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Abstract

This research focuses on the preparation of biodegradable films from recycled polyethylene
terephthalate (RPET) and thermoplastic starch (TPS) reinforced with biochar from durian
peels. In this study, hexamethylene diisocyanate (HMDI) was used as a compatibilizer and
the influences of biochar contents on physical properties, morphology, mechanical properties,
thermal properties and water absorption ability of biocomposite films were studied.
For biocomposite preparation, all ingredients, i.e. TPS, RPET biochar and HMDI were mixed
by internal mixer and fabricated into thin sheets by compression molding. The mixing ratio of
TPS/RPET was fixed at 30/70 wt%, while HMDI was added at 5 wt% based on starch content.
Biochar contents were varied from 10 to 40 wt%. The results showed that the presence of
5 wt% HMDI led to improvement of mechanical and thermal properties of TPS/RPET
compound which resulted in the improvement of interfacial adhesion between RPET and TPS.
Moreover, the addition of 20 wt% biochar resulted in the highest flexural strength and flexural
modulus of 30 TPS/RPET when compared to other biochar contents because of its better
dispersion in RPET matrix. In addition, biochar could improve thermal stability of
30 TPS/RPET biocomposite. Besides, the water absorption ability of TPS/RPET/biochar
composite increased with an increase in TPS and biochar. On the other hand, the presence of
HMDI led to the diminishing of water absorption ability of TPS/RPET/biochar biocomposite.
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Introduction

Thailand is one of the well-known cultivated lands. Nowadays, Thailand’s farming industry
is highly competitive and there is gain of agricultural productivity [1]. Due to an increase
in agricultural cultivation, a lot of agricultural plastic wastes such as seed trays, crop coverings,
mulch films, pots and fertilizer bags are abandoned in landfills [2]. Most of agricultural
plastic wastes are made from petroleum-based polymers because such polymers have good
mechanical properties and are inexpensive [3]. However, petroleum-based polymers cause
environmental pollution since they take a long time to decompose [3]. Recently,
the environmental issue of reducing plastic use has become a serious topic in Thailand.
The Thai government has also been driving a policy to avoid using single and
non-biodegradable plastics [4]. Thus, the use of biodegradable plastic or recycled plastic
for agriculture is a sustainable way to reduce plastic waste from agricultural activities since
the reuse and recycling of already acquired non-biodegradable plastics help maintain an
environment without waste and reduce demand for new plastic[5] - [7].

Polyethylene terephthalate (PET) bottles is one of the plastic wastes mostly found in
landfills and oceans. Many researchers have studied on the utilization of recycled PET bottle
by mixing it with biodegradable polymers such as polylactic acid [§], poly (butylene succinate)
[9] cellulose [10], and starch [11] to reduce PET bottle waste. From literatures, the addition
of biodegradable polymers can improve mechanical properties and the biodegradability
of recycled PET for the production of various products, e.g. food packaging, clothes, icluding
plastic products for cultivation. However, there are a few research works focusing on the
preparation of biocomposite from recycled PET for agricultural application such as trays
and films. Thus, this research is aimed at preparing recycled PET biocomposite and its
properties to be a guideline for prototype development such as trays and films. Cassava starch
and biochar are attractive raw materials because cassava starch is abundant in nature in
Thailand. It is cheap and has good biodegradability [12] - [13]. While, Biochar has benefit
for crop and soil. It can enhance root yield since it can hold moisture and enrich soil nutrients
[14] - [15]. Nevertheless, the main problem of starch and polyester blend is low compatibility
because starch is hydrophilic material, while polyester is hydrophobic material. The addition
of coupling agent or compatibilizer can improve the compatibility and interfacial adhesion
between hydrophilic and hydrophobic materials. Isocyanate compounds, such as methylene
diphenyl diisocyanate (MDI) [16], 1,4-phenylene diisocyanate (PDI) [17] and hexamethylene
diisocyanate (HMDI) [17] are well-known coupling agents for polyester and starch because
they are effective and give rapid reactions. HMDI is one of diisocynate groups which is widely
used in bioplastic and food-contact applications [18].
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Therefore, the objectives of this work are to prepare biocomposite from recycled
PET (RPET) and thermoplastic starch (TPS) reinforced with biochar. HMDI was used as
a compatibilizer. The effects of TPS and HMDI addition and biochar content on morphology,
mechanical properties, thermal properties, and water absorption ability of TPS/RPET

biocomposites were studied.

Materials and Method

1. Materials
Commercial cassava starch was used as a raw material for TPS preparation.
Recycled PET bottle (RPET) was a raw material used in preparing biocomposites. Analytical
grade of HMDI was purchased from Sigma Aldrich. Analytical grade of glycerol was
obtained from CT chemical co, Ltd. Durian peel waste was used as raw material for biochar
preparation.
2. Biochar (BC) preparation
Durian peel was dried in an oven at 60 °C overnight to remove absorbed moisture.
Later, it was pyrolyzed at 500 - 600 °C in closed-traditional furnace without oxygen for 24 hrs.
After pyrolysis, biochar from durian peel was obtained and then it was ground into fine
particles to pass through a 230 sieve mesh.
3. Thermoplastic starch (TPS) preparation
Cassava starch was dried in an oven at 60 °C overnight for removing absorbed
moisture. Next, cassava starch was mixed with glycerol and water. The ratio of starch, glycerol,
and water was 70:20:10. All ingredients were stirred and kneaded to prepare homogenous TPS.
4. Preparation of biocomposite from RPET and starch reinforced with biochar
RPET was washed in water and dried in sunlight. After that, it was cut into small
sizes (1 - 2 cm). Before mixing, all ingredients, i.e. RPET and biochar were dried at 60 °C
overnight. Afterwards, RPET, TPS, and HMDI were firstly mixed by internal mixer
(Enmach Co., Ltd.) at 260 °C and 60 rpm to prepare TPS/RPET compound. The ratio of TPS
and RPET was fixed at 30:70 wt%, while the addition of HMDI was fixed at 5 wt% which
depended on TPS content. The mixture was blended until it became homogeneous. After that,
biochar was added into the compound and was mixed for 5 minutes to disperse biochar in
matrix. Biochar content was 10 wt%, 20 wt%, 30 wt%, and 40 wt% based on the total weight
of the compound. After that, TPS/RPET/biochar compound was fabricated into sheet by
compression molding machine (CT, Chareon tut Co., Ltd).
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5. Characterization

Morphologies of TPS, biochar and biocomposite were studied by scanning electron
microscope (SEM) (JEOL, JSM-IT300). Thermal stability of biocomposite films was investigated
by Thermogravimetric analysis (TGA) (Tarsus, TGA-209 F3) which was conducted under
nitrogen gas with 10 °C/min of scanning rate. Differential calorimetry (DSC) (Phoenix 204 F1)
was used to study thermal behavior of RPET and biocomposite under inert gas with 10 °C/min
of scanning rate. The degree of crystallinity ( X ) of biocomposite film was calculated with the
following equation (1).

AHm
Xe =

x100, (D
my

where AHm is the melting enthalpy of the crystalline PET and AHm, is the melting enthalpy

of the completely crystalline PET. The values of AHm, of PET was 140 J g'.

Universal Testing Machine (UTM DSS-10T) was used for flexural tests according
to ASTM standard D790. Water absorption test (water absorption ability) was studied
according to ASTM 570. All samples were dried at 60 °C overnight. After that, all samples
were weighed and then soaked in excess water for 24 hrs. After 24 hrs, excess water was
removed from the samples with tissue paper, and then weighed. Three replicates were tested.

The water absorption was calculated on a dry basis with the following equation (2).

Water Absorption Ability (%)=22""1x100 )
W

where w, and w; are the wet weight and dried weight of a sample, respectively.
Results and Discussion

1. Physical appearance and morphology of biochar from durian peels

Biochar from durian peels was used as a reinforcement for TPS/RPET
biocomposite. Figure 1 shows physical appearances and morphology of durian peels and
biochar. Physical appearances of durian peels are shown in Figure 1(a). Durian peels are
oblong shape with green and yellow color. The Figure 1(b) shows that obtained biochar
exhibited black color with glossy skin after pyrolysis. Then, the biochar was reduced into
micron size by a grinder and was sieved by 230 mesh sieve. After grinding, biochar
powder was a mixed shape of flake and short fiber with rough surface as seen in Figure 1(c)
and (d). Moreover, tiny holes could be found on biochar surface. The average particle size

of biochar powder was approximately 33 pm.
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(b) Biochar

(c) SEM of Biochar at (d) SEM of Biochar at

x 500 maginification x 2,000 maginification

Figure 1 Physical appearances of durian peels and biochar

2. Physical appearance of RPET and RPET biocomposite
Physical appearances of RPET and biocomposites are illustrated in Figure 2.
As observed, neat PET sample was of gray color with smooth surface. The presence of 30 wt%
TPS resulted in a brownish color in RPET biocomposite. While, the addition of biochar
contributed to a black color and rough surface. Moreover, the agglomerations of biochar

particles were noticed in samples when biochar content increased from 20 to 40 wt%.

30 TPS 10 BC 20 BC 30 BC 40 BC

30 TPS/RPET BC/30 TPS/RPET

Figure 2 Physical appearances of RPET, 30 TPS/RPET with HMDI, and BC/30 TPS/RPET
biocomposites with HMDI
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3. Morphology

Figure 3(a) - (g) illustrates fracture surface of RPET and all RPET bicomposites.
As seen in Figure 3(a) - (c¢), the gray area with rough surface is RPET matrix, while big
particles which embedded in matrix are TPS particles and the large holes in sample surface
were imprints of TPS particles. Average particle size of TPS is in range of 30 - 50 um.
Figure 3(b) and (c) exhibit fracture surface of 30 TPS/RPET without and with 5 wt% of
HMDI, respectively. As shown in Figure 3(a) and (b), holes in composite surface and large
gap between TPS and RPET phases could be found in 30 TPS/RET without HMDI.
It indicated that there was poor compatibility between hydrophobic RPET and hydrophilic
TPS. After mixing with HMDI, the gaps between RPET and TPS were smaller than those
of TPS/RPET without HMDI (Figure 3(c)). Besides, the addition of HMDI contributed to
well embedding of TPS in RPET matrix. This phenomenon indicated that the presence of
HMDI could increase compatibility between RPET and TPS. Fracture surface images of
all BC/30 TPS/RPET biocompoites are shown in Figure 3(d) - (g). These figures illustrate
that small white flakes and short fibers are biochar (BC) powder. Small holes in matrix
were evidence of biochar imprints. As observed, the degree of agglomeration of biochar
increased with an increment of biochar loading since biochar had large surface area which
easily tended to agglomerate. Likewise, the addition of 20 wt% biochar had better dispersion
in matrix than other biochar contents. These results supported flexural properties of
30 TPS/RPET biocomposite. The optimal 20 wt% biochar content led to the highest flexural

strength and flexural modulus.
4. Thermal properties and degree of crystallinity of RPET and all RPET biocomposites
Thermogravimetric curve of RPET and RPET biocomposite is displayed in
Figure 4. Data from TGA thermogram are presented in Table 1. The figure shows that neat
RPET initially decomposed at around 390.19 °C which was degradation of PET main chain.
While, all RPET biocomposites initially decomposed at nearly 100 °C which was evaporation
of absorbed moisture. After evaporation, all RPET biocomposites showed three step
decompositions. First decomposition started at around 250 - 270 °C which related to
decomposition of small molecule i.e., glycerol. Second decomposition was at around
299 - 308 °C which related to TPS degradation. The decomposition around 390 - 400 °C
was the degradation of RPET component. Obviously, the presence of TPS reduced the
thermal stability of RPET because TPS has less thermal stability than RPET. However,
the addition of HMDI can improve thermal stability of 30 TPS/RPET biocomposite due to
the improvement of compatibility of TPS and RPET. Moreover, thermal stability of

30 TPS/RPET increased with increment of biochar content.
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(a) neat RPET

Biochar hole
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(d)10 BC

Biochar hole
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Figure 3 SEM images of neat RPET and RPET biocomposites

https://www.tci-thaijo.org/index.php/rmutijo/index



38 Preparation of Biocomposite from Recycled PET Bottles and Starch Reinforced with Biochar from
Durian Peels

Table1  TGA data RPET and RPET biocomposites

leonset TdZOnset Td30nset Char yield at

Sample
[°C] [°C] [°C] 500 °C [%]
RPET 396.10 - - 16.43
30 TPS/RPET 254.70 303.71 380.00 15.31
30 TPS/RPET + 5 HMDI 268.00 308.00 390.58 14.63
30 TPS/RPET/ 30 BC + 5 HMDI 267.64 273.00 386.39 29.77
30 TPS/RPET/ 40 BC + 5 HMDI 260.78 270.00 406.00 38.90
110+
100-
90+
80+
_ —RPET
& 70-
% - - =30 TPS/RPET
Bal 30 TPS/RPE + 5 HMDI
407 ——30 TPS/RPET/ 30 BC + 5 HMDI
30-
i —30 TPS/RPET/ 40 BC + 5 HMDI
10 vl

50 100 150 200 250 300 350 400 450 500 550
Temperature (°C)

Figure 4 TGA Thermograms of RPET and RPET biocomposites

DSC Thermograms of RPET and all RPET biocomosites are shown Figure 5,
while DSC data of all RPET biocomposites are displayed in Table 2. As seen in Figure 5,
glass transition temperature (7,) and melting temperature (7,,) of RPET are exhibited at around
82.60 °C and 256.93 °C, respectively. The DSC thermograms and Table 2 exhibit that the glass
transition temperature of RPET dramatically shifted toward a lower temperature (53.40 °C)
with the addition of 30 wt% TPS. Besides, the presence of 30 wt% TPS decreased the degree of
crystallinity of RPET owing to the low miscibility between RPET and TPS. However, the glass
transition temperature of 30 TPS/RPET slightly shifted to a higher temperature (59.60 °C)
when HMDI was added. This phenomenon indicated that the addition of HMDI can improve
interfacial adhesion between TPS and RPET. On the other hand, there was no significant
change in 7,, when 30 TPS and HMDI were added. The results are similar to Ferri and
co-workers [18], they studied poly(lactic acid) blends with thermoplastic starch by physical
blending without compatibilizer. They found that the slight decrement in 7, is representative
for poor miscibility between PLA and TPS.
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The effects of biochar loading, glass transition temperature, melting temperature
and degree of crystallinity of 30 TPS/RPET decreased when biochar loading increased
because biochar cannot act as a nucleating agent due to its poor dispersion in RPET matrix.
In addition, agglomeration of biochar can be noticed in matrix as seen in Figure 5.

The degree of crystallinity results are related to flexural properties of RPET biocomposite film.

30 TPS/RPET + HMDI

30 TPS/RPET
RPET
s W‘

o
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Temperature (°C)

(a) 30 TPS/RPET with and without HMDI

Heat Flow (Ex0) --------

40 BC/ 30 TPS/RPET + HMDI
A
30 BC/ 30 TPS/RPET + HMDI

20 BC/ 30 TPS/RPET + HMDI
30 TPS/RPET + HMDI

Heat Flow (EX0) -----==n---

2 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Temperature (°C)

(b) BC/ 30 TPS/RPET biocomposites
Figure 5 DSC thermograms of RPET and RPET biocomposites

5. Flexural test

Flexural properties, i.e. flexural strength, flexural modulus, and extension of
RPET and biocomposite are shown in Table 3. The table shows that the addition of TPS and
biochar contributed to a decrease in flexural properties of RPET. This may be due to the low
interfacial adhesion between RPET, TPS, and biochar. Effects of HMDI, 30 TPS/PET
biocomposite with HMDI were higher flexural strength, flexural modulus, and extension
value than biocomposite without HMDI because HMDI can improve interfacial adhesion
between RPET and TPS. In addition, flexural strength, flexural modulus, and extension of
30 TPS/RPET bicomposite decreased when biochar content increased since biochar could
not be well dispersed in the RPET matrix. However, it was found that the addition of 20 wt%

biochar gave the highest flexural modulus and flexural strength with reasonable extension
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value when compared to other concentrations of biochar. The morphological results of

fracture surface of 30 TPS/RPET/BC biocomposite were used as supporting evidence.

Table2  DSC data of RPET and BC/ 30 TPS/RPET biocomposites

Samples T,onset ['C] T,['C] AHm % Crystallinity
RPET 82.60 256.90 55.42 39.58
30 TPS/RPET 53.40 252.60 48.56 34.28
30 TPS/RPET + 5 HMDI 59.60 250.00 60.14 42.96
30 TPS/RPET/ 20 BC + 5 HMDI 57.60 250.10 45.15 32.22
30 TPS/RPET/ 30 BC + 5 HMDI 57.00 248.80  43.81 30.84
30 TPS/RPET/ 40 BC + 5 HMDI 55.80 237.80  27.6 19.71

Table 3  Flexural properties of RPET and RPET biocomposite

Flexural Strength Flexural Modulus Extension

Sample
[MPa] [MPa] [mml]

RPET 17.30+3.60 4063+338 2.53+0.55
30 TPS/RPET 8.87+1.48 34824919 1.30+0.48
30 TPS/RPET + 5 HMDI 9.7840.90 38224960 1.73+0.28
30 TPS/RPET/ 10 BC + 5 HMDI 2.74+1.05 702+419 1.00+0.35
30 TPS/RPET/ 20 BC + 5 HMDI 3.27+0.69 1822+504 0.85+0.08
30 TPS/RPET/ 30 BC + 5 HMDI 2.25+1.06 677+373 0.80+0.03
30 TPS/RPET/ 40 BC + 5 HMDI 1.73+0.47 702+444 0.61+0.18

6. Water absorption test

Water absorption ability of neat RPET and all RPET biocomposites is shown in
Figure 6. As seen in this figure, neat RPET showed the lowest water absorption value which
was less than 1% owing to its hydrophobic characteristic. While, water absorption of
30 TPS/RPET without HMDI was around 6%, higher than that of neat RPET due to the
hydrophilic characteristic of TPS. Moreover, the presence of large gaps between RPET and
TPS led to the increment of water absorption because water can easily diffuse into samples
via the defects such as gaps and voids. On the other hand, the addition of 5 wt% HMDI
decreased the water absorption of 30 TPS/RPET since the presence of HMDI resulted
in the improvement of compatibility between RPET and TPS, contributing to the reduced
gap between RPET and TPS. Considering effect of biochar content, water absorption of
30 TPS/RPET with 5 wt% HMDI increased when biochar content increased. This is because

the biochar is a porous material which has a high capacity for absorbing water.
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Figure 6 Water absorption of neat RPET and RPET biocomosites

Conclusions

Biocomposites from RPET and TPS reinforced with biochar from durian peels were prepared
by internal mixer and compression moulding. HMDI was used as a compatibilizer for TPS
and RPET. The addition of starch and HMDI to RPET was fixed at 30 wt% and 5 wt% (based
on starch content), respectively. While, biochar content in TPS/RPET was varied from
10 to 40 wt%. The effects of TPS, HMDI, and biochar content on morphology, thermal
properties, flexural properties, and water absorption ability of RPET biocomposites were
studied. Considering the effects of TPS addition, the presence of 30 wt%TPS decreased
mechanical properties and thermal properties of RPET due to low compatibility between
TPS and RPET. However, flexural properties and thermal stability of 30 TPS/RPET with
5 wt% HMDI were higher than those of 30 TPS/RPET without HMDI. It may be because
there was an improvement of compatibility between TPS and RPET. Moreover, the addition
of 30 wt% TPS led to the decrease of glass transition temperature and degree of crystallinity
of RPET. While, the addition of 30 wt% TPS did not have a significant effect on melting
temperature of RPET. However, it was noticed that the presence of HMDI increased the
degree of crystalinity of RPET owing to the improvement of interfacial adhesion between
RPET and TPS. SEM image confirmed that the HMDI can improve the interfacial adhesion
between RPET and TPS because of the reduction of gap between TPS and RPET.
Considering biochar content, the addition of biochar decreased the flexural properties of
30 TPS/RPET. However, the optimal content of biochar was 20 wt% because this content
gave the highest flexural strength and flexural modulus with reasonable extension value
when compared to other biochar contents. Besides, the degree of crystallinity of 30 TPS/RPET
decreased with an increment of biochar content. This because biochar did not act like
a nucleating agent due to its poor dispersion in matrix. Likewise, the addition of TPS and

biochar led to the increment of water absorption ability of RPET due to hydrophilic
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properties of TPS and porosity of biochar. However, the presence of HMDI contributed to
the decrease of water absorption ability of 30 TPS/RPET due to the improvement interfacial
adhesion between TPS and RPET.

Acknowledgement

The authors would like to thank Phranakhon Rajabhat University for financially supporting
this research and the Faculty of Science and Technology, Phranakhon Rajabhat University
for providing a venue for this study. The authors would also like to thank Enmach Co., Ltd.,

for providing the mixing machine to conduct this research.
References

[1] Bhandhubanyong, P. and Sirirangsi, P. (2019). New Trends and Challenges for Agriculture in the
Mekong Region: From Food Security to Development of Agri-Businesses. The Development
of Agricultural Tools in Thailand:Case Studies of Rice and Maize. (Sakata, S.). BRC
Research Report, Bangkok Research Center, JETRO Bangkok/IDE-JETRO

[2] Kan, R., Kungkajit, C., and kaosol, T. (2017). Recycle of Plastic Bag Wastes with Organic
Wastes to Energy for RDF Productions. American Journal of Applied Sciences. Vol. 14, No. 2,
pp- 1103-1110. DOI: 10.3844/ajassp.2017.1103.1110

[3] Chiu, H. and Hsiao, Y. (2006). Compatibilization of Poly (ethylene terephthalate)/Polypropylene
Blends with Maleic Anhydride Grafted Polyethylene-Octene Elastomer. Journal of Polymer
Research. Vol. 13, Issue 2, pp. 153-160. DOI: 10.1007/s10965-005-9020-z

[4] Chotthong, B. (2018). Public-Private-People Partnerships on Plastic Waste Management
in Thailand. EAS Congress. 27-30 November 2018. Lloilo Convention Center, Philipines.

[5] Wichai-utcha, N. and Chavalparit, O. (2019). 3Rs Policy and Plastic Waste Management in
Thailand. Journal of Material Cycles and Waste Management. Vol. 21, Issue 1, pp. 10-22.
DOI: 10.1007/s10163-018-0781-y

[6] Park, S. H. and Kim, S. H. (2014). Poly (ethylene terephthalate) Recycling for High Value
Added Textiles. Fashion and Textiles. Vol. 1, Issue 1, pp. 1-17. DOI: 10.1186/540691-014-0001-x

[71 Soroudi, A. and Jakubowicz, 1. (2013). Recycling of Bioplastics, Their Blends and Biocomposites:
A Review. European Polymer Journal. Vol. 49, Issue 10, pp. 2839-2858. DOI: 10.1016/
j-eurpolymj.2013.07.025

[8] You, X., Snowdon, M. R., Misra, M., and Mohanty, A. K. (2018). Biobased Poly(ethylene
terephthalate)/Poly(lactic acid) Blends Tailored with Epoxide Compatibilizers. American
Chemical Society. Vol. 3, pp. 11759-11769. DOI: 10.1021/acsomega.8b01353

Voravadee Suchaiya and Katsirin Sangmanee
ISSN 2672-9369 (Online)



[9]

[10]

[11]

[12]

[14]

[16]

[17]

[18]

RMUTI JOURNAL Science and Technology Vol. 13, No. 3, September - December 2020 43

Threepopnatkul, P., Wongnarat, C., Intolo, W., Suato, S., and Kulsetthanchalee, C. (2014).
Effect of TiO, and ZnO on Thin Film Properties of PET/PBS Blend for Food Packaging
Applications. Energy Procedia. Vol. 56, pp. 102-111. DOI: 10.1016/j.egypro.2014.07.137
Kiziltas, A., Gardner, D. J., Han, Y., and Yang, H. (2010). Determining the Mechanical
Properties of Microcrystalline Cellulose (Mcc)-filled PET-PTT Blend Composites. Wood and
Fiber Science. Vol. 42, Issue 2, pp. 165-176.

Wiacek, A. E., Jurak, M. 1., Gozdecka, A., and Worzakowska, M. (2017). Interfacial Properties
of PET and PET/Starch Polymers Developed by Air Plasma Processing. Colloids and Surfaces A:
Physicochemical and Engineering Aspects. Vol. 532, pp. 323-331. DOI: 10.1016/j.colsurfa.
2017.04.074

Nguyen, D. M., Do, T. V. V., Grillet, A., Thuc, H., and Thue, C. N. H. (2016). Biodegradability
of Polymer Film Based on Low Density Polyethylene and Cassava Starch. International
Biodeterioration & Biodegradation. Vol. 115, pp. 257-265. DOI: 10.1016/j.ibiod.2016.09.004
Gattin, R., Copinet, A., Bertr, C., and Couturier, Y. (2001). Comparative Biodegradation Study
of Starch- and Polylactic Acid-Based Materials. Journal of Polymers and the Environment.
Vol. 9, pp. 11-17. DOIL: 10.1023/A:1016036302871

Muller, J., Gonzalez-Martinez, C., and Chiralt, A. (2017). Combination of Poly(lactic) Acid
and Starch for Biodegradable Food Packaging. Materials. Vol. 10, Issue 8, p. 952. DOI: 10.3390/
mal0080952

Gonzalez-Ausejo, J., Sanchez-Safont, E., Lagaron, J. M., Balart, R., Cabedo, L., and
Gamez-Perez, J. (2016). Compatibilization of Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)-
Poly(lactic acid) Blends with Diisocyanates. Journal of Applied Polymer Science. Vol. 134,
Issue 20, DOI: 10.1002/app.44806

Idrees, M., Jeelani, S., and Rangari, V. (2018). Three-Dimensional-Printed Sustainable Biochar-
Recycled PET Composites. ACS Sustainable Chemistry & Engineering. Vol. 6, pp. 13940-13948.
DOI: 10.1021/acssuschemeng.8b02283

Rehraha, D., Reddye, M. R., Novakd, J., Bansode, R., Schimmel, K., Yu, J., Watts, D.W. and
Ahmedna, M. (2018). Production and Characterization of Biochars from Agricultural by-Products
for use in Soil Quality Enhancement. Journal of Analytical and Applied Pyrolysis. Vol. 108,
pp- 301-309. DOI: 10.1016/j.jaap.2014.03.008

Ferri, J. M., Garcia, D., Carbonell-Verdu, A., Gimeno, O. F., and Balart, R.. (2017). Poly(lactic
acid) Formulations with Improved Toughness by Physical Blending with Thermoplastic Starch.
Journal of Applied Polymer Science. Vol. 135, Issue 4, p. 45751. DOI: 10.1002/app.45751

https://www.tci-thaijo.org/index.php/rmutijo/index



