temperature of 130° C. and a pressure of 30 psi.
From the draw rolls, 308, the filaments were passed onto two
annealing rolls (godets), 309, and to a pair of let-down rolls,
310, and collected on a winder, 311. The spinneret pack (top
and band) was set at 240° C., and the die at 240° C. For

polymer  temp.  SPPreaction M, , v spinning partially oriented yarn a winder, 312, was added
Polymer  used C)  timehrs) (gmoh)” PDI" (dL/g) after the feed rolls, 306, and non-drawn yarn collected at
PTF_1 PTF 1p 163 423 11500 191 052 various wind-up speeds. - .
PTF_2 PTF_2p 163 423 13900 2.09  0.70 [0090] Additional spinning conditions and resulting fiber

properties are summarized in Tables 3-11 below.

TABLE 3

Conditions for spinning spun drawn and partially oriented PTF yarn from 3
different spinnerets using steam assisted draw (T;,.,, = 130° C.) with optionally heated

annealing rolls.

Feed roll  Draw roll Annealing Annealing Wind-up
speed speed roll speed  roll temp speed

Sample Polymer Spinneret Denier dpf  (m/min) (m/min) Draw ratio (m/min) (°C) (m/min)
1.1 PTF-1 10 hole, 39 3.9 700 2100 3.0 2100 wa 2100
1.2 PTF-1 d/112/30 38 3.8 750 2100 2.8 2100 wa 2100
1.3 PTF-1 mills 39 3.9 807 2100 2.6 2100 wa 2100
1.4 PTF-1 115 11.5 700 n/a wa n/a wa 700
1.5 PTF-2 38 3.8 700 2100 3.0 2100 wa 2100
1.6 PTF-2 111 11.2 700 n/a wa n/a wa 700
1.7 PTF-2 17 hole, 39 2.3 807 2100 2.6 2100 wa 2100
1.8 PTF-2 d/112/48 30 1.8 750 2100 2.8 2100 wa 2100
1.9 PTF-2 mills 39 2.3 583 2100 3.6 2100 wa 2100
1.10 PTF-2 31 1.8 700 2100 3.0 2130 90 2220
1.11 PTF-3 17 hole, 40 2.3 807 2100 2.6 2100 wa 2100
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TABLE 3-continued

Conditions for spinning spun drawn and partially oriented PTF yarn from 3
different spinnerets using steam assisted draw (T e, = 130° C.) with optionally heated

annealing rolls.

Feed roll  Draw roll Annealing Annealing Wind-up
speed speed roll speed  roll temp speed

Sample Polymer Spinneret Denier dpf  (m/min) (m/min) Draw ratio  (m/min) (°C) (m/min)
1.12 PTF-3 d/115/90 40 2.3 700 2100 3.0 2100 n/a 2100
1.13 PTF-3 mills 36 2.1 700 2100 3.0 2130 90 2240
1.14 PTF-3 117 6.9 700 wa n/a wa n/a 700
1.15 PTF-3 91 5.4 900 wa n/a wa n/a 900
1.16 PTF-3 18 1.0 2000 wa n/a wa n/a 2000

TABLE 4

Mechanical properties of spun drawn and partially oriented (POY) PTF varn.

Draw Line Modulus Tenacity Elongation

Sample Polymer Denier dpf ratio speed  (g/den) (g/den) (%)
1.1 PTF-1 39 39 3.0 2100 36.4 1.1 274
1.2 PTF-1 38 3.8 2.8 2100 383 1.0 24.9
1.3 PTF-1 39 39 2.6 2100 n/a wa n/a
1.4 PTF-1 115 1.5 POY 700 n/a wa n/a
1.5 PTF-2 38 3.8 3.0 2100 40.1 1.6 31.9
1.6 PTF-2 111 1.2 POY 700 n/a wa n/a
1.7 PTF-2 39 2.3 2.6 2100 36.3 1.5 43.3
1.8 PTF-2 30 1.8 2.8 2100 45.8 1.9 349
1.9 PTF-2 39 2.3 3.6 2100 41.8 1.6 233
1.10 PTF-2 31 1.8 3.0 2130 324 14 46.4
1.11 PTF-3 40 2.3 2.6 2100 51.7 2.3 18.9
1.12 PTF-3 40 2.3 3.0 2100 51.5 2.5 17.4
1.13 PTF-3 36 2.1 3.0 2240 36.9 2.2 30.2
1.14 PTF-3 117 6.9 wa 700 26.3 0.8 194.3
1.15 PTF-3 91 54 wa 900 27.3 0.9 177.7
1.16 PTF-3 18 1.0 wa 2000 47.5 2.0 624

[0091] As seen in table 4, PTF of varying molecular successfully spin the low molecular weight PTF grade (PTF-
weights can be successfully spun into fibers at various draw 1). Another unexpected finding are the relatively high fiber

ratios to produce filaments with a steam assisted draw. . . .
Obtained filaments are strong, pliable and have measured mechanical despite a low crystalline content of the filaments.

mechanical properties similar to commercial fibers based on All measured crystallinity indexes using WAXS were close to
PET or Sorona®. One unexpected result was the ability to zero.
TABLE 5

Conditions for spinning spun drawn PTF yarn from a 17 hole, d/l 15/60 mills spinneret using heated draw rolls,

and obtained fiber mechanical properties.

Annealing Feed Draw Annealing

Feed roll  Draw roll roll roll  roll roll Wind-up Elongation
speed speed Draw speed temp temp temp speed Modulus  Tenacity  at break
Sample Polymer Denier dpf (m/min) (m/min) ratio (m/min) (°C.) (°C.) °C) (m/min) (g/den) (g/den) (%)
1.17  PTF_4 38 2.2 954 2100 2.2 2100 60 90 n/a 2100 35.7 3.06 40.3
1.18 PTF_4 38 2.2 1050 2100 2.0 2100 60 90 n/a 2100 36.3 2.98 45.7
1.19 PTF_4 37 2.1 1050 2100 2.0 2100 60 100 n/a 2100 31.9 2.61 61.6

1.20  PTF_4 37 21 954 2100 2.2 2100 60 100 n/a 2100 323 2.62 53.6
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TABLE 6

Conditions for spinning spun drawn PTF yarn from a 17 hole; d/I 15/60 mills spinneret using heated draw rolls

and a two stage draw with optionally heated annealing rolls, and obtained fiber mechanical properties.

Feed Draw Annealing Feed Draw Amnnealing Wind- Elongation
roll roll  Draw roll Draw roll  roll roll up at
Sam- speed  speed  ratio speed ratio temp temp temp speed  Modulus  Tenacity break
ple Polymer Denier dpf (m/min) (m/min) initial (m/min) final (°C.) (°C.) (°C) (m/min)  (g/den) (g/den) (%)
1.17 PTF_4 34 2 954 2100 2.2 2300 24 60 110 n/a 2300 30.2 1.93 57.3
1.18 PTF_4 35 2.05 840 2100 25 2200 2.6 60 110 n/a 2200 30.0 1.70 52.1
1.19 PTF_4 28 1.6 900 2100 233 2700 3.0 60 110 n/a 2700 37.6 2.24 34.2
1.20 PTF_4 27 1.5 900 2100 233 2900 3.2 60 110 n/a 2900 40.9 2.40 26.7
1.17 PTF_4 26 1.5 900 2100 233 2900 3.2 60 110 110 2920 29.1 1.37 40.4
[0092] As seen in Table 5 and 6, PTF can be successfully Example 3

spun into fibers using heated draw rolls and using two-staged
draw to produce filaments. Obtained filaments are strong,
pliable and have measured mechanical properties similar to
commercial fibers based on PET or Sorona®. All measured
crystallinity indexes using WAXS were close to zero.

Example 2

Partially Oriented PTF Yarn

[0093] Partially oriented yarn is produced by directly wind-
ing the yarn after the feed roll without any drawing winder,
These non-drawn yarns were collected at various wind-up
speeds.

TABLE 7

Conditions for spinning partially oriented PTF yarn from a 17 hole,
d/1 15/60 mills spinneret.

Feed roll speed Wind-up speed

Sample Polymer Denier  dpf (m/min) (m/min)
2.1 PTF_4 161 9.4 500 500
2.2 PTF_4 78 4.5 1000 1000

TABLE 8

Single Filaments from a Polymer Blend of PTF and
Surlyn®8920 Ethylene Copolymer

[0095] A compound of PTF_ 4 and Surlyn®8920 pellets
were made prior to melt spinning. Here PTF_ 4 pellets and
Surlyn®8920 pellets were fed to provide a concentration of
10 0r 20% of Surlyn®8920 based upon the total weight of the
blend. The thus combined pellets were mixed in a plastic bag
by shaking and tumbling by hand.

[0096] The thus mixed batch was placed into a K-Tron T-20
(K-Tron Process Group, Pittman, N.J.) weight loss feeder
feeding a PRISM laboratory co-rotating twin screw extruder
(available from Thermo Fisher Scientific, Inc.) equipped with
a barrel having four heating zones and a diameter of 16
millimeter fitted with a twin spiral P1 screw. The extruder was
fitted with a ¥1¢"diameter circular cross-Section single aper-
ture strand die. The nominal polymer feed rate was 8 1bs/hr.
The first barrel Section was set at 180° C. and the subsequent
three barrel Sections and the die were set at 230° C. The screw
speed was set at 150 rpm. The melt temperature of the extru-
date was determined to be 236° C. by inserting a thermo-
couple probe into the melt as it exited the die. The thus

Conditions for heated drawn yarn from a partially oriented PTF yamn precursor, spun from a 17 hole, d/ 15/60

mills spinneret.

Feed Draw Feed Draw Wind-
Pre roll roll roll  roll Post up Elongation
draw speed  speed Draw temp temp draw speed  Modulus  Tenacity  at break
Sample Polymer denier (m/min) (m/min) ratio (°C.) (°C.) denier (m/min) (g/den) (g/den) (%)
23 PTF_4 161 100 280 2.8 60 110 62 280 24.0 0.69 88.7
2.4 PTF_4 78 100 280 2.8 60 110 25 280 29.5 0.67 35.8
25 PTF_4 78 100 280 2.8 60 115 22 280 28.8 0.59 20.2
[0094] Table 7 shows that PTF can be converted into Par- extruded monofilament strand was quenched in a water bath.

tially Oriented Yarn (POY). On drawing the POY using
heated draw rolls in a low line speed process, filaments are
produced that are pliable and with relatively high mechanical
strength (Table 8). All measured crystallinity indexes using
WAXS were close to zero.

Air knives dewatered the strand before it was fed to a cutter
that sliced the strand into about 2 mm length blend pellets.

[0097] The thus prepared compound was dried and fed into
the melt spinning extruder to provide a final concentration of
Surlyn®8920 as provided in Table 9.
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[0098] Table 9 shows feasibility of producing spun yarn
using PTF with nucleating agents such as Surlyn® 8920 to
produce filaments that are strong, pliable and have measured
mechanical properties similar to commercial fibers based on
PET or Sorona®. While filaments with 2 wt % Surlyn®8920
had measured crystallinity indexes using WAXS close to zero
filaments with 4 wt % Surlyn®8920 had a measured crystal-
linity of 0.05 (sample 3.8) demonstrating an ability to nucle-
ate PTF crystallization in a spinning operation.
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recovered polymer was chopped into pellets using a Wiley
mill that was cooled with liquid nitrogen. The so produced
polymer pellets were dried under vacuum and a weak nitro-
gen stream at 120° C. for 24 hours. The recovered yield was
approximately 70%, orapproximately 100 g. T, was approxi-
mately 55° C., T,, was approximately 161° C. (second heat-
ing, 10° C./min). "H-NMR (tce-d) &: 7.20 (m, 2H), 4.55-4.35
(m, 4H), 3.37 (m, 4H), 2.30-2.20 (m, 2H), 1.55 (m, 4H).
Intrinsic viscosity: 0.55 dL/g.

TABLE 9

Conditions for spinning Surlyn ® 8920 nucleated spun drawn PTF yarn from a 17 hole, dl 15/60 mills spinneret
using heated draw rolls, and obtained fiber mechanical properties.

Feed Draw Annealing Feed Draw Annealing Wind- Elon-

Surlyn ® roll roll roll  roll roll up Mod- gation

conc. speed  speed Draw speed temp temp temp speed ulus Tenacity — at break
Sample Polymer  (wt %) Denier dpf (m/min) (m/min) ratio (m/min) (°C.) (°C.) °C) (m/min) (g/den) (g/den) (%)
3.1 PTF_4 2 37 2.1 950 2100 2.2 2100 60 90 n/a 2100 34.2 2.85 49.0
3.2 PTF_4 2 37 2.1 1050 2100 2.0 2100 60 90 n/a 2100 34.6 2.71 49.7
3.3 PTF_4 2 37 2.1 1050 2100 2.0 2100 60 100 n/a 2100 29.6 2.10 64.8
3.4 PTF_4 2 37 2.1 950 2100 2.2 2100 60 100 n/a 2100 30.0 2.19 60.9
3.5 PTF_4 2 37 2.1 945 2080 2.2 2100 60 110 n/a 2100 29.1 1.83 80.9
3.6 PTF_4 2 37 2.1 830 2080 25 2100 60 110 n/a 2105 274 1.56 725
3.7 PTF_4 4 37 2.1 950 2100 2.2 2100 60 90 n/a 2100 325 2.59 42.3
3.8 PTF_4 4 37 2.1 1050 2100 2.0 2100 60 90 n/a 2100 34.2 2.62 47.8
3.9 PTF_4 4 37 2.1 1050 2100 2.0 2100 60 100 n/a 2100 30.1 2.12 59.6
3.10 PTF_4 4 37 2.1 950 2100 2.2 2100 60 100 n/a 2100 30.7 2.10 58.2
3.11 PTF_4 4 37 2.1 945 2080 2.2 2100 60 110 n/a 2100 275 1.76 91.0
3.12 PTF_4 4 36 2.1 830 2080 25 2100 60 110 n/a 2100 27.0 1.67 76.7

Example 4 [0101] B. Press Spinning and Properties of a Single Fila-

Single Filaments from a PTF Copolymer Containing
Polytetramethylene Glycol (PTMEG)
(PTF-Co-PTMEQG), and Polyalkylene

Furandicarboxylate Polymers

[0099] A. Preparation of a PTF Copolymer (PTF-Co-PT-
MEG)
[0100] Bio-PDO™ (110.6 g, 1.454 mol), FDME (133.8 g,

0.727 mol), PTMEG (1.5 g, 1.5 mmol), and TMTM (162 mg,
0.63 mmol), were charged to a pre-dried three necked 500 mL
kettle reactor. An overhead stirrer and a distillation condenser
were attached. The reactants were stirred at a speed of 50
rounds per minute (rpm) and the reaction mass was kept under
nitrogen,,, (N,) purge atmosphere, the condenser was kept at
23° C. The contents were degassed three times by evacuating
down to 100 Torr and refilling back with N, gas. TBT catalyst
[0.3 gor 0.31 mL] was added after the first evacuation. The
flask was immersed into a preheated metal bath set at 160° C.
and allowed to equilibrate for 20 minutes to melt the solids.
The temperature was increased to 180° C. and held for 60
minutes after which the temperature was increased to 210° C.
and held for an additional 60 minutes to complete the ester
interchange and distillation of methanol. The nitrogen purge
was closed and a vacuum ramp started, after about 60 minutes
the vacuum reached a value of 50-60 mTorr. The temperature
was increased to 230° C. and the reaction held under vacuum
for 3 hours with stirring at 50-180 rpm. The torque was
monitored (readings at 180 rpm) and the polymerization was
stopped by removing the heat source. The over head stirrer
was stopped and elevated from the floor of the reaction vessel
before the vacuum was turned off and the system purged with
N, gas. The kettle reactor was separated and the product
decanted and allowed to cool under a purge of nitrogen. The

ment from a PTF Copolymer

[0102] Referring to FIG. 2 below the polymer prepared
above (PTF copolymer, Example 2.1), 401, was charged to a
steel cylinder, 402, and topped of with a Teflon® PTFE plug,
403. A hydraulically driven piston, 404, compressed the pel-
lets, 401, into a melting zone provided with a heater and
heated to 215° C., 405, where a melt, 406, was formed, and
the melt then forced into a separately heated, 407, round
cross-Section single-hole spinneret (12 mills diameter, 36
mills length), 408, heated to 215° C. Prior to entering the
spinneret, the polymer passed through a filter pack containing
one 50 and three 200 mesh screens, not shown. The melt was
extruded into a single strand of fiber, 409, at a rate of 0.4
g/min. The extruded fiber was passed through a transverse air
quench zone, 410, and thence to a wind-up, 411. Optionally a
draw step was included in which the filament was fed onto a
cold feed roll, over a heated pin and onto a cold draw roll, and
to a wind-up. A summary of conditions is given in Table 10
below.

[0103] Table 10 shows feasibility of producing a spun
single filament from a copolymer of FDCA, Bio-PDO® and
PTMEG. While the incorporation of 1 wt % PTMEG accel-
erates the ability of PTF to crystallize in a DSC pan during a
10° C./min heating scan the produced single filament was
shown to be amorphous since the measured crystallinity
index (WAXS) was close to zero.

[0104] C. Preparation of a Polyester Control of 2,5-Furan-
dimethylester, and Ethylene Glycol (PEF)

[0105] Ethylene glycol (84.2 g, 1.357 mol) and FDME (125
g, 0.678 mol) were polymerized in the same setup as used in
A above using Tyzor®TPT as catalyst (76 ul.). The only
difference was that the ester interchange was made at 180° C.
for 60 minutes and 200° C. for 60 minutes. The recovered
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polymer yield was approximately 63 g. T, was approximately
89° C., T,, was approximately 214° C. (second heating, 10°
C.). "H-NMR (tce-d) 8: 7.30 (m, 2H), 4.70-4.30 (m, 4H). M,,
(SEC) approximately 20100 g/mol, PDI (SEC) 1.93.

[0106] D, Preparation of a Polyester Control of 2,5-Furan-
dimethylester, and 1,4-Butanediol (PBF)

[0107] 1,4-butanediol (122.3 g, 1.357 mol) and FDME
(125 g, 0.678 mol) were polymerized in the same setup as
used in A above using Tyzor®TPT as catalyst (84 puL).
[0108] The recovered polymer yield was approximately 66
g. T, was approximately 39° C., T,, was approximately 169°
C. '"H-NMR (tce-d) 8: 7.30 (m, 2H), 4.70-4.30 (m, 4H), 2.0
(m, 4H). M,, (SEC) approximately 33700 g/mol, PDI (SEC)
1.68.

[0109] As shown in Table 11, various poly alkylene
furandicarboxylate polymers were successfully drawn to cre-
ate POY's or drawn yarn to provide fibers with mechanical
properties similar to commercial fibers, one example being
Sorona® J1156.

TABLE 10
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3. The fiber of claim 1 wherein the fiber is oriented.

4. The fiber of claim 1, wherein the polymer has a crystal-
linity of 100 J/g or less, as measured by differential scanning
calorimetry.

5. The fiber of claim 1, wherein an aliphatic diol comprises
a C, diol and the resulting polymer is poly(trimethylene-
furandicarboxylate).

6. The fiber of claim 1, wherein the polymer is a polymer
blend comprising (1) poly(trimethylene-2,5-furandicarboxy-
late) and (2) a second poly(alkylene-furandicarboxylate),

wherein the poly(alkylene-furandicarboxylate) is derived

from furan dicarboxylic acid or its functional equivalent
and an aliphatic diol selected from the group consisting
of ethylene glycol, and C,, to C, ,, diols, and wherein the
blend comprises 0.1 to about 99.9% by weight of poly
(alkylene-furandicarboxylate) based on the total weight
of the blend.

7. The fiber of claim 1, wherein the polymer is a polymer
blend comprising (1) poly(trimethylene-2,5-furandicarboxy-

Conditions for press spinning a nucleated and partially oriented, or drawn, PTF copolymer filament from a
single hole, d/I 12/36 mills spinneret.

Tenacity
Feed Draw Feed Draw Hot Wind- at Elongation
Flow roll roll roll  roll  pin up max at
rate speed  speed Draw temp temp temp speed Modulus load max load
Sample Polymer Denier (g/min) (m/min) (m/min) ratio (°C.) (°C.) (°C.) (m/min) (g/den) (g/den) (%)
4.1  PTF-co- 2.1 0.4 n/a n/a na  na nfa  na 1000 23.9 1.2 249
PTMEG
4.2 PTF-co- 1.5 0.4 n/a n/a na  na nfa  na 1420 22.0 1.5 211
PTMEG
4.3  PTF-co- 11.2 0.4 200 350 1.75 23 23 140 333 24.1 0.9 249
PTMEG
44  PTF-co- 9.8 0.4 200 450 225 23 23 140 430 29.3 1.3 156
PTMEG
TABLE 11
Conditions for press spinning poly alkylene furandicarboxylate polymers in partially oriented, or
drawn, filament from a single hole, d/I 12/36 mills spinneret.
Tenacity
Feed Draw Feed Draw Hot Wind- at
Flow roll roll roll  roll  pin up max Elongation
rate speed  speed Draw temp temp temp speed Modulus load at max
Sample Polymer Denier (g/min) (m/min) (m/min) ratio (°C.) (°C.) (°C.) (m/min) (g/den) (g/den) load (%)
5.1 PEF 10 0.8 n/a n/a na 1na n/a 1na 700 — — —
5.2 PTF_3 9.7 0.8 n/a n/a na 1na n/a 1na 700 26 0.7 3.5
53 PTF_3 9 0.8 249 703 28 RT RT wa 700 35 2 87
54 PBF 11.2 0.8 n/a n/a na 1na n/a 1na 700 18 1.9 200
5.5 PBF 10.2 0.8 250 696 28 RT RT wa 655 47 3.7 47
5.6 Sorona ® 10 0.8 n/a n/a n/a RT RT n/a 700 19 1.7 370
11156
5.7 Sorona® 14 0.8 250 700 28 RT RT wa 659 24 3.2 160
11156

RT: Room Temperature

What is claimed is:

1. A fiber comprising a polymer, wherein the polymer
comprises poly(alkylene furandicarboxylate) obtained by
polymerization of reaction mixture comprising furan dicar-
boxylic acid and a C, to C,, aliphatic diol.

2. The fiber of claim 1 wherein the poly(alkylene furandi-
carboxylate) has a number average molecular weight (Mn) in
the range of from about 10,000 to about 40,000.

late) and (2) a second poly(alkylene terephthalate) that is
derived from terephthalic acid or its functional equivalent and
aC,to C,, aliphatic diol, and wherein the blend comprises 0.1
to about 99.9% by weight of poly(alkylene terephthalate)
based on the total weight of the blend.

8. The fiber of claim 1, wherein the polymer is a copolymer
and the furan dicarboxylic acid is 2,5-furan dicarboxylic acid,
and wherein the reaction mixture further comprises (i) at least
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one other acid selected from the group consisting of dicar-
boxylic acids, polyfunctional acids and hydroxy acids, or
mixtures thereof, and (ii) optionally a polyol, wherein the diol
and the optional polyol are present in a combined total molar
ratio of at least 1.2:1 relative to the combined total moles of
the 2,5-furan dicarboxylic acid and the at least one other acid,
and wherein the 2,5-furan dicarboxylic acid is present in a
molar ratio of from about 1:100 to about 100:1 relative to the
at least one other acid.

9. A yarn comprising the fiber of claim 1.

10. A bicomponent fiber comprising the fiber of claim 1.

11. A multifilament fiber comprising the fiber of claim 1.

12. A fabric or a textile prepared from the fiber of claim 1.

13. A {fabric or textile according to claim 15 which is

woven, knitted or nonwoven.

14. A method of making a fiber comprising:

a. providing a polymer composition comprising poly(alky-
lene furandicarboxylate) obtained by polymerization of
reaction mixture comprising furan dicarboxylic acid and
a C, to C,, aliphatic diol; and

b. spinning the polymer composition to form fibers, such
that the highest temperature applied to the polymer dur-
ing spinning is in the range of from about 210 to about
265° C.



