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Abstract: There is a growing interest in using bio-based raw materials as a replacement for petrochemical materials. Bio-
based materials produced from plant resources are considered environmentally sustainable resources. Poly(ethylene 2,5-
furandicarboxylate) (PEF) is now widely used and is considered the main substitute for poly(ethylene terephthalate)
(PET). In this study, PEF was polymerized in a flask and a kneader reactor, and the properties of PEF were characterized.
In the kneader reactor, PEF was synthesized effectively, and the resultant melt-spun fibers with a tensile strength of
1.80 g/den and a strain of 114.25% were obtained, confirming the possibility of utilizing PEF as a fiber.
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reactor.

Introduction

In recent years, there has been growing interest in sus-
tainable bio-based materials as a viable alternative to fossil
fuels with limited reserves. Biomass-based materials, such as
corn, sugar cane, woody plant resources, palm, seaweed, and
other plant resources are considered an important resource for
replacing petroleum resources because of their environmental
evolution and sustainability.! These biomass-based materials
can be synthesized with lactic acid, isosorbide, succinic acid,
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dodecanedioic acid, and ethylene glycol, which can then be
used as building blocks for bio-based polymers such as
poly(lactic acid) (PLA), poly(hydroxy alkanoates) (PHA), and
poly(butylene succinate) (PBS)."?

In modern society, poly(ethylene terephthalate) (PET) is
used in a wide variety of fields, ranging from beverage bottles,
films, and textiles. Replacing PET with bio-based materials
can play a major role in environmentally sustainable devel-
opment. The most promising alternative to PET is poly(eth-
ylene 2,5-furandicarboxylate) (PEF).*> PEF is produced by
polycondensation from ethylene glycol (EG) and 2,5-furandi-
carboxylate (FDCA). EG and FDCA can be obtained from
renewable bio-based materials and subsequently used to make
100% bio-based polymers (Figure 1).>7 FDCA is synthesized
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Figure 2. Kneader reactor (left) and twin shaft of kneader reactor
(right).

from fructose, the plant material, via 5-hydroxymethylfufural
(HMF).”® In addition, it can be used as an alternative to tere-
phthalic acid (TPA) due to its bio-based aromatic ring (furan
ring).”' While PEF has a similar structure to PET, it has better
gas barrier properties for use in the packaging and film mar-
ket'"? compared to PET with high thermal properties. More-
over, the PEF fiber is a promising sustainable bio-based material
because it can be spun and dyed using conventional PET man-
ufacturing facilities for apparel and industrial non-woven fabrics.
In this study, PEF was synthesized and spun using laboratory
mixing extruder to simulate the spinning process for PEF
fibers, and the PEF fibers properties were characterized. To
fabricate the fibers, a PEF polymer with a higher molecular
weight, narrow molecular weight distribution, high purity, and
higher elongation properties is required. Polymerization was
carried out using a kneader reactor (Figure 2). Since the twin
shaft of the kneader reactor was designed to effectively mix
high-viscosity reactants (Figure 2(right)), it is expected that the
byproduct can be removed smoothly, and the molecular weight
of the polymers can be efficiently increased by the kneading
process. In addition, PEF was synthesized in a flask as com-
parison to the kneader reactor method, and the resultant fiber
was fabricated by spinning at various winding speeds. By ana-
lyzing and comparing the characteristics of fibers, it has been
confirmed that PEF can be applied to textile systems.

Experimental

Materials. 2,5-furandicarboxylate (FDCA, sheobiotech), eth-
ylene glycol (EG, extra pure grade, Ducksan Co., Ltd.), tita-
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Figure 3. Esterification and polycondensation reactions of PEF.
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nium (IV) isopropoxide (TIS, 99.999%, Sigma-Aldrich Co.),
and antimony (III) oxide (99.83%, Sooyangchemtec Co., Ltd.)
were used as received.

Synthesis of PEF. PEF synthesis was conducted in two
steps: After the esterification reaction in the nitrogen purge
state, PEF was synthesized by a polycondensation reaction in
vacuum (Figure 3).

Synthesis of PEF in a Flask (PEF-F): 1 mol of FDCA
(156.09 g), 2 mol of EG (124.14 g), 0.06 g (400 ppm of FDCA
weight) of TIS, and 0.78 g (0.5% of FDCA weight) of SONG-
NOX 1680 (heat stabilizer) were added to a 500 mL three-
necked round bottom flask and mixed well. The mixture was
stirred at 200 rpm in a nitrogen atmosphere for 10 min. With
the temperature raised to 180 °C, the reaction was carried out
for 1 h. When the reaction started, the water produced as a
byproduct was removed through the condenser. Next, the reac-
tion was first carried out at 190 °C for 1 h followed by 200 °C
for 2 h, and the reaction product gradually became a brown
transparent liquid. Thereafter, the temperature was increased to
230 °C, and the vacuum was gradually set to maintain a pres-
sure of <5 mbar for polycondensation. The reaction was
allowed to proceed at 230 °C for 1 h, 240 °C for 1 h, and
250 °C for 2 h. The EG that was produced as byproduct was
removed using a condenser. After the reaction completed, the
PEF was quenched and no purification was performed.

Synthesis of PEF in the Kneader Reactor (PEF-K): A
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kneader reactor was used with a CRP 2.5 batch from LIST.
13 mol of FDCA (2029.17 g), 32.5 mol of EG (2017.28 g),
0.81 g of TIS and 10.15 g of SONGNOX 1680 were added
and mixed by rotating the shaft while purging with nitrogen.
While the molar ratio of FDCA to EG was 1:2 when reacted
in a flask, the ratio was 1:2.5 when reacted in a kneader reactor
as it took a long time to heat due to the large volume and to
compensate for the evaporation of EG. The reaction in a flask
was carried out at 180 °C for 1 h, 190 °C for 1 h, and 200 °C
for 2 h. As the reaction progressed, water escaped out and the
reactant turned into a clear, brown liquid. It was then heated to
230 °C and vacuumed to <5 mbar. The reaction was carried
out in a vacuum at 230 °C for 1 h, 240 °C for 1 h, and 250 °C
for 2 h. After the reaction completed, the screw was rotated
while cooling to pulverize the PEF. No purification process
was performed.

Melt Spinning of PEF. PEF was melt spun using a lab-
oratory mixing extruder (Dynisco). A 1/8 inch spinneret was
used and spun at a rotor temperature of 210 °C and a header
temperature of 230 °C. The distance between the spinneret and
winder was 40 cm, and the winder speed was 300, 600, and
900 m/min respectively.

Characterization. Gel permeation chromatography (GPC)
was performed using an EcoSEC HLC-8320 (Tosoh), RI-
detector, and TSKgel Super AWM-H column. Calibration was
performed using poly(methyl methacrylate) (659000, 121600,
30620, 6820, 4900, 2680, 850, and 162 g/mol) standards with
a narrow molecular weight distribution. Hexafluoroisopropa-
nol (HFIP) containing 0.01 N sodium trifluoroacetate was used
as a solvent with the mobile phase of a flow fate of 0.3 mL/
min at 40 °C. All polymer samples were dissolved in the sol-
vent (6 mg/mL) and filtered through a 0.45 um PTFE mem-
brane before injection.

Fourier-transform infrared (FTIR) spectroscopy was per-
formed 32 times in the range of 4000-650 cm™ using the
Thermo Nicolet iS50 ATR method. Intrinsic viscosity (IV)
measurements were performed using a Ubbelohde viscometer
at 25 °C. PEF samples (5, 2.5, 1.25 g/dL) were dissolved in a
phenol/1,1,2,2-tetrachloroethane (3/2, w/w) mixture at 90 °C.
IV was calculated by obtaining the reduced viscosity (77.q),
inherent viscosity (77,,) and using the method of obtaining the
y-intercept of two viscosities.

s =) 0

Tinh = éln(ftﬂ) (@)

where c is the concentration of the solution, ¢ is the flow time
of the solution, and # is the flow time of the pure solvent. 'H
nuclear magnetic resonance (‘"H NMR, Varian VXRUnity
NMR 400 MHz) was measured by dissolving the sample in
DMSO-d;. Differential scanning calorimetry (DSC) was per-
formed using a TA Instruments Q100 and an aluminum stan-
dard pan. Scans were conducted with nitrogen at a heating rate
of 10 °C/min in the temperature ranging from 30 to 300 °C.
Thermogravimetric analysis (TGA) was performed using a TA
Instruments Q500 and platinum pan. The samples were heated
to 800 °C at a rate of 20 °C/min with nitrogen. The spun fibers
were characterized using a testing system for a single fiber
(FAVIMAT). The linear density was tested with a pretension of
0.5 cN/tex and a speed of 2 mm/min. The tensile strength was
tested at a pretension of 0.5 cN/tex and a speed of 20 mm/min.

Results and Discussion

The structures of PEF synthesized in a kneader reactor and
flask were analyzed. The functional groups of PEF were iden-
tified through FTIR, and the absorption peaks corresponding to
the respective functional groups were measured (Figure 4(a)).
The stretching band of the furan ring =C-H was 3123 cm™, the
bending band of C=C was at 968, 768 cm™, and the stretching
band was at 1578 cm™. The stretching bands of C=0 and C-
O of the ester groups were 1733 and 1262 cm™, respectively.
These results are consistent with the results of other studies.'>!*
PEF-F and PEF-K did not show any difference in FTIR spec-
tra, and they were synthesized normally in the flask and
kneader reactor. The structure of PEF was confirmed by 'H
NMR (Figure 4(b)). The peak at 7.4 ppm (a) was attributed to
the furan ring and the peak at 4.6 ppm (b) was attributed to the
-OCH,CH,O- group.””®> Small peaks at 4.4 and 3.7 ppm were
observed by the end groups, and peak at 1.2 ppm was
attributed to catalysts and additives, mainly to the thermal sta-
bilizer. The thermal stabilizer was not removed for the sub-
sequent spinning process to prevent thermal degradation of the
polymers.

Based on the GPC analysis, the average molecular weight
(M) of PEF-F and PEF-K were 18177 and 22376 g/mol,
respectively (Table 1). Although the scale of the kneader reac-
tor was larger, the M, of PEF-K was higher than that of PEF-
F, suggesting that the kneader reactor was effectively mixed
and kneaded.

The glass transition temperature (7,) and melting tempera-
ture (7,,) of PEF were measured by DSC (Figure 5(a)). The 7,
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Figure 4. (a) FTIR spectra; (b) '"H NMR spectrum of PEF-F and
PEF-K.

Table 1. Molecular Weight by GPC and IV of PEF-F and
PEF-K

M, (g/mol) M, (g/mol) PDI IV (dL/g)
PEF-F 18177 34751 1.91 0.26
PEF-K 22376 41835 1.86 0.36

of PEF-F was observed at 84 °C. The 7, of PEF-K was not
evident in the first heat curve, but was observable in the second
heat curve at 88 °C. In the first heat curve, T,, of PEF-F and
PEF-K were 211 and 213 °C, respectively. In addition, since
PEF-F was quenched after synthesis, it can be seen that a peak
due to crystallization peak appears before T;, peak. In the sec-
ond heat curve, the T;, values of PEF-F and PEF-K were very
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Figure 5. (a) DSC heat curves; (b) TGA thermograms of PEF-F and
PEF-K.

small. This is due to the fact that the crystallization has hardly
occurred due to the high speed scanning. The difference
between the first heat curve and the second heat curve is due
to the different thermal histories. The properties of the polymer
appear in the curve of the second scan with the thermal history
removed, however the information from the first curve is also
important because the spinning process requires information
on the synthesized PEF properties. The thermal decomposition
temperatures of PEF-F and PEF-K in the TGA thermograms
were both 408 °C, having started at approximately 350 °C
(Figure 5(b)). PEF-F and PEF-K showed similar thermal
decomposition characteristics. Thermal decomposition behav-
ior is most affected by the structure of the main chain, so the
effect due to the molecular weight is minimal.

Based on the thermal properties of PEF-F and PEF-K, the
spinning temperature was 230 °C, approximately 20 °C higher
than T, of PEF. Figure 6 shows pictures of melt-spun PEF-F
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Figure 6. Melt spun PEF fibers at winding speeds of 300, 600, and
900 m/min: (a) PEF-F; (b) PEF-K.

Table 2. Tensile Properties of Melt Spun Fibers of PEF-F and
PEF-K

Winding Denier Tensile Strain
speed (den) strength (%)
(m/min) (g/den)
300 9.63 (£0.53)  0.63 (£0.11)  2.53 (£0.58)
PEF-F 600  10.04 (x1.77) 0.65 (x0.05)  2.53 (x0.23)
900 473 (£0.66)  0.74 (£0.12)  2.77 (+0.44)

300 14.99 (£2.13)
PEF-K 600  7.13 (£1.50)
900  3.73 (£0.80)

1.28 (£0.09) 245.79 (+33.80)
1.44 (£0.09) 198.68 (+24.72)
1.80 (£0.18) 114.25 (£10.98)

and PEF-K fibers at various winding speeds. The spun fibers
were measured for their denier and tensile properties using a
single fiber tensile tester. The results are shown in Table 2. As
the winding speed increased, the tensile strength increased
(Figure 7(b)) while the denier and strain decreased (Figure
7(a), (c)). The PEF-F showed an elongation to fiber fracture of
approximately 2%, and was deemed to be very brittle. It could
not be used because of the impossibility of the drawing process
thereafter. PEF-K however, showed a higher failure strain of
approximately 240-110%. This means that drawing processing
is subsequently possible for further improvement of the fiber
tensile properties. PEF-K has significantly higher tensile
strength than PEF-F. Due to the molecular structure of the
main chain, PEF is more brittle than PET.!! The brittle nature
of PEF results in PEF-F with little elongation and also presents
difficulties in the drawing process with fiber breakage. If the
increased molecular weight of PEF-K (as shown in Table 1) is
sufficient to entangle the molecular chains, elongation can be
increased. In polymers, higher elongations, such as PEF-K,
imply that the polymer chain has sufficient molecular weight
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Figure 7. Tensile properties of PEF-F and PEF-K fibers: (a) denier;
(b) tensile strength; (c) strain as winding speed.

and entanglement to withstand the applied loads.'® The tensile
stress-strain curves illustrates the brittle nature of PEF-F fibers
(Figure 8(a)), whereas the PEF-K showed ductile fracture
characteristics. With a large elongation to fracture in PEF-K
due to the molecular orientation and strain hardening, this
leads to increased tensile strength (Figure 8(b)).
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Figure 8. Stress-strain curves of (a) PEF-F; (b) PEF-K fibers.

Conclusions

PEF, a bio-based polymer, was synthesized in both a flask
and a kneader reactor. Although each PEF showed no struc-
tural difference, the PEF synthesized in the kneader reactor
showed higher molecular weight compared to the flask. This
seems to be due to the effective mixing and kneading of the
reactants in the kneader reactor. The synthesized PEF fibers
were fabricated by melt spinning. As the winding speed
increased, the fiber fineness tended to decrease. PEF-K
showed higher tensile strength and strain than PEF-F. The
PEF-K fiber at a winding speed of 300 m/min was found to

Zan, 41447 A)55, 20209

have an elongation of more than 200% due to the high molec-
ular weight and entanglement of the polymer. This study
shows the potential and viability of PEF polymers as fibrous
materials. Further research on bio-based PEF polymers is
expected to contribute to the textile industry in the foreseeable
future.
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