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ABSTRACT
Poly(pentylene adipate-co-terephthalate) (PPeAT), poly (dodecylene furanoate) (PDDF), polybutylene adipate terephthalate
(PBAT), and linear low-density polyethylene (LLDPE) films were prepared using film blowing. Machine direction (MD) and
transverse direction (TD) properties of the blown films (BFs) are compared to the properties of compressionmolded sheets (CMSs).
For all polymers, Young’smodulus, stress at break elongation at break and storagemodulus are higher for the CMSs vs. BFs. PPeAT
films have a highermodulus than PBAT films demonstrating its superior mechanical properties. X-ray scattering shows that CMSs
have higher percent crystallinity, longer d-spacing, and larger crystal size compared with BFs. For BFs, SAXS measurements have
more intensity in theMD vs. the TDwhile the d-spacing is slightly higher for theMD; however,WAXS results indicate that films in
the TDhave higher percent crystallinity than in theMD.CMSs exhibit lower oxygen permeability, carbon dioxide permeability, and
normalized water vapor transmission rates compared with BFs consistent with the higher crystallinity. Biobased, biodegradable
PPeAT and PDDF show lower oxygen and carbon dioxide permeabilities compared with fossil fuel-based PBAT and LLDPE and
lower water vapor transmission rates than PBAT. PPeAT and PDDF BFs show promising results and eventually might be used as
a drop-in replacement for LLDPE in flexible film packaging.

1 Introduction

Linear low-density polyethylene (LLDPE) and low-density
polyethylene (LDPE) are two of the most used polymers
for flexible film packaging [1, 2]. LLDPE is known for its
excellent tensile strength and puncture resistance, making
it highly suitable for applications that require durability and
flexibility. Incorporating small quantities of LDPE into LLDPE
significantly enhances extensional viscosity and introduces
some strain-hardening properties [3]. Both LLDPE and LDPE

offer significant advantages such as low cost, high availability,
and versatility, which have driven their widespread use in
packaging, agriculture, and other industries [4]. However,
these advantages come with notable drawbacks. LLDPE and
LDPE are derived from non-renewable petroleum resources
and are not biodegradable, contributing significantly to plastic
waste pollution [5, 6]. The persistence of these plastics in the
environment poses a serious threat to wildlife and ecosystems, as
well as contributing to the growing problem of microplastics [7–
9]. The durability that makes thesematerials so useful alsomakes
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them problematic in terms of disposal and environmental impact.
Hence, there is an urgent need for biodegradable alternatives that
can provide similar thermal, mechanical, and barrier properties
without the associated environmental problems [10].

The increasing global focus on the fate of plastics in the
environment has driven the development of biodegradable poly-
mers [11]. Among these, polybutylene adipate terephthalate
(PBAT), has emerged as a promising biodegradable polyester.
PBAT is a biodegradable, aliphatic-aromatic copolyester that
combines flexibility and durability. PBAT is synthesized from
the polymerization of butanediol with a mixture of adipic
acid and terephthalic acid, resulting in a material that pos-
sesses excellent thermal and barrier properties [12, 13]. PBAT is
widely used in agricultural mulch films, and other disposable
products due to its ability to break down under composting
conditions [14]. PBAT’s compatibility with other biopolymers,
like polylactic acid (PLA) and starch, further enhances its
versatility, enabling the development of composite materials
with improved performance characteristics tailored for specific
applications [15, 16]. PBAT is produced commercially by leading
companies such as BASF [17], Novamont [18], LG Chem [19]
and SK Global [20]. However, due to its low Young’s modu-
lus, PBAT is almost always used in a blend for flexible film
packaging [21].

Poly(pentylene adipate-co-terephthalate) (PPeAT) with a 40/60
adipic acid/terephthalic acid mole percent exhibits mechanical
properties that are comparable to linear low-density polyethylene
(LLDPE), a widely used conventional plastic [21, 22]. Pentanediol
is typically biosourced, while butanediol is not. PPeAT and
PBAT are compostable; LLDPE is certainly not and even PLA is
not. Additionally, PPeAT stands out for its superior mechanical
performance when compared to PBAT, having ~double the
Young’s modulus of PBAT. This enhanced performance of PPeAT,
particularly in terms of Young’s modulus, positions it as a
robust alternative to traditional petroleum-based plastics and
other biodegradable plastics. Our prior studies involved a thor-
ough characterization of the polymer’s properties, confirming its
suitability for film blowing due to its favorable rheological and
mechanical behavior [21]. The main drawback of neat PPeAT
is the very slow crystallization kinetics which was overcome by
adding a nucleating agent [21]. Without the nucleating agent,
PPeAT could not have been blown into a film because the
solidification time would have been too long.

Additionally, poly (dodecylene furanoate) (PDDF) has shown
potential for food packaging applications due to the similar
Young’s modulus and significantly better gas barrier properties
compared to conventional materials such as LDPE and LLDPE
[23]. Although PDDF is not considered a biodegradable polymer
according to ASTM standards, PDDF biodegrades significantly
faster than LDPE and LLDPE, breaking down within 990 days in
freshwater environments and 475 days in composting conditions.
Furthermore, as with PBAT and PPeAT, PDDF can be easily
chemically recycled to obtain the original monomers using
hydrolysis or methanolysis [23].

Film blowing is favored over compression molding for the
production of films for many reasons, including its ability to
create thin, uniform, and continuous films with high production

rates [24]. In film blowing, the polymer is melted and extruded
through a circular die to form a thin tube, which is then inflated
to produce a film. This process allows for precise control over
film thickness, crystal size, and chain orientation by adjusting
parameters such as extrusion speed, blow-up ratio, blow-up air
temperature, drawdown ratio, velocity of nip rolls, and type of
bubble inflation [25, 26]. Film blowing is particularly advan-
tageous for producing large quantities of film with consistent
quality, making it ideal for applications like packaging [27] and
agricultural [28] applications. Polymers that can be processed by
film blowing include LLDPE [29], LDPE [30, 31], ethylene vinyl
alcohol [32], polystyrene [33], polyethylene terephthalate [34],
PBAT [35], PLA [36], and polyhydroxyalkanoate [37]. In contrast,
compression molding involves placing a polymer in a heated
mold, applying pressure, and then cooling it to form a solid part.
While compression molding is effective for creating thicker and
more complex shapes [38], compression molding is much less
efficient and much more limited in producing the continuous,
thin films required for flexible packaging.

In this work, blown films (BFs) of PPeAT, PDDF, PBAT and
LLDPE were compared with compression molded sheets (CMSs)
of the same polymers. BFs and CMSs were characterized using
2-D wide and small angle x-ray scattering (WAXS and SAXS)
and dynamic mechanical analysis (DMA). Tensile and barrier
properties were also measured. DMA and tensile tests were
performed with samples cut in both the machine direction (MD)
and transverse direction (TD) of the films. To the best of our
knowledge, film blowing of PPeAT and PDDF, along with a
comparative analysis against compressionmolded sheets, has not
been previously explored.

2 Results and Discussion

2.1 Mechanical Properties

Stress-strain curves for CMSs as well as machine direction (MD)
and transverse direction (TD) measurements of LLDPE, PBAT,
PPeAT, and PDDF films are shown in Figure 1. Data presented
here for PBAT compression molded sheet (CMS) were previously
presented elsewhere [21]. However, data for PPeAT CMS (batches
of material with different MW and without nucleator) and
LLDPE CMS (different material with different MFI) have not
been previously reported; however, both sets of results are close
to those presented previously [21]. Young’s modulus (E), stress
at break (δb) and elongation at break (εb) were calculated and
reported in Table 1. All four polymers exhibited ductile behavior
with a high elongation at break. E, δb and εb values for the CMSs
were higher than the BFs for all four polymers. The relative drop
in E was approximately the same for LLDPE, PBAT and PPeAT
at around 25%, while that for PDDF was almost 50%. Ultimate
property drops (δb and εb) for LLDPE were only about 20%, while
that for the polyesters was closer to 40%. The larger drop for the
polyesters could be due to hydrolysis during processing; although
the samples were dried prior to processing some degradation
could have occurred. PPeAT BF exhibited a Young’s modulus
three times higher than that of PBAT BF and was comparable
to LLDPE BF. Meanwhile, PDDF BF had a Young’s modulus
four times greater than PBAT BF and was similar to LLDPE
BF.
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FIGURE 1 Stress-strain curve of LLDPE, PBAT, PPeAT, and PDDF CMSs and BFs.

TABLE 1 Mechanical properties of LLDPE, PBAT, PPeAT, and
PDDF CMSs and BFs.

Samples

E δb εb
MPa MPa %

LLDPE CMS 230.0 ± 10.8 20.1 ± 3.8 707 ± 135
MD 165.5 ± 35.5 16.7 ± 0.8 673 ± 27
TD 165.8 ± 31.1 13.5 ± 2.1 580 ± 79

PBAT CMS 78.0 ± 10.0 26.0 ± 3.0 815 ± 67
MD 43.2 ± 6.8 13.9 ± 0.7 622 ± 25
TD 50.2 ± 6.8 18.9 ± 3.0 414 ± 41

PPeAT CMS 180.0 ± 5.8 22.5 ± 1.6 642 ± 49
MD 131.7 ± 14.4 12.2 ± 1.5 334 ± 17
TD 124.3 ± 29.3 9.5 ± 1.1 266 ± 38

PDDF CMS 311.2 ± 6.0 24.0 ± 1.2 252 ± 24
MD 163.4 ± 33.0 15.1 ± 2.5 147 ± 17
TD 154.4 ± 24.0 18.7 ± 2.1 270 ± 47

For BFs, differences in Young’s modulus between MD and TD
were not statistically significant according to the Student’s t-test
at the 95% confidence interval for a given polymer. However,

differences in stress at break and elongation at break betweenMD
and TD was statistically significant for all polymers according to
the Student’s t-test. The elongation at break in theMDwas higher
than in the TD for LLDPE, PBAT, and PPeAT. At higher blow-up
ratios, it has been previously demonstrated that the elongation at
break in the TD exceeds that in the MD [39]. But for PDDF, the
opposite held true, the elongation at break in the MD was higher
than the elongation at break in the TD.

2.2 Wide Angle X-Ray Scattering (WAXS)

Figure 2 shows WAXS spectra of the CMSs as well as BFs in the
MD and TD for LLDPE, PBAT, PPeAT, and PDDF, while Table 2
reports the percent crystallinity values for these polymers. For
PBAT, scattering angles (2θ○) observed are 16.2◦, 17.3◦, 20.4◦, 23.2◦
and 24.8 corresponding to the planes (011), (010), (102), (100), and
(111) respectively. For PPeAT, 2θ○ are 15.9◦, 17.4◦, 21.8◦, 23.5◦ and
25.5◦ with all peaks presumably corresponding to the same planes
as for PBAT. However, a distinct peak at 7.6◦ was observed for
PPeAT, which was not present in PBAT. For LLDPE, two sharp
crystalline peaks can be observed at the 2θ○ value 21.4◦ and 23.6◦
which are assigned to (110) and (200) planes. For PDDF, 2θ◦ are
9.8◦, 17.9◦, 21.6◦, and 23.8◦ with the latter two scattering angles at
approximately at the same angles as the planes (110), and (200) of
LLDPE. CMSs exhibited a higher percent crystallinity compared
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FIGURE 2 Wide angle x-ray scattering results for LLDPE, PBAT, PPeAT, and PDDF CMSs and BFs.

TABLE 2 Crystallinity properties of LLDPE, PBAT, PPeAT, and PDDF CMSs and BFs.

Samples

WAXS SAXS

Χc qmax

d-
spacing

lamellar
thick-
ness <cos2 ϕ> f

% Å−1 Å Å − −

LLDPE CMS 41.8 0.034 184 76.8 0.33 0.00
MD 36.8 0.040 156 57.3 0.35 0.03
TD 38.2 0.038 165 63.1 n/a n/a

PBAT CMS 18.6 0.052 121 22.4 0.33 0.00
MD 11.7 0.057 110 12.9 0.40 0.10
TD 14.3 0.058 109 15.6 n/a n/a

PPeAT CMS 16.0 0.063 100 15.9 0.33 0.00
MD 5.9 0.076 83 4.8 0.45 0.18
TD 14.7 0.080 79 11.6 n/a n/a

PDDF CMS 36.1 0.049 128 46.1 0.33 0.00
MD 14.8 0.058 109 16.2 0.41 0.12
TD 25.8 0.068 920 23.8 n/a n/a
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FIGURE 3 Small angle x-ray scattering results for LLDPE, PBAT, PPeAT, and PDDF CMSs (Circularly averaged) and BFs (Sectionally averaged).

to both MD and TD BFs. This increase in crystallinity can be
attributed to the gradual cooling process in compressionmolding,
which allows polymer molecular chains to organize into a more
ordered structure [40, 41]. The higher degree of crystallinity of
CMSs compared to BFs almost certainly contributed to the higher
Young’s modulus for CMSs shown in Table 1. Blown films (BFs)
in the TD had a higher percent crystallinity than in the MD.
PBAT, PPeAT and PDDF had a high cooling rate (air blower:
2000 RPM) vs. a lower cooling rate for LLDPE (air blower: 1020
RPM), which could explain why the WAXS patterns for the MD
and TD were more similar for the latter. Higher cooling rate for
polyesters alongside a lower screw speed and haul-off speed were
used so that the film thicknesses would approximately match;
fundamentally, the difference required in cooling rate to match
final film thickness is likely due to the slower crystallization rate
of the polyesters compared to LLDPE. The reflections at ∼16◦
and ∼17◦ in both PBAT and PPeAT, and the reflection at ∼7◦ in
PPeAT showed a clear difference in intensity between MD and
TD in favor of MD while the reflections at ∼22◦, ∼23◦, and ∼25◦
showed a clear difference betweenMD and TD in favor of TD. For
PDDF, the reflection at ∼10◦ and ∼24◦ showed a clear difference
in intensity between MD and TD. Because the angles between
these peaks and the chain direction/normal to the lamellae planes
are not known, relating these results to the crystallite orientation
is not possible. PPeAT films had a lower percent crystallinity
compared to PBAT films, consistent with results obtained from

the CMSs presented here as well as results on CMSs presented
previously using a different batch of PPeAT [21]. PDDF BFs had
a higher percent crystallinity compared to PBAT and PPeAT BFs,
consistent with results obtained from CMSs.

2.3 Small Angle X-Ray Scattering (SAXS)

Figure 3 and Table 2 show SAXS results for CMSs as well as
BFs in the MD and TD for LLDPE, PBAT, PPeAT and PDDF.
As these crystallites are anticipated to have a lamellar shape,
peaks observed in q2I(q) vs. q represent characteristic long
spacings derived from Bragg’s law. The long period (d-spacing)
was calculated using (Equation 1), where qmax is the value where
q2I(q) vs. q was at peak maximum.

𝑑 = 2𝜋

𝑞max
(1)

Lamellar thicknesses reported in Table 2 are obtained by mul-
tiplication of fractional crystallinity with d-spacing values and
represent a lower limit of the lamellar thickness since the density
of the amorphous phase is less than the density of the crystalline
phase. As expected, BFs have smaller d-spacings and thinner
lamellar thicknesses than CMSs due to the faster cooling rate
for film blowing. As previously mentioned, BFs in the TD
have a higher percent crystallinity than in the MD, and these
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FIGURE 4 Small x-ray scattering 2D images for a) LLDPE, b) PBAT, and c) PPeAT and d) PDDF BFs.

FIGURE 5 Film orientation from small x-ray scattering for LLDPE, PBAT, PPeAT, and PDDFCMSs andBFs. An angle of 0◦ for the BFs corresponds
to the MD.

results show that the lamellar thickness were also higher. PPeAT
film had a smaller d-spacing and thinner lamellar thickness
compared to PBAT film, consistent with results obtained from the
CMSs. Additionally, PDDF CMS had a larger lamellar thickness
compared with PBAT and PPeAT CMSs due to higher percent
crystallinity of the former.

To observe the change in orientation between CMSs and BFs
of LLDPE, PBAT, PPeAT, and PDDF, SAXS patterns in Figure 4
were examined for change in the transmissional intensities as a
function of the azimuthal angle, with results shown in Figure 5.
Scattering vector range used for orientation was 0.015–0.1 A−1

for LLDPE, 0.02–0.15 A−1 for PBAT, 0.03–0.1 A−1 for PPeAT, and
0.028–0.1 A−1 for PDDF and were chosen on the basis of only
incorporating scattering that was part of the broad peak shown
in Figure 3. Scattering intensities for BFs show a sinusoidal shape
due to orientation of the lamellae normals, while for CMSs, the
intensity is almost constant with respect to the azimuthal angle
(∅). This observation is consistent with results in the literature
[42]. The orientation parameterwas calculated using (Equation 2)
and reported in Table 2 [43]. More orientation can be observed
for PPeAT BF compared with the roughly equivalent PDDF BF
and PBAT BF. Much lower lamellar orientation was observed for
LLDPE BF.

6 of 12 Macromolecular Materials and Engineering, 2025
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FIGURE 6 Viscoelastic profile form Dynamic Mechanical Analyzer for LLDPE, PBAT, PPeAT, and PDDF CMSs and BFs. Storage modulus is
represented as (- solid lines), loss modulus is represented as (- -dashed lines) and damping factor is represented as (-⋅⋅-dashed lines).

As orientation becomes more aligned with the MD, the values
of <cos2∅> and the orientation factor approach 1, whereas
alignment with the TD causes <cos2∅> to approach 0 and the
orientation factor to approach −1/2. For random orientation,
<cos2∅> is 1/3, and the orientation factor is 0 [43]. <cos2∅>

and orientation factors for CMSs in all four polymers are
approximately 0.33 and 0, respectively, confirming their random
orientation.

For BF samples, normals for the crystalline lamellae are oriented
more in the MD than in the TD. Higher orientation in the MD
is consistent with the work of Bafna et al. [44], who investigated
high-density polyethylene melt-blown film using an industrial
scale film blower. The orientation factor in the machine direction
increased from 0.352 for the smallest draw ratio to 0.585 for the
highest draw ratio; our orientation factors are closer to the smaller
draw ratio.

Although somedegree crystal orientation in theMDwas observed
in PPeAT and PDDF, the orientation was not enough to cause
differences in Young’s moduli. However, lab-scale film blowers
typically operate at lower drawdown ratios and slower cooling
rates compared to industrial-scale film blowers, resulting in less
pronouncedmolecular orientation. Stress at break and elongation
at break results were not consistent with the different polymers
in the MD and TD, indicating that if orientation effects were

relevant, then this result must be a function of amorphous chain
orientation, which was not measured here.

2.4 Dynamic Mechanical Analysis (DMA)

Storage modulus (E’), loss modulus (E’’) and damping factor (tan
δ) as a function of temperature for CMSs as well as films cut
with the long axis in the MD and TD are shown in Figure 6. For
all four polymers, E’ and E’’ for the CMSs had a higher value
than the BFs. No statistically significant differences existed for
the films cut in the TD vs. MD. These results are consistent with
the Young’s modulus and degree of crystallinity results. The peak
maximum of tan δ for the CMSs polyesters shifted to a lower
temperature with respect to the BFs (MD and TD), which is an
indication of a lower Tg. As previously mentioned, CMSs had a
larger d-spacing than BFs. The decrease in d-spacing and lamellar
thickness in BF was accompanied by a corresponding decrease in
Tg [45, 46].

2.5 Barrier Properties

Oxygen (P𝑂2 ) and carbon dioxide (P𝐶𝑂2 ) permeabilities are shown
in Table 3. P𝑂2 and P𝐶𝑂2 for LLDPE and PBAT agree with the
literature [47–49]. CMSs showed lower P𝑂2 and P𝐶𝑂2 than BFs.
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TABLE 3 Oxygen and carbon dioxide permeation and WVTR
results for LLDPE, PBAT, and PPeAT CMSs and BFs.

Samples

𝑷𝑶𝟐
𝑷𝑪𝑶𝟐

WVTR
Barrer Barrer g mmm−2d−1

LLDPE CMS 2.65 ± 0.23 12.00 ± 1.06 0.099 ± 0.01
BF 3.56 ± 0.32 14.50 ± 1.28 0.17 ± 0.10

PBAT CMS 1.20 ± 0.20 12.55 ± 1.99 6.95 ± 0.21
BF 1.30 ± 0.26 14.80 ± 2.98 10.86 ± 0.26

PPeAT CMS 0.25 ±1 0.02 2.25 ± 0.21 1.44 ± 0.12
BF 0.60 ± 0.11 4.31 ± 0.79 2.14 ± 0.34

PDDF CMS 0.38 ± 0.03 2.13 ± 0.15 0.47 ± 0.06
BF 0.58 ± 0.19 3.80 ± 1.30 1.08 ± 0.20

Kim et al. reported that BFs exhibit an increased permeability
due to the more perpendicular orientation of spherulite lamellae
arms to the film surface, whereas slowly cooled CMSs develop a
higher percentage of parallel-oriented lamellae, resulting in lower
permeability [50]. Also, Khanna et al. observed that the stretching
of oriented films introduces mechanical defects and stresses,
which also increases permeability [51]. Polyesters tend to have a
lower P𝑂2 than polyolefins due to the presence of carbonyl and
ester bonds, which lead to a more hydrophilic structure and thus
a lower P𝑂2 [52]. As expected, PPeAT and PBAT had a lower P𝑂2
than LLDPE, making them good candidates for food packaging
to maintain freshness and prevent staling. The decrease in gas
permeability and water vapor transmission rate of CMS PPeAT
compared to CMS PBAT can be attributed to several factors. The
first factor is lamellar thickness. While PBAT exhibited a slightly
higher percent crystallinity than that of PPeAT, the lamellar
thickness of PPeAT was smaller. This reduced lamellar thickness
translates to more numerous, smaller crystals, which resulted in
a more tortuous pathway for diffusion. The second factor could
be Đ; Đ of PPeAT is double Đ of PBAT which in turn will affect
the orientation of the amorphous phase, which could be a factor
in barrier properties improvement [53, 54]. The improved barrier
properties of PDDF CMS compared with LLDPE CMS were due
to the presence of carbonyl and ester bonds, which led to a more
hydrophilic structure and thus a lower P𝑂2 . Liu et al. observed
that the increase in oxygen/carbon ratio in the repeating unit of
a polymer structure will lead to an increase in P𝐶𝑂2 relative to
other gases [55]. Since PPeAT has a higher oxygen/carbon ratio
than PDDF, PPeAT CMS showed a lower P𝑂2 but a higher P𝐶𝑂2
compared with PDDF CMS. Additionally, PDDF BF exhibits a
lower P𝑂2 and lower P𝐶𝑂2 compared with PPeAT BF due to the
higher percent crystallinity of the PDDF BF.

Water vapor transmission rates (WVTR) for LLDPE, PBAT and
PPeAT are also shown in Table 3. CMSs exhibited a lower WVTR
compared to BFs, following the same trend as P𝑂2 and P𝐶𝑂2 .
PBAT, PPeAT and PDDF had a higher WVTR than LLDPE due
to the hydrophilic nature of the polar functional groups, such as
hydroxyl, ester and carboxyl groups, which form hydrogen bonds
with water vapor molecules [56]. PPeAT exhibited a lower WVTR
than PBAT again likely due to a more tortuous pathway due to
smaller and more numerous crystals. Furthermore, PDDF had a
significantly lower WVTR than PBAT and PPeAT, likely due to

higher percent crystallinity since the diffusion constant of water
through an amorphous polymer will be much larger than the
diffusion rate through a crystalline polymer [57, 58].

3 Conclusions

PPeAT and PDDF were successfully film blown using a lab scale
film blower and were compared with film blown commercial
LLDPE and commercial PBAT. Blown films (BFs) showed a
reduced Young’s modulus and storage modulus compared with
compression molded sheets (CMSs), consistent with the mea-
sured higher crystallinites of the latter. No statistically significant
difference was found with the Young’s modulus for films cut with
the long axis in the MD and TD, while a higher elongation at
break was found in the TD, except for PDDF, where the opposite
held true. CMSs exhibited longer d-spacings, larger lamellar
thicknesses and lower glass transition temperatures compared
with BFs. CMSs had lower oxygen permeabilities, carbon dioxide
permeabilities andwater vapor transmission rates comparedwith
BFs. PPeAT showed lower oxygen and carbon dioxide permeabil-
ities compared with PBAT and LLDPE and lower water vapor
transmission rate than PBAT, which is attributed to orientation
coupled with the effect of lamellar thickness and molecular
weight dispersity. PPeAT showed a lower oxygen permeability,
and a higher carbon dioxide permeability compared to PDDF,
consistent with the higher oxygen/carbon ratio. Film blown
PPeAT andPDDF showed promising results and could potentially
be used as a drop-in replacement for LLDE/LDPE in flexible film
packaging.

4 Experimental Section

4.1 Materials

A sodium-neutralized ethylene-methacrylic acid ionomer was
used as nucleating agent and was graciously provided by DuPont
(nowDow). For PDDF, 1,12 dodecanediol (DD, thermos scientific)
2,5-furandicarboxylic acid (FA, Accela), and also titanium (IV)
isopropoxide (AcrosOrganics)were used. FilmgradeLLDPEwith
anMFI of 2 g 10min−1 (ExxonMobil LL1002.YB) and PBAT (BASF
Ecofle C1200) were also tested. LLDPE was kindly provided by
Amcor plc and PBATwas purchased fromAzelis Americas. Based
on themeasured glass andmelting temperaturesmeasured in our
lab [21], and data published here [59],m andn for PBATwere both
0.5. All chemicals were used as received.

High molecular weight PPeAT was synthesized in our lab via
direct esterification and polycondensation, following a method
previously developed and published by our group [60]. Num-
ber average molecular weight, weight average molecular and
dispersity (Đ) for PPeAT were 69,900 g mol−1, 219,000 g mol−1
and 3.13, respectively. A similar procedure was used for PDDF,
number average molecular weight, weight average molecular
weight and Đ were 39,400 g mol−1, 90,400 g mol−1 and 2.29,
respectively.[23] These molecular weights were chosen because
of their approximate equivalence in extensional viscosity at 130◦C
for the PBAT and LLDPE detailed elsewhere.[21, 23] 130◦C has
been shown to be a good analog for film blowing [61], Chemical
structures of PBAT, PPeAT and PDDF are shown in Figure 7.
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FIGURE 7 Chemical structures of PBAT, PPeAT, and PDDF.

4.2 Nucleator Addition

PPeAT and an ionomer nucleator were dried in a vacuum oven
at room temperature for 24 h prior to film formation to remove
residual moisture. The ionomer nucleator used was ethylene
with methacrylic acid partially neutralized with Na with 78.4%
neutralization and melt index of 1.26. To add nucleator, PPeAT
was melt-mixed with 0.5% w/w ionomer using a 1″ Killion single
screw extruder with 24/1 L/D ratio. The 3-barrel heating zones
were set to 135/135/135◦C and the die heating zone was 120◦C
while the screw speed was 60 RPM. The extruded strand was
cooled using a water/ice bath and fed to a pelletizer to pelletize
the nucleated PPeAT as shown in Figure 8. These conditions
yielded good dispersion of the nucleator within the PPeAT as
evidenced by the equivalence of crystallization kinetics using
this mixing technique compared to mixing with a conical twin
screw (results not shown). Also, FTIR spectra shown in the
Supplemental Information show no changes in FTIR spectra
other than those related to differences in crystallinity; the nucle-
ator is in such lowconcentration that FTIR is not sensitive enough

to see such interactions (e.g. changes in hydrogen bonding for
example).

No nucleator was added to PDDF due to its inherently fast
crystallization rate. Nevertheless, the polymer was extruded
under identical conditions to produce pellets for the subsequent
film-blowing process. Since PBAT and LLDPEwere already in the
form of pellets, no extrusion in our laboratories was necessary.

4.3 Film Preparation

Pellets were fed to a LE8-30/C conical single screw extruder (30/1
L/D ratio) fitted with a LUMF-150 ultra microfilm blowing tower
from Labtech engineering. The heating barrel temperature was
set to 210◦C while the die heating temperature was set to 200◦C.
Lower processing temperatures led to excessive melt viscosity
which overloaded the extruder’s motor. The annular die was 20
mm in diameter and the blow-up ratio (BUR) was set to 3.5. The
other parameters were adjusted to produce an average bubble
thickness between 0.05 and 0.06 mm for all samples. Hence,
the screw speed, air blower, haul-off speed and pull roll and
winder speed were set to 300 RPM, 1020 RPM, 4.9 ft min−1

and 29.4 ft min−1, respectively for LLDPE and 100 RPM, 2000
RPM, 2 ft min−1 and 15 ft min−1, respectively for the PPeAT,
PBAT, and PDDF. The air blower used room temperature air,
and no external forced convection air cooling was used. Pictures
of film bubbles for all resins are shown in Figure 9. CMSs with
thicknesses between 0.4 and 0.5 mm were produced via a Carver
laboratory press operated at 5 metric tons and a temperature of
180◦C.

4.4 Polymer Characterization

A 200 lb. SSTM tester from United Testing Systems was used to
measuremechanical properties at room temperature. A dog-bone
shaped sample according to the ASTM D-1708 standard was cut
from CMSs and BFs with 1.27 cm min−1 rate of straining and
dogbone gauge length of 2.2 cm. An average of 7 samples were
used to calculate the final tensile properties of polymers.

FIGURE 8 Schematic representation of melt compounding process using a single screw extruder.
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FIGURE 9 Stable film bubble from LUMF-150 for LLDPE, PBAT, PPeAT, and PDDF.

Wide-angle x-ray scattering (WAXS) and small-angle x-ray scat-
tering (SAXS) measurements were performed using a Xenocs
XEUSS 3.0 with Cu-K-alpha radiation (1.54 Å). The apparatus
was operated at 50 kV and 0.6 mA with a q-range of 0.15–
3.4 Å−1 and 0.01–0.3 Å−1 with an exposure time of 60 and 120
min for WAXS and SAXS, respectively. 1D-WAXS and SAXS
profiles were obtained from circularly integrated intensities of
acquired 2D-WAXS and SAXS images, respectively. Patterns for
MD and TD were calculated for ±5◦ around the appropriate
axis. To calculate the fractional crystallinity from the circularly-
averaged WAXS pattern for the overall crystallinity or from
the MD and TD patterns, a program was used to fit a linear
baseline followed by a Gaussian curve to each peak and the
amorphous halo. For evaluation of the orientation factor (f) at
a given scattering angle range, a quantitative measurement was
carried out using the Herman’s orientation function shown in
(Equation 2).

𝑓 =
3
⟨
cos2∅

⟩
− 1

2
(2)

where,

⟨
cos2∅

⟩
=

∫

𝜋

2

0 𝐼 (∅) . sin ∅.cos2∅𝑑∅

∫

𝜋

2

0 𝐼 (∅) . sin ∅𝑑∅

(3)

〈cos 2∅〉 is the average cosine square of the angles between
the oriented molecular chain and the drawing direction and
I(∅) is the baseline subtracted intensity distribution around the
azimuthal angle.

Dynamic mechanical analysis (DMA) for the BFs (both MD and
TD) and CMSs were performed using a linear tension fixture
geometry on the TA instruments Ares G2. The test was conducted
at a temperature range of -50◦C to the sample melting temper-
ature, a frequency of 1 Hz, strain of 0.02% and a temperature
step of 3◦C. In all cases, tests were done in the linear viscoelastic
region.

CO2 andO2 permeabilities of the CMSs and BFsweremeasured at
1 bar and 25◦C in a constant volume, variable pressure barometric
device with a 47 mm HP filter holder. Prior to the experiment,
the system was left under vacuum for 24 h to remove any

humidity and previously absorbed gases. Upstream pressure was
monitored using a PX-409-USHB pressure transducer with a full-
scale of 1000 psi while the downstream pressure was monitored
using another PX-409-USHB with a full scale of 260 torr. The
change in downstream pressure over time was recorded and
the permeability (P) at steady state can be calculated using
(Equation 4):

P =
𝑙𝑉𝑑𝑜𝑤𝑛

𝐴𝑅𝑇Δ𝑝
.
𝑑𝑝

𝑑𝑡 𝑑𝑜𝑤𝑛
(4)

where, l and A are the thickness and the area of the film,
respectively, R is the universal gas constant, T is the absolute
temperature, Vdown is the downstream volume, Δp is the pressure
difference across the film, and 𝑑𝑝

𝑑𝑡 𝑑𝑜𝑤𝑛
is the steady state slope of

pressure versus time in the downstream.

Water vapor transmission rate (WVTR) was measured according
to ASTM E96 (dry cup method) by first fixing a dry sample (of
mass m0) on a vial filled with desiccant (CaSO4) in a desiccator
saturated with water vapor and then monitoring the increase
in mass (mg) as a function of exposure time. The vials covered
with the film were weighed at certain times until 21 days. Weight
changes of the vial were plotted vs. times, and then the slopes
of the plot of each sample were obtained. The thickness and
area of each sample were measured prior to testing. WVTR was
calculated using (Equation 5):

𝑊𝑉𝑇𝑅 =
𝑑𝑚𝑔

𝑑𝑡

|||||𝑠.𝑠
.
𝑙

𝐴
(5)

where 𝑑𝑚𝑔

𝑑𝑡
|
𝑠.𝑠

is the steady state slope of mass gained versus
time, while l and A are the thickness and the area of the film,
respectively.
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