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During this research, the most difficult challenge I faced was
dealing with failed results, which occurred many times. However, I
considered these failures as valuable opportunities that allowed me to
think carefully, learn from mistakes, and find new ways to overcome the
problems. I am deeply grateful to Professor Miyata Ken, who has always
supported and guided me, as well as to my laboratory members. Even
though there were some language barriers, they still gave me a warm
welcome and always tried to support me, which encouraged me to keep
moving forward.

My greatest motivation comes from my desire to create sustainable
materials for packaging and to add value to agricultural-based resources.
Coming from Thailand, a country rich in these raw materials, I strongly
hope that my research can contribute not only to my home country but
also to protecting the global environment. In the future, I wish for my
work to replace petroleum-based packaging with bio-based alternatives,



which is my highest goal.
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Introduction

The increasing demand for sustainable alternatives to petroleum-based plastics has intensified interest in
biodegradable materials derived from renewable resources. Among these, thermoplastic starch (TPS) is particularly
attractive due to its abundance, low cost, and biodegradability. However, its high hydrophilicity and poor mechanical
stability limit its practical applications. To address these limitations, this study explores an internal blending strategy
employing epoxidized soybean oil (ESO) and citric acid (CA) to create a reactive bio-based epoxy system capable
of enhancing the hydrophobicity and structural integrity of starch-based bioplastics.

Experimental Setup
Materials

Native tapioca starch with an initial moisture content of 10%wt. was provided by SMS Corporation Co.,
Ltd., Thailand. Sorbitol (98.0% purity) and CA (98.0+% purity)were purchased from Fujifilm Wako Pure Chemical
Co., Ltd., Japan. ESO (~3.9 epoxide group/mole) was purchased from Sanwa Synthetic Chemical Co., Ltd. All the
reagents were used as received without any pretreatment.

Preparation of dispersed CA in ESO solution

The molar ratio between carboxylic acid group of CA and oxirane group of ESO were used at 0.2, 0.4, 0.6,
0.8, and 1.0. Initially, CA was dissolved in acetone with 20 wt.% and thereafter heated up to a temperature of 60°C
until CA was dissolved. Then, ESO was added to the solution and continue heating to 80°C. The mixture was
evaporated acetone to obtain final transparent of dispersed CA in ESO.

Preparation of the starch bioplastic composite

First, starch powder and sorbitol were roughly mixed before being transferred into the torque rheometer
(Toyoseiki, Thermo Labo Plastomill 10c100-01). The blending temperature is 120°C, shaft speed at 60 rpm, with
duration 3 min. to induce plasticization of starch. Then, dispersed CA in ESO solution was added with the fixed
amount at 5 wt.% of solution to starch, and continued blending to 15 min. After that, the obtained blending product
was pelletized and thermo-shape forming using compression molding (Toyoseiki, Mini Test Press10) at 120°C with
a pressure of 15 MPa for 15 min. The molded composite bioplastic was kept for 2 days at 50-55% relative humidity
at room temperature prior to testing.

Results and Discussion

The hydrophobicity of starch-based bioplastic films was assessed by measuring the water contact angle
(WCA) over time, as presented in Fig. 1. All samples showed a declining WCA trend, consistent with the water
absorption behavior typical of starch-based materials. However, distinct differences were observed in both the initial
WCA values and their rate of decline. The sample with a ratio of 0.4 (R0.4) exhibited the highest initial contact
angle and the slowest decrease over time, indicating enhanced surface hydrophobicity. This improvement is
attributed to the optimal crosslinking between the carboxylic acid and epoxide groups, which effectively reduces
the number of hydrophilic hydroxyl groups exposed on the starch surface. In contrast, the sample with the highest
ratio (R1.0) showed a faster WCA decline, likely due to an excess of unreacted CA, which introduces additional
hydrophilic functional groups into the matrix.



The surface morphology of the fractured films,
shown in Fig. 2, provides further insight into the effect of 100 |
CA/ESO ratios on the internal structure of bioplastics. At !
lower ratios (e.g., R0.2 and R0.4), the fracture surfaces
exhibit rough textures and visible voids, suggesting weak
interfacial adhesion and poor dispersion of the ESO-CA
oligomer in the starch matrix. As the ratio increases to R0.6,
the fractured surface appears more compact and uniform,
indicating improved compatibility and the formation of a
stronger crosslinked network. This observation correlates
well with the enhanced hydrophobicity observed in the
WCA results. Interestingly, at higher ratios (R0.8 and
R1.0), morphology shows a finer oil phase distribution, - : - - - - - -
which might be expected to improve hydrophobicity.
However, the high CA content may lead to partial
hydrolysis of starch chains, resulting in increased surface Figure 1. Water contact angle of bioplastic

polarity and, consequently, reduced hydrophobic film prepared with varied ratio between
performance. carboxylic acid and oxirane group.
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Conclusion

This study demonstrated that blending CA with
ESO and incorporating the mixture into starch-based
bioplastics effectively enhances hydrophobicity. By
varying the ratio between carboxylic acid and oxirane
groups, the water resistance and microstructure of the
composite films were significantly affected. An optimal
ratio R0.4 resulted in the highest water contact angle and a
more compact fracture morphology, indicating improved
compatibility and crosslinking within the matrix. In
contrast, excessive CA content (R1.0) led to reduced
hydrophobicity, likely due to unreacted hydrophilic groups
or starch hydrolysis. These findings highlight the
importance of tuning the reactive group ratio to achieve a
better-performance, bio-based films with enhanced water
resistance for potential use in sustainable packaging
applications.
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_ Dispersion of ESO phase in bioplastic matrix

Thermoplastic starch Epoxidized soybean oil (ESO)

X High Water Sensitivity X Low Compatible with Starch Hydrophobicity of bioplastic film

The optimal ratio of carboxylic to oxirane for achieve highest
hydrophobicity of starch-based bioplastic was 0.4.

a Materials and Method

Dispersion of CA in ESO (DCE

Using internal reactive blending with apply citric acid (CA) as a
crosslinker to improve compatibility between starch and ESO.

Study Scope

Blending and Molding Process

The Bioplastic Composition Table

Starch + Sorbitol DCE

wi%  Massratioof DCE  Component content
20wt.% CA in acetone ESO i Sample DCE b,
e | ! ! S T » ESO  CA  Starch Sorbitol DCE
Starch bioplastic starc]
= S g T N — — = —_ 2108
Acetone evap. e — compositcsample RO.2 1.99 0.11 42 28 2.1
T i s = RO.4 1.90 020 42 )
°C, 60 rpm, 3 min. ontinued to 15 min. ress molding

o 5 2 2]
Stirring until CA dissolve Heat 80 °C 120 °C, 15 MPa, 15 min. RO.6 1.81 029 42 28 2.1
RO.8 173 037 42 23O
* Blending machine: Torque rheometer (Toyoseiki, Thermo Labo Plastomill 10c100-01) R1.0 1.66 0.44 42 28 21

« Press machine: Hydraulic press machine (Toyoseiki , Mini Test Press10)

o Results and Discussion

3.1 Characterization of crosslink reaction between starch and ESO

3.3 Dynamic water contact angle (WCA)

FTIR: IRAfinity-1S (Shimadzu)

+  ATR-FTIR: Diamond/KRS-5

* Scan range: 4000400 cm, resolution 2 cm!
- Sample thickness: | mm
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IR diagram of bioplastic sample at 820 cm'!,
indicated the presence of unreacted oxirane group.
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Before Blending

DropMaster DM-501, (Kyowa): Droplet testing volume 3.0 l. Exposure time- 15 min

WCA of bioplastic film with different R
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R0.4 sample has a highest WCA, imply the optimal ratio balancing the
amount between ESO phase and CA crosslinker for achieve hydrophobic.

3.4 Thermal behavior of bioplastic composite

The decreasing of 820 cm™ peak indicated the crosslink reaction on oxirane
group, which was reacted by CA.

3.2 Dispersion of ESO phase in bioplastic matrix

Field emission scanning electron microscope (FE-SEM): (JSM-6510 (JEOL))
= Tensile fractured sample coated surface with gold using fine coater JFC-1200 (JEOL)

SEM images of tensile fractured surface of bioplastic with different R
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Provides a plasticization effect
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08 -149:02 1448441/1564439 481497
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Increasing R (higher CA content) results in a smaller with uniform distribution of the ESO
dispersed phase due to a sufficient amount of CA promoting an interphase crosslinking reaction.

High CA content provide plasticization effect while increasing
hydrolysis of starch.
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