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Property enhancement of polylactic acid/thermoplastic starch blend 
using zeolite 5A incorporation and biaxial stretching process
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Importance of the work: Blended polylactic acid/thermoplastic starch (PLA/TPS) is 
a potential material for packaging; however, it still has poor mechanical and barrier 
properties.
Objectives: To improve the mixing and performance of PLA/TPS blends by incorporation 
of zeolite 5A (Z5A) and biaxial orientation of the PLA/TPS/Z5A composite.
Materials & Methods: PLA/TPS/Z5A pellets were prepared by melt-compounding 
using a twin-screw extruder. The composite pellets were converted into a sheet using 
cast sheet extrusion followed by biaxial stretching into films. The stretching rate was 
varied (75−150 mm/s). The microstructural, mechanical and gas barrier properties of the 
stretched films were investigated.
Results: Z5A incorporation and the stretching rate affected the morphology and 
properties of the stretched films. The presence of Z5A enhanced mixing of PLA and TPS 
by reducing the TPS dispersed phase size and improving dispersion of TPS in the blend 
matrix. The biaxial stretching process increased the ordered structure and crystallinity 
of the PLA in the PLA/TPS/Z5A films. These improvements led to significant increases 
in tensile strength and the oxygen and water vapor barriers of the PLA/TPS blend up to 
100, 90 and 65%, respectively. Increasing the stretching rate from 75 mm/s to 150 mm/s 
improved the tensile and impact strength by 26% and 22%, respectively. 
Main finding: This was the first report of simultaneous biaxial stretching of PLA/TPS/
Z5A composite film. The mixing and performance (mechanical and barrier properties) of 
the blend were substantially improved by compounding with Z5A and biaxial stretching 
process.
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Introduction 

	 Biodegradable materials are considered as potential 
alternatives to reduce plastic waste from single-use packaging, 
with polylactic acid (PLA) being one of the promising 
biodegradable polymers commercially produced for packaging 
application due to its mechanical properties and gas permeability 
that are comparable to those of conventional polymers (Lim 
et al., 2008). However, PLA is rather expensive compared to 
commodity plastics used for packaging application (Awal 
et al., 2015). Blending with lower-cost materials, such as 
thermoplastic starch (TPS), is a potentiallymore economical 
approach to overcome this limitation. Several researchers 
have investigated the properties of PLA/TPS blends (Li and 
Huneault, 2011; Yokesahachart and Yoksan, 2011; Bher et al.,  
2018). However, the phase separation of PLA/TPS blends 
often occurred due to the different polarities between the 
PLA and TPS, resulting in poor mechanical and gas barrier 
properties (Wootthikanokkhan et al., 2012; Yang et al., 2015). 
More recently, several studies have been published on the 
miscibility enhancement of polymer blends based on chemical 
modification (Akrami et al., 2016; Ghari and Nazockdast, 
2022) and the incorporation of inorganic fillers (Djoumaliisky 
and Zipper, 2004; Thipmanee and Sane, 2012; Yimnak et al., 
2020; Chongcharoenyanon and Sane, 2021).
	 Zeolites are nanoporous, crystalline, aluminosilicate 
particles composed of a three-dimensional structure of SiO4 
and AlO4 tetrahedra (Yuzay et al., 2010). They have been used 
as an additive to improve the miscibility of polymer blends 
(Djoumaliisky and Zipper, 2004; Thipmanee and Sane, 2012; 
Yimnak et al., 2020). Djoumaliisky and Zipper (2004) reported 
improved mechanical properties for recycled mixed polyolefins 
consisting of polypropylene, high-density polyethylene, low-
density polyethylene and polystyrene after incorporating 
activated zeolite (1–2 weight percent; wt%). Thipmanee and 
Sane (2012) found that adding zeolite 5A (Z5A) improved 
the mixing between linear low-density polyethylene (LLDPE) 
and TPS and led to increases in elongation at break and tensile 
strength of the LLDPE/TPS blend of at least 20%. Yimnak 
et al. (2020) studied the effect of Z5A on the properties 
of a polymer blend containing poly(butylene adipate-co-
terephthalate) (PBAT) and TPS. They found that addition of 
Z5A (3 wt%) reduced the size and agglomeration of the TPS 
dispersed domains in the PBAT continuous phase and resulted 
in improved tensile strength and a better oxygen barrier.
	 The biaxial orientation (BO) process involves stretching 
a plastic sheet or film in both the machine and transverse 

directions. The orientation of polymer chains is controlled 
by the processing parameters, such as the stretching rate, 
temperature and draw ratio (Demeuse, 2011). The BO films 
usually have enhanced optical, gas barrier and mechanical 
properties (Breil, 2016). BO has been investigated for 
improving the performance of biodegradable polymers, such as 
PLA (Tsai et al., 2010; Jariyasakoolroj et al., 2015; Winotapun 
et al., 2018) and PBAT (Al-Itry et al., 2015; Li et al., 2018). The 
BO processing parameters (stretching rate, draw ratio, drawing 
temperature, annealing time and temperature) usually affected 
the microstructure and property of BO films of conventional 
polymers. However, only a few works have reported on the 
effect of BO parameters on biodegradable polymers. Tsai et al. 
(2010) reported that the crystallinity of BOPLA increased by 
17.5 % when using a stretching rate of 25 mm/s, a 3×3 draw 
ratio and annealing at 100 °C for 30 s. Jariyasakoolroj et al. 
(2015) reported that the toughness improvement of BOPLA 
films depended on simultaneous biaxial stretching parameters, 
including the draw ratio and stretching rate. 
	 To date, few works have been published on the BO of 
PLA/TPS films (Chapleau et al., 2007; Jariyasakoolroj et al., 
2019). Chapleau et al. (2007) reported on BOPLA/TPS films 
containing a TPS content of 27–60 wt%, prepared using a 
stretching rate of 1.7 mm/s, drawing temperature of 90 °C 
and a draw ratio between 2×2 and 6×6. They found that the 
mechanical properties of the BOPLA/TPS films decreased at 
least 2-folds compared to BOPLA film when increasing the 
TPS content from 27 wt% to 60 wt%. Jariyasakoolroj et al. 
(2019) reported an improved water barrier and better ductility 
of BOPLA/TPS film when using a stretching rate of 75 mm/s, 
a draw ratio of 5×5 and a drawing temperature of 90 °C. 
However, BO films of PLA/TPS composites have not been 
reported. Furthermore, the combined effects have not been 
reported of zeolite incorporation and biaxial stretching on the 
morphology, microstructure and properties of polymer blends.
	 Therefore, the objective of this work was to improve 
the mixing and performance of a PLA/TPS blend by the 
incorporation of zeolite 5A and biaxial orientation of the PLA/
TPS/Z5A composite.

Materials and Methods

Materials

	 Cassava starch (13 weight percent; wt% moisture 
content) was purchased from Tong Chan Registered Ordinary 
Partnership (Thailand). Glycerol (99.5% purity) was obtained 
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from Siam Chemicals Solutions (Thailand). PLA (IngeoTM 
4043D) was purchased from NatureWorks (USA). Zeolite 5A 
(Z5A) with a pore size range of 0.4–0.5 nm was obtained from 
Thai Silicate Chemicals (Thailand).

Preparation of polylactic acid/thermoplastic starch/zeolite 5A 
composite pellets

	 Z5A and PLA were dried in a hot oven at 120 °C for 5 hr and 
at 50 °C for 24 h, respectively, before melt-compounding using 
an extrusion process. The TPS was incorporated with Z5A 
prior to blending with PLA. Initially, the TPS/Z5A pellets were 
prepared by mixing cassava starch, glycerol and Z5A (ratio of 
39.4:10.3:1.0, respectively) using a 20 L mixer (Mitsubishi; 
Tokyo, Japan) for 30 min. The mixtures were extruded using a 
twin-screw extruder (LTE-20-40; Labtech Engineering; Samut 
Prakan, Thailand) at a screw speed of 180 revolutions per 
minute (rpm) and a temperature range of 90‒160 °C and the 
extrudate was cut into 2.5 mm-length pellets using a pelletizer. 
Subsequently, the obtained TPS/Z5A pellets were melt-blended 
with the PLA to a TPS/Z5A weight ratio of 59.4:40.6 using the 
same twin-screw extruder operated in the temperature range 
120–160 °C at a screw speed of 180 rpm. The PLA/TPS/Z5A 
extrudate was cut into 2.5 mm pellets using a pelletizer.

Preparation of stretched polylactic acid/thermoplastic starch/
zeolite 5A films

	 The PLA/TPS/Z5A pellets were dried in a hot-air oven 
overnight before being used in the cast sheet extrusion to 
prepare a sheet with a thickness of 0.5 mm and width of 300 
mm using a single-screw extruder equipped with a chill roll 
set (CF–W400; Chareon TUT; Samut Sakorn, Thailand), at 
150‒160 °C and a screw speed of 45 rpm. The PLA/TPS/Z5A 
sheets were cut into a square shape with the width of each side 
of 96 mm. Each sheet was pre-heated at 90 °C for 60 s before 
simultaneous biaxial stretching to obtain a 30 µm film using a 
laboratory biaxial stretcher (KARO IV; Bruckner, Siegsdorf, 
Germany) at a draw ratio of 4×4. The biaxial stretching rate 
was varied (75 mm/s or 150 mm/s).

Characterization

	 Scanning electron microscopy
	 The surfaces of the stretched PLA/TPS/Z5A films were 
investigated using a scanning electron microscope (Quanta 
450; FEI, Eindhoven, the Netherlands) at an accelerating 
voltage of 10 kV and a magnification of 1500×. Energy 

dispersive spectroscopic (EDS) analysis of the PLA/TPS/Z5A 
films was performed for mapping aluminum (Al) and silicon 
(Si) elements to locate the positions of the Z5A particles in the 
stretched films using an EDS instrument (Oxford INCA; EDS 
systems; Abingdon, UK) at an accelerating voltage of 15 kV 
and a scanning time of 300 s.

	 X-ray diffraction
	 X-ray diffraction analysis of the stretched PLA/TPS/Z5A 
films was performed to determine the crystal structures of PLA, 
TPS and Z5A using Cu-Kα radiation (D8 Advance; Bruker, 
Karlsruhe, Germany). The experiments were performed with a 
scanning range of 5–40° and a rate of 0.02°/s.

	 Tensile testing
	 Tensile testing of the stretched PLA/TPS/Z5A films was 
performed using a universal testing machine (Instron 5565; 
Instron Corp., Canton, MA, USA) following ASTM D‒882 
(ASTM International, 2018) in the machine direction. Tensile 
measurements were conducted with a 5 kN load cell using a 
crosshead speed of 50 mm/min and a gauge length of 50 mm 
at room temperature. All samples were cut into a rectangular 
shape with the width and length of 1 cm and 10 cm. The samples 
were conditioned at 50% relative humidity (RH) and 23 °C for 
2 d prior to measurement. Each sample contained 10 replicates.

	 Impact testing
	 The impact strength of the stretched PLA/TPS/Z5A films 
was measured using a Pendulum Impact Tester (FIT-01; 
Labthink International, Medford, OR, USA) following ASTM 
D‒3420 (ASTM International, 2021). The stretched films were 
cut into a square shape with the width of each side of 100 mm. 
The impact test was performed using a pendulum energy of 2 J 
with an impact head diameter of 19 mm. Three specimens were 
tested for each sample.

	 Oxygen permeability
	 The oxygen transmission rate (OTR) of the stretched PLA/
TPS/Z5A films was determined using an oxygen permeation 
analyzer (Ox-tran model 2/21; MOCON; Minneapolis,  MN, 
USA) according to ASTM D‒3985 (ASTM International, 
2017). The OTR values of the stretched films were measured 
on a surface area of 50 cm2 and the samples were stored at 50% 
RH and 23 °C for 2 d before testing. Triplicate measurements 
of each sample were performed. The oxygen permeability (OP) 
was calculated using Equation 1 (Ruiz-Cardona et al., 1996):

	 OP = OTR × l / ∆p	 (1)
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	 where OP is the oxygen permeability measured in cubic 
centimeters by millimeters per square meter per second per 
pascal, OTR is the oxygen transmission rate in cubic centimeters 
per square meter per second, l is an average film thickness in 
millimeters and Δp is the partial pressure difference of oxygen 
gas between the two sides of the film measured in pascals.

	 Water vapor permeability
	 The water vapor transmission rate (WVTR) of the stretched 
PLA/TPS/Z5A films was determined using a water vapor 
permeation analyzer (Permatran model 3/34; MOCON; 
Minneapolis, MN, USA) according to ASTM F‒1249 (ASTM 
International, 2020). The WVTR values of the stretched films 
were measured on a surface area of 50 cm2 and the samples 
were stored at 50% RH and 23 °C for 2 d prior to testing. 
Triplicate measurements of each sample were carried out. 
The water vapor permeability (WVP) was calculated using 
Equation 2 (Ruiz-Cardona et al., 1996):

	 WVP = WVTR × l / ∆p	 (2)

where WVP is the water vapor permeability measured in 
nanogram by millimeters per square meter per second per 
pascal, WVTR is the water vapor transmission rate in nanogram 
per square meter per second, l is the average film thickness 
measured in millimeters and –p is the partial water vapor 
pressure difference between the two sides of the film measured 
in pascals.

Statistical analysis

	 The data were analyzed using one-way analysis of variance 
followed by Duncan multiple comparison for mean values. All 
tests were considered significant when p < 0.05. The analyses 
were performed in the SPSS software package (version 19; 
SPSS Inc., Chicago, IL, USA).

Results and Discussion

Morphology of stretched polylactic acid/thermoplastic starch/
zeolite 5A films

	 The surface morphologies of the stretched PLA/TPS and 
PLA/TPS/Z5A films compared to their unstretched sheets 
are shown in Fig. 1. The unstretched blend and composite 
sheets had a distribution of TPS dispersed domains in the PLA 
continuous phase. The unstretched PLA/TPS sheet consisted 

of the PLA continuous phase and an agglomerated spherical 
TPS dispersed phase, with a size range of approximately 1-8 
μm. This microstructure occurred due to the different polarities 
of hydrophobic PLA and hydrophilic TPS, leading to limited 
miscibility between PLA and TPS (Martin and Avérous, 2001). 
After compounding the blend with Z5A, the size of the TPS 
dispersed phase reduced to approximately 1–6 μm and showed 
the presence of elongated structures. When the PLA/TPS sheet 
was simultaneously biaxially stretched at a stretching rate of 150 
mm/s, micro-holes appeared on the surface of the stretched film 
(Fig. 1B), possibly because of the low adhesion between the PLA 
continuous phase and the TPS dispersed phase was overcome by 
the stretching force (Samthong et al., 2015). Micro-holes with 
sizes of approximately 2−13 μm were observed on the surface 
of the stretched PLA/TPS film. However, for the stretched films 
made from the PLA/TPS/Z5A composite, there were fewer, 
smaller micro-holes (approximately 2–7 μm). 
	 EDS analysis was performed to observe the dispersion of 
the Z5A particles by mapping both the Si and Al elements in the 
unstretched and stretched PLA/TPS/Z5A samples to determine 
the locations of the Z5A particles (Fig. 2). Fig. 2A shows that 
the Al and Si elements were well dispersed in the unstretched 
PLA/TPS/Z5A sheet, suggesting the even distribution of Z5A 
in the PLA/TPS matrix. In addition, after biaxial stretching, 
uniform dispersion was observed of the Z5A particles in the 
stretched films (Fig. 2B).

Fig. 1 Scanning electron micrographs: (A) unstretched blended polylactic 
acid/thermoplastic starch (PLA/TPS) and PLA/TPS/zeolite 5A (Z5A) 
sheets; (B) stretched PLA/TPS and PLA/TPS/Z5A films prepared at 
stretching rate of 150 mm/s
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Fig. 2 Energy dispersive spectroscopic elemental mappings of silicon and 
aluminum: (A) unstretched blended polylactic acid/thermoplastic starch 
(PLA/TPS)/zeolite 5A (Z5A) sheet; (B) stretched PLA/TPS/Z5A films 
prepared at stretching rate of 150 mm/s

Microstructure of stretched polylactic acid/thermoplastic 
starch/zeolite 5A films

	 Fig. 3 shows the XRD patterns of PLA/TPS and PLA/TPS/
Z5A. The XRD patterns of the unstretched PLA/TPS blend  
and the PLA/TPS/Z5A composite sheet compared with Z5A, 
PLA and TPS are shown in Fig. 3A. The main characteristic 
peaks of Z5A appeared at 2θ values of 7.2°, 10.2°, 24.1°, 
30.3° and 34.5°. The PLA sheet had a broad diffraction pattern  
with a 2θ range of 9.5–25°, while TPS had peaks at 2θ = 
7.0°, 12.0° and 18.3°, corresponding to the EH-type structure  
and at 2θ = 13.2°, 19.5° and 24.5°, corresponding to the VH-type 
structure, generated from the complexed formation between 
amylose and small molecules, such as glycerol (Teixeira  
et al., 2012). After melt-blending between the PLA and TPS,  
the obtained PLA/TPS sheet had small characteristic peaks  
at 18.3° and 19.0°, corresponding to the PLA and TPS crystal 
structures, respectively, in agreement with the results of 
Jariyasakoolroj et al. (2019). After incorporation of Z5A,  
the intensity of peaks at 18.1° and 19.1° became more 
pronounced, indicating that Z5A acted as a nucleating agent 
for the PLA/TPS blend. After biaxial stretching, the stretched 
films of the PLA/TPS blend and the PLA/TPS/Z5A composites 
showed a sharp peak at 2θ = 16.5–16.7° (Figs. 3B and 3C), 
indicating the ∆ crystal form of PLA, whereas their amorphous 
part substantially decreased. The results indicated that the  
PLA crystal structure was intensely induced by the biaxial 

stretching process (Xu et al., 2020). On the other hand, the 
XRD peak of TPS was not clearly visible, implying that the 
crystallization of TPS could be hindered by the presence of 
PLA (Jariyasakoolroj et al., 2019). When the stretching rate 
was increased from 75 mm/s to 150 mm/s, the PLA peak at  
2θ = 16.5° of the stretched PLA/TPS film became broader  
due to the presence of smaller crystallites of PLA (as compared 
in Figs. 3A and 3B). For the stretched PLA/TPS/Z5A films,  
the PLA peak intensities were lower than that of the stretched 
PLA/TPS film. However, the area of the amorphous region  
of PLA was greatly reduced compared to that of the PLA/TPS 
film. These results suggested that Z5A acted as nucleating  
agent, inducing heterogeneous nucleation and promoting 
crystallization of the PLA. In addition, at the stretching rate 
of 75 mm/s, the peak of the ∆ PLA crystal in the composite 
was at 2θ = 16.5°, with the peak broadening, which implied  
a decreased crystallite size and increased lattice spacing (Suksut 
and Deeprasertkul, 2011; Bai et al., 2014). However, with the 
stretching rate of 150 mm/s, this peak was further broadened 
and shifted to 2θ = 16.7°. Notably, the addition of inorganic Z5A 
combined with a sufficiently high stretching rate could induce 
small PLA crystallites with more compact ordered-structure 
packing.

Fig. 3 X-ray diffraction patterns: (A) unstretched polylactic acid (PLA), 
thermoplastic starch (TPS), PLA/TPS and PLA/TPS/zeolite 5A (Z5A) 
sheets compared to Z5A; (B) stretched PLA/TPS and PLA/TPS/Z5A 
films prepared at stretching rate of 75 mm/s; (C) stretched PLA/TPS and 
PLA/TPS/Z5A films prepared at stretching rate of 150 mm/s, where BO = 
biaxial orientation 
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Mechanical properties of stretched polylactic acid/thermoplastic 
starch/zeolite 5A films

	 Fig. 4 displays the tensile properties of the stretched PLA/
TPS and PLA/TPS/Z5A films compared to those of unstretched 
sheets. Tensile strength, elongation at break and modulus of the 
unstretched PLA/TPS sheet were 21.1 MPa, 13.5% and 929.7 
MPa, respectively. After incorporating Z5A into the PLA/TPS 
blend, elongation at break increased to 45.7%, whereas the 
tensile strength and modulus were not significantly changed. 
The increase in flexibility of the PLA/TPS/Z5A sheet could 
have resulted from improved mixing between the PLA and 
TPS and the uniform dispersion of Z5A in the polymer matrix, 
as illustrated in Figs. 1 and 2 (Thipmanee and Sane, 2012; 
Yimnak, et al., 2020). After biaxial stretching, all samples had 
significantly increased tensile properties, possibly resulting from 
strain-induced crystallization of PLA in the biaxial stretching 
process (Jariyasakoolroj et al., 2019; Yoksan et al., 2021). When 
the stretching rate was increased from 75 mm/s to 150 mm/s, 
the tensile strength of the stretched PLA/TPS films significantly 
increased from 30.5 MPa to 37.4 MPa and the modulus increased 
from 1,598.7 MPa to 1,793.1 MPa. In contrast, elongation at 
break slightly decreased from 89.4% to 77.9%. For the stretched 

PLA/TPS/Z5A films, the tensile strength and modulus also 
increased with the stretching rate, which could be explained 
by the uniform distribution of Z5A and the functioning of Z5A 
as a nucleating agent to increase the crystallinity of PLA, in 
accordance with the XRD results demonstrated in Fig. 3. 

Impact strength of stretched polylactic acid/thermoplastic 
starch/zeolite 5A films

	 The impact strength values of the stretched PLA/TPS and 
PLA/TPS/Z5A films are shown in Fig. 5. The impact strength 
ranges of the stretched PLA/TPS and PLA/TPS/Z5A films were 
21.7−22.8 J/mm and 20.8−25.4 J/mm, respectively. Increasing 
the stretching rate from 75 mm/s to 150 mm/s had no effect on the 
impact strength of the PLA/TPS films; however, it did increased 
the impact strength of the PLA/TPS/Z5A films from 20.8 J/
mm to 25.4 J/mm. The enhanced toughness of the stretched 
composite films with increasing stretching speed was consistent 
with the increase in elongation at break of the stretched PLA/
TPS/Z5A films (Fig. 4B), suggesting that the presence of Z5A 
improved mixing between PLA and TPS and facilitated the 
crystallization of PLA chains in the stretched composite films, 
in agreement with the study by Zhao et al. (2022). The trend of 
increasing toughness of the stretched films with stretching rate 
agreed with the results reported by Yoksan et al. (2021). 

Fig. 4 Tensile properties of stretched blended polylactic acid/thermoplastic starch (PLA/TPS) and PLA/TPS/zeolite 5A (Z5A) films prepared at stretching 
rates of 75−150 mm/s compared with unstretched sheet: (A) tensile strength; (B) elongation at break; (C) Young’s modulus, where different lowercase 
letters indicate significant (p < 0.05) differences and error bars indicate ± SD.
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Fig. 5 Impact strength of stretched blended polylactic acid/thermoplastic 
starch (PLA/TPS) and PLA/TPS/zeolite 5A (Z5A) films prepared at 
stretching rates of 75−150 mm/s, where different lowercase letters indicate 
significant (p < 0.05) differences and error bars indicate ± SD.

mm/m2.s.Pa. After incorporating Z5A into PLA/TPS blend, 
the OP of unstretched sheet increased to 76.9×10-10 cm3.mm/
m2.s.Pa. The increase in OP could be explained by the porous 
structure of Z5A with its pore sizes of 0.4‒0.5 nm (Baerlocher 
et al., 2007) being larger than the size of an oxygen molecule 
(0.35 nm) (Shekhawat et al., 2003), resulting in diffusion  
of oxygen through the Z5A pores. Other work reported  
that Z5A could be used for oxygen separation to obtain high 
purity oxygen (Bastani et al., 2013; Ackley, 2019). After the 
biaxial stretching process, the OP of stretched PLA/TPS and 
PLA/TPS/Z5A films decreased at least 90%. Increasing the 
stretching rate from 75 mm/s to 150 mm/s had no significant 
effect on the OP of the stretched films, possibly due to the 
presence of micro-holes in the stretched films (Katanyoota  
et al., 2022). 

Water vapor permeability of stretched polylactic acid/
thermoplastic starch/zeolite 5A films

	 Fig. 7 illustrates the water vapor permeability (WVP) of 
the unstretched sheets and the stretched films of PLA/TPS and 
PLA/TPS/Z5A. The WVP of the unstretched PLA/TPS sheet 
was 42.6×10-9 ng.mm/m2.s.Pa. When Z5A was incorporated 
into the PLA/TPS blend, the WVP of the unstretched sheet 
reduced to 33.4×10-9 ng.mm/m2.s.Pa The WVP reduction 
in the PLA/TPS blend after incorporation of Z5A could 

Oxygen permeability of stretched polylactic acid/thermoplastic 
starch/zeolite 5A films

	 The OP values of the unstretched sheets and the stretched 
films of PLA/TPS and PLA/TPS/Z5A are shown in Fig. 6.  
The OP of the unstretched PLA/TPS sheet was 43.2×10-10 cm3.

Fig. 6 Oxygen permeability (OP) of unstretched sheets and stretched films 
of polylactic acid/thermoplastic starch (PLA/TPS) blend and PLA/TPS/
zeolite 5A (Z5A) composite prepared at stretching rates of 75−150 mm/s, 
where different lowercase letters indicate significant (p < 0.05) differences 
and error bars indicate ± SD.

Fig. 7 Water vapor pressure (WVP) of unstretched sheets and stretched 
films of polylactic acid/thermoplastic starch (PLA/TPS) blend and PLA/
TPS/zeolite 5A (Z5A) composite prepared at stretching rates of 75−150 
mm/s, where different lowercase letters indicate significant (p < 0.05) 
differences and error bars indicate ± SD
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have resulted from Z5A providing a tortuous path, with  
the increased crystallinity reducing the diffusion rate of  
the water vapor through the polymer (Ayana et al., 2014; 
Yimnak et al., 2020; Wongwat el al., 2022). After the biaxial 
stretching process, the WVP decreased by approximately 
55‒70%. When the stretching rate increased from 75 mm/s  
to 150 mm/s, the WVP decreased approximately 10%.  
The water vapor barrier improvement of the stretched  
PLA/TPS films resulted from the presence of more-ordered 
structures from the biaxial stretching process, leading to a 
reduced rate of water vapor diffusion through the polymer 
matrix (Delpouve et al., 2012; Jariyasakoolroj et al., 2019). 
Furthermore, the stretched PLA/TPS/Z5A films had slightly 
higher WVP values compared to the stretched PLA/TPS  
film, in agreement with the OP results in Fig. 6. 
	 In conclusion, zeolite 5A incorporation and the biaxial 
stretching process significantly improved the properties  
of the tested PLA/TPS blends. Compounding with Z5A 
enhanced the mixing between PLA and TPS by reducing 
the size of the TPS dispersed phase and providing a uniform 
distribution of Z5A throughout the blend matrix. Biaxial 
stretching greatly improved the tensile properties, as well 
as the oxygen and moisture barrier of the PLA/TPS blend.  
The microstructure and mechanical strength (tensile and 
impact) of the stretched PLA/TPS and PLA/TPS/Z5A films 
depended on the stretching rate. The increase in stretching rate 
from 75 mm/s to 150 mm/s increased the ordered structure and 
crystallinity of the PLA in the stretched blend and composite 
films. The increment in PLA crystallinity occurred due to 
the presence of Z5A and the biaxial stretching process, 
contributing to the increased toughness and barrier properties 
of the stretched PLA/TPS/Z5A films. Additionally, increasing 
the stretching rate improved the tensile and impact strength of 
the stretched PLA/TPS/Z5A films. 
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