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Abstract

The improvement of the properties of biodegradable poly(butylene adipate-co-
terephthalate) (PBAT) through the addition of poly(hydroxi amino ether) (PHAE) is
investigated. Analysis by means of DSC, DMTA, FTIR and TEM reveals that blends
are partially miscible, with finely dispersed droplet/matrix morphology. Besides of
morphology, hydrogen bonds between both, hydroxyl groups and tertiary amines in
neat poly(hydroxi amino ether), and with carbonyl groups of poly(butylene adipate-
co-terephthalate) in the blends, work out the linear viscoelastic properties and the time
relaxation spectrum. Blends rich in poly(hydroxi amino ether) show the highest
relaxation times and consequent strain hardening behaviour, which facilitates film
elaboration for packaging.

Permeability to water vapour, limonene and carbon dioxide is measured
obtaining a great reduction on PBAT permeability with the addition of poly(hydroxi
amino ether), specially for carbon dioxide. The mechanical properties of the blends
are similar to the polymer that forms the matrix. Overall, this work aims to shed light
on the effect of a second component on the properties of a biodegradable polymer in

order to design suitable materials for packaging applications.
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Introduction

Biodegradable polymers have attracted a great attention over the last years, due
to the growing awareness of the environmental problems associated to the huge
volume of polymer waste. Nowadays, the employed polymers for packaging
applications have a short service life and they are not degradable. Biodegradable
polymers offer a potential solution, notwithstanding they have, in general, low barrier
character to gases and vapours and poor mechanical properties. Therefore, polymer
blending is a widely employed method in order to improve their properties [1-3].

Poly(butylene-adipate-co-terephthalate) (PBAT), generally known under the
tradename of Ecoflex®, is an aliphatic aromatic copolyester that can be fully degraded
in few weeks [4]. It has good mechanical properties, such as adequate toughness and
tear resistance, but it has a low barrier character to water vapour, oxygen and carbon
dioxide [2]. In order to improve the properties of PBAT different approaches have
been carried out being one of them blending with another polymer, for example
poly(hydroxy ether of bisphenol A), which presents an outstanding barrier character,
and that leads to miscible blends [5].

Poly(hydroxi amino ether) (Blox®, PHAE), which has a similar characteristic to
phenoxy, is a good candidate to improve the limitations of PBAT, since it presents an
outstanding barrier quality to oxygen and carbon dioxide. It combines the great
adhesion and durability of epoxy thermoset resins, with the processability of
thermoplastics. It contains hydroxyl groups that can form strong specific interaction
via hydrogen bonds, which leads to compatible blends [6-8]. Poly(hydroxi amino
ether) polymer have been found to be partially miscible with polyamide-6 [9, 10],
poly(butylene terephthalate) [11], poly(ethylene terephthalate) [12] and
poly(caprolactone) [13].

Since PBAT/PHAE blends are potential candidates for packaging industry, and
films are obtained usually by blow extrusion, the rheological properties under shear
and extensional flow must be investigated. The rheological features of immiscible
blends depend on the concentration of each polymer phase, type of flow field,
interaction between phases, morphology and interfacial tension between phases [14,
15]. In the literature the relationship between rheology and morphology has been
widely investigated [14, 16, 17]. It has been proved that the measurements performed

in the linear viscoelastic regime are able to detect small differences in the morphology



due to the coalescence of the droplets [18]. Some authors have tried to relate the
morphology of immiscible blends with different rheological plots, like relaxation
spectrum and others, with only a relative success [19, 20]. Regarding the rheological
properties under extensional flow, most of the works focus on the study of
polyolefins, although there are a few studies on biodegradable polymers. For instance,
the extensional flow of PLA has been studied [21-23].

In the packaging sector the characterization of the transport properties is a
necessary task. Depending on the characteristic of the packed product different
permeability to penetrants is required. For example, fruits and vegetables need oxygen
for respiration whereas in other products oxygen can provoke the growth of
microorganism and the oxidation of fats. In literature the transport properties of
biodegradable  polymers, such as polylactide, poly(caprolactone) and
poly(hydroxybutyrate), have been widely studied [24-26]. Taking into account that in
general biodegradable polymer present poor barrier character different methods have
been used to improve this property: blending with another polymer or adding different
fillers [27, 28]. In the case of immiscible polymer blends the morphology also affects
the transport properties [29, 30].

In this work PBAT/PHAE blends are studied. Miscibility is analysed by means
of Differential Scanning Calorimetry (DSC), Infrared Spectroscopy (FTIR), Dynamic
Mechanical Thermal Analysis (DMTA) and Transmission Electron Microscopy
(TEM). Rheological properties under shear flow, in the linear viscoelastic regime, and
under extensional flow are studied and linked to the morphology of the blends and the
presence of hydrogen bonds. Finally the mechanical performance and the
permeability to water vapour, limonene and carbon dioxide is measured to assess the

suitability of these blends for packaging applications.

Experimental part

Materials

Poly(butylene adipate-co-terephthalate) (PBAT) of a molecular weight Mw =
75000 g/mole, known as Ecoflex®, was purchased from Basf (Ecoflex F Blend
C1200). PBAT is a random copolymer with adipate/terephthalate ratio of 47/53 in
mole. The poly(hydroxi amino ether) resin (PHAE) of MFI = 8.5 g/10 min at 200 °C
and 2.16 kg load ASTM D-1238 was supplied by Dow Chemical, under the trade



name Blox®. The respective Newtonian viscosities of PBAT and PHAE, obtained as

explained below in the corresponding sections, are 800 and 40000 Pa s.

Blend preparation

PBAT/PHAE blends were prepared in the molten state employing a Model CS-
183 MMX mixer at 190 °C and 40 rpm. Films for permeability measurements with
thickness of 60 um and 200 um were obtained by hot pressing using a Graseby
Specac device at 190 °C. Sheets of 1 mm thickness for rheological measurements
were obtained also at 190 °C by compression moulding. The membranes and sheets

were dried in vacuum 2 days at 70 °C and at least 5 days at room temperature.

Differential Scanning Calorimetry (DSC)

Thermal properties were measured in a differential scanning calorimeter model
Q2000 V24 TA Instruments. Samples of approximately 5 mg were encapsulated in
aluminium pans and two scans were performed from -80 °C to 200 °C at 10 °C/min

heating and cooling rate.

Thermo-mechanical properties

Dynamic mechanical thermal analysis was performed using a Triton 2000 DMA
(Triton Technology, Ltd.) in bending mode from -55 to 120 °C. The measurements
were performed with a heating rate of 4 °C/min and a frequency of 1 Hz, which are

commonly used to evaluate the glass transition temperature Ty.

Infrared spectroscopy
The infrared spectra were recorded in a FTIR spectrometer Nicolet Magna 560

using an ATR unit Golden Gate. The spectra were recorded with 2 cm™! resolution.

Thermogravimetric analysis (TGA)
Thermal gravimetric analysis was performed using a TGA Q500 (TA
Instruments) equipment. Samples of 3-5 mg were prepared and heated from room

temperature to 800 °C at 10 °C/min heating rate under nitrogen flux of 100 mL/min.



Morphological characterization (TEM )
Morphological characterization was carried out employing a TECNAI G2 20
TWIN (FEI) transmission electron microscopy (TEM) with an acceleration voltage of

200 keV. The samples were cut at -50 °C using a LEICA EMFC6.

Rheological measurements

Rheological measurements were carried out using an ARG-2 rheometer (TA
Instruments). Small amplitude oscillatory shear measurements were conducted under
nitrogen atmosphere at 150 °C using a parallel plates geometry (diameter 25 mm).
Frequency sweeps were carried out in the linear viscoelastic regime from 628 to 0.05
rad/s.

The rheological properties under uniaxial extensional flow were measured using
the Extensional Viscosity Fixture (EVF) of an ARES rheometer (TA Instruments) at
150 °C.

Mechanical measurements

The mechanical properties were measured employing an Instron 5565 testing
machine at a crosshead displacement rate of 5 mm/min and 22 °C. The films have a
thickness between 100-150 pm and the specimens were cut according to ASTM D638

type V. At least 5 specimens were tested for each reported value.

Permeability measurements

Water vapour and limonene transmission rate were measured in a permeation
cell at 25 °C according to ASTM E96-95 method. The cell is a small container made
of polytetrafluoroethylene, which is partially filled with water or limonene and a
polymeric membrane in the top. The measurements were carried out in a Sartorius BP
210 D balance with 10 g readability and the mass loss was recorded in a computer
[31]. The values shown are the average of at least 5 measurements.

Carbon dioxide permeability was measured in a permeation cell built in our
laboratory, which is similar to other equipments described in literature [32-34]. The
measurements were carried out at 1 atm and 25 °C and the values shown are the

average of at least 5 measurements.



Results and Discussion

Analysis of miscibility

From a practical point of view, miscibility of the polymer blends is usually
determined analysing the glass transition temperature and considering that for blends
with a single glass transition temperature miscibility is achieved, whereas blends that
show two glass transition temperatures are immiscible [35].

The thermal properties of PBAT/PHAE blends are reported in Table 1 (See
thermograms in Figure S1 of supplementary information). The melting temperature
and degree of crystallinity were evaluated from the first heating scan. The glass
transition temperatures were determined by Dynamic Mechanical Thermal Analysis
(DMTA), as explained below.

Poly(butylene adipate-co-terephthalate) shows three melting peaks at 47.2 °C,
corresponding to adipate sequence, and 89.3 and 121.0 °C, corresponding to PBT
sequence [4]. In literature X ray measurements show that the diffraction pattern of
PBAT resembles that of poly(butylene terephthalate) (PBT), with some adipate units
as impurities [4]. The observed two melting peaks in the DSC thermogram for PBT
can be attributed to two crystalline structures: o and B form, which undergo melting-
recrystallization process during heating [36]. In order to calculate crystallinity AHY, =
142 ]/g is considered for PBT [37] and AHS, = 135]/g for PBA [38]. Our DSC
results indicated a crystallinity of 14 % for PBAT, which is in accordance with the
previous data reported in literature [4].

The addition of PHAE decreases the melting temperature of the peak located
near 89 °C, due to the formation of less perfect crystals. This is an usual behaviour in
miscible or partially miscible blends [39]. The second melting peak increases slightly
with PHAE content, but the change is very subtle. In the case of 25 PBAT/75 PHAE
blend, a broad small peak located at 105.1 °C is observed, due to the overlap of the
aforementioned two melting peaks of PBAT.

The blend containing 25 % PHAE has a similar crystallinity compared to neat
PBAT whereas the addition of 50 % PHAE decreases the crystallinity degree,
indicating that the second component hinders the crystallization of PBAT. However,
for the blend containing 75 % PHAE the crystallinity level is much higher than that of
pure PBAT, showing again the peculiarity of this blend.



Table 1. Thermal properties of PBAT/PHAE blends, as determined by DSC and
DMTA.

Sample Te (°C) (DMTA) Tam (°C) Xe (%) Xeepat (%)
PBAT -20 47.2%,89.3° 121.0° 14 14

88 PBAT/I2 PHAE -20,75 48.1% 80.7°, 127.2° 15 17

75 PBAT/25 PHAE  -18, 82 83.9, 121.8¢ 9 13

63 PBAT/37 PHAE  -18, 81 47.4%79.7°,125.6° 9 14

50 PBAT/S0 PHAE  -18, 83 88.2b, 122.6° 3 5

38 PBAT/62 PHAE  -20, 71 81.0°, 122.6° 6 15

25 PBAT/75 PHAE -24, 88 105.1 6 22

13 PBAT/87 PHAE  *, 87 129.5 1 5

PHAE 91 - -

* The transition which corresponds to PBAT phase was not properly detected.

abe correspond to the different melting peaks labelled in the Figure S1.

To gain insight on the phase behaviour of the blends, DMTA measurements
were carried out. The measurements are shown in Figure 1, where not all the blends
are shown for the sake of clarity (see Supporting Information, S2) and the maximum
of tan & corresponds to the glass transition temperature. The values of the glass
transitions temperatures obtained by DMTA are included in Table 1. The glass
transition temperature of PBAT appears at -20 °C and that of PHAE at 91 °C, both
values being higher than those obtained by DSC, which are, respectively, -27 °C and
77 °C. The observed values for the pure polymers are similar to those found in the
literature [40, 41]. In the case of PHAE, a small and broad peak is observed near -40
°C attributed to a secondary transition [6]. This low temperature relaxation cannot be
detected by DSC, indicating that, in this case, DMTA is a more sensitive technique.

For the blends, the respective glass transition temperatures, corresponding to

PBAT and PHAE fractions, are displaced from those of neat polymers which suggest



that the blends are partially miscible. As detected by DMTA, the glass transition
temperature of PBAT phase is increased for blends containing 25 and 50 % of PHAE.
For 25 PBAT/75 PHAE blend the T, corresponding to PBAT phase is lower than that
of neat PBAT. In literature this behaviour has been attributed to the differences of the
thermal expansion coefficients of the dispersed phase and the matrix. This would lead
to a thermal stress and the soft phase would be eventually dilated [42, 43]. However,
Granado et al. observed a similar result for poly(propylene)/PHAE blends [44] and
they attributed the glass transition temperature reduction to the migration of a low
molecular additive present in PHAE, which acts as a plasticizer. They corroborated
this result by means of Size Exclusion Chromatography SEC/GPC analysis [44].
Considering that both hypotheses are acceptable for our blends, currently we have not
a definitive explanation for the T, corresponding to PBAT phase being lower than that

of neat PBAT.
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Figure 1. Tan 6 vs temperature of PBAT/PHAE blends and pure polymers.

Infrared spectroscopy is a very useful technique to characterize qualitatively the
miscibility of polymer blends through the analysis of the interactions between
polymers [45]. Figure 2 shows the carbonyl stretching band of PBAT and
PBAT/PHAE blends.
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Figure 2. Carbonyl stretching band of PBAT and PBAT/ PHAE blends.

PBAT shows a band located at 1709 c¢cm™ and a shoulder at 1730 cm
corresponding to the bands of the crystalline and amorphous phase, respectively. For
75 PBAT/25 PHAE and 50 PBAT/50 PHAE blends the bands are almost identical.
But, for 25 PBAT/75 PHAE blend the band which corresponds to the amorphous
fraction is shifted to 1715 ¢cm™!, whereas for neat PBAT it appears at 1709 cm™!. This
shift is related to the hydrogen bonding associations brought about by the hydroxyl
and tertiary amine groups of poly(hydroxi amino ether) (PHAE), see Scheme 1 for the
structures of the interactions. Similar results have been observed in literature for an

immiscible polyester/polyether blend [46].
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Scheme 1. Structures of PBAT and PHAE and the possible intramolecular

interactions in PHAE and intermolecular interaction between PBAT and PHAE.



Figure 3 shows the thermogravimetric traces obtained for PBAT/PHAE blends,
for the values corresponding to 5 % and 50 % of the weight loss, see Table S1 in
supplementary information. Both, PBAT and PHAE have a similar thermal stability
with T o5 = 331.4 °C and 324.6 °C values, respectively. All the blends are less stable
than the neat components, being 25 PBAT/75 PHAE composition the least stable.

From the collected data it is clear that the components influence each other
destabilizing the blend, being the destabilization more severe for the blends rich in
PHAE. Similar results were obtained by Eguiazabal and Iruin [47] for blends of
poly(hydroxyl ether of Bisphenol A), which is similar to PHAE, and different

polyesters.
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Figure 3. Thermogravimetric traces of PBAT/PHAE blends.

In order to analyse the morphology of the blends micrographs were obtained by
transmission electron microscopy. As can be seen in Figure 4 all the blends exhibit
droplet/matrix morphology. For the central composition 50 PBAT/50 PHAE a
cocontinuous morphology could be initially expected. However, this is not observed,
because the viscosity of PBAT is much lower than that of PHAE (see below)
compelling the latter to form a dispersed phase in the PBAT continuous phase.

The droplets are homogeneously distributed in the matrix and the obtained

morphologies are similar to that observed for poly(caprolactone)/PHAE and

10



poly(butylene terephthalate)/PHAE blends, in which small particles are also found
[13, 40].

Figure 4. TEM micrographs of cryofractured surfaces of (a) 75 PBAT/25 PHAE
(b) 50 PBAT/50 PHAE and (c) 25 PBAT/75 PHAE.

The number average diameter (d,), volume average diameter (d,) and
polydispersity (D) of the blends were calculated using the following equations and the

corresponding values are reported in Table 2. For the histograms see Figure S3 and S4

in Supporting Information.

J - Enidl.

o (1)

S
d = Ynd @
D= % (3)
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Table 2. Average diameter in number and volume and polydispersity for

PBAT/PHAE blends.

dn (Lm) dv (um) D
75 PBAT/25 PHAE 0.69 0.87 1.3
50 PBAT/50 PHAE 1.0 1.4 1.3
25 PBAT/75 PHAE 0.39 0.59 1.5

The number average diameters of the dispersed phase are: 0.69 pum for 75
PBAT/25 PHAE, 1.0 um for 50 PBAT/50 PHAE and 0.39 um for 25 PBAT/75
PHAE. For the blend which contains up to 50 % PBAT the polymer that forms the
matrix is PBAT, whereas for 75 PBAT/25 PHAE blend the polymer forming the
matrix is PHAE.

Density measurements

The density of PBAT/PHAE blends has been characterized since it could give
an approximate estimation about the variation of the free volume with the
composition of the blends. As it can be observed in Table 3 the density values vary
slightly with the composition. The density values change with composition following
the simple additivity rule, except the blend 50 PBAT/50 PHAE which presents a
density value that deviates negatively from additivity. Therefore, it could be deduced
that samples have even smaller excess free volume. Taking into account the densities
of pure polymers, the volume fraction is practically identical to weight fraction one:

74.7 % PBAT, 49.6 % PBAT and 24.7 % PBAT.

Table 3. Density values for PBAT/PHAE blends.

Sample Density (g/cm?)
PBAT 1.2258
75 PBAT/25 PHAE 1.2209
50 PBAT/50 PHAE 1.2139
25 PBAT/75 PHAE 1.2108
PHAE 1.2058

12



Rheology

Small amplitude oscillatory shear measurements (SAOS)

Dynamic rheological measurements in the linear viscoelastic regime have been
carried out, this kind of measurements are very useful to characterize polymer blends
since they are sensible to the morphology, the interfacial tension and the composition
of the blend [14, 15].

Figure 5 shows the elastic modulus against frequency for the homopolymers
and blends. The homopolymers exhibit a behaviour close to that offered by the
general linear viscoelastic model [48], characterized by the scaling law G’ « w? with
a slope of 2 in log-log plots. However, the blends deviate from this feature, due to the
elasticity resulting from the interfacial tension between the two phases. Differing
from the other samples, 25 PBAT/75 PHAE blend shows a trend to a plateau at low
frequencies. This plateau is observed in literature typically for sufficiently
concentrated polymer suspensions, for instance percolated polymer nanocomposites
[49, 50] and polymer gels [48, 51-53], rather than in emulsions. Our inceptive results
can be due to an effect of the observed very small droplets size (volume average
diameter of 0.59 um), which enhances the interfacial stress and so the elastic
modulus.

A viscoelastic model for emulsion-like blends was proposed by Palierne [54]
contemplating the morphology, the behavior of the two phases, and the interfacial
tension between them. This model represents actually a crucial advance with respect
to the Kerner model [55] which only considers the composition effect and is rather
valid at high frequencies, where the effect of the interfacial tension is not significant.

A good fitting of the dynamic viscoelastic moduli to Palierne’s model requires
that the elastic moduli of the polymers differ in less than one order of magnitude.
Unfortunatelly, this condition is not fufiled for our PBAT and PHAE polymers, as can
be seen in Figure 5, and, therefore, the use of Palierne’s model was fruitless in our

casc.
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Figure 5. Storage modulus vs frequency for the homopolymers and the blends.

The line in 25 PBAT/75 PHAE sample is to guide the eye.

At low frequencies, where the viscoelastic behaviour is controlled by interfacial
and morphological effects, SAOS data, like those of Figure 5, allow calculating the

relaxation spectrum of each sample, using the following equations [56, 57],

G'(w)= fﬂmy—ijdmx 4)

G (w)= fHM) Adma (5)

where H(7) is the relaxation spectrum and Al is the relaxation time. The results
are shown in Figure 6. As can be seen, PBAT and PHAE show, respectively, only one
relaxation peak. For PBAT the peak relaxation time is 0.016 s, which is shorter than
that obtained in literature for the same polymer grade by Carreau et al. [18], 0.8 s.
Also a value of 0.5 s was obtained for PBAT, with a lower molecular weight than our
sample, by Al Itry et al. [21]. For PHAE polymer the relaxation time at the peak is
0.58 s. The shoulder visible at approximately 0.05 s may be explained by the
relaxation of the aliphatic part of the PHAE which relaxes faster than the segments
that are near the bulky aromatic groups. The relative high relaxation times of this
polymer are due to the formation of hydrogen bonds between the tertiary amine and
hydroxyl groups. It has been reported that, in general, hydrogen bonds broaden the
relaxation time spectrum towards long times [58, 59]. As far as we know this is the

first reported information on the relaxation times of a poly(hydroxi amino ether).

14



The blend rich in PBAT, 75 PBAT/25 PHAE, shows only one relaxation peak at
0.05 s, which can be due to the small amount of PHAE or to its high viscosity, with
respect to the viscosity of PBAT, as it is discussed below. This indicates that PHAE
droplets do not deform substantially, which is compatible with the invisibility of the
relaxation peak of this polymer, as has been reported previously in literature for
PMMA/PS and mLLDPE/LDPE [60-62].

For 50 PBAT/50 PHAE and 25 PBAT/75 PHAE blends, two peaks can be
distinguished, respectively: at 0.15 s and 2 s for 50 PBAT/50 PHAE and 0.02 s and 3
s for 25 PBAT/75 PHAE. Logically, the peak at the lowest relaxation time is
attributed to the relaxation of PBAT phase, whereas the second one is related to the
relaxation of PHAE phase and the form relaxation of the droplets. In literature,
polylactide/poly(butylene adipate-co-terephthalate) and polylactide/poly(butylene
succinate-co-adipate) immiscible blends have been investigated [18] and in both cases
two relaxation peaks were detected. One of the peaks was related to the relaxation of
the matrix, and the other to the shape relaxation of the droplets. If the relaxation time
of the different blends is analysed it can be seen that the presence of PHAE shifts the
relaxation peak of PBAT to longer times; the same occurs in the case of PHAE peak
in presence of PBAT. Therefore the presence of other phase hinders the relaxation

process, giving rise to longer relaxation times.
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Figure 6. Normalized time weighted spectra for all the systems studied.
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In Figure 7 the absolute value of the complex viscosity against frequency is
shown. As expected, homopolymers exhibit a Newtonian behaviour al low
frequencies, followed by a viscosity decrease as frequency is increased. This is
concomitant with the pseudoplastic or shear thinning behaviour, observed in steady
state continuous flow, characterized by a viscosity decrease as shear rate is increased.
When the so called Cox Merz rule [63] is fulfilled, complex viscosity and steady state
viscosity coincide at equivalent frequencies and shear rates. This fulfilment has not
proven in our case, because continuous flow tests have not been contemplated. The
blend rich in PBAT, 75 PBAT/25 PHAE, shows the same response. Moreover, the
complex viscosity values of the former lie close to those of pure PBAT, which
indicates that the matrix governs the viscoelastic properties of this blend, as is
deduced from relaxation time spectrum results (Figure 6). However, for the blends of
the highest PHAE concentration 25 PBAT/75 PHAE a viscoplastic behaviour is
obtained, characterized by a continuous increase of the viscosity as the frequency is
decreased.

This behaviour arises from the interfacial tension between the phases, which
brings about an increase of the elastic component of the complex viscosity "= G ’/w.
The decrease of the viscosity with frequency is more patent when comparing the
viscosity results of PHAE to those of 25 PBAT/75 PHAE blend. It can be stated that
the matrix, PHAE polymer, governs the complex viscosity. But, it should be remarked
that the very small droplets of PBAT (volume average diameter of 0.59 um) give rise
to a high interfacial surface, that leads to the increase of the complex viscosity in the
region of low frequencies.

In general terms, it can be said that the viscous behaviour observed in blends at
low frequencies reflects the influence of phase interactions [14]. In a different way,
the results of the complex viscosity at high frequencies catch the expected resistance
to flow during processing. In this sense, the observed low viscosity of 25 PBAT/75
PHAE blend at high frequencies allows envisaging a good processability for this
blend.

16
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Figure 7. Dynamic viscosity as a function of frequency for the different systems

studied.

The so called Van Gurp — Palmen or Mavridis-Shroff plots (VPMS) [64-66],
which consist in representing the phase angle ¢ as a function of the complex modulus
G*, have been used to characterize polymer blends [19, 20, 67, 68]. For instance,
Macosco et al. [20] have tried to relate the morphology of polystyrene/styrene-ran-
acrylonitrile copolymer immiscible blends with the shape of VPMS plots.

In Figure 8 plots of the phase angle J as a function of the complex modulus G*
are presented. Phase angle brings about an idea of the viscoelastic nature of the
material because for liquids ¢ is near 90 ° whereas for solids the phase angle is near 0
°. Both pure polymers, PBAT and PHAE, as well as the blend with the highest PBAT
concentration, 75 PBAT/25 PHAE blend, show the behaviour observed for an
homogeneous melt, that is to say a trend to a constant J value (close to 90 °) at low G*
values and a decrease towards the entanglement plateau modulus in the right side of
the plot. It can be said that VPMS plots are not able to detect the presence of the
PHAE phase in 75 PBAT/25 PHAE blend, which can be due to the wrapping effect of
the much less viscous PBAT phase. Actually, it is known that that the less viscous
phase tends always to encircle the more viscous phase. The very high viscosity ratio,
50, of the blend masks the eventual effect of the interfacial tension at low frequencies.
50 PBAT/50 PHAE blend shows a lower 0[] below 80 degrees, as G* tends to zero,

which reflects an increase of the elasticity compatible with the droplets/matrix
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morphology shown in Figure 4. This effect is more patent for 25 PBAT/75 PHAE
blend, which shows an inflection at low G* values, i.e. at low frequencies, similar to
that reported in the literature for PP/PA blends [68] and attributed to the shape

relaxation of the corresponding droplets.
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Figure 8. Van Gurp — Palmen- Mavridis-Shroff plots (delta vs complex

modulus) for the different systems.

Extensional flow

In Figure 9 the transient extensional viscosity of both homopolymers is
presented, as a reference for the results of the blends, which are in turn presented in
Figure 10. Pure PBAT shows a strain softening behaviour, that is to say a concave
increase of the viscosity towards a constant value, although it contains long chain
branches which usually result in strain hardening. On the contrary, PHAE polymer
displays a strain hardening response characterized by a convex increase of the
viscosity at long times. PBAT, which is a long branched polymer, should be in
principle more prone to strain hardening than a linear polymer like PHAE, because
strain hardening has been reported in a number of long branched polymers [69, 70].
But, actually, strain softening has been observed in the literature for PBAT at 180 °C
[21]. This confirms that long chain branching itself does not bring about strain

hardening. Moreover, strain hardening has been observed in linear PS and
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poly(butadiene) samples, as reported in the literature [69, 71]. The lines in Figure 9
represent the Trouton law [14], which states that extensional viscosity is 3 times the
Newtonian viscosity obtained under shear flow, ne=3n.. Therefore, applying this law
requires knowing the Newtonian viscosity of the sample, which in our case is only
possible for PBTA and PHAE. The deviation with respect to Trouton law observed
for our pure polymers is relatively reduced, considering the discrepancies reported in
the literature [14].

These apparently contradictory results can be satisfactorily explained assuming
the point of view of Macosko et al. [71], who consider that strain hardening is indeed
linked to high relaxation times. This would be confirmed for our samples later,
matching the extensional viscosity results with the relaxation time spectra of Figure 6.
Low relaxation times are noticed for PBAT, conducting to strain softening. However,
the relaxation time spectrum of PHAE is shifted to long times, which is the cause of
strain hardening. These high relaxation times are due to the aforementioned hydrogen
bonds between tertiary amines and hydroxyl groups. In fact, strain hardening has been
reported in the literature for polymers which contain hydrogen bonds, such as
hydrolyzed poly(butyl acrylate) [59]. According to these authors the cause of strain
hardening is the increase of the relaxation time (Rouse time) promoted by hydrogen
bonds.

These considerations should be taken into account to explain the transient
extensional viscosity results of the blends (Figure 10). The blends rich in PHAE (50
PBAT/50 PHAE and 25 PBAT/75 PHAE) exhibit strain hardening behaviour, due to
the hydrogen bonds between tertiary amines and hydroxyl groups of PHAE and
carboxyl groups of PBAT, whereas the blend rich in PBAT, 75 PBAT/25 PHAE,
shows strain softening. This agrees with the analysis of the time relaxation spectra,
since the blends rich in PHAE show long relaxation times. Interestingly, when data
obtained for the different strain rates are analysed it can be seen that 50 PBAT/50
PHAE shows strain hardening at the lowest extensional rate, 0.03 1/s (see Figure S5
in Supplementary Information), which is not the case of 25 PBAT/75 PHAE.
Therefore, besides of the effect of hydrogen bonds, which enlarge the relaxation
times, there is an effect of the morphology, currently unexplained. Actually, very few
papers refer to the study of strain hardening in immiscible polymer blends [14, 21, 72]

and to the eventual effect of the droplets size and interfacial tension. According to the
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scarce results reported in the literature [14], the extensional viscosity is governed by
the matrix. Interestingly, Al Itry et al. [21] found that the extensional viscosity
increases when a compatibilizer is incorporated, due to the enhancement of the
interface. In general according to the data in literature the matrix governs the
extensional behaviour of the system [14]. Some authors have reported that in the case
of blends of linear polymers, using compabilizer which results in an increase of the
extensional viscosity [21].

Extensional viscosity results are also relevant for industrial processing, in
particular for blown film extrusion. It is known that strain hardening favours
considerably this process, because, the polymer melt extrudate should be stretched
vertically before blowing and an increase of the viscosity with time avoids extrudate
breaking. From our results of Figure 10 it can be stated that pure PBAT and 75
PBAT/25 PHAE blend could not be suitable for blown film extrusion, because they
show a low elongational viscosity and no strain hardening behaviour. Our statement is
supported by the results obtained by R. Al-Itry et al. [21] for a PBAT (Ecoflex FBX
7011) of the same Melt Flow Rate as the PBAT investigated in our work. The authors
reported that at 180 °C the PBAT is not apt for the blown film process, which was
explained by their poor elongational properties in the molten state. Our results, as well
as those of R. Al Itry et al. [21], are rather contradictory with the product information
supplied by BASF that indicates that both, PBAT (Ecoflex F Blend C1200) and
PBAT (Ecoflex FBX 7011), show good conditions for blown film extrusion. Under
the requisites established in our laboratory and in literature [21], the ability of PBAT
to be blown is questioned. But, certainly, industrial appropriate conditions, not
disclosed by BASF in the Material Property Data sheet, can lead to successful blown
film process of amorphous PBAT samples at considerably lower temperatures.

As compared to pure PBAT and 75 PBAT/25 PHAE, the rest of the samples are
better candidates for more facile blown film extrusion, in view of the elongational
flow results. In particular, pure PHAE and the blends rich in this polymer show strain
hardening and a higher extensional viscosity than the other samples, which bring

about advantages for processing methods involving stretching.
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Figure 9. Extensional viscosity at different extensional rates and at 150 °C for
PHAE on the top and PBAT on the bottom. The horizontal line corresponds to the

value obtained employing Trouton law ne=3mo.
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Figure 10. Extensional viscosity for the different systems studied at 0.1 s’

extensional rate and 150 °C.

Mechanical properties

In order to analyse the suitability of these blends on packaging the mechanical
performance is studied. Mechanical properties of PBAT/PHAE blends and the pure
components were analysed by means of tensile tests. Figure 11 shows the obtained
stress-strain curves and Figures 12 (a) and (b) the values of the Young’s modulus,
tensile strength and ductility, measured as the elongation at break. As can be seen in
both figures, PBAT exhibits the typical elastomeric behaviour of a soft material,
showing low modulus (155 MPa) and tensile strength values (21.4 MPa) but a high
ductility level (close to 400 %). On the contrary, the behaviour of PHAE corresponds
to a stiff and brittle polymer, showing high modulus (2830 MPa), intermediate tensile
strength (43.5 MPa) and low ductility values (3.5 %).

With respect to the blends, Figures 12 (a) and (b) show that Young’s modulus
and tensile strength exhibit a clear matrix-dependant behaviour, i.e. the 75 PBAT/25
PHAE and 50 PBAT/50 PHAE compositions shows values close to those of neat
PBAT, which has been shown to be the continuous phase at these mixtures. The 25
PBAT/75 PHAE composition shows values close to those of neat PHAE, which is the
matrix at this blend. This behaviour gives rise to a sigmoidal-shaped curve, leading to
a clear negative deviation from the linear rule of mixtures in the PBAT-rich
compositions and a slight positive deviation in the PHAE-rich composition, as can be

seen in Figures 12 (a) and (b). This is not the usual behaviour of immiscible polymer
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blends showing good adhesion between phases, where linear or slightly synergistic
behaviours are often seen [42, 73, 74], but it can be observed in immiscible systems
where adhesion between phases is not good enough to enable an effective stress
transfer from the dispersed to the continuous phase [13, 44]. In addition, similar
behaviours between Young’s modulus and tensile strength are often seen in
immiscible binary systems [13, 40, 73]. With respect to the elongation at break, it can
be seen in Figure 12 (b) that it drastically decreases even at the lowest PHAE content
(75 PBAT/25 PHAE composition) and blends became brittle at higher PHAE
contents. As previously mentioned for Young’s modulus and tensile strength, this
behaviour is a consequence of a non-effective stress transfer between phases, with the
rigid dispersed PHAE particles acting as stress concentrators and leading to the
premature fracture of the material. Although the blends show a lower elongation at
break than neat PBAT, they present a better ductility than polylactic acid PLLA,
which is one of the most promising biodegradable polymers. The elongation at break
for PLLA films measured in our laboratory is 3.6 %, whereas 25 PBAT/75 PHAE and
50 PBAT/50 PHAE blends give values at least two times higher. For the blend
containing just 25 % PHAE the elongation at break is more than ten times higher than

that of PLLA, which makes this blend a good candidate to replace polylactic acid.
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Figure 11. Stress-strain curves of pure PBAT and PHAE, and PBAT/PHAE
blends. Neat PBAT elongates up to 400 %. The graph was cut in the x axis to better

observe the initial part of the curves.
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Figure 12. Young’s modulus (a), tensile strength and ductility, measured as the

elongation at break, (b) of pure PBAT and PHAE, and PBAT/PHAE blends.

Permeability studies
The transmission of water vapour through polymeric packaging is an important
issue, since water can cause chemical and physical changes on the packaged product

and it can promote the growth of microorganisms which deteriorate food [24]. On the
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other hand, the permeability of polymeric packaging to aroma compounds can
provide information about the loss of scent of the packed objects. In this work
limonene has been used as a model compound [25] to assess the barrier features of
our blends to aroma compounds.

The data obtained for water vapour transmission rate is displayed in Figure 13
and the transmission rate values are presented in Table S2. PBAT presents a high
value, 12.8 ¢ mm/m? day, which indicates the poor barrier character of this polymer.
For biodegradable polymers lower water vapour transmission rates have been
reported. For instance, 5.7 g mm/m? day for poly(lactide) [33], 8.6 g mm/m? day for
poly(caprolactone) and 1.16 g mm/m? day for poly(hidroxybutyrate) [26]. PHAE
presents a much better barrier performance than PBAT, with a value of 3.4 g mm/m?
day. As expected, the addition of PHAE decreases considerably the permeability of
PBAT to water vapour, following practically a linear decrease with the concentration
of PHAE. The presence of a second phase contributes to the decrease of the
permeability in two ways: Creating a tortuous pathway [75] and reducing the excess
free volume, as deduced indirectly from density measurements. But, in some cases the
second component can create a preferential pathway [75], which leads to obtain

permeability values that are above the additive rule.
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Figure 13. Water vapour transmission rate for PBAT/PHAE blends.
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Several attempts have been made in literature to predict transport properties of
blends [76]. In this work the most employed models have been applied: Maxwell
Effective Medium Theory (EMT) and Levy [78].

Maxwell model predicts the permeability for multicomponent systems
constituted by a dispersed phase and a continuous matrix. It assumes that there is no
interaction between particles. 4 is a parameter that describes the geometry of the
dispersed phase: 4 = 2 for spherical particles, 4 = 1 for transverse cylinders, 4 = 0 for
planar laminar structures perpendicular to the gas flow and A — % when there are
planar laminates parallel to the gas flow [77, 78].

b _p PirAR-AY(R,-P)

Masvetl = AP o(P.P,)

(6)

where Py and P, are the permeability of the dispersed phase and the matrix,
respectively, and ¢ is the fractional volume of the dispersed phase.
The Effective Medium Theory (EMT) does not distinguish between the

dispersed phase and the matrix, which makes a good model for composition near 50

%, and there are not assumptions about geometry [79].

¢ Py = Pour +(1-9) By = Povr =0 (7)
P, +2P,,; P +2P,,

Levy model is the average of both Maxwell configurations and it does not
distinguish between the dispersed phase and the matrix [80].
o 2P, +P,-2(P,-P)F
Levy — "m
’ 2P, +P,+(P,-P)F

(8)
where F and G are given by,
2
2_1+2¢_J(2_1+2¢) )
G G G
F =
2 9)
2
G= (Pm _Pd)
(P, + Pd)2 + Bl
(10)

In Figure 14 the predicted values employing different models and experimental
results are shown, (see Table S3 in supplementary material for the permeability
prediction values). Maxwell model was applied considering a spherical morphology,

A = 2, and as can be seen the prediction is quite good for both compositions,

26



especially for 75 % PBAT. Maxwell model with 4 = 1 has been also applied, which is
the morphology for transverse cylinders. The prediction is also good and for 25
PBAT/75 PHAE even better results than with 4 = 2 are obtained, although TEM
micrographs show spherical droplets. In any case, the differences between the
employed prediction models are very small.

Furthermore EMT model and Levy model have been applied obtaining results
that overestimate and underestimate the obtained results, specially for 50 PBAT/50
PHAE underestimating the experimental results since the improvement with the
addition of PHAE is lower than expected.

Overall, relatively good results are obtained with the models employed and the
assumptions about the dispersed phase morphology do not have a great impact on the
obtained results. It can be concluded that EMT and Levy models are more adequate
for blends with similar contents of both components (50 %) since no assumptions

about the dispersed phase and matrix and the geometry are made.
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Figure 14. Experimental permeability values and theoretical predictions for
water vapour transmission rate of PBAT/PHAE blends.

Regarding the transmission rate of limonene, shown in Figure 15, pure PBAT
shows a value of 4.3 ¢ mm/m? day and PHAE, 3.6 10° g mm/m? day, which
corroborates the low barrier performance of PBAT and the excellent barrier character

of PHAE. Taking into account the results it can be stated that the permeability to
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water vapour is favoured by the hydrogen bonds and dipole-dipole interactions with
the polymer. This enhances the solubility and diffusion of the penetrant, increasing
the permeability. On the other hand, limonene, that is a non-polar hydrocarbon, can
only form weak van der Waals bonds with the polymer which leads to lower
permeability values. A similar behaviour has been observed in the literature for
poly(lactide), obtaining higher values for water vapour than for limonene [81].
However, poly(caprolactone) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
show the opposite behaviour that can be attributed to the larger alkyl groups which
change the nature of the interactions between polymer and penetrants [81, 82].

The permeability to limonene obtained for the blends is close to what

corresponds to the additivity rule, being this behaviour the same as for water vapour.

VTR (g mm/m? day)

| ———

PBAT 75PBAT 50PBAT 25PBAT  pyaE
25PHAE 50 PHAE 75 PHAE

Figure 15. Limonene transmission rate for PBAT/PHAE blends.

Carbon dioxide is a penetrant of interest for food packaging application, given
that is widely employed in modified atmosphere packaging (MAP) [83]. In Table 4
the carbon dioxide permeability for PBAT/PHAE bends is reported. PBAT presents a
poor barrier character to this penetrant, 8.0 Barrer. Taking into account the non-polar
character of CO,, this feature can be attributed to the favoured interactions between
the polymer and the penetrant, which increase solubility and diffusion and, therefore,
permeability. Regarding pure PHAE, a permeability of 0.02 Barrer was calculated
previously in our laboratory by sorption method and employing the well-known
equation P =D-§[10]. Regarding solubility coefficient a value of 0.0284 (cc STP/cc
pol) was reported for PHAE [10] whereas for PBAT a value of 0.0427 (cc STP/cc
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pol) is obtained for the amorphous part. Therefore, it can be concluded that carbon
dioxide interacts more favourably with PBAT than with PHAE.

The addition of 25 % PHAE reduces the permeability of PBAT by 86 % and
with 50 % PHAE the reduction is close to 94 %. The presence of PHAE changes the
transport mode of PBAT: diffusion is hindered, since the less permeating PHAE
droplets increase the tortuous pathway decreasing the diffusion. On the other hand,
sorption may not be greatly influenced, since PHAE phase is minority with respect to
PBAT. Overall, the less favourable interactions between PHAE and CO», added to the
increased tortuous pathway, provoke a great decrease in CO2 permeability. Similar
findings were observed for Polyamide 6/ PHAE blends [10].

Table 4. Carbon dioxide permeability of PBAT/ PHAE blends.

Sample P CO: (Barrer)
PBAT 8.0+£0.02

75 PBAT/25 PHAE 1.14+0.09

50 PBAT/50 PHAE 0.5+0.06

25 PBAT/75 PHAE

PHAE 0.02

Conclusions

The analysis of the miscibility and morphological features reveals that
poly(butylene adipate-co-terephthalate)/poly(hydroxyamino ether) blends are partially
miscible, with a droplet/matrix morphology and good adhesion between phases.
These features, together with the presence of hydrogen bonds between hydroxyl
groups and tertiary amines of PHAE and carbonyl groups of PBAT, determine the
linear viscoelastic properties obtained by SAOS. It is demonstrated that the blends
rich in PHAE present the higher relaxation times, which in turn gives rise to a strain
hardening behaviour in extensional flow. This is a relevant result, because strain
hardening guarantees adequate conditions for extrusion blowing film elaboration for

packaging purposes.
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Taking into account the partial miscibility of the blends, the mechanical
properties have been characterized where it is shown that the blends exhibit a matrix
dependant behaviour. Finally the permeability to water vapour, limonene and carbon
dioxide has been studied, observing an outstanding reduction with the addition of
PHAE, especially for carbon dioxide. This work entitles a better understanding of the
effect of a second component in the improvement of the processing and the barrier
character of a biodegradable polymer, which will be beneficial for the development of

bio based materials for packaging applications.
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