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In order to improve the performance of biodegradable materials, aliphatic—
aromatic copolyesters were synthesized from sebacic acid, terephthalic acid, 1,4-
12 May 2022 butanediol and 2,5-furandicarboxylic acid via two-step esterification and poly-

condensation. Copolyesters were characterized by intrinsic viscosity, gel per-
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part of Springer Nature 2022 copolyesters had a weight-averaged molecular weight over 61,000 g/mol or
intrinsic viscosity over 1.1 dL/g when the 2,5-furandicarboxylic acid content
was in the range from 2 to 10% of terephthalic acid content. Particularly, the
tensile strength, yield strength, elongation at break, molecular weight and water
vapor barrier of copolyesters were improved to different extents. Obviously, the
addition of 2,5-furandicarboxylic acid did not significantly affect the glass
transition temperature and thermal stability of polyesters. When the addition
amount of 2,5-furandicarboxylic acid was 10%, the water vapor barrier of
copolyester reached the highest, which was increased by 89% compared with
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PBAT. On the whole, the copolyesters with the addition of 6% of 2,5-furandi-
carboxylic acid had the best comprehensive performance, which was conducive
to promoting the application of biodegradable agricultural mulching and food
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Introduction

With the increasing awareness of environmental
protection [1-10] and increasing usage of energy
[11-15], bio-based and biodegradable materials have
attracted tremendous interest from researchers with
their sustainable development and environmental
friendly concepts [16-28]. Aliphatic copolyesters
stand out from many materials due to their good
biodegradability.  Poly(butyl succinate) (PBS),
poly(lactic acid) (PLA) and poly(butylene adipate-co-
terephthalate) (PBAT) [29] have been widely applied
in the fields of food packaging, biomedicine, dispos-
able products [30-33]. Although these polymers have
gained widespread commercial acceptance, they
have been criticized for relying on petrochemicals for
their raw materials [34-38]. For example, 1,10-sebacic
acid, 1,3-butanediol, 2,5-furandicarboxylic acid and
other bio-based monomers have been utilized to
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synthesize superior bio-based polyesters or copolye-
sters [39-46].

With the development of the fermentation industry
and the massive production of castor oil, sebacic acid
(SeA) has become a crucial chemical raw material.
SeA is prepared by using castor oil, adipate, butadi-
ene and naphthalene as raw materials via pyrolysis,
hydrolysis  and  decolorization  acidification
[10, 47-49]. Ricin oleic acid is synthesized from castor
oil through catalytic hydrolysis or alkali saponifica-
tion, and then by alkali cracking with phenol as a
diluent. SeA is obtained through the acidification
treatment [50, 51]. 2,5-Furandicarboxylic acid (FDCA)
is a furan derivative derived from the dehydration of
fructose and glucose into 5-carboxymethyl furfural
(HMF) and its oxidation [52, 53]. Due to the similar
chemical structure with a benzene ring, FDCA is
expected to replace terephthalic acid [54, 55]. In
recent years, it has been widely used in the synthesis
of copolyesters, such as poly(ethylene 2,5-furandi-
carboxylate) (PEF) [56-60], poly(butylene 2,5-
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furandicarboxylate) (PBF) [61], poly(propylene 2,5-
furandicarboxylate) (PTF), poly(neopentyglycol 2,5-
furandicarboxylic) (PNF) and poly(propylene 2,5-fu-
randicarboxylate) (PPF) [62-65]. However, the prop-
erties of bio-based copolyesters are still inadequate
compared with traditional petrochemical products.

In recent years, SeA and 2,5-furandicarboxylic acid
have rarely been used together as synthetic mono-
mers. For example, Zeng et al. studied the isothermal
crystallization performance of poly(butanediol seba-
cate-butanediol terephthalate) (PBSeT) endow with
the content of SeA 5% and 10% [66]. For the
mechanical properties, Li et al. investigated the
enhancement of puncture resistance of cross-linked
poly(butanediol sebacate-butanediol terephthalate)
(PBSeT) with different contents of glycerol [67]. Park
et al. successfully synthesized PBSeT with a high
molecular weight (M,, 88,700-154,900 g/mol)
through adopting DMT instead of TPA. The prepared
has excellent 1600% elongation at break of PBSeT64
(sebacic acid/dimethyl terephthalate molar ratio of
6:4) [67]. Valle et al. reported on PBSeT blends
through electrospinning of single solutions of PBT
and PBSeT mixtures and coelectrospinning of inde-
pendent PBT and PBSeT solutions. They used a low
molecular weight PBSeT with a high ratio of aliphatic
sebacate units (i.e., 70 mol% with respect to the total
dicarboxylate content) to get new electrospun
biodegradable scaffolds [68]. Reports on the use of
furanediformic acid as monomer, Hu et al. obtain
superior barrier properties by modification of poly
(butylene 2,5-furandicarboxylate) with lactic acid
[62]. Wang et al. modified poly(ethylene 2,5-fu-
randicarboxylate) with 1,4-cyclohexanedimethylene,
which greatly improved its carbon dioxide and
oxygen barrier performance [59]. Fully bio-based
poly(succinate-co-propylene furandicarboxylate)
copolyesters were synthesized from propylene glycol
and dimethyl succinic by Hu et al. [63]. The barrier
performance of PBAT and PLA has been greatly
improved compared with commercial biodegradable
materials. To sum up, the effects of different chemical
compositions and blends on PBSeT performance have
been studied. But there has been no report on how
the water vapor barrier properties of PBSeT are rel-
atively scarce.

In the study, a kind of aliphatic copolyester
poly(butanediol sebacate-butanediol terephthalate)
(PBSeT) was synthesized by partially introducing
furan units. The chain structure was characterized by
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fourier infrared spectroscopy (FTIR), nuclear mag-
netic resonance hydrogen spectroscopy (‘H NMR)
and intrinsic viscosity testing, Furthermore, thermo-
dynamic performance and water vapor barrier
properties were evaluated by DSC, XRD, TGA, tensile
and cup method testing. This kind of copolyester
shows the change regulation of water vapor barrier
properties with the increase in the content of 2,5-fu-
randicarboxylic acid. The effects of the content of 2,5-
furandicarboxylic acid in copolymer composition on
the thermodynamic properties and biodegradation of
PBSeT were fully discussed.

Experimental
Materials

Sebacic acid (SeA) was kindly provided by Hengshui
Jinghua Chemical Industry Co., Ltd. Terephthalic
acid (TPA), 1,4-butanediol (BDO), 2,5-furandicar-
boxylic acid [Aladdin Reagent Co., Ltd. (Shanghai,
China)], tetrabutyl titanate (TBOT, Wuxi Yatai United
Chemical Co., LTD.), chloroform (Tianjin Shentai
Chemical Reagent Co., LTD.), phenol (Guangzhou
Chemical Reagent Factory), tetrachloroethane
(Shanghai Chemical Industry Park) and methanol
(Tianjin Hengxing Chemical Reagent Manufacturing
Co. Ltd.) were all used as received.

Synthesis of PBSeT and PBSeTF-X
copolymers

In a 5-L reaction kettle, poly(butanediol sebacate-
butanediol terephthalate) was synthesized via two-
step esterification and polycondensation. The first
esterification stage was carried out during 160-180 °C
under atmospheric pressure, and then, BDO
(3.5 mol), furanediformic acid and sebacic acid
(3.5 mol) were added into the reaction kettle under
agitation for 1-2 h. The temperature was raised to
220 °C for the second stage esterification reaction,
TBOT (0.3% acid content), terephthalic acid (3.5 mol)
and BDO (1.5 mol) were added at the same time, and
the reaction lasted for 3—4 h. At the end of the ester-
ification stage, the pressure was gradually reduced to
220-700 Pa when the discharge was close to the the-
oretical water value generated by the reaction, and
TBOT was introduced into the reaction kettle to start
the polycondensation stage. In the polycondensation
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stage, 4-5 h were carried out during 240-250 °C, and
the reaction ends when the torque value of the con-
trol box of the reaction kettle does not change. The
polyesters synthesized in the reactor were removed
at room temperature and purified to obtain white
solid products. The product was dissolved in tri-
chloromethane and then precipitated with excessive
cold methanol to obtain white floccule products,
which were dried at 40 °C for 24 h.

The polyesters synthesized using 2,5-furandicar-
boxylic acid amounts of 0 mol, 0.07 mol, 0.14 mol,
0.21 mol, 0.28 mol and 0.35 mol were symbolized as
PBSeT, PBSeTF-2%, PBSeTF-4%, PBSeTF-6%, PBSeTF-
8% and PBSeT-10%, respectively.

Characterizations

ATR-FTIR spectra of the copolyesters were recorded
with a Nicolet i510 spectroscopy (Thermo Fisher
Scientific, USA) equipped with a ZnSe crystal ATR
accessory. The scan range was from 500 to 4000 cm ™',
and each sample was scanned for 32 times. Disk
specimens were prepared using a precision ther-
mostat table and a hot-press molding at 180 °C.

"H NMR spectra were recorded with a Bruker
AVANCE-3 HD spectroscopy (600 M). Deuterated
chloroform was used as solvent and tetramethylsi-
lane as the internal reference. After the NMR tube
was cleaned by ultrasonic vibration, deuterium
chloroform was used as solvent to dissolve the sam-
ple, and tetramethylsilane was used as internal ref-
erence for testing.

Polydispersity (PDI), the number-averaged molec-
ular weight (Mn) and weight-averaged molecular
weight (Mw) were determined at 35 °C with a gel
permeation chromatography (GPC, Waters Co., USA)
equipped with a differential refractive index detector.
Tetrahydrofuran was used as eluent at a flow rate of
1.0 mL/min.

The intrinsic viscosity [y#] of all samples dissolved
in the phenol/1,1,2,2-tetrachloroethane mixture was
measured using a Ubbelohde viscometer at 25 °C.
The inner diameter of the capillary tube of the
Ubbelohde viscometer is 0.88 mm. The mass ratio of
phenol to 1,1,2,2-tetrachloroethane is 1:1.

Thermal transition behaviors were recorded with
differential scanning calorimetry (DSC-1, METTLER
TOLEDO) under a nitrogen flow condition. Approx-
imately 7-8 mg of the sample was tested under a
standard heat—cool-heat cycle from — 60 to 200 °C,
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and both heating and cooling rates were 10 °C/min.
The temperature was kept at 200 °C for 5 min before
cooling, and the thermal history was eliminated.

X-ray diffraction (XRD) pattern was recorded using
a RIGAKU X-ray diffraction system (D/max-Rb) with
Cu radiation (1.54 A), working at 40 kV and 100 mA.
The samples were scanned from 20=5° to
20 = 50°with a step size of 0.01°and an acquisition
time of 30 s per step.

Thermogravimetric analysis (TGA) measurements
were taken under an argon atmosphere by a thermal
analyzer (TGA, TG290, NETZSCH) from 10 to 600 °C
at a 10 °C/min heating rate.

Tensile properties were measured with a CMT6104
universal testing machine at a tensile speed of
50 mm/min. Dumbbell-shaped tensile specimens
were prepared by injection molding. All the speci-
mens were kept in a standard atmosphere of 25 °C
for at least 24 h before testing. At least five specimens
were tested for each sample, and all the reported
properties were presented average values of all the
trials.

According to GB 1037-1988, the cup method is used
to measure water vapor transmittance (WVTR) of
sheet metal. Dry CaCl, is added to a hygroscopic cup;
then, the sample film is covered and sealed with
sealing wax. The sealing wax formula is a mixture of
85% paraffin wax and 15% beeswax. In an incubator
with a constant temperature (38 °C) and humidity (90
RH%), place the permeable cup. Record the total
weight of the test cup over time. Due to the strong
hygroscopicity of dried CaCl,, the relative humidity
(RH) inside the cup is close to zero, so the added
weight is close to the weight of the water passing
through the sample. Water vapor permeability PWV
was calculated with Eq. (1), where d is the thickness
of the film, WVT is water vapor transmission, Py is
the saturated water vapor pressure (6630 Pa at
38 °C), and RH; and RH, are the relative humidities
on both sides of the film.

WVT x d
Pwy = O(RH,; — RH,) (1)

Copolyester in the form of films 1 x 1 cm in size
and 0.3 mm thickness was prepared by a hot-press
molding at 180 °C with a precision thermostat. It was
placed in a vial containing 0.8 mg/mL phosphate
buffer (pH 7.4) of lipase at 37 °C. The media were
replaced every 7 days. The films were removed from
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the vial every 7 days, washed with distilled water,
dried under vacuum, and weighted until they
reached a constant weight. The degree of biodegra-
dation was estimated from the weight loss.

The change in the surface morphology upon
degradation was evaluated by scanning atomic force
microscope (AFM, Cypher ES from AsylumResearch,
USA). The sample is a degraded copolyester sample
with a size of 1 x 1 cm in size and 0.3 mm thickness.

Results and discussion
Synthesis and structure characterization

Poly(butanediol sebacate-butanediol terephthalate)s
with 2,5-furandicarboxylic acid were synthesized via
a two-step esterification and polycondensation pro-
cess, just as shown in Scheme 1. TBOT was adopted
as a catalyst for every steps. In terms of monomers
used in this study, SeA and 2,5-furandicarboxylic
acid are bio-based, while terephthalic acid and 1,4-
butanediol are petroleum-based monomers.

The reaction conditions and test results of copo-
lyesters are summarized in Table 1. Because the
prepolymerization stage is designed to ensure the full
synthesis of 2,5-furandicarboxylic acid, the esterifi-
cation stage of PBSeTF copolyester is divided into
two parts. But it is worth noting that the aggregate
time decreases. The intrinsic viscosity [y#] of the

(o] [0}

2,5-Furandicarboxylic acid

o o

HO ( > OH

TPA
(0]

OH
HO

SeA o

+ /\/\/OH Esterification Esterification
HO - e

BDO

11001

copolyester measured by phenol/tetrachloroethane
mixture solution (1/1 w/w) was more than 1.10 dL/
g except for PBSeTF-2%. The average molecular
weight of all copolyesters was more than
61,000 g/mol. Compared with PBSeT, the average
molecular weight of PBSeTF with 2,5-furandicar-
boxylic acid was improved. The relative molecular
weight and characteristic viscosity of copolymers are
similar, indicating that high molecular weight poly-
mers have higher relative molecular weight [69, 70].

The chemical structure of the copolymers was
determined by FTIR and 'H NMR. Figure 1 shows
the FTIR spectra of PBSeT and PBSeTF-X copolymers.
The stretching vibration of C-O-C and the contrac-
tion vibration of C-O appear at 1104, 1216 and
1713 cm™". The strong signal at 2851 and 2928 cm ™'
were a distinct aliphatic band, all two of which
proved the existence of ester group. In addition, C-H
stretching vibration absorption peaks of adjacent
benzene ring at 726 cm™' and two C-O signals
belonging to aromatic group were observed at 1269
and 1540 cm™ . It is worth noting that the weak side
of the hydroxyl absorption peak is at 3400 cm™',
indicating that the copolymer has a high molecular
weight. Increasing the amount of 2,5-furandicar-
boxylic, the spectra of PBSETF-X showed the C-H
bending vibration of the furan ring at 757 and
956 cm ™! the C=C absorption peak at 1576 cm™~'. The
intensity of these signals increased with my. It was
proved that 25-furandicarboxylic acid was

Polycondensation

-
’

TBOT 240°C

180°C TBOT 220°C 2

(o] (0]

*MOWOWOMO\/\/\O/ < > 5\}

Scheme 1 Schematic diagram of synthesis of PBSeTF-X.
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Table 1 Synthetic conditions and results of the eight poly(butylene sebacate-co-terephthalate)s

Sample Dppca’ (mol) Tos/tes Tonp/tmp. []¢ (dL/g) GPC

Mn (g/mol) M,, (g/mol) PDI
PBSeT 0 220/3.5 240/6 1.02 61,202 74,167 1.21
PBSeTF-2% 0.07 180/1.5 + 220/2.5 240/5.5 1.05 61,072 75,943 1.24
PBSeTF-4% 0.14 180/1.5 4 220/2.5 240/5 1.15 66,748 74,533 1.12
PBSeTF 6% 0.21 180/1.5 + 220/2.5 240/4.5 1.24 72,874 77,247 1.06
PBSeTF-8% 0.28 180/1.5 + 220/2.5 240/5 1.39 79,346 82,511 1.04
PBSeTF-10% 0.35 180/1.5 + 220/2.5 240/4.5 1.20 71,594 79,630 1.11

(1) Esterification: TBT, 0.6 mol% based on diacid was used as catalyst; diol/diacid molar ratio 1.2. (2) Polycondensation: additional 0.3

mol% TBT was added
aThe moles of 2,5-furandicarboxylic acid
PEsterification temperature and time

“Melt polycondensation temperature and time

YIntrinsic viscosity was measured at 25 °C using a mixture of phenol-tetrachloroethane with a mass ratio of 1:1 as solvent

PBSCT
AV,
PBSETF-2%
SE—
PBSCTF-4%
bpsetr-o% VY
PBSCTF-8% W

[PBSeTF-10%

4000 3500 3000 2500 2000 1500 1000

Wavenumber(cm™)

Figure 1 ATR-FTIR spectra of the PBSeT (CS) and PBSeTF-X.

successfully polymerized on the molecular segment
of the original PBSeT copolymer. PBSeT and PBSETF-
X in ATR-FTIR were combined to confirm the suc-
cessful synthesis of a novel copolymer with furan
segments.

"H NMR spectra of the six poly(butanediol seba-
cate-butanediol terephthalate)s are shown in Fig. 2a.
The'H NMR spectra of PBSeTF-10% are presented in
Fig. 2b. The chemical shift of chloroform was located
at 7.25 ppm. The chemical structure of the furan ring
is very similar to that of the benzene ring, and the
chemical shift of the hydrogen atoms of the

@ Springer

methylene near the furan ring is similar to that near
the benzene ring. Take the benzene ring as an
example to explain possible triads for PBSeTF in
Fig. 2c. For the same structural parts of PBSeT and
PBSeTF-X, in the BDO of three possible triads, the
two CH, (al, a2, a3, a4) near the oxygen atom split
into four different signals at ¢ = 4.08, 4.14, 4.38 and
4.43 ppm, respectively. Similarly, in BDO, the two
CH; (b1, b2, b3, b4) far from the oxygen atom also
split into four distinct signals ¢ = 1.97, 1.86, 1.80 and
1.69 ppm. In addition, the chemical shift of hydrogen
(d) on benzene rings in TBT and TBS units is
6 = 8.09 ppm. In PBSeT and PBSETF-X chain seg-
ments, the chemical shifts of hydrogen atoms (c) near
the ester group and hydrogen atoms (f) far from the
ester group in SeA monomer part are 6 = 1.30 and
2.28 ppm, respectively. For PBSeTF-X chemical
structure, the chemical shift of hydrogen of the furan
ring is 7.22 ppm, and the signal intensity increases
with the increasing content of 2,5-furandicarboxylic
acid. Combined with the results of ATR-FTIR and 'H
NMR, PBSeT and PBSETF-X copolyesters with the
expected chemical structure were successfully
synthesized.

Thermal transition

The multi-section scanning DSC curves of PBSeT and
PBSeTF are shown in Fig. 3, and the thermal trans-
formation data are listed in Table 2. PBSeT and
PBSeTF both crystallized and melted under a typical
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Figure 2 a 'H NMR spectra of the PBSeT and PBSeTF-X; b chemical structure and'H NMR spectra of PBSeTF-10%; c¢ three possible
triads for PBSeT; d chemical structural formulas for different chemical displacements are indicated.

cooling and heating rate of 10 °C/min, and all sam-
ples had a single T,. This shows that the different
components of the chain segment in polyester have
good compatibility. In the cooling scan, with the
increase in the content of furaric acid, the exothermic
peak T. generated by crystallization of PBSeT grad-
ually moved to low temperature. However, during
the cooling process, AHC decreased first and then
increased. The main reason is that the original
structure of the chain segment is broken when the
content of furan ring introduced is small, and the
structure similar to benzene ring can be restored
when the amount of furan ring introduced is not

broken and increased. Additionally, due to the strong
rigidity and poor geometric symmetry of the furan
unit, the crystallization capacity of the introduced
furan polyester is less than that of the terephthalate
polyester [71]. The crystallinity of copolyesters
decreased first and then increased, and the crys-
tallinity X ranged from 8.66 to 10.83%. The crystal-
lization degree of PBSeTF copolyester reached
highest when the incorporation of 2,5-furandicar-
boxylic acid was 8%.

The copolymers of PBSeT and PBSeTF showed a
melting peak and glass transition during the second
heating. The glass transition temperature (T,) varies
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Figure 3 DSC thermograms of PBSeT (CS) and PBSeT (GL-X): a cooling scan at — 10 °C/min, b 2nd heating scan at 10 °C/min.

Table 2 Thermal transition properties of PBSeT (CS) and PBSeT
(GL-X)

Sample Cooling scan Second heating scan X%
T, AH: T, T
PBSeT 82.54 19.10 —43.85 126.56 10.83
PBSeTF-2% 78.43 1526 — 41.32 121.95 8.66
PBSeTF-4% 71.99 16.73 — 43.65 118.73 9.48
PBSeTF-6% 6749 17.07 —4335 111.57 9.67
PBSeTF-8% 62.79 1777 —43.30 109.07 10.23
PBSeTF-10% 57.14 17.50 — 43.53 108.53 10.01

slightly from 41.32 to 43.85 °C, while the melting
temperature (T,) varies greatly from 108.53 to
126.56 °C. The types of melting peaks of PBSeT and
PBSeTF hardly change and move to the low-tem-
perature region.

In order to further understand the crystal struc-
tures of PBSeT and PBSeTF, X-ray diffraction exper-
iments were carried out on the samples. The XRD
patterns are shown in Fig. 4. The XRD pattern clearly
shows that PBSeT and PBSeTF have similar crystal
structures and both belong to weak crystalline poly-
mers. As shown in Fig. 4, PBSeT and PBSeTF crystals
have the same diffraction peaks at 17.4° (010), 20.5°
(101), 23.1° (100) and 24.8° (111). The diffraction peak
position of the two crystals is roughly the same as
that of PBT, indicating that the crystalline part of
copolyester is mainly contributed by BT unit [72]. The
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Figure 4 XRD patterns of the indicated PBSeT and PBSeTF-X.

addition of 2,5-furandicarboxylic acid do not affect
the crystal shape of PBSeT, but retained the original
crystal shape.

Thermal stability

In order to study the thermal stability of copolyesters,
thermogravimetric analysis was carried out on the
samples. Thermogravimetric and differential ther-
mogravimetric curves in nitrogen atmosphere are
shown in Fig. 5. The decomposition temperature at
5% weight loss, maximum decomposition rate
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Figure 5 a Thermogravimetric and b differential thermogravimetric curves of the indicated PBSeT and PBSeTF (10 °C/min, Ar).

Table 3 Characteristic

decomposition temperatures of  Sample Tys (°C) Tt max (°C) Ty (°C) Residue at 600 °C (%)
PBSeT and PBSeTF PBSeT 352.0 4033 4593 2.56
copolyesters PBSeTF-2% 369.3 406.1 460.1 3.36

PBSeTF-4% 372.0 406.6 4593 6.30

PBSeTF-6% 372.0 406.0 458.6 5.97

PBSETF-8% 372.7 407.3 4593 5.62

PBSeTF-10% 369.3 406.7 460.0 483

temperature and residual weight at 600 °C are listed
in Table 3. When the temperature was lower than
300 °C, all samples were in a stable state without
decomposition. It could be seen that the copolyesters
showed no obvious instability front and back the
incorporation of 2,5-furandicarboxylic acid. The main
degradation temperature of all samples was between
350 and 420 °C. The maximum decomposition rate
(T4,max) of the polymer was in the small temperature
range of 403 to 407 °C. Obviously, compared with
PBSeT, PBSeTF copolyesters showed higher Tgs,
Tamax and char residues. These characteristic tem-
peratures increase with increasing the content of 2,5-
furandicarboxylic acid. For example, Tyq5 and T4 max
of PBSeTF-8% are 20 °C and 5 °C higher than PBSeT,
respectively. Relatively high Ty4s of samples sug-
gested relatively high molecular weight and rela-
tively narrow molecular weight distribution, in
accordance with the results of GPC [65]. In the tested
temperature range, the residual char content of
PBSeTF copolyethylene was also higher than that of
PBSeT, mainly because the introduction of aromatic

furan rings increased the content of residual char
content. The results show that PBSeTF copolyester
has better thermal stability than PBSeT. PBSeTF can
be safely processed without thermal degradation at
50-60 °C above its corresponding Th,.

Mechanical properties

In this part, the mechanical properties of PBSeT and
PBSeTF are evaluated by tensile test. The stress—strain
curves of PBSeT and PBSeTF are shown in Fig. 6. The
tensile properties of samples are summarized in
Table 4, including Young's modulus (E), tensile
strength (J,), yield strength (6,) and elongation at
break (gp).

The PBSeT copolyester exhibits obvious tensile
behavior of a semicrystalline flexible polymer. PBSeT
copolyester exhibits optional semicrystalline flexible
polymer tensile behavior, with the apparent yield
point before fracture with Young's modulus of
7.81 MPa of 9.13 MPa and of 1425.11%. At the same
time, the yield strength is only 4.91 MPa, indicating
that its stability is poor when it can be restored to its
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Figure 6 a Stress—strain curves of PBSeT and PBSeTF. b Enlarged view of yield point.

Table 4 Mechanical

40 60 80

Strain (%)

100 120 140

properties of PBSeT and Sample E (MPa) Jy, (MPa) éy (MPa) & (%)

PBSeTF-X PBSeT 7.81 £ 0.21 9.13 £ 0.53 491 + 0.22 1425.11 4+ 44.01
PBSeTF-2% 8.89 £ 0.46 931 £043 494 +0.23 1203.55 + 52.23
PBSeTF-4% 9.40 + 0.55 13.45 £+ 0.42 495 £ 0.36 141091 + 43.56
PBSeTF-6% 10.21 + 0.23 13.69 + 0.65 5.41 +0.21 1381.99 £ 70.24
PBSeTF-8% 8.50 + 0.23 1433 £ 0.58 5.81 £ 043 1993.77 £ 67.33
PBSeTF-10% 12.67 £ 0.37 15.04 £ 0.41 5.92 4+ 0.34 1371.87 £ 32.31

original state after elastic deformation by external
force. With the introduction of furan ring, the tensile
strength of PBSeTF increased from 9.31 to 15.3 MPa.
The main reason may be that the furan element was
tough and rectangular compared with the benzene
ring element itself, which led to the continuous
increase in the tensile strength. Figure 6b shows that
PBSeTF has better yield strength compared with
PBSeT, which increases from 4.91 to 5.92 MPa,
mainly because the furan ring has better rigidity
compared with benzene ring. With the increase in the
proportion of furan ring, the rigidity of the whole
polymer molecular chain segment increases, and
thus, it has better yield strength. With the increase in
the molecular chain segment rigidity, the elongation
at break of PBSeTF polyester except PBSeTF-8%
decreased to different degrees, ranging from 1203.55
to 1410.91%. It is interesting that the elongation at
break of PBSeTF-8% sample is 1993.77%, and the
elongation at break is also significantly increased
when the tensile strength and yield strength are
improved, which may be mainly caused by the

@ Springer

highest molecular weight in all the samples, and the
decrease in its crystallinity may be one of the reasons.

To sum up, the mechanical properties of PBSeT
and PBSeTF depend on their composition, crys-
tallinity, molecular weight and many other factors.
Compared to PBSeT, PBSeTF has excellent mechani-
cal properties.

Water vapor barrier properties

PBAT and PLA are two of the most widely used
biodegradable thin-film materials in the current
market. The water vapor permeability coefficient
(pwv) of PBSeT, PBSeTF, PBAT and PLA was com-
pared at 38 °C and 90% RH. The experimental results
are shown in Table 5. Using PLA sample as a stan-
dard, the barrier improvement factor (BIF) is defined
as PpLa/Pppserr- The improvement in vapor barrier
was reflected by the BIF. Table 5 shows that with the
introduction of furandiformic acid, the water vapor
barrier performance of PBSeT copolepster increases
linearly. Compared with PLA, PBAT and PBSeT, the
vapor barrier of PBSETF-10% increases by 66.4%,
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Table 5 Water vapor barrier properties of PBSeT (CS) and
PBSeT (GL-X)

Sample® P, BIF¢
PLA 1.1 x 10713 1

PBAT 3.52x 10713 0.31
PBSeT 6.19 x 10714 1.78
PBSeTF-2% 413 x 10714 2.66
PBSeTF-4% 4.06 x 10714 271
PBSeTF-6% 401 x 1074 2.74
PBSeTF-8% 3.87 x 10714 2.84
PBSeTF-10% 3.70 x 10714 2.97

aWater vapor permeation: dish method, 38 °C, RH = 90%

"Water vapor  permeability
gemem s Pa”h)

coefficient with unit of

“Barrier improvement factor (BIF) is defined as Pppa/Pppserr

YWater vapor transmission rate, at 38 °C, 90% relative humidity

89.5% and 40.2%, respectively. The main reason for
the improvement of water vapor barrier is that the
furan ring has better rigidity than the benzene ring,
and the water vapor barrier increases with the
increase in the number of furan rings. The higher
molecular weight may also play a positive role in
water vapor barrier. The higher molecular weight
may also play a positive role in the water vapor
barrier. Polymers with a higher molecular weight
have more long chains mathematically and statisti-
cally than polymers with lower molecular weight,
and longer polymer chains are bound to provide
better barrier properties.

Biodegradation of PBSeF and PBSeTF

The degradation performance of PBSeT and PBSeTF
in lipase culture was investigated. The degradation
capacity of the polymer was characterized by the
proportion of mass loss at 7, 14, 21 and 28 days.
Figure 7 shows the experimental results of significant
weight loss of the polymer over time. The results
were as expected; with the introduction of the furan
ring, the polymer had a smaller weight loss during
enzymatic degradation. The decrease in the weight
loss may be the increase in the steric hindrance in
molecular chain segment due to the introduction of
the furan ring, which leads to the degradation
behavior onto the ester bonds by the degradation
enzymes was sterically hindered [50].
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Figure 7 Weight loss curves of PBSeT and PBSeTF during
enzymatic degradation.

In order to explore the changes of surface mor-
phology after degradation, AFM scanning was car-
ried out front and back polyester degradation. Before
degradation, the sample surface was relatively
smooth, as shown in Fig. 8 (0 day). However, the
surface of the degraded samples is rough, concave
and undulating, and presents different forms
according to the content of 2,5-furandicarboxylic
acid. The display is circumstance through roughness
curves and 3D images. The results of AFM were
consistent with those of enzyme degradation experi-
ments, and the degradation ability of copolyesters
was weakened by adding 2,5-furandicarboxylic acid.

Conclusions

Using sebacic acid, terephthalic acid and 1,4-butane-
diol as raw materials, and 0.07-0.35 mol of 2,5-fu-
randicarboxylic acid as the fourth monomer,
polybutylene sebacate-butanediol terephthalate was
synthesized via two-step esterification and polycon-
densation. Compared with PBSeT, with the addition
of furan dicarboxylic acid, the tensile strength, yield
strength and water vapor barrier of PBSeTF are
obviously enhanced. At the same time, the excellent
thermal stability at 300 °C ensures the processing
performance of copolyesters in industrial production.
Nonetheless, due to the addition of furan dicar-
boxylic acid, the crystallinity of PBSeTF copolyester
first decreased and then increased, while the T,, and
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Figure 8 AFM images of PBSeT and PBSeTF surfaces before and after enzyme degradation (28 days), roughness curve and 3D images.

degradation properties decreased. Fortunately, the crucial to improving the degradability and perfor-
water vapor barrier performance of PBSeTF copo-  mance of composite agricultural films and food
lyester has been significantly improved, which is packaging films. Therefore, aliphatic-aromatic
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copolyesters with furan as an additive monomer can
become a new kind of membrane material. Future
research will focus on improving the crystallinity,
crystallization capacity and mechanical properties of
copolyesters.
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