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ABSTRACT

Among commercial biodegradable polyesters, poly(glycolic acid) (PGA) has been rarely investigated
for packaging applications, despite its unique advantages such as 100% compostability, high degree of
crystallinity, high thermal stability and high gas barrier properties. The application of PGA has been
limited by its mechanical brittleness, moisture sensitivity, and high melting temperature (~240 °C),
restricting its processing and applications for film packaging. In this study, PGA was modified by
blending with poly (butylene adipate-co-terephthalate) (PBAT) via melt-extrusion. A commercial
terpolymer of ethylene, acrylic ester and glycidyl methacrylate (EMA-GMA) was selected for
compatibilization. The phase morphology, rheology, thermal, mechanical and gas barrier properties of
the blends were investigated. With addition of 20 wt. % EMA-GMA, the elongation of PGA/PBAT
(50/50 wt. %) blends was improved from 10.7 to 145%, the oxygen permeability was reduced from 125
to 103 (cm®* mm) / (m? 24h atm), and the water vapour barrier performance was improved by ~47%.
The enhancement in ductility, oxygen and water vapor barrier properties of the flexible blends were
ascribed to the interfacial bonding between PBAT and PGA enabled by EMA-GMA. The
compatibilized PGA/PBAT blends with high thermal stability up to 300 °C are preferable for high

temperature or hot food packaging.
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INTRODUCTION

Bioplastics refer to polymers that are derived from the biomass, such as bio-polyethylene and
bio-poly(ethylene terephthalate) but are not biodegradable or those derived from either biomass (e.g.
poly (lactic acid), PLA) or petrochemicals (e.g. PGA) and are biodegradable.® It implies that bioplastics
have two aspects of sustainability, green educt and/or green product. While green educt implies the
bioplastics generated from the feedstock or derived biologically, green product implies that the
derivative products will be degradable and have a low impact on the environment.? Further, life-cycle
analyses of bioplastics indicate that they can reduce carbon dioxide (CO2) emissions by 30~70%
compared with conventional plastics.® Interestingly, in a recent market data report by the Nova Institute,
bioplastics are shown to represent ~ 1 % of the annual plastics production at 359 million tonnes.® With
intriguing sophisticated applications and emerging biodegradable alternatives, the market for
bioplastics is increasing rapidly. Whilst the current global production capacity is estimated to be around
2.11 million tonnes, it is expected to increase and diversify production up to 2.43 million tonnes by
20243

PLA is the most commonly used biodegradable bioplastic in the market.* Despite its good
mechanical strength and melt-processability, it’s brittleness, low gas barrier properties, and slow rate
of degradation limit its applications for food packaging. In this regard, its chemical analogue, poly
(glycolic acid) PGA, exhibits higher mechanical strength, higher heat distortion temperature, and
exceptional gas barrier properties due to its higher degree of crystallinity (~50 %). In addition, PGA
has a faster degradation rate than PLA and is also 100% compostable under both industrial and domestic
composting conditions.*® Although PGA is known to have high production cost, PJCHEM China has
circumvent this bottleneck by synthesizing economically viable PGA from syngas that utilizes carbon
monoxide from coal waste gases which would have otherwise be burnt to CO, and contributed to
greenhouse effect.* The only key challenge in PGA’s direct application to film packaging is the high

degree of crystallinity of PGA that leads to mechanical brittleness.

Poly(butylene adipate-co-terephthalate) (PBAT) is an aliphatic-aromatic biodegradable
polyester that has an exceptional extension at break.®” It is often blended with other polymers such as
PLA for enhancing ductility and toughness,®** where a good compatibility between the polymer
components is a prerequisite.® PGA being a structural analogue of PLA has a similar solubility
parameter (Jpca: 23.5 MPa?) as PLA (dpia: 20.2 MPa'’?), also faces similar compatibility challenges
when blended with PBAT. Reactive extrusion has been successfully applied in melt-processing of
polymer blends with in-situ compatibilization. Using a free radical initiator dicumyl peroxide (DCP),
in-situ compatibilization was realised during melt-blending of PLA and PBAT.? Inclusion of 0.5 wt.
% DCP, PLA/PBAT (80/20 wt. %) blends showed greater compatibility through reduced PBAT domain

size, yielding a strain at break of up to 300%, combined with increased toughness and tensile strength.



Due to the uncontrolled nature of this approach, products including branched and crosslinked PLA or
PBAT, PLA-g-PBAT copolymers and PLA crosslinked with PBAT could not be avoided.

The chain end groups, carboxylic acid, in PLA and PBAT are often used for reactive extrusion
with chain extenders for compatibilization.?® For example, 2,2°-(1,3-phenylene)bis(2-oxazoline) and
phthalic acid were used in tandem in a PLA/PBAT (80/20, wt. %) blend demonstrated high strain
(516%) and high strength (45.3 MPa). The increased interfacial adhesion between PLA and PBAT, as
well as a decrease in the crystallinity of the blend was attributed to the enhanced mechanical
performance. Furthermore, trans-esterification of PLA/PBAT via 0.4 wt. % tetrabutyl titanate led to a
PLA/PBAT (70/30, wt. %) blend demonstrating high strength and elongation through enhanced
interface compatibility.'*

PLA and PBAT blends were also compatibilized using cellulose nanocrystals (CNCs). CNCs
had stronger thermodynamical affinity towards the PBAT phase, while with higher CNC loadings (3
wt. % and 5 wt. %), the CNCs were found mainly at the interface and in the PLA phase. This led to an
appreciable Young’s modulus for the composite but low extension at break of 4 % for 5 wt. % CNC
loading.™® In other work, Cardolitet®NC-514, a bio-based epoxy-cardanol pre-polymer (ECP) was used
for compatibilizing PLA/PBAT blends. It was observed that the ECP content of less than 3 wt. % could
effectively compatibilize the blend and showed significant improvement in elongation at break and a
slight increment in tensile strength compared to the non-compatibilized blends. The ECP showed better
interfacial compatibilization for PLA/PBAT blends than for Joncryl ADR 4300 (a multi- functional
epoxy chain extender by BASF) for the same concentration.’® Abdelwahab et al. used glycidyl
methacrylate monomer as a toughening agent for PLA and organosolv lignin based polymer blends. It
was observed that by blending glycidyl methacrylate with PLA, the elongation at break was enhanced
from 3.3% to 401%." This result suggests that epoxy-based compatibilizers may also work for
compatibilizing PGA and PBAT blends.

In this work, we investigate the compatibilization of EMA-GMA, a commercial terpolymer of
ethylene, methyl acrylate, and glycidyl methacrylate for PGA/PBAT (50/50, wt. %) blends prepared by
melt-extrusion. The phase morphology, rheology, thermal and mechanical properties were studied, the
moisture and oxygen barrier performance evaluated at 23°C and 65 % RH and, 23°C, 0 % and 50 %
RH, respectively. The results revealed that these blends were effectively compatibilized and can be

suitably used in flexible packaging films.
MATERIAL AND METHODS
Materials

PGA was supplied by PJIM Polymer Scientific Co. Ltd. with an average number molecular
weight of 10° g/mol. PBAT (Ecoflex Blend F C1200) supplied by BASF has an average number



molecular weight of 1.42 x 10° g-mol™. A terpolymer of ethylene, methyl acrylate, and glycidyl
methacrylate (EMA-GMA) with 8 wt. % glycidyl methacrylate and 24 wt. % methyl acrylate with the
trade name LOTADER®AX8900 was kindly gifted by SK Functional Polymers. Its average number

molecular weight is 4.5 x 10 g-mol™.
Blend preparation

Prior to extrusion, PGA and PBAT were dried in a desiccant dryer overnight at 65 °C.
PGA/PBAT (50/50 wt. %) was blended with AX8900 at loadings between 10-30 wt. % via melt-
extrusion using an Eurolab 16 (Thermo Fisher Scientific) twin-screw extruder with an L/D ratio of 40:1.
The extrusion temperature zones were set from 220 °C to 240 °C, the feed was set at 6 %, and a screw
speed of 120 rpm was used for all experiments.

Blend characterization

Fourier-Transform Infrared spectroscopy (FTIR) was performed on a Bruker TENSOR 27
instrument in the spectral range 4000 to 650 cm™ at a resolution of 4 cm™ with 64 scans. Differential
scanning calorimetry (DSC) was carried out using a Mettler Toledo DSC 1. 5-8 mg of a polymer was
placed within a DSC pan and then analyzed under a constant nitrogen flow rate of 50 mL/min. The
experiments were performed using 10 K/min for both heating and cooling cycles. For mechanical
testing, blends were pelletized and injection moulded as per ASTM D 638 standards using a Haake
Minijet Pro piston injection moulding machine. The mechanical testing was performed on a 250 kN
Static Instron with a 10 kN fixture and a strain rate of 10 mm/min up to 110 % elongation and then at
25 mm/min until the sample broke. Scanning electron microscopy (SEM) was performed using a Carl
Zeiss Sigma Field SEM using an InLens detector under a 5 kV operating voltage. Prior to imaging,
samples were cryo-fractured and sputter coated using a Au/Pd target. Oscillatory rheology
measurements were carried out using a HAAKE Marslll Rheometer at 240 °C in the frequency range
0.008 — 100 Hz. Oxygen transmission rate (OTR) and water vapour transmission rate (WVTR) were
measured using a Totalperm permeabilimeter by Permtech, according to ASTM 3985 (OTR at 23°C
and 0% RH), ASTM F1927 (OTR at 23 °C and 50% RH) and ASTM F1249 (WVTR at 23°C and 65%
RH). To reset any influence arising from different film thicknesses, transmission rate values were
converted to permeability coefficients — P’O, (cm®*mm-m 24h atm) and P’'WV (g:-mm-m2 24h atm).

Scheme 1(a) shows the flow chart of the overall experimental process of this work.
RESULTS AND DISCUSSION

For the formation of polymer blends, the miscibility and resulting phase morphology is key for
achieving optimal mechanical and gas barrier properties. To visualise the effect of introducing EMA-
GMA, the cryo-fractured surfaces of the blends was imaged using SEM, see Figure 1. Prior to the
addition of EMA-GMA, 50/50 PGA/PBAT exhibits large phase separation, with spherical PBAT



domains with over 100 um in diameter residing in a PGA continuous phase. With 10 wt. % addition of
EMA-GMA as shown in Figure 1 b), phase separation still exists but the dispersed phase is more
homogeneous, indicating that 10 wt. % of EMA-GMA is not sufficient to bridge the PGA and PBAT
phases at a 50/50 weight ratio. Upon addition of 20 wt. % EMA-GMA, no sharp interfaces is observed
between PGA and PBAT phases. This indicates that at 20 wt. % EMA-GMA, the PGA and PBAT
phases are compatibilized. However, subtle evidences of phases merged together can still be observed
in 50/50/20 indicated by grey spherical regions highlighted in red in figure 1c) With 30 wt. % EMA-
GMA, a homogenous phase is observed (Figure 1d)), indicating the interfacial interactions and
compatibilization between PGA and PBAT is enhanced by inclusion of EMA-GMA. The absence of
sharp interfaces between PGA and PBAT helps in effective stress transfer between phases during

mechanical properties.

Figure 1: SEM images of cryo-fractured surface of a) PGA/PBAT (50/50), b) PGA/PBAT/EMA-GMA
(50/50/10), c) PGA/PBAT/ EMA-GMA (50/50/20) and d) PGA/PBAT/ EMA-GMA (50/50/30) blends.

The nature of the compatibilization between PGA, PBAT and EMA-GMA was investigated via
FTIR, see Figure 2. Pristine PGA shows an ester C=0 stretching band at 1737 cm™, whilst pristine
PBAT shows the -C=0 stretching band at 1711 cm. Furthermore, a broad OH stretching band is
observed in PBAT at approximately 3400 cm™. In PGA/PBAT 50/50, the PGA ester stretching peak
shifts to 1733 cm™ while the PBAT ester stretch shifts to 1720 cm™, attributed to a change in the

chemical surroundings for each polymer, affecting their site-specific interactions.'® Specifically, this
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includes weak hydrogen bonding between C-H and O groups in CH, and ether groups in PGA,

respectively®® and a conjugative effect between phenylene aromatic and carbonyl groups in PBAT?8 20-

21, The -OH stretching due to PBAT was also observed at approximately 3500 cm*. With the addition
of 10 wt. % EMA-GMA, the shift in ester and carbonyl groups is prominent at 1731 cm™and 1715 cm
! but a change in PGA ester intensity was observed with respect to PBAT, indicating that some of the

PGA ester groups were hydrogen bonding with the hydroxyl group of EMA-GMA.
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Figure 2: (a) FTIR spectra of the polymers and blends of PGA, PBAT, PGA/PBAT (50/50) with
between 10 and 30 wt. % EMA-GMA and (b) FTIR spectra showing the change in the ester peak for

the same set of materials.



In addition, the -OH stretching observed in the PGA/PBAT/EMA-GMA (50/50/10) blend
broadened and shifted to a lower wavenumber, indicating further that the newly formed hydroxyl group
of EMA-GMA interacted with esters along the PBAT and PGA chains. Similar observations were also
seen in the blends containing 20 wt. % and 30 wt. % EMA-GMA, where the shift in the PGA ester and
PBAT ester are observed at 1731 and 1715 cm, respectively for the 20 wt. % EMA-GMA blend and
1731 and 1716 cm, respectively, for the 30 wt. % EMA-GMA blend. The free carboxylic acid end
group of PBAT can react with the glycidyl end of EMA-GMA to form ester derivatives as per the
mechanism proposed by Shechter et al,?2 as well as hydrogen bond with PBAT through the ester groups.
In comparison EMA-GMA has been shown to only have a partial miscibility when the PGA structural
analogue, PLA, is used, indicating that its compatibilization of PGA/PBAT may be somewhat limited.?
Therefore, sufficient glycidyl groups are required for this compatibilization reaction, and since EMA-
GMA only contains 8 wt. % of glycidyl moieties, we therefore selected a concentration > 10 wt. % in

this study.

Therefore, based on the FTIR result, the following compatibilization mechanism is presented
in Scheme 1(b). We propose that the EMA-GMA acts as a compatibilizer through the ring opening of
the epoxide group via the carboxylic acid chain end, which then allows PGA esters to interact with the
newly formed hydroxyl group from partially miscible EMA-GMA/PBAT.



(a) PGA+PBAT+ EMA-GMA (10-30 wt. %)

Melt Extrusion

PGA/PBAT/EMA-GMA blends

Structural and Thermal
morphological characterization using Tensile testing
characterization DSC, Oscillatory using UTM
using FTIR and SEM rheology, and TGA

0
(b)
o
n EMA-GMA PBAT
PGA WOO%H
O\ (o] DH' “, H bonding By bonding

(o]
WJ\/H\\/]" \)J\ \)J\
Reactive extrusion /Y

o" 0 H bondmg

| PBAT
CH;  EMA-GMA oc%

PBAT

Permeability
testing (OTR and
WVTR)

Reaction of PBAT and glycidyl ring of EMA-GMA

! 1
I
. :
| % I
1

1

PBAT chain EMA-GMA

Scheme 1: (a) Flowchart of the synthesis and characterization process in this work. (b)Schematic
representation of the compatibilization interaction between PGA, PBAT, and EMA-GMA during

extrusion.

The development of phase morphology of the PGA/PBAT blend induced by inclusion of EMA.-
GMA can be reflected by the change in the viscoelastic behaviour of the polymer blends, see Figure 3.
When 10 wt. % compatibilizer is introduced, the storage modulus (G’), loss modulus (G”) and complex
viscosity (In*|) of the polymer blend are unaffected across the entire frequency range examined.
However, a deviation in the linear relationship between G’ and G” in the Cole-Cole plot, Figure 3 c),
indicates that the polymer blends demonstrate an increased elastic response after compatibilization. This
is due to interactions between >10 wt. % EMA-GMA with PGA and PBAT, confirming the interactions
detected by FTIR. After introducing 20 wt. % EMA-GMA, both the G’ and G”, and complex viscosity
of PGA/PBAT (50/50) increased by one order of magnitude. In addition, the Cole-Cole plot shows

further, strong deviation in the linear relationship between the elastic modulus (G’) and G". Overall, this



confirms that EMA-GMA is compatibilizing PGA and PBAT and significantly altering its physical
properties. Finally, after the addition of 30 wt. % EMA-GMA, a further increase of one order of
magnitude is observed in the G’ and n*|, but not the G”, demonstrating an increase in the elastic
behaviour of the blend. The greater deviation in the linear relationship in the Cole-Cole plot shows that
30 wt. % EMA-GMA further increases the compatibility between PGA/PBAT, which is reflected in the
mechanical properties shown in Figure 4. Furthermore, as the compatibilizer content is increased in
PGA/PBAT (50/50), the crossover point for the liquid-to-solid like behaviour transition of the polymer
blend occurs at higher frequencies, at 0.05 Hz, 0.9 Hz and 27 Hz for 10, 20 and 30 wt. % EMA-GMA
additions, respectively. Without EMA-GMA, this transition is not observed, see Figure 3 e),

demonstrating the increased elastic behaviour of the blend.
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Figure 3: Rheological behaviour of PGA, PBAT and PGA/PBAT (50/50) blends on addition of EMA-
GMA at loadings up to 30 wt. % at 240 °C: (a) storage modulus (G"), (b) loss modulus (G"), (c) Cole-
Cole plot, (d) complex viscosity (m*|) and (e) G’, G”, where filled symbols represent storage modulus,

open ones represent loss modulus.

Film packaging applications require materials which possess a high tensile strength (>8 MPa),
high strain at break (~150%) and an elastic modulus of ~100 — 200 MPa. Tensile testing results showed
the effect of PGA/PBAT compatibilization through EMA-GMA addition. While the average tensile
stress and elastic modulus of pristine PGA was 123.7 + 21.4 MPa and 7600 + 1200 MPa respectively
and, for pristine PBAT was 24.1 + 1.9 MPa and 101 £ 30 MPa respectively, the uncompatibilized 50/50
blend had an average tensile stress of 7.5 + 0.6 MPa and elastic modulus of 407 + 80 MPa. PGA had an
average strain at break of 5 + 3.8% whilst PBAT was 774 £+ 61.3%. The uncompatibilized 50/50 blend
exhibited an average strain at break of 10.7 + 8.3%, suggesting that the PGA and PBAT phases are not
compatible, as seen from the SEM imaging and FTIR analysis of this blend. However, the tensile
strength and the elongation at break of the PGA/PBAT blends improved with the addition of EMA-
GMA. There was a marginal increase in the tensile stress and elastic modulus from 7.5 £ 0.6 MPa to
10 £ 0.4 MPa for 50/50/10 and to 10.5 = 0.5 MPa for 50/50/20 blends, respectively. Although, there
was a significant enhancement in the elongation at break with addition of 10 wt. % and 20 wt. % EMA-
GMA, there was no improvement in the elongation at break after 20 wt. % which suggests that EMA-
GMA is an effective compatibilizer for the PGA/PBAT (50/50) blend only at concentrations <30 wt.
%. Furthermore, the elastic modulus for 10, 20 and 30 wt. % addition of EMA-GMA indicated that the
polymer blends were within the ideal 100 — 200 MPa range, at 102 + 30, 150 + 20 and 146 + 50 MPa
respectively. PGA/PBAT/EMA-GMA (50/50/20) showed the highest elongation at break of 145.2 +
16.8% and tensile stress compared to PGA/PBAT (50/50), with the stress-strain curves of the blends
shown in Figure 4, and the stress-strain curves of PGA and PBAT shown in Figure S1. The bump in the
stress-strain curves for 50/50/20 and 50/50/30 at ~110 — 120% was due to the increase in crosshead
speed of the tensile tester as the sample testing speed was increased from 10 mm/min to 25 mm/min for

observing the strain at break.
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Figure 4: Stress-strain curves of PGA/PBAT 50/50 with 10, 20 and 30 wt. % inclusion of EMA-GMA.
(The kink at strain around 110 % is due to the change in strain rate from 10 mm/ min to 25 mm/min
until the sample broke)

Figure 5 compares the mechanical properties of PGA/PBAT/EMA-GMA (50/50/20) blends
obtained with other biodegradable blends reported previously. Evidently, the PGA/PBAT (50/50) blend
exhibits low extension at break (<120%), similar to pristine polymers like PGA, PLA and PLGA. With
inclusion of EMA-GMA as a compatibilizer, the blends exhibited extension at break ~150% which is a
key requirement for flexible packaging films.
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Figure 5: Mechanical properties of biodegradable co-continuous polymer blends from the literature.

70/30 and 80/20 blends of PLA/PBAT, pristine polymers are shown for comparison. The values plotted

are taken from references * 2432 Orange colour represents the results from this work.
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The effect of compatibilization on the permeability of the polymer blends to oxygen and water
vapour was investigated, a key consideration for use in biodegradable food packaging applications.
Figure 6 a) and b) shows the permeability data for oxygen (P'O; at 23 °C, 0% RH and 50% RH) and
water vapor (P"WV at 23 °C and 65% RH) for the polymer blends used in this study, respectively. The
PGA used in this study could not be processed by itself with sufficient quality, therefore literature values
for PGA by Kureha have an oxygen permeability of 0.013 (cm® mm) / (m? 24h atm) at 20 °C and 80%
RH3* while from our study we observed the oxygen permeability of PBAT as 82.1 (cm® mm) / (m? 24h
atm) at 23°C and 50% RH. As PGA and PBAT are incompatible, the average oxygen permeability of
PGA/PBAT 50/50 was 124.73 (cm® mm) / (m? 24h atm). The addition of 10 wt. % EMA-GMA resulted
in a large increase in the oxygen permeability, partly due to the presence of phase separation still in this
sample (Figure 1 b)). The increase of EMA-GMA to 20 wt. % and 30 wt. % led to a decrease in the
oxygen permeability to 102.6 (cm*® mm) / (m? 24h atm) compared to the compatibilized polymer blend.
This is partly attributed to compatibilization of PGA and PBAT (Figure 1 ¢), d)).

The water vapour permeability of PGA was reported to be WP = 0.165 (g mm) / (m? 24h atm)
at 40 °C and 90% RH* while from our experiments, PBAT showed an average water vapour
permeability of 6.34 (g mm) / (m? 24h atm) at 23°C and 65% RH. A decrease of ~ 40% in the average
water vapour permeability was obtained for the PGA/PBAT 50/50 blend. An additional improvement
in the water vapour barrier performance was observed upon the addition of 10 wt. % and 20 wt. %
EMA-GMA (~ 40% and ~ 47%, respectively, over the PGA/PBAT 50/50 sample), whilst no further
improvements in water vapour barrier performance were observed for 30 wt. % EMA-GMA.
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Figure 6: (a) Oxygen and (b) water vapour permeability data for PGA/PBAT/EMA-GMA blends. (*
in the figures indicate a statistical significant difference which was determined ANOVA post-hoc

analysis with p<0.05 and n=3 specimen per sample.)

Table 1 Thermal transitions for PGA, PBAT and PGA/PBAT based blends from first cooling

cycle and second heating cycle.
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Tq Tm

T, (°C) T.(°C)  Tm(°C) Te (°C) %Xc
Sample J (°C)  (°C) % X PGA
PBAT PGA PGA PGA PBAT PBAT PBAT
214.2,
PGA - 514 2913 192.7 - - 44.7 -
PBAT -28.7 - - - 118.6 75.9 - 9.4
PGA/PBAT 206.8,
50150 -28.9 - 2160 190.5 120.1 83.9 37.2 10.5
207.4,
50/50/10 -28.0 37.9 2175 190.5 120.8 83.9 45.1 3.6
211.6,
50/50/20 -30.2 38.5 2205 194.0 120.0 77.1 46.9 7.1
211.1,
50/50/30 -29.7 39.4 220.3 192.5 119.9 77.4 37.4 10.5

To understand how the physical properties of the polymer blend affect the gas barrier properties,
differential scanning calorimetry (DSC) was used to investigate how the crystallinity of PGA and PBAT
are affected, shown in Table 1 and the first cooling and second heating curves shown in Figure S2.
Crystallinity in PGA forms due to the interaction between C-H and O=C-H bonds along the polymer
chain, producing hedrite crystal structures which vary in size depending on thermal expansion from
heating.®® For PBAT, the crystallinity formed specifically depends on the ratio between butylene
adipate (BA) and butylene terephthalate (BT): a BT ratio of less than 20 mol% means that BT
crystallizes in a BA lattice; a BT ratio of greater than 30 mol% means that BT crystallizes in a BT
lattice; a BT ratio of 20 — 30 mol% means that BT crystallizes in a mix of BA and BT lattice.**-* Upon
addition of 10% EMA-GMA, a large decrease in the crystallinity of PBAT is observed with respect to
PGA/PBAT 50/50, corresponding to a large increase in oxygen permeability, likely due to EMA-GMA
preferentially interacting with PBAT and disrupting the crystal structures formed. In addition, a double
melt peak is observed in PGA, with the lower temperature melt peak ascribed to primary crystals
melting and the higher temperature peak ascribed to melting of recrystallized crystals formed during
heating by melt recrystallization. As the PBAT crystallinity increases again upon compatibilization
between PGA and PBAT for 20 and 30% EMA-GMA, the oxygen permeability decreases again. The
PGA crystallinity decreases for 50/50/30 due to the compatibilization of PGA and PBAT disrupting
PGA crystal formation.

However, the water vapour permeability decreases across all samples upon addition of EMA-GMA,
despite the overall crystallinity of the blends decreasing between 20 and 30 wt. % EMA-GMA. This
suggests that the increase in the hydrophobic EMA-GMA content also reduced the water vapour

permeability.
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Table 2 compares the oxygen and water vapour permeability obtained in this work, compared to current
commercially available polymer films. Some petrochemical derived polymers exhibit lower oxygen and
water vapour permeability, but non-degradable plastic waste disposal issues and efforts to move towards
use of sustainable and biodegradable polymers hinders their future for packaging applications.
Comparatively, both PGA and PBAT individually are 100% biodegradable, and whilst biodegradability
of the polymer blends in this is part of the future steps for this work, their barrier properties are

comparable to conventional polymers, demonstrating their suitability for packaging applications.

Table 2: Comparison of oxygen and water vapour permeability of commercial polymer films* with the

present work.

P'O,

3 2 P'WV
Polymers (cm*®* mm) / (m? 24h atm) (g mm) / (m? 24h atm)
BASF Terluran ABS film 45.6 - 81 3.1
Dow Acrylonitrile ABS films 47 - 102 20-6.3
Dow Trycite Oriented PS film 98 - 138 13
BASF AG Polystyrol 168 N GPPS Film 101 1.2
High Density Polyethylene (HDPE) 26.3-98.5 0.1-0.24
Mid Density Polyethylene (MDPE) 98.5-210 04-0.6
Low Density Polyethylene (LDPE) 98 — 453 0.39-0.59
DuPont Mylar films polyethylene ) i
naphthalate (PEN) 1.13-1.18 0.38 - 0.57
Fluorinated ethylene propylene (FEP) 295 -394 0.087
Polytetrafluoroethylene (PTFE) 222 — 387 0.0045 - 0.30
Ethylene vinyl alcohol (EVOH) 0.01-0.15 08-24
Polyvinylidene chloride (PVDC) 0.00425 - 0.57 0.025 - 0.913
DOW Saran PVDC films 0.00425 - 0.00625
PBAT (this work) 71.4 -92.8* 558 -7.1*%*
PGA/PBAT 50/50 (this work) 110.03 - 139.43* 3.04 - 3.94**
PGA/PBAT/AX8900 50/50/20 (this work)  104.01 - 128.01* 1.65—2.07**

* At 23°C and 50% RH, ** At 23°C and 65% RH
CONCLUSIONS

Overall, this work demonstrates the use of EMA-GMA to compatibilize PGA and PBAT for potential
use in film packaging applications. The addition of 20 wt. % EMA-GMA is required to achieve useful
compatibilization, and prevent phase separation due to only partial PGA miscibility with EMA-GMA.

The mechanism for compatibilization, shown from FTIR measurements, is due to grafting of EMA-
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GMA to PBAT hydroxyl chain ends and PGA hydrogen bonding with the resulting hydroxyl group
formation from the grafting reaction. Once full compatibilization was achieved, PGA/PBAT/EMA-
GMA 50/50/20 showed high tensile strength (10.5 MPa) and strain at break (145.2%), suitable for film
packaging applications. Furthermore, the gas barrier properties for both oxygen permeability and water
vapour permeability were shown to decrease upon the addition of 20 and 30 wt. % EMA-GMA,
whereby an oxygen permeability of 102.6 (cm® mm) / (m? 24h atm) and a water vapour permeability of
1.65 (g mm) / (m? 24h atm) was observed. This was attributed to the increase in crystallinity of the
polymer blends from increased compatibilization, whilst the water vapour permeability also decreased
due to the EMA-GMA hydrophobicity.
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