CHAPTER V
POTENTIAL BIODEGRADABLE MULCH FILM FROM POLY(LACTIC
ACID)/SILANE-MODIFIED THERMOPLASTIC STARCH BLEND

51 Abstract

Poly(lactic acid) (PLA) blended with silane-modified thermoplastic starch
(mTPS) film is proposed for the first time to use as fully biodegradable mulch film.
Replacing TPS by mTPS, the remarkable miscibility enhancement with well mTPS
dispersion in PLA matrix and the reduction of surface roughness are achieved
although the mTPS content in the blend is as high as 50 % wt, as evidenced by SEM
and AFM images. The miscible PLA/mTPS film allows not only the promoted PLA
chains mobhility (decreased Tgto 46 °C) and PLA chain regularization (increased Ac
to -50% ) but also the significantly improved flexibility (f 52%) as compared to
PLAITPS film (Tg50 °C, A -40% , and £25%). Additionally, the restrained oxygen
permeability (from 50 to 20 cm3 mm/m2 day atm) has been successfully obtained by
the highly developed AC combined with PLA/MTPS homogeneity. In contrast, an
increase of oxygen permeability (90 ¢cm3 mm/m2 day atm) was found due to the
PLAITPS immiscibility. Moreover, the PLA/mTPS film performs higher tolerance to
simulated weather with preserving film-form than that of PLA/TPS film, as

investigated by QUV accelerated weathering.

Keywords: poly(lactic acid), thermoplastic starch, miscibility, silane modification,

mulch film
5.2 Introduction

Recently, the interest of polymer films in agriculture is significantly
increased, especially for mulching. The mulch film plays an important role on crop
production such as inhibiting weed growth, maintaining soil moisture, and preserving
nutrients in soil.12 Nonetheless, it generates the environmental issue of plastic waste

hecause the general mulch films used are based on conventional plastics (/<? low
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density polyethylene (LDPE)3'5 and ethylene butyl acrylate (EBA)/ethyl vinyl
acetate (EVA)6). They are always left on the field after harvesting or sometimes
burnt uncontrollably, resulting in release of harmful substances, contaminating in
soil. Moreover, the recycling of these mulch films is unattractive due to labor-
intensive cost for removal, including time-consuming for collection.7 Therefore, the
biodegradable mulch film becomes an effective solution since it is disposable
directly into the soil. Up to the present, there are a few of commercial biodegradable
mulch films such as poly(butylene adipate-co-terephthalate (PBAT) or Ecoflex®)8'10
and Mater-Bi® (a starch-based biodegradable polymer)ll, but they are not cost
competitive with conventional polymers.

One of the most potential biodegradable plastics with reliable industrial-
scale production is poly(lactic acid) (PLA). PEA has remarkable performances which
are utilized in various applications (E.g. transparency, high tensile strength, and
biocompatibility). However, PLA has relatively short shelf life,1213 at the same time,
the disposal items for general purposes, produced from PLA, have not been satisfied
since the sales revenue level is below the break-even point. Considering the mulch
film, it is a challenged and promising field for PLA film; however, there were few
reports. For instance, Finkenstadt and Tisserat (2010) proposed PLA/Osage orange
wood fiber composite which exhibited the fully biodegradability, growth promotion
and controlled release of organic compounds into the soil, including cost
effectiveness.l4

The fact that the brittleness of PLA film is another considered point for
developing as the practical mulch film. This is caused by high glass transition
temperature of PLA (Tg~60°C) and slow crystallization rate with low degree of
crystallinity (AC ~3% ). Many nucleating agents (eg talc, montmorillonite, and
starch) and plasticizers (eg polyethylene glycol and glycerol) have been revealed in
order to improve toughness for PLA film.15'19 Thermoplastic starch (TPS) is an
attractive additive for either conventional or biodegradable thermoplastic polymers
due to natural abundance, fully biodegradability and high viscoelasticity.20'26
Basically, the melting temperature of starch is nearby its degradation temperature so

it is difficult to be processed by simply melt blending. When the starch was
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gelatinized with water or glycerol to form TPS, it is a breakthrough to extend
processability by decreasing of melting temperature of starch.27'28

In the case of PLA/TPS blend, it was also widely investigated in order to
balance cost effectiveness with remained good performances (eg flexibility, fully
hiodegradation and relatively short shelf life).2529'30 In addition, most studies used a
reactive compatibilizer (Ie maleic anhydride) to enhance miscibility between PLA
and TPS for improved mechanical properties.29'32 Lately, our group succeeded in the
reactive PLA/starch blend via the simple coupling reaction by using chloropropyl
trimethoxysilane (CPMS). The PLA blended with CPMS modified-starch (PLAICP-
starch) allowed the significant improved miscibility and also increased degree of
PLA crystallinity.33

It comes to our viewpoint that the PLA/CPM S-modified-TPS (PLA/mTPS)
film is challenged for developing as the practical mulch film. How the combined
properties of PLA and mTPS in the blend system are, and consequently, whether
PLA/mTPS film is effectively utilized as biodegradable mulch film, are still
guestioned.

In this work, the PLA/mTPS films were systematically produced and
carefully studied for further potential use as mulch film. The processability,
miscibility improvement, and crystallization behavior of PLA/mTPS film with the
consequences of oxygen permeability, tensile properties as well as degradation

ability were also illustrated.

5.3 Materials and Experimental

5.3.1 Materials
PLA 2003D with a density of 1.24 g/cnr3 and a melt flow rate of 6
g/10 min at 210 °c and 2.16 kg load was from NatureWorks LLC, USA. Cassava
starch and glycerol were purchased from ETC International Trading Co., Ltd., and
Siam Absolute Chemicals Co., Ltd., Thailand, respectively. 3-Chloropropyl
trimethoxysilane (CPMS) with 97% purity was bought from Sigma-Aldrich,

Germany.
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5.3.2 Sample Preparations
5321 TPSand mTPS Preparation
CPMS (0.05 mol, 9.9 mL) was hydrolyzed with deionized
water until its turbidity was vanished at 50 °C before premixing with dried cassava
starch (1 mol, 162.0 g) and drying at 70 °C in a hot air oven for 6 h as reported in our
previous study.33 After that, the CP-starch was mixed with glycerol ata 70/30 weight
ratio before gelatinizing by a Labtech Engineering LTE 20-40 counter-rotating twin
screw extruder. The temperature and screw speed were in the range of 100-150 °¢
and 40-50 rpm, respectively. Similarly, pure cassava starch was mixed with glycerol
to prepare TPS.
5.3.2.2 PLAITPS and PLAIMTPS Films
The mTPS obtained was blended with the PLA resin with the
weight ratios (PLA/mTPS) of 90/20, 80/20, 70/30, 60/40, and 50/50 [ by the
counter-rotating twin screw extruder. The temperature and screw speed were in the
range of 150-165°C ang 25-40 rpm, respectively. The blend was blown to produce
the PLA/mTPS film with -0.20 mm thickness by using a Labtech Engineering LE
20-30 single-screw extruder equipped with a Labtech Engineering 400 blown
film unit. The other film, i.e., PLAITPS, was prepared in the similar procedure.

5.3.3 Characterization
5.3.3.1 Contact Angle Measurement
The contact angle of water on TPS and mTPS was measured
by a KRUSS DSA 10 drop shape analysis system.
5.3.3.2 Morphological and Topological Observations
The cross-section surfaces of PLA/TPS and PLA/mTPS films
coated with a thin layer of platinum were investigated by a Hitachi TM 3000 scanning
electron microscope (SEM) at accelerating voltages of 5 kv in SE mode. The
topology of each film surface was also observed by a Park Systems XE-100 atomic
force microscope (AFM) under a non-contact mode with a 910M -ACTA cantilever.

The AFM measurement was operated at a scan speed of 0.4 Hz with a scan area of 5

X5pm2
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5.3.3.3 Thermal Analysis

Thermal analysis was evaluated by a Netzsch 200 F3 Maia
differential scanning calorimetry (DSC), the sample (10 mg) was packed in an
aluminium pan and heated from -20 ¢ to 200 °c with a heating rate of 5°c/min
under nitrogen How (50 mL/min). The degree of crystallinity (Xc) of PLA was
calculated by using Eq. (1):

Xc(%) = A np H 100 o 1)

where AHm.PLA is the observed enthalpy change of PEA fusion,/is the PEA weight
fraction in blend, and AH°m, is 93.0 J/g regarding to the melting enthalpy of 100%
crystalline PLA .34
5.3.34 Oxygen Permeability Measurement
Oxygen permeability was evaluated by an Ox-Tran 2/21
MOCON oxygen analyzer with oxygen flow rate of 20 cm3min at 23 oC at 0% RrH
(relative humidity), according to ASTM D3985-81.
5.3.35 Testing ofMechanical Properties
The film samples were cut into 2.5x15.0 ¢cm2. The tensile
properties of the films were measured at 25°¢c with a tensile load of 5 kN and a cross-
head speed of 500 mm/min according to ASTM D882 by using an Instron 4206
universal testing machine. The deformation occurred along machine direction and the

average reported values for mechanical test were based on 10 specimens.

5.3.3.6 QUV Accelerated Weathering Simulation and Determination
ofa Remained Molecular Weight
The selected samples were cut into 2.5 X15.0 cm2and air-dried
at 80 T 3 °c for 20 h before testing. The simulated weathering was carried out
according to ASTM G154 cycle 5 by an Accelerated Weathering QUV/Spray tester
under fluorescent lamps UVB-313. The irradiance of the peak emission was
0.62 w/m2atwavelength of 310 nm.
Furthermore, the number average molecular weight (M), the
weight average molecular weight (A/.), and polydispersity index (PDI) of the

samples after simulated weathering test were determined by a Shimadzu Class-VP

gel permeation chromatography (GPC). Those samples were eluted in HPLC-grade
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chloroform through a Polymer Lab PL gel 5 (im MIXED-D column with an isocratic
mobile phase at a flow rate of 1 mL/min and at 40 °C. The samples were filtered with

as 0.45 pm before injected into a 20 pL injection loop.
54 Results and Discussion

5.4.1 Hydrophobicitv Improvement of mTPS

Basically, the difference between the hydrophobic PLA and the
hydrophilic starch causes the phase separation in PLA/starch blends; therefore, the
modification of starch for hydrophobicity improvement is a promising approach to
enhance miscibility. A water contact angle measurement (Figure 5.1) was used to
determine the improved hydrophobic surface of starch and TPS after coupling with
CPMS. Figure 5.1a shows the water contact angle of PLA as high as 70°, indicating
the relatively high hydrophobicity whereas 0° water contact angle exhibits for starch
(Figure 5.1b). After starch was gelatinized to form TPS for processability, it shows
the water contact angle of 9° (Figure 5.1d), suggesting the slightly hydrophobic
surface improvement. It implies that the glycerol addition might interrupt the inter-
and intramolecular hydrogen bonds in starch molecules as also investigated by
Jiugao et al (2005).35 This should be noted that TPS formation can provide not only
melt processability but also the faintly increased hydrophobicity of starch.

In case of mTPS, Figure 5.1e presents the water contact angle of 45°,
higher than that of TPS. It reflects the promoted hydrophobicity by coupling of
aliphatic chains of CPM S on pyranose rings, as reported in our previous work.33 This
significantly enhanced hydrophobicity of mTPS possibly assists miscibility with
PLA. However, mTPS shows the lower water contact angle than that of CP-starch
(60° water contact angle). This could be caused by the hydroxyl groups of glycerol

interaction with water.
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Figure 51 water contact angles of (a) PLA film, (b) starch, (c) CP-starch, (d) TPS.
and (e) mTPS,

It comes to the question that how the different hydrophobicity improvement
0of TPS and mTPS effects on the morphology of PLA/TPS and PLA/mTPS blends as
well as the other performances of those blown films such as surface topology. PLA

crystallization behavior and mechanical properties.

5.4.2 Morphological and Topological Observations
4.2.1 Morphology of PLAITPS and PLAIMTPS Blends
The TPS and mTPS obtained were blended with commercial
PLA resin at various weight ratios (|e PLA/TPS or mTPS: 90/10, 80/20, 70/30,
60/40, and 50/50 [ ) before they were blown to be PLA/TPS and PLA/mTPS
films. In order to clarify the miscibility improvement, the SEM technique was used

for studying the cross-section morphology of PLA/TPS or mTPS blends.
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Figure 52 SEM micrographs of cross-section surfaces of (A) PLAJTPS and (B)
PLA/MTPS blends at weight ratios of (a) 90/10 and (b) 50/50 ( / ).

The partial phase separation is observed in PLA/TPS 90/10
(Figure 5.2A, a) whereas the relatively homogeneous blend is found in PLA/mTPS
90/10 (Figure 5.2B, a). When the TPS content was increased to 50 %wt, the
agglomeration of TPS phase in PLA matrix occurred obviously (Figure 5.2A, b).
Contrary to PLA/mTPS 50/50, the finer dispersion of mTPS phase in PLA matrix
than that of PLA/TPS, was obtained as seen in Figure 5.2B. b. This reflects the
successful miscibility improvement by starch chemically modified with silane
coupling agent. Additionally, the enhanced hydrophobicity of mTPS also assists to
promote the good dispersion in the PLA/mTPS blend.

5.4.2.2 Topology of PLA/TPS and PLAIMTPS Films
Furthermore, after the PLA/TPS and PLA/mTPS blends were

blown, the films obtained were carefully investigated the miscibility in nanoscale by

using AFM microscope. The surface topology images with roughness average (Ra),
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and maximum height of the profile (rRt) are shown in Figure 53. The Rais the
arithmetic mean of the absolute values of the height of the surface profile whereas
the re is defined as the vertical distance between the deepest valley and the highest
peak, in other words, the low Raand Rtvalues imply the highly homogeneous and

smooth surface, reflecting the good miscibility in the blend.
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Figure 5.3 Surface topology images of (A) PLA. (B) PLAITPS 50/50, and (C)
PLA/MTPS 50/50 films as observed by AFM and (D) determined Ri(stripe) and Rt
(blank) of each film.

Figure 5.3A shows the surface topology of the PLA blown
film which is highly smooth with Ras nm and Rt 15 mil. In the case of PLA/TPS
50/50 (Figure 5.3B), a lot of voids are found on the surface with significantly
increased Faand Rtas high as 16 nm and 95 nm, respectively. These indicate the
extremely different height from peak to baseline, reflecting a rough surface which is
due to the immiscibility between PLA and TPS phases. Oppositely, the relative

smoothness of the PLA/mTPS 50/50 film surface was observed clearly from its
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surface topology with decreased Ra(6 nm) and Rt(28 nm). This result firmly insists

the successful miscibility improvement by PLA chemically bound with mTPS.

5.4.3 Physical Properties of PLA/TPS and PLA/mTPS Films
54.3.1 Crystallization Benavior

In order to illustrate the influences of TPS and/or mTPS
blending on PLA crystallization change which directly manifests the mechanical and
barrier properties, the thermal analysis was carried out by using DSC technique with
the first heating scan. Figure 5.4 shows the glass transition temperature {Tg) and
degree of crystallinity (fife) of PLA as a function of TPS and/or mTPS content in the
blended films.

It is well known that the Tgof PLA exhibits, higher than the
room temperature, at ~60 Cand the PLA crystallization rate is very slow with fife 3-
5%, resulting in brittleness. In the case of the PLA/TPS films, the Tg is gradually
decreased to 49 ¢ when TPS content is increased from 10 % wt to 30 %wt. The 7g is
remained at ~50 ¢ although the TPS content is higher than 40 %wt (Figure 5.4A).
Meanwhile, the fife of PLA is drastically increased from 5% to 30% by addition of
TPS 10 %wt (Figure 5.4B). With increasing amount of TPS to 50 % wt, the fife of
PLA gradually increased to 42%. This points out that dual functions of TPS (/<2
starch as nucleating agent and glycerol as plasticizer) promote the PLA chains
movement in amorphous region, and consequently, the ordered chain packing for

crystallization, as evidenced from decreased Tgand enlarged We.
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Figure 54 Toand Xcvaluesof PLA/TPS (open) and PLA/mTPS (closed) films.

In the similar way, for PLA/mTPS films, the Tgof PLA is
also decreased to 52 be adding 10 %wt mTPS, and continuously to 47 OC by
increasing of mTPS content. Remarkably, these reduced Tgﬁin the PLA/mTPS films
are more significant than those of the PLA/TPS films.

This might reflect to the improved miscibility between PLA
and mTPS which assists the PL,A chain movement much easier than that of the
PLAI/TPS case. Additionally, the XC of PLA is enhanced for almost 10 times by
adding 10 %wt mTPS. The XC obtained from the PLA/mTPS film was saturated at

the level as high as 45-50% although the mTPS content was increased.
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5.4.3.2 Oxygen Permeability
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Figure 55 0xygen permeability of PLAITPS (open) and PLA/MTPS (closed) films.

Oxygen permeability is an important parameter for mulch
film which plays an important role on microbial activity in soil.36 The appropriate
oxygen permeability value for each mulch film depends on plant species. Normally,
this parameter can be controlled directly by crystalline region of polymer matrix
which functions as barrier for gas permission. The higher XC in the film is created,
the lower oxygen permeability is obtained, as also revealed by Guinault et al
(2012).37 Pure PLA film shows the oxygen permeability of ~50 cm3mm/m2day atm
which is relatively low as compared to conventional plastics such as low-density
polyethylene film (>100 cm3mm/m2day atm), reported by M assey (2003).38

After PLA blending with TPS, the oxygen permeabilities of
the PLA/TPS 90/10 and 80/20 films are vaguely reduced to 40 cm3mm/m2 day atm
hefore the value is gradually elevated to 50, 80, and 95 cm3 mm/m2 day atm for 30,
40, and 50 %wt TPS contents (Figure 5.5). This increment of oxygen permeability
possibly comes from the immiscibility between TPS and PLA phases. Although the
Ac of the film is as high as ~45%, there were some voids around TPS phase in PLA
matrix, as presented in SEM images (Figure 5.2A), which allows the oxygen gas to

permeate easily.
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In contrast, the oxygen permeability of the PLA/mTPS film is
diminished continuously from 40 to 20 cm3 mm/m2 day atm, correlating to the Xc
increment by adding mTPS. This result might be from a combination of (i) high Xc of
PLA induced by dually functional mTPS and (ii) the continuous phase of PLA/mTPS
blend. It should be noted that not only the Xc but also the miscibility between
PLA/mTPS phases strongly influence on the oxygen barrier property.

5.4.3.3 Mechanical Properties

In general, PLA is classified as a rigid and brittle polymer
with relatively high Young’s modulus (E 2.3 GPa), high tensile strength (a 45 MPa),
and very low elongation at break (¢ 3%). These mechanical properties limit usability
of PLA in various applications. Blending PLA with any compounds is needed to
extend its utilization.

After blending with 10 %wt TPS, the E is significantly
dropped to 1 GPa. However, it is increased to 2.5 GPa by increasing TPS content
(Figure 5.6A). Whereas the E of PLA/mTPS film gradually decreased from 18 GPa
to 1GPa when mTPS content was increased from 10 %wt to 50 %wt, respectively. It
implies that some voids in the PLA/TPS film obstruct the stress distribution when the
deformation during tensile test was occurred. Thus, high force was required to stretch
the PLA/TPS film. But, in the case of PLA/MTPS, the miscibility improvement
between mTPS and PLA matrix assists to distribute the tensile stress occurred. The
deformation was easily performed.
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Figure 5.6 (A) Young’s modulus, (B) tensile strength, and (C) elongation at break
of PLA/TPS (open) and PLA/MTPS (closed) films.

At the same time, the trends of a for both PLA/TPS and
PLA/mTPS films are quite similar (Figure 5.6B). The slightly reduced (7 values by
addition of TPS and/or mTPS are in the range of 30-35 MPa, independent on the
content. This decreased a might be from the addition of flexible polymer (ie. TPS
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and/or mTPS) which reduced the rigidity of the PLA films. As anticipated, the £ of
the PLA/TPS and PLA/mTPS films are remarkably enhanced as shown in Figure
5.6C. The highest £ value is presented by PLA/MTPS 60/40 (f 52%) while PLA/TPS
60/40 shows the £ of 25%. The successfully improved flexibility to PLA is related to
not only the decreased Tg by consisting of glycerol s plasticizer in the film but also
the homogenous blending of PLA/mTPS. It can be concluded that the brittle PLA
film becomes flexible with low oxygen permeability when PLA was blended with
mTPS.

5.4.4 Degradation Investigation through Weathering Simulation

Considering the overall investigated properties, based on increased
crystallinity, flexibility improvement, and high content of TPS or mTPS in the blend,
the films with 60/40 blending weight ratio were selected to further preliminary trace
on degradation by weathering simulation at varied periods of study time.

After passing simulated weather which was equivalent to 1 month of
real-time radiation exposure, the PLA film shows a little shrinkage with remained
high transparency as seen in Figure 5.7A. When the real-time radiation exposure was
increased to be for 2 months, more shrinkage without cracking on PLA film was
observed before it became opaque and the cracking was initiated at the end of the 4h
month of real-time radiation exposure. This indicates the relatively high tolerance of
PLA film to be degraded under uv irradiation.

In the case of the PLA/TPS 60/40 film (Figure 5.7B), the shrinkage
occurred obviously since the real-time radiation exposure was 1 month. This film
was more opaque and brownish than an original one (0 month, before QUV
accelerated weathering testing). It completely degraded after it was exposed for 2
months real-time radiation. Different from the PLA/TPS film, some parts of
PLA/mTPS 60/40 film (Figure 5.7C) had partially preserved itself in the film-form
although the simulated weather for either 2- or 4-month real-time radiation was
applied. This implies that the miscibility improvement by mTPS may assist the
dimensional stability somehow. Additionally, the degradation of PLA could be
accelerated by TPS or mTPS blending because TPS and mTPS are derived from
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biopolymer which is sensitive to uv radiation, as reported by Dintcheva and Mantia
(2007).3
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Figure 5.7 Appearance of (A) PLA, (B) PLAITPS 60/40, and (C) PLA/mTPS 60/40
films after QUV accelerated weathering test at various time periods.

In order to make a concrete discussion, the quantitative analysis of
PLA molecular weight by GPC technique was carried out for PLA, PLA/TPS, and
PLA/mTPS films after simulated weather testing at varied periods of real-time
radiation exposure (Table 5.1).
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The Allv and Mn of PLA film gradually decrease (from 21 Xlo4 and
20xL o4 g/mol to 12x 1o and 6x104 g/mol. respectively) with slightly increased PDI
(from L1 to 2.2) when the real-time radiation exposure was increased.

Table 51 Mu,and M, with PDI of PLA, PLA/TPS 60/40, and PLA/mTPS 60/40
films after QUV accelerated weathering test at various periods of time.

Time periods < o= Jin. 104

Film type (months) (g/mol) (9/mol) PDI
0 A1+11 20010 11101
1 199109 145+12 14202
2 176t L1 122+15 15103
J 158+ 10 84111 19101
PLA 4 122+ 15 57104 22103
0 187+ 18 17+15 16402
1 49 0.7 16£0.3 3210.2
2 25103 10: 01 27:01
3 20401 0.7¢01 26104
PLA/TPS 60/40 4 1240.2 0401 2910.2
0 16,7+ 13 124:06  13:01
1 5.20.7 16£0.3 34103
2 36104 16:02  24:02
J 26105 10: 01 27102
PLA/mTPS 60/40 4 1740.2 07202 24104

Similarly, the drastic declined AL and M, of PLA/TPS film are
obtained with considerably broad PDI when the real-time radiation exposure was for
4 months (from AC 18.7Xlo4 g/mol to 1.2XIo4 g/mol, Mn 11.7Xlo4 g/mol to
0.4x104g/mol, and PDI 16 to 2.9, for 0 and 4 months, respectively). Meanwhile, the
AC and ToL of PLA/MTPS film exposed for 4 months real-time are decreased to be
L7 xio4 g/mol and 0.7 xio4 g/mol. respectively, with relatively broad PDI (24).
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This result suggests the relatively slow degradation rate of PLA film as indicated by
the higher remained M2 and Mn of PLA with lower PDI than those of PLA/TPS and
PLA/mTPS films. It should be noted that the degradation rate of PLA was
accelerated by blending with TPS and/or mTPS due to highly-moisture, temperature,
and uv sensitive compound, i.e., starch and glycerol consisting in either TPS or
mTPS,

Comparing the cases of PLA/TPS and PLA/mTPS films, the remained
Mwand M, after simulated degradation of PLA/mTPS films are clearly higher than
those of PLA/TPS films. This confirms the prolonged stability of PLA/mTPS film
which plays a key role on the further trial of appropriate life cycle of mulch film for
plant growth,

55 Conclusions

The present work proposed the PLA/mTPS film as a potential biodegracable
mulch film. The chemically modified mTPS can successfully enhance miscibility
With well dispersion in PLA matrix, and consequently, promote the PLA chain
mobility as observed from decreased Tg with high Ac-50%. The enhanced PLA
crystallinity with homogeneous blend acts as effective barrier for oxygen with 50%
reduction as compared to the pure PLA film. The film flexibility was also improved
significantly with 10-fold increased e (52%) by mTPS 40 %wt and maintained
relatively high a (30 MPa) as compared to the PLA film. The PLA/MTPS 60/40 film
also performed the acceleration of slow PLA degradation and prolonged the
durability after simulated weathering exposure for 4 months of real-time as
evidenced from both qualitative and quantitative analyses.
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