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Abstract: A novel poly (lactic acid) (PLA) composite with excellent mechanical properties, toughness,
thermal stability, and water resistance was developed using a reactive melt-blending technique. PLA
was melt mixed with epoxy resin (EPOXY) and bamboo pulp (PULP) to improve its reaction and
mechanical properties. FTIR analysis confirmed the successful reaction of the PLA/EPOXY/PULP
composites; the epoxy groups of EPOXY reacted with the –COOH groups of PLA and the –OH
groups of PULP. The PLA/EPOXY/PULP5 composite showed a high tensile strength (67 MPa)
and high toughness of 762 folding cycles, whereas the highest tensile strength was 77 MPa in the
PLA/EPOXY5/PULP20 sample. SEM images presented a gap between the PLA and PULP; gap size
decreased with the addition of EPOXY. The Tg of the PLA decreased with the EPOXY plasticizer effect,
whereas the Tm did not significantly change. PULP induced crystallinity and increased Vicat softening
of the PLA/PULP and PLA/EPOXY/PULP composites. The EPOXY reaction of the PLA/PULP
composites improved their tensile properties, toughness, thermal stability, and water resistance.

Keywords: poly (lactic acid); bamboo pulp; epoxy resin; reaction; reactive melt blending; reactive
into cross-linking reaction

1. Introduction

Natural fibers are used to reinforce polymers, reduce polymer consumption, and
increase the degradation ability of polymers. They are biodegradable, lightweight, inex-
pensive, non-toxic, recyclable, and possess good mechanical properties. Moreover, natural
fibers are used as load bearings in polymers [1]. The main structure of natural fibers is
cellulose, which is obtained from plants. Bacteria can be used to produce bacterial cellu-
lose [2]. Various plants (cotton [3], ginger [4], rice straw [5], or bamboo [6]) and bacteria
(Acetobacter xylinum [2]) are used to produce cellulose. Cellulose and bacterial cellulose
have excellent mechanical and thermal properties with high crystal and surface area,
enabling it to have wide applications.

Bamboo is a fast-growing and readily available plant in Southeast Asia that is com-
monly used as a natural fiber [7]. Bamboo fibers are produced from raw bamboo using
mechanical and chemical pulping processes [7]. To obtain pure cellulose from bamboo
fibers, an extraction technique is employed to remove lignin and hemicellulose. Lignin,
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present in the fibers, serves as a binder for fiber reinforcement due to its ability to chemi-
cally react with hydrophilic polymers [8]. However, some lignin in the fiber is lost during
the pulping process, decreasing the interfacial adhesion between the microfibrils and the
mechanical properties of the polymer composite [9–11].

Poly (lactic acid) (PLA) is a popular biodegradable polymer used in various industries
such as packaging, agricultural, and medical industries [12]. PLA, however, has certain dis-
advantages such as brittleness, low impact resistance, high cost, and low thermal resistance,
which limit its applications. Packaging from the PLA injection molding process breaks
easily from its brittleness, while high temperature (>60 ◦C) induces its shape distortion.
Various additives, such as poly (glycolic acid) (PGA), epoxy, and poly (hydroxykanoates)
(PHA), have been studied to enhance the flexibility of PLA [13–15]. In addition, natural
fiber reinforcement is used in PLA to improve its mechanical properties and enhance its
thermal stability.

Epoxy resin (EPOXY) is a possible crosslinking agent that induces reactions and
interactions between the reactive functional groups of the fiber and PLA. EPOXY contains
epoxy groups in its main structure, acting as crosslinking agents for various reactive
functional groups such as hydroxyl, carboxylic, and amide groups [16]. Bisphenol A, a
precursor commonly used in the synthesis of epoxy resins, is produced from alcohols, thiols,
and amines by adding epichlorohydrin [16]. EPOXY is used to improve the properties of
materials, including toughness, heat resistance, shrinkage, and corrosion resistance [17–20].
Reactions of the epoxy groups of EPOXY with carboxylic [21], hydroxyl [21], and amine [22]
groups have been reported. Reactive blending of polymers is an effective method for
improving the mechanical and thermal properties, morphology, water resistance, and
reaction of the blend [23,24]. The reactions of the epoxy groups influence the thermal,
morphological, and crystal behaviors of the polymer blend [25]. The addition of EPOXY to
the PLA matrix enhances the branched structures, crosslinking network, and molecular
weight [26]. Crosslinking has been reported to enhance the network structure and properties
of polymers [27,28]. Moreover, using epoxy as a compatibilizer has been reported to enhance
the compatibility of PLA and nylon blends [29]. EPOXY has been reported to improve the
properties of PLA [30–32]. However, improvement in the properties of PLA/bamboo fibers
by the addition of EPOXY to increase the interfacial adhesion between PLA and the fibers
has not been investigated in detail. EPOXY is a chain extender for PLA and a compatibilizer
to improve compatibility between PLA and fiber composite which improve mechanical
properties, toughness, thermal stability, and water resistance. Therefore, deep detail of
reaction mechanism effect to PLA/fiber composite via reactive compatibilizer, is the key to
study and improve its properties for wide applications.

In this study, bamboo pulp was mixed with PLA and EPOXY to induce chemical
reactions and improve the composite properties. Bamboo pulp was utilized as a reinforce-
ment for PLA, while EPOXY was employed as a crosslinking agent to establish crosslinks
between PLA and the bamboo fibers. The mechanical properties, folding cycles, morphol-
ogy, water resistance, heat resistance, and chemical reactions of the resulting composite
were investigated.

2. Materials and Methods
2.1. Materials

Polylactic acid 4032D (PLA) pellets were purchased from NatureWorks LLC (Min-
netonka, MN, USA) at a density of 1.24 g/cm3, MW 100,000 g/mol, MFI 7 g/10 min at
210 ◦C. Epoxy resin (Diglycidyl ether of bisphenol A) grade 0302 was purchased from
EASY Resin Co., Ltd. Nonthaburi, Thailand. Bamboo pulp (Bambusa nutans Wall.) was
purchased from Chiang Mai Province, Thailand. Sodium hydroxide (NaOH) analytical
reagent grade was purchased from vs. chem house Ltd., Bangkok, Thailand.
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2.2. Bamboo Pulp Preparation

Bamboo pulp was prepared without bleaching process to reduce the strong chemical
treatment process. The bamboo chips were dried in a hot air oven at 80 ◦C for 48 h,
pretreated with NaOH (18 wt.%) aqueous solution at the pulp ratio of 1:20, and boiled at
85 ◦C for 3 h to eliminate the residual lignin, fatty acid, hemicellulose, and other impurities.
The samples were then dissolved in distilled water and dried in an oven. Then, the dried
samples (sizes lower than 250 microns) were sieved.

2.3. Sample Preparation

The PLA was melt blended with epoxy resin using two-roll mills (Figure 1a,b) with a
speed of 50 rpm at 160 ◦C for 5 min; then, bamboo pulp and epoxy were added, respectively,
and mixed for 15 min. The samples were compressed into sheets using hot compression at
160 ◦C for 10 min, followed by quenching in cool water. The compositions and code names
of PLA, EPOXY, and PULP in the composites are listed in Table 1.
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Table 1. Composition and code name of PLA, EPOXY, and PULP composites.

Sample Composition (wt/wt%)

PLA EPOXY PULP

PLA 100 - -
PLA/EPOXY5 95 5 -
PLA/PULP20 80 - 20

PLA/EPOXY5/PULP1 94 5 1
PLA/EPOXY5/PULP5 90 5 5
PLA/EPOXY5/PULP10 85 5 10
PLA/EPOXY5/PULP20 75 5 20

2.4. Fourier-Transform Infrared Spectroscopy (FTIR)

The reaction mechanism was studied using ATR method by Fourier-transform infrared
spectroscopy (FTIR/IR–4700, Jasco Corp., Tokyo, Japan). The samples for the infrared
spectra (FTIR) were prepared into thin films with a thickness of approximately 100 µm.
The IR spectra were measured from 4000 to 500 cm−1 with 4 cm−1 of resolution.

2.5. Tensile Properties

The tensile strength and elongation at break were determined using a mechanical
testing machine (MCT–1150; A&D Company Limited, Tokyo, Japan). The shape of the



Polymers 2023, 15, 3789 4 of 15

dog-bone test was prepared according to JIS K 6251–7. The sample sheets were prepared
with dimensions (width, length, and thickness) of 5 mm, 30 mm, and 1 mm, respectively.
The samples were kept at 25 ◦C with 50 ± 2% RH for 24 h. Samples were derived by
averaging five experimental runs for each sample.

2.6. Differential Scanning Calorimetry (DSC)

The thermal analysis was performed using a differential calorimeter (DSC 823E; Met-
tler Toledo, OH, USA). Approximately 5–10 mg of each sample was placed in a closed
aluminum pan. Differential scanning calorimetry (DSC) analysis was performed from 0 to
200 ◦C at a heating and cooling rate of 10 ◦C min−1.

2.7. Vicat Softening Temperature (VST)

Softening point measurements were performed using Vicat apparatus (c-090), Kijwisai,
Bangkok, Thailand with a modified technique that allowed the standard ASTM D1525. The
dimensions of the square test samples were 10 × 10 × 3 mm. All samples were derived by
averaging five experimental runs for each sample.

2.8. Contact Angle

Contact angles were observed using a DSA30E Krüss GmbH instrument (Hamburg,
Germany). Drop shape analysis was used to monitor the water contact angle. Water was
dropped on the film surface and images were captured automatically every 20 s for 10 min.

2.9. Scanning Electron Microscopy (SEM)

The morphology was examined using scanning electron microscopy (SEM, JEOL JSM–
5910LV JEOL Co., Ltd., Tokyo, Japan) with a magnification of 2000× at 15 KV. The samples
were broken in liquid nitrogen followed by coating with a thin layer of gold.

2.10. Folding Endurance

Folding cycles were determined using Gotech GT 6014 A (Gotech Testing Machines, Inc.,
Taichung, Taiwan). The dimensions of the rectangular test samples were 100 × 15 × 1 mm3. A
grip clearance of 10 mm was used (Figure 1(c)). All samples were conditioned and derived
by averaging five experimental runs for each sample.

2.11. Statistical Analysis

To analyze the results, one-way ANOVA was performed using the Statistical Package
for Social Sciences (SPSS Version 17, Armonk, NY, USA). Differences (p < 0.05) were
evaluated using Duncan’s test.

3. Results and Discussion
3.1. Reaction Mechanism

FTIR spectra of PLA, PLA/EPOXY, and PLA/EPOXY/PULP 1–20% are shown in
Figure 2. PLA showed peaks at 1748 cm−1, 1451 cm−1, and 1180–955 cm−1 owing to
the stretching vibrations of C=O (ester carbonyl), C–H, and C–O–C, respectively [33].
EPOXY presented a sharp peak of asymmetric vibrations, an aromatic oxirane ring at
912 cm−1, aromatic C=C stretching vibrations at 1509 and 1608 cm−1, and aromatic C–H
vibrations of the bisphenol A moiety in the hyperbranched epoxy resin at 3059 cm−1 [15].
PLA/PULP20 presented C–H peaks at 1451 and 1378 cm−1, a stretching vibration of
C=O at 1748 cm−1, absorption peaks of C–O–C at 1086 cm−1 and 1178 cm−1, and –OH
peaks at 3500–4000 cm−1 [34]. The PLA/EPOXY composite exhibited characteristic peaks
corresponding to the aromatic C=C stretching at 1509 cm−1 and the aromatic oxirane ring of
EPOXY at 912 cm−1. EPOXY reacted with the carboxylic groups, and the reaction between
the epoxy groups of EPOXY and the –COOH groups of PLA had been confirmed in a
previous study [14]. The PLA/EPOXY/PULP samples showed combined spectra of PLA,
EPOXY, and PULP, exhibiting the O–H peak of PULP at 3500–4000 cm−1, C=O stretching
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of PLA at 1748 cm−1, a C–H peak of PLA at 1451 cm−1, aromatic C=C stretching of EPOXY
at 1509 cm−1, and an aromatic oxirane ring at 912 cm−1. The intensity of the aromatic
oxirane ring peak at 912 cm−1 in the PLA/EPOXY/PULP samples was lower than that in
the PLA/EPOXY sample. This decrease indicated the reduction of aromatic epoxy groups,
ring opening of epoxy groups, and reacting with OH groups of PULP. Reactions between
the epoxy and –OH groups have also been reported [35]. Hence, EPOXY reacted with both
the –COOH groups of PLA and the –OH groups of PULP, connecting PLA with the PULP
structures. The expected reactions are shown in Figure 3.
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3.2. Mechanical Properties

The tensile strengths and elongations at the break of the PLA, PLA/EPOXY, PLA/PULP,
and PLA/EPOXY/PULP composites are shown in Figure 4. PLA showed tensile strength
and elongation at a break of 57 MPa and 2%, respectively. Tensile strength (50–60 MPa) and
elongation at a break (2–6%) of pure PLA (4032D) have been previously reported [14,36,37].
Tensile strength and elongation at break of PLA composites with henequen (60 MPa,
0.7%) [38], bamboo (32.5 MPa, 3.2%) [6], and bagasse (55 MPa, 1.5%) [39] fibers, respectively,
have also been reported. The incorporation of EPOXY into PLA resulted in an increase in
tensile strength (62 MPa) and elongation at break (8%) compared to pure PLA, attributed
to the crosslinking reaction that occurred inside the PLA matrix through the reaction with
EPOXY [14]. The PLA/PULP20 sample exhibited 4 MPa and 3.5% tensile strength and elon-



Polymers 2023, 15, 3789 6 of 15

gation at break, respectively. The tensile strength of the PLA/EPOXY/PULP composites
increased with increasing pulp content, whereas the elongation at break decreased com-
pared with that of the PLA/EPOXY blend. The tensile strength of PLA/EPOXY/PULP20
reached a maximum of 76.8 MPa, 28% higher than pure PLA. The PLA/EPOXY5/PULP20
composite showed an elongation at break of 6% owing to the crosslinking provided by
EPOXY within the PLA matrix and at the interface with the bamboo pulp fibers. This
interfacial crosslink transferred strength through the bamboo pulp, reinforcing the PLA
matrix. The bamboo pulp acted as a reinforcing fiber for the PLA matrix, whereas the
EPOXY provided a crosslinking network. The combination of crosslinking inside PLA via
the EPOXY reaction, interfacial crosslinking between PLA and pulp via the EPOXY reac-
tion, and bamboo pulp-reinforcing PLA improved the tensile properties of the composites.
Hence, EPOXY improves the mechanical properties of PLA by crosslinking, and plasticizer
effects have been previously reported [8,11,40–42].
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1–20% composites.

3.3. Folding Endurance

Folding endurance is the most useful index of the bending film test, crucial to evalu-
ating the toughness of a sample. Hence, this method was used to clarify the relationship
between the folding test results and the mechanical properties of the films. Figure 5 shows
folding tests of PLA, PLA/PULP20, and PLA/EPOXY/PULP composites with 1–20%
bamboo pulp. The folding cycles for pure PLA, PLA/PULP20, PLA/EPOXY/PULP1,
PLA/EPOXY5/PULP5, PLA/EPOXY5/PULP10, and PLA/EPOXY5/PULP20 were 124, 4,
164, 762, 364, and 1 cycle, respectively. The addition of pulp and EPOXY to PLA increased
the number of folding cycles because EPOXY reacted with the carboxylic acid groups of
PLA and the OH groups of the bamboo pulp [35], extending the PLA chain and inducing
crosslinking in the PLA phase. EPOXY acted as both a crosslinking agent and a plasticizer,
resulting in increased tensile strength and improved flexibility of PLA [14]. Moreover,
EPOXY enhanced interfacial adhesion and decreased the number of voids between PLA
and bamboo pulp. The incorporation of EPOXY in the PLA/EPOXY5/PULP5 composite
resulted in decreased cracking, improved toughness, and increased folding cycles (764 cycles),
demonstrating the beneficial reaction and plasticizer effects of EPOXY. However, adding
20% pulp in PLA negatively affected the folding cycle owing to the hardness of the bamboo
pulp, leading to increased brittleness in the sample [43].
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3.4. Morphology

Figure 6 shows the morphologies of the PLA/EPOXY, PLA/PULP, and PLA/PULP/EPOXY
composites. The PLA image in Figure 6a presents a smooth fracture surface. PLA/PULP
exhibited dispersed PULP in the PLA matrix (Figure 6b). An incompatible blend of PLA
and PULP with a large surface area was observed owing to the weak interfacial adhesion
between PLA and the bamboo pulp, providing low elongation at break. The micrographs
of PLA with bamboo pulp and the EPOXY composite showed a smaller interfacial space
between PLA and bamboo pulp compared to PLA/PULP20, owing to the improvement
of interfacial adhesion via a chemical reaction of EPOXY. The EPOXY reaction acted as a
bridge and interfacial crosslinking between the terminal carboxyl groups of PLA and the
hydroxyl groups of the bamboo pulp, improving the mechanical properties of the samples.
The EPOXY reaction improved the morphology and mechanical properties of the PLA, as
has been previously reported [42,44].
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3.5. Thermal Properties

The thermal properties of PLA, PLA/EPOXY, PLA/PULP, and PLA/EPOXY/PULP
composites with different bamboo pulp content (0–20%) were investigated using DSC.
DSC 2nd scan was performed to obtain the crystallinity, Tm, Tc, and Tg of the samples.
Figure 7 shows the 2nd scan DSC thermograms of PLA, PLA/EPOXY, PLA/PULP, and
PLA/EPOXY with 1–20% bamboo pulp content. The Tg and Tm of PLA were 56 ◦C and
163 ◦C, respectively. PLA/PULP presented Tg and Tm that were almost identical to those
of pure PLA. Adding EPOXY in PLA and PLA/PULP reduced the Tg of PLA from 56 ◦C to
51 ◦C (Table 2) owing to the plasticizer effect of EPOXY [14]. Adding EPOXY in PLA/PULP
reduced the Tm of PLA from 163 ◦C to 161 ◦C owing to smaller crystal formation than
pure PLA. The low Tc of the PLA/PULP and PLA/EPOXY/PULP composites compared
to those of PLA and PLA/EPOXY was attributed to the small cold-crystal size formed by
the nucleating effect of the bamboo pulp. The crystallinities of pure PLA, PLA/EPOXY,
and PLA/PULP20 were 9.4%, 3.6%, and 15.2%, respectively (Table 2). The reduction in
the number of PLA crystals in PLA/EPOXY can be attributed to the crystal obstruction
caused by the crosslinking and plasticizer effects of EPOXY. The PLA/EPOXY/PULP
composites showed a crystallinity of 7.4–18.8% owing to the combined nucleating agent
effect of bamboo pulp and the crystal obstruction effect of EPOXY crosslinking in the
PLA phase. The low crystal degree of PLA/EPOXY/PULP1 (7.4%) was due to the low
movement of the PLA chain to from crystal by EPOXY reaction and plasticizer obstruction
effect of excess epoxy in PLA. The addition of PULP 5–20% in PLA/EPOXY enhanced
the degree of crystallization of PLA to 17–18% compared to PLA/EPOXY/PULP1 (7.4%)
because the high amount of pulp and the rough surface of pulp induced nuclei of crystal
formation as a nucleating agent.
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Figure 7. Second scan DSC thermograms of PLA, PLA/EPOXY, PLA/PULP, and PLA/EPOXY with
1–20% bamboo pulp content.

Table 2. The DSC data of PLA with different pulp contents and EPOXY 5%.

Sample Tg (◦C) Tc (◦C) Tm (◦C) ∆Hc (J/g) ∆Hm (J/g) Xc (%)

PLA 56 126 163 22.5 31.3 9.4
PLA/EPOXY 51 121 163 32.3 35.5 3.6
PLA/PULP20 56 105 163 19.7 31.0 15.2

PLA/EPOXY/PULP1 51 100 161 29.6 36.1 7.4
PLA/EPOXY/PULP5 51 93 161 15.8 30.2 17.2
PLA/EPOXY/PULP10 51 104 161 18.7 33.0 18.1
PLA/EPOXY/PULP20 51 100 161 15.0 28.1 18.8

3.6. Vicat Softening Temperature (VST)

The Vicat softening temperature (VST) values of the PLA, PLA/EPOXY, and PLA/EPOXY/
PULP composites are shown in Figure 8. The VST results represent the heat resistance
of the composites from the solid to the rubbery states. PLA and PLA/EPOXY showed
a VST of 58 ◦C and 60 ◦C, respectively. The addition of bamboo pulp increased the VST
from 58 ◦C in pure PLA to 73.8 ◦C in the PLA/PULP composite. This can be attributed to
the nucleating effect of the bamboo pulp, enhancing the crystallinity of PLA, as shown in
Table 2. Moreover, the increased crystallinity contributed to the improved thermal stability
of the composite, leading to a higher VST value. The VST of PLA/EPOXY/PULP1 is
lower owing to PLA crystal obstruction by the EPOXY reaction and a small amount of
pulp. However, increasing the bamboo pulp content in the PLA/EPOXY/PULP composites
raises the VST, attributed to the enhanced PLA crystallinity facilitated by the nucleating
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effect of bamboo pulp. The bamboo pulp acts as a nucleating agent, increasing the thermal
stability of the composites and resulting in a higher VST.
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3.7. Contact Angle

Contact-angle measurements were used to evaluate the surface tension of the PLA com-
posites. Figure 9 shows the water droplet contact angles of PLA and the PLA/EPOXY/PULP
composites. The water droplet contact angle of the PLA composites decreased with time
from 0 to 10 min. After 10 min, the water droplet contact angle of PLA increased from
52◦ to 63◦ with the addition of 20% pulp. The introduction of EPOXY/PULP composites
(1%, 5%, 10%, and 20%) also resulted in varying contact angles: EPOXY/PULP 1% (61◦),
EPOXY/PULP 5% (55◦), EPOXY/PULP 10% (66◦), and EPOXY/PULP 20% (64◦). The
low water droplet contact angle of PLA was owing to hydrophilicity introduced by the
–COOH and –OH end groups of PLA [45]. The water contact angle of PLA increased with
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the addition of EPOXY, owing to the crosslinking network formed via the EPOXY reaction.
Adding PULP 20% to PLA increased the water droplet contact angle because of the rough
surface of the pulp. The surface properties of bamboo pulp play a significant role in mor-
phology changes. The presence of lignin, a hydrophobic material, on the surface of bamboo
pulp contributes to its hydrophobic nature. The addition of EPOXY to PLA/PULP10 and
PLA/PULP20 further increased the contact angle owing to the crosslinking between PLA
and the surface of the pulp through the EPOXY reaction, as well as the hydrophobicity of
the lignin present in the pulp. The PLA/EPOXY/PULP10 showed a slightly higher contact
angle than that of PLA/EPOXY/PULP20 owing to the high amount and hydrophilicity
of the fibers in the bamboo pulp. In addition, the crosslinking reaction between PLA and
bamboo pulp by EPOXY decreased the space between both surfaces and increased the water
resistance of the composites [46]. The lower contact angles of PLA/EPOXY/PULP1 and
PLA/EPOXY/PULP5 were attributed to the combined effects of the high hydrophilicity of
PLA, low PULP content, large surface gaps, and low interfacial crosslinking between PLA
and PULP.
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4. Conclusions

A PLA/EPOXY/PULP composite was successfully developed by melt-mixing PLA with
PULP and EPOXY. FTIR confirmed the reaction between the epoxy groups of EPOXY and the
–COOH of PLA, and the –OH groups of PULP. The tensile strength of PLA/EPOXY/PULP20
increased to 76.8 MPa compared to pure PLA (57.5 MPa). The addition of 20% bamboo pulp
in PLA/EPOXY resulted in the highest tensile strength owing to the enhanced mechanical
properties of bamboo pulp. However, it also led to a decrease in the elongation at break,
indicating reduced flexibility, which can be attributed to the reaction facilitated by EPOXY.
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PLA/EPOXY/PULP5 showed the best improvement of high toughness properties with
764 folding cycles, 68 MPa tensile strength, and 6% elongation at break. EPOXY decreased
the space and induced a connection between the PLA and PULP surfaces. Moreover,
EPOXY enhanced the interfacial tension between PLA and the PLA/EPOXY/PULP com-
posites via the EPOXY reaction, improving the water resistance of the composite. PULP
acts as a nucleating agent to induce crystallinity in PLA, improving the thermal stability of
the composite. Furthermore, EPOXY acts as a plasticizer for PLA to decrease Tg, provide
flexibility to the PLA sample, and induce crosslinking inside the PLA and PLA/PULP
composites. This reaction enhances the crosslinking inside PLA and the interfacial adhesion
between PLA and PULP, improving the tensile strength, toughness, thermal, and water re-
sistance properties of the composites. Notably, the resulting PLA composites have excellent
properties and can be used for packaging and agricultural applications.
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