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Abstract: Food packages and kitchen utensils made of thermoplastic are very popular due to their low production costs.
However, thermoplastic is easily degraded at high temperatures and has low mechanical properties. When degraded,
thermoplastic produces carcinogenic monomers that can contaminate food. Thus, natural fiber-based composites are introduced.
Most commercial products nowadays are made of thermosets that are difficult to degrade. In order to produce fully biodegradable
composite materials, we mixed PLA (polylactic acid) pellets with bamboo. PLA is a thermoplastic polyester that is synthesized
from the fermentation of plant starch. The mechanical properties of PLA/bamboo composites depend on the surface interaction
between PLA and bamboo. Thus, we studied the effect of the chemical treatment of bamboo prior to composite making on the
mechanical properties of PLA and bamboo. Furthermore, the morphology of bamboo was varied into powder, fiber, and strip. A
four-year-old bamboo trunk was harvested and dried to minimize the moisture content. Then, it is soaked separately in cold water
and 5% NaOH for 72 hours. After it is rinsed and re-dried, the fiber and powder of bamboo are extracted through mechanical
treatment. The composite is made with 10% bamboo reinforcement by hot press molding technology at 220°C for 40 minutes.
The tensile testing shows that only bamboo strips can improve the mechanical properties of composites. Besides, the alkali
treatment was found to increase the brittleness of bamboo, causing an increase in modulus elasticity and a decrease in ductility.
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matrix, such as epoxy/fiberglass and epoxy/carbon fiber,
have been widely developed in industry to manufacture cars,
airplanes, bicycles, ships, turbines, etc. Even though the
tensile properties of these composites can compete with
those of metal alloys, they are more brittle and require high
production costs. Besides, thermoset plastic and synthetic
fiber are difficult to naturally degrade and difficult to recycle
[3]. Thus, it promotes the trash issue in the future. To tackle
this challenge, a composite made of natural fiber and
bioplastic is designed as an alternative material that is

1. Introduction

Thermoplastics such as polyethylene, polypropylene, and
styrofoam have become the main choice for low-cost kitchen
utensils and food packaging. However, when thermoplastics
are exposed to high temperatures, the volatile compound
poses a danger to the user. The monomers produced are
carcinogenic and dangerous if they are mixed into the food
consumed [1, 2]. Besides, thermoplastics are known to have
low mechanical properties. Thus, utensils made of composite

materials are introduced as they have better mechanical
properties.

Polymer matrix composites are a mix between polymer
as a matrix and reinforcement, which is in the form of
powder or fiber. Composites that are made of thermoset

cheaper, biodegradable, and food-grade.

Previous research has tried to manufacture a
natural-friendly composite made of pineapple, bamboo, and
flax fiber [4]. Bamboo is one of the potential options due to
its fast growth [5] and abundant availability. Bamboo
belongs to the family Poaceae, with the subfamily
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Babusodeae. There are 1450 species of bamboo around the
world [6]. Bamboo can grow in low-nutrient soil [7].
Bamboo can be harvested after 3-5 years [8]. The
availability of bamboo in Indonesia is abundant, with 14
million bamboo trunks per year [9]. The morphology of
bamboo is separated into two parts: the rhizome and the
trunk system. Bamboo has a straight, long shape and a
hollow trunk with nodes [10]. Bamboo culm is composed of
cellulose, hemicellulose, and lignin, which have distinct
characteristics and consequently affect the mechanical
properties of naked bamboo [11]. In terms of mechanical
properties, bamboo has better ductility compared to
slow-growth wood. However, the mechanical properties of
bamboo can vary with the distance from the soil surface [12].
It is because there is a difference in the diameter and
thickness of the bamboo culm. And it is also related to the
differences in fiber bundle diameter that cause variations in
tensile strength [13].

PLA is a thermoplastic consisting of the monomer lactide
acid and can be produced from the fermentation of corn and
potato starch [14]. PLA is considered environmentally
friendly because it is relatively easy to degrade due to
interaction with microbes, enzymes, and water through a
hydrolysis reaction [15]. PLA is approved by the FDA (Food
and Drug Administration) to be used for clinical purposes due
to its biocompatibility [16]. PLA is available as a pellet or as
an emulsion (resin). However, pure PLA is brittle and has low
thermal resistance [17]. Combination of PLA with natural
fiber results in an environmentally friendly composite, the
so-called "Green Composite". Green composite is a type of
composite that is made of renewable materials, notably
agricultural and forestry products [18]. In composite
PLA/bamboo, PLA acts as a matrix while bamboo acts as a
reinforcement agent. Several studies have been done to
investigate the tensile and flexural strengths of bamboo fiber
with variations in the composition of bamboo fiber [19-21],
the temperature of the hot press molding process [22], and the

extrusion parameter process [23]. Meanwhile, for this
research, we aim to vary the morphology of reinforcement and
the pre-treatment of bamboo and then observe the influence on
the mechanical properties of the composite.

2. Materials and Method

A four-year-old betung bamboo (Dendrocalmus asper)
was harvested from the bamboo forest in Klungkung
Regency, Bali. The bamboo culm used is at least 2 meters
high at the soil surface, so the average culm thickness is 15—
20 mm. Bamboo is then cut into 15-16 cm lengths. After that,
it was sun-dried for 7 days to minimize the moisture content
(MC), as MC affects the mechanical properties [24]. The
surface modification of bamboo was done by soaking it in
water and NaOH 5% separately for 72 hours. The soaking
allowed the extractive compound to be dissolved in an
aqueous environment. Then, the bamboo was sun-dried for 2
days and also dried in the oven at 60°C for 2 hours. The
powder and fiber of bamboo were obtained through
mechanical treatment. The bamboo powder was sieved to
obtain a 40-mesh particle size, while the fiber has an average
length of 10—-15 mm. The bamboo strip was shaped to have
dimensions of 150 x 25 x 5 mm (Figure 1).

PLA/bamboo composite was made with pellet
thermoplastic PLA NV that has a processing temperature
between 190°C and 250°C [25]. A hot press molding
technique was used at 20 kPa pressure and 220°C for 40
minutes. The mixture of molten PLA and bamboo was
pressed onto a tensile testing sample following ASTM D790.
The amount of bamboo added was constant at 10 wt%. The
mold was smeared with grease to ease the collection of the
final product. The mechanical properties were investigated
using a Universal Testing Machine (Tension) with a
maximum load capacity of 5 kN. The tensile testing was
done at a speed of 1 mm/min.

©

Figure 1. (a) bamboo strip; (b) bamboo fiber; (c) bamboo powder.

3. Results and Discussion

PLA/bamboo composites were successfully fabricated by
hot press molding. There were traces of grease left on the
sample surface. Grease was added to facilitate the separation
between the final product and the mold. The high

temperature of the hot press (220°C) melts the grease, which
is eventually integrated with molten PLA. Thus, transparent
grease should have been used for a better visual appearance
of the sample. PLA pellets and bamboo were first mixed in
solid condition before being heated and pressed. The tightly
pressed condition does not allow stirring during the heating
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process. Thus, the distribution of powder or short fibers of
bamboo was difficult to control.

The stress of composites was calculated as the load
applied in Newtons per mm2 of rectangular surface area.
While the strain is the ratio of length differences with the
initial length of the sample test, Figure 2 (a) shows the
strain-stress curve of composite PLA/bamboo in which the
bamboo was pre-treated with water soaking. All curves
follow the typical curve shape of composite materials, as the
yield point is absent. PLA/bamboo strip has the highest
tensile strength and ductility. However, the composite
PLA/bamboo powder and PLA/bamboo fiber have lower
values of tensile strength and ductility than pure PLA. It
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shows that the addition of powder or fiber from bamboo
failed to improve the mechanical properties of composites.
Figure 3 shows that the failure is due to shear stress in the
middle part of the sample. It was found during visual
observation of the sample product that the bamboo powder
and fiber are not evenly distributed into the PLA matrix due
to the difference in density. Bamboo has a lower density of
0.6-0.8 g/cm3 [8] than PLA with a density of 1.6—1.5 g/cm3.
When the PLA was melted, bamboo short fiber or powder
floated on the surface, causing uneven distribution.
PLA/bamboo fiber gave the lowest value of strength as the
failure was caused by the fiber being in transversal
orientation or perpendicular to the load direction.
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Figure 2. The strain-stress curve for composite PLA/bamboo in which the bamboo was pre-treated with (a) water soaking and (b) 5% NaOH soaking.

Figure 2 (a) shows the strain-stress curve of composite
PLA/bamboo in which the bamboo was pre-treated with 5%
NaOH soaking. All the curves have similar characteristics to
those found in water-soaked bamboo composites. Only the
alkali-treated bamboo strip composite significantly improves
the tensile strength of the composite. Both the addition of
powder and the short fiber of bamboo result in lower values
than pure PLA. However, with alkali treatment,
PLA/alkali-treated fiber produced a higher value of tensile
strength than PLA/water-treated fiber composites. The
author assumes that alkali treatment works better on a
limited surface area, as it was found in bamboo strips and
fiber. On the contrary, PLA/water-treated powder has better
results than PLA/alkali-treated powder.

A summary of the results of tensile testing can be found
in Table 1.

The strain-stress curve for PLA/bamboo composite, in
which bamboo was pre-treated with soaking in 5% NaOH,
gave a similar response to tension loading. The absence of a
yield point shows the plasticity characteristic and the
absence of elasticity. Any deformation found during loading
is permanent. The composite of PLA/bamboo powder and
PLA/bamboo fiber also gave a lower value than pure PLA.
However, the ductility of PLA/bamboo strips is lower than

that of pure PLA. Soaking in water can dissolve the
extractive compounds (lignin and hemicellulose), thus
resulting in better adhesion between bamboo and the PLA
matrix. Better interaction at the interface protects the
bamboo cells from water molecules, thus providing better
dimension stability [26].

PLA matrix

—~ Bamboo fiber

Grease residue

Figure 3. Fracture area.

Thus, water-soaked bamboo provides better mechanical
tensile properties for composites than alkali-soaked bamboo.

The modulus of elasticity was then calculated as a ratio
between stress and strain. Modulus elasticity reflects the
rigidity or the material's ability to restrain the deformation.
Alkali treatment with NaOH solution could also increase the
crystallinity of bamboo fiber. Consequently, it increases the
rigidity and decreases the ductility of composites. Table 1
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shows that composites with alkali-treated powder or fiber as
reinforcement agents have higher modulus elasticity but lower
ductility. In other words, alkali increases the brittleness of
bamboo as a composite reinforcement agent. However, long
soaking durations can deteriorate the cellulose fiber, thus
decreasing its tensile strength [27]. It should also be noted that
PLA is not fully hydrophobic since it has a high carbonyl
group content. For example, PLA is less hydrophobic than

dimethyl ether. And for PLA, the degree of hydrophobicity
depends on the parameters of the process, such as the solvent
used during polymerization. It requires a special analysis tool
to investigate the degree of PLA’s hydrophobicity since the
production parameters were not published. So, with those
factors combined, the composite of PLA and NaOH-treated
bamboo does not have good interface adhesion, resulting in a
low tensile strength value.

Table 1. Tensile properties of PLA/bamboo.

Tensile Strength (MPa) Ductility (%) Modulus of Elasticity (MPa)
PLA 16.72+0.75 6.07+0.095 237.59+16.8
Water-soaked bamboo
PLA/bamboo powder 8.91+0.59 5.15+0.35 178.97+17.94
PLA/bamboo fiber 4.760.1 2.75+0.07 213.68+13.85
PLA/bamboo strip 27.91+0.66 7.9+0.01 580.69+67.42
Alkali-soaked bamboo (NaOH 5%)
PLA/bamboo powder 5.14+0.18 2.54+0.015 379.36+10.29
PLA/bamboo fiber 7.36+0.14 3.15+0.035 334.19+17.13
PLA/bamboo strip 17.77+0.29 4.6+0.014 794.83+11.79

4. Conclusion

We have investigated the mechanical properties of a
composite of PLA and bamboo treated with soaking in water
or a solution of NaOH at 5%. All the composites were made
by hot press molding with a bamboo composition of 10%.
According to the values of tensile strength and modulus of
elasticity, only bamboo strips can improve the mechanical
properties of composites. The aqueous environment
dissolved the amorphous hemicellulose and lignin, leaving
the cellulose fiber. This process also modified the surface
properties of bamboo so it could have better adhesion with
the PLA matrix. However, a longer duration of 72 hours
deteriorates the bamboo fiber and worsens the adhesion at
the interface. Consequently, the tensile strength of
alkali-soaked bamboo composites is lower than that of those
soaked in water. Furthermore, alkali can increase the
crystallinity, making the bamboo more brittle. As a polymer
synthesized from renewable sources, PLA has distinct
characteristics compared to other polyesters. With proper
preparation techniques, PLA combined with natural fiber has
great potential to be a renewable, green composite material.

Acknowledgments

The authors wish to acknowledge the funding support from
Politeknik  Negeri Bali Grant Reference number
1660/PL8/AL.04/2023.
References

[1] I Husain, M. Alalyani, and A. H. Hanga, “Disposable Plastic
Food Container and Its Impacts on Health,” J. Energy Environ.
Sci. Phot., vol. 130, no. December, pp. 618-623, 2015,
[Online]. Available:
https:/sites.google.com/site/photonfoundationorganization/ho
me/the-journal-of-energy-and-environmental-science

[2] L. S. Kato and C. A. Conte-Junior, “Safety of plastic food
packaging: The challenges about non-intentionally added
substances (NIAS) discovery, identification and risk
assessment,” Polymers (Basel)., vol. 13, no. 13, 2021, doi:
10.3390/polym13132077.

[3] A.P.Morales, A. Giiemes, A. Fernandez-Lopez, V. C. Valero, and
S. de La Rosa Llano, “Bamboo-polylactic acid (PLA) composite
material for structural applications,” Materials (Basel)., vol. 10, no.
11, pp. 1-22, 2017, doi: 10.3390/mal10111286.

[4] A.Karimah et al., “A review on natural fibers for development
of eco-friendly bio-composite: characteristics, and utilizations,”
J. Mater. Res. Technol., vol. 13, pp. 2442-2458, 2021, doi:
10.1016/j.jmrt.2021.06.014.

[5] P. Chaowana, “Bamboo: An Alternative Raw Material for
Wood and Wood-Based Composites,” J. Mater. Sci. Res., vol. 2,
no. 2, 2013, doi: 10.5539/jmsr.v2n2p90.

[6] P. Md. Tahir, Bonding with Natural Fibres, vol. 1. Serdang:
Universiti Putra Malaysia Press, 2013.

[71 X. JaingHua and Y. XiaoSheng, “Medium and large scale
Bamboo,” Fuyang, 2001.

[8] L. Hunter, “Bamboo resources, uses and trade: The future?,” J.
Bamboo Ratt., vol. 2, pp. 319-326, Dec. 2003, doi:
10.1163/156915903322700368.

[9] Badan Pusat Statistik, “Statistik Produksi Kehutanan,” Jakarta,
2017.

[10] W. Razak, M. Janshah, W. S. Hashim, and B. Shirley,
“Morphological and anatomical characteristics of managed
natural bamboo stands - Gigantochloa scortechinii,” J. Bamboo
Ratt., vol. 6, no. 1-2, pp. 115-121, 2007.

[11] T. Gangwar and D. Schillinger, “Microimaging-informed
continuum micromechanics accurately predicts macroscopic
stiffness and strength properties of hierarchical plant culm
materials,” Mech. Mater., vol. 130, pp. 39-57, 2019, doi:
10.1016/j.mechmat.2019.01.009.

[12] F. Febrianto, I. Sumardi, W. Hidayat, and S. Maulana, Papan
Untai Bambu Berarah-Material Unggul untuk Komponen
Bahan Bangunan Struktur, 1st ed. Bogor: IPB Press, 2017.



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

American Journal of Polymer Science and Technology 2023; 9(3): 40-44 44

F. Wang, J. Shao, L. M. Keer, L. Li, and J. Zhang, “The effect of
elementary fibre variability on bamboo fibre strength,” Mater.
Des., vol. 75, no. April 2016, pp. 136-142, 2015, doi:
10.1016/j.matdes.2015.03.019.

R. P. Babu, K. O’Connor, and R. Seeram, “Current progress on
bio-based polymers and their future trends,” Prog. Biomater.,
vol. 2, no. 1, p. 8, 2013, doi: 10.1186/2194-0517-2-8.

G. Baier et al., “Enzymatic degradation of poly (L-lactide)
nanoparticles followed by the release of octenidine and their
bactericidal effects.,” Nanomedicine, vol. 10, no. 1, pp. 131-9,
Jan. 2014, doi: 10.1016/j.nan0.2013.07.002.

C. Engineer, J. Parikh, and A. Raval, “Effect of copolymer ratio
on hydrolytic degradation of poly (lactide-co-glycolide) from

drug eluting coronary stents,” Chem. Eng. Res. Des., vol. 89, no.

3, pp. 328-334, Mar. 2011, doi: 10.1016/j.cherd.2010.06.013.

M. A. Elsawy, K. H. Kim, J. W. Park, and A. Deep, “Hydrolytic
degradation of polylactic acid (PLA) and its composites,”
Renew. Sustain. Energy Rev., vol. 79, no. April, pp. 1346-1352,
2017, doi: 10.1016/j.rser.2017.05.143.

N. Naik, B. Shivamurthy, B. H. S. Thimmappa, G. Jaladi, K.
Samanth, and N. Shetty, “Recent Advances in Green
Composites and Their Applications,” Eng. Sci., vol. 21, pp. 1-
16,2023, doi: 10.30919/es8¢779.

S. G. Nukala, 1. Kong, V. I. Patel, A. B. Kakarla, W. Kong, and
O. Buddrick, “Development of Biodegradable Composites
Using Polycaprolactone and Bamboo Powder,” Polymers
(Basel)., vol. 14, no. 19, 2022, doi: 10.3390/polym14194169.

D. Puspita, L. Musyarofah, E. Hidayah, and Sujito,
“Fabrication and tensile properties of bamboo micro-fibrils
(BMF)/poly-lactic acid (PLA) green composite,” J. Phys. Conf.

(21]

[22]

[23]

[26]

[27]

Ser., vol. 1217, no. 1,
10.1088/1742-6596/1217/1/012005.

2019, doi:

S. Ochi, “Tensile Properties of Bamboo Fiber Reinforced
Biodegradable Plastics,” Int. J. Compos. Mater., vol. 2, no. 1,
pp. 14, 2012, doi: 10.5923/j.cmaterials.20120201.01.

R. Sinha, R. Purohit, and V. Mishra, “Density Variation due to
Polylactic Acid of Long Bamboo Fibres,” Mater. Today Proc.,
vol. 5, mno. 9, pp. 20292-20296, 2018, doi:
10.1016/j.matpr.2018.06.401.

M. J. Nurnadia, M. R. N. Fazita, H. P. S. Abdul Khalil, and M.
K. Mohamad Haafiz, “Optimisation of mechanical properties
of bamboo fibre reinforced-PLA biocomposites,” AIP Conf.
Proc., vol. 1901, 2017, doi: 10.1063/1.5010484.

S. Dransfield and E. A. Widjaja, Bamboos. Leiden: Backhuys
Publishers, 1995. doi: 10.1177/002205749005100810.

S. Farah, D. G. Anderson, and R. Langer, “Physical and
mechanical properties of PLA, and their functions in
widespread applications — A comprehensive review,” Adv.
Drug Deliv. Rev., vol. 107, pp. 367-392, 2016, doi:
https://doi.org/10.1016/j.addr.2016.06.012.

F. Febrianto et al., “Properties of oriented strand board made
from Betung bamboo (Dendrocalamus asper (Schultes.f)
Backer ex Heyne),” Wood Sci. Technol., vol. 46, no. 1-3, pp.
53-62, 2012, doi: 10.1007/s00226-010-0385-8.

A. E. C. Jlnior, A. C. H. Barreto, D. S. Rosa, F. J. N. Maia, D.
Lomonaco, and S. E. Mazzetto, “Thermal and mechanical
properties of biocomposites based on a cashew nut shell liquid
matrix reinforced with bamboo fibers,” J. Compos. Mater:, vol.
49, no. 18, pp- 2203-2215, 2015, doi:
10.1177/0021998314545182.



