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Abstract To improve the interfacial interaction between
poly(lactic acid) (PLA) and bamboo particles (BP), sodium
hydroxide solution was employed to pretreat BP, and then
maleic anhydride (MAH) was used to compatibilize PLA/
BP biocomposites. The biocomposites were prepared
through melt blending and hot-pressing. Effects of MAH
concentration on the properties of BP and PLA/BP bio-
composites were investigated using Fourier transform
infrared spectroscopy, mechanical measurements, differ-
ential scanning calorimetric, melt flow rate (MFR) analysis
and scanning electron microscope. Results showed that
interfacial interaction between PLA and BP in the bio-
composites was improved with MAH compatibilizer.
Tensile strength and elongation at break of PLA/BP bio-
composites, reached maximal values of 47.6 MPa and
6.22 %, respectively, when treated with 1.0 % MAH.
Maximal flexural strength of 72.61 MPa and flexural
modulus of 4.65 GPa were obtained with 0.5 % MAH
treatment, and thermal properties were also improved at
this concentration. MFR of the blends was enhanced with
MAH compatibilization.
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Introduction

The desire of sustainable development as well as govern-
ment and environmental policies toward the creation of
eco-civilization and use of sustainable material are con-
tinuously driving research in green composites [1]. Utili-
zation of natural particles and biobased polymers as
alternatives to certain synthetic has been attracting more
attentions in recent years [3—6]. Poly(lactic acid) (PLA) is
one of the most produced biodegradable polymers. It is
renewable and recyclable with good thermal behaviors and
even better mechanical properties (i.e., tensile/flexural
strength and modulus) than some commodity plastics, e.g.,
poly(propylene) [4]. It is hydrolysable aliphatic semi-
crystalline polyester produced through direct condensation
of its monomer, lactic acid, followed by a ring opening
polymerization of the cyclic lactide dimmer. Lactic acid
can be obtained from renewable resources such as poly-
saccharides [7]. However, PLA presents some drawbacks
like high cost and relatively low heat resistance, which
limit its broader applications [8].

Bamboo particles has been used as fillers mainly in
polyolefins in the literature because of their abundance,
renewability, nonabrasiveness, low density, and low price
[9-11]. Using of bamboo particles in PLA composite
reduces production costs of PLA and has the potential to
improve its mechanical properties. Moreover, the rein-
forced composites are also biodegradable. But as reported,
there are abundant polar groups like hydroxyl and phenolic
hydroxyl groups contained in bamboo particles, presenting
relatively strong chemical polarity and hydrophilicity,
whereas PLA is hydrophobic [12—15]. This results in poor
compatibility. The interfacial interaction between PLA
matrix and BP is weak, leading to reduced mechanical
properties.
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Interfacial adhesion and dispersion of the particles in a
polymer matrix can be improved through compatibiliza-
tion. Several compatibilization techniques such as acyla-
tion, alkali treatment, etherification, isocynate treatment
and use of coupling agents have been researched in the
literature to improve particles/matrix interface bonding
strength [16-18]. Kang and Kim [19] observed enhance-
ment in the mechanical properties of PLA/BP composites
treated by sodium chlorite and/or a silane coupling agent.
Our previous article reported improvements in properties
of PLA/BP composites prepared by a two-roll mill that
were based on 0.30 N alkali surface treated BP [8].

Maleic anhydride (MAH) reaction is one of the most effi-
cient approaches of compatibilization, and various MAH
grafted polymers have been commercialized. Consequently,
MAH grafted PLA was synthesized in laboratory scale
through solution polymerization or reactive extrusion [20, 21].
Carlson et al. [22] reported that free-radical chemistry was
involved in the maleation of PLA during reactive extrusion
(in situ melt blending in an extruder). Petchwattana et al. [23]
compatibilized polyethylene/rice hull composites with maleic
anhydride and found that mechanical properties and interfa-
cial adhesion were improved. Similar results were reported
with different fillers and matrices such as sisal whisker, kenaf
fibers, polypropylene, acrylonitrile-butadiene—styrene,
poly(butylene adipate-co-terepthalate), etc. [24-28].

We have previously investigated the influences of dif-
ferent treatment times with low-concentration alkaline
solution on PLA/BP composites [8]. Alkaline treatment
indeed improved the compatibility of PLA/BP composites.
Little attention was paid on detailed information about
MAH further compatibilization of PLA/BP composites.
The aim of this work was to investigate the effects of MAH
as compatibilizer for the alkali treated BP reinforced
composites using five different mass fractions of MAH. We
expected the mechanical properties and thermal behavior
could be further improved after MAH compatibilizing. The
prepared composites were characterized using differential
scanning calorimetry (DSC), scanning electron microscopy
(SEM), fourier transform infrared spectroscopy (FT-IR),
melt flow rate (MFR) analysis and mechanical testing (i.e.,
tensile and flexural analysis).

Experimental
Materials

PLA pellets (ES701, melt index 10.8 g/10 min at 190 °C,
T, 57.5 °C and T, 153.9 °C), obtained from Tongjieliang
Biomaterials Co., Ltd. Shanghai, were used as matrix
materials. They were grounded to about 600 pm and dried
for 24 h at 50 °C. BP was obtained from a local bamboo
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processing factory located in Zhejiang Province. The BP
was grounded into particles of 200-400 pm, and then dried
in an oven at 105 £ 2 °C. Sodium hydroxide (NaOH),
maleic anhydride (MAH) and acetone (C3;HgO) were
obtained from Sinopharm Chemical Reagent Co., Ltd..
Dicumyl peroxide ([C¢HsC(CHj3),],0,, DCP) was obtained
from Aladdin Reagent Co., Ltd.

Alkali Treatment of Bamboo Particles

BP was immersed in 0.30 N NaOH solution with a ratio of
1:15 (wt/v) in 40.0 °C water batch for 3.0 h [8]. Then, BP
was rinsed with distilled water and washed with acetic acid
solution for neutralization. They were further rinsed with
distilled water and filtered under vacuum and dried at
105 + 2 °C for 24 h.

Preparation of MAH Compatibilized PLA/BP
Composites

The amounts of MAH for different mass fractions viz., 0.5,
1.0, 1.5, 2.0, 2.5 % (based on 50 g of the blends) were
weighed respectively. And they were dissolved in 25 mL
of acetone with 0.05 g DCP. 15.0 g alkali-treated bamboo
particles were soaked in the resulting solution, and the
excess solution was drained off from BP surface and they
were dried overnight in the fume hood at 50 °C.

About 50 g of the blends, with fixed PLA to BP ratio of
70:30 (wt %) were prepared in a co-rotating twin screw lab-
scale compounder under 180 °C and 50 rpm for 10 min [8].
The compounded samples were placed in the desiccator for
24 h and then paved into a mold. Vulcanization molding
machine (GT-7014-A50C, GTM Inc.) was adopted to preheat
the samples for 10 min at 180 °C and then samples were hot
pressed under the conditions of 180 °C and 2.0 MPa. The
pressure was maintained for 5 min and then the sample was
cooled with water circulation in the press platen. The sizes of
samples for tensile and flexural tests were 165 X
13 x 4 mm® and 127 x 10 x 4 mm?, respectively, on the
basis of ASTM D638 and ASTM D790. All samples were kept
in desiccator for further characterization.

Surface Morphology Observation

Surface morphology of BP was observed using launch
scanning electron microscope (S-4800, Hitachi, Japan).
The samples were coated with gold before observing. The
launching voltage of electron microscope was 10.0 kV.

Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR (Nicolet-380, Thermofisher Scientific Inc.) was adopted
for infrared representation with the scanning range of
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Fig. 1 Micro-morphology of
bamboo particles and its
reinforced PLA composites:

a alkali pretreated, b 1 % MAH
treated, c alkali pretreated BP
reinforced PLA composites,

d 1 % MAH compatibilized BP
reinforced PLA composites

£ —
8 57

110.0kV 7.9mm x400

Ikali pretreated BP

1 10.0kV 8.0mm x200

4,000-400 cm™'. The spectra were obtained with the KBr
pellet technique. BP, PLA and 1 % MAH treated PLA/BP
composite were ground into powder, then mixed and com-
pressed with KBr powder into thin discs. 16 scans were co-
added.

Composites Mechanical Testing

Tensile and flexural tests of PLA/BP composites were
carried out using universal testing machine (CMT4503,
MTS Inc.) according to ASTM D638 and ASTM D790.
The gauge length and the crosshead speed for tensile test
were set at 50 mm and 5 mm/min, respectively. The sup-
port span and the crosshead speed for flexural test were set
at 64 mm and 5 mm/min, respectively. Five specimens
were measured for each test.

Melt Flow Rate (MFR) Analysis

About 5.0 g of PLA/BP composites were dried and tested
on a MFR testing machine (ZRZ-1452, Skyan Inc.) with
the temperature of 190 °C and loading weight of 2,160 g.

Thermal Analysis

Differential scanning calorimeter (200F3, Netzsch) was
adopted to study the thermal properties of untreated PLA/BP,
1 and 2.5 % MAH treated PLA/BP composites. About
10.0 mg of sample was accurately weighed and sealed. The

200um f 1 10.0kV 8.0mm x200 200um

sample was kept at a constant temperature of 0 °C for 5 min
and then heated at a rate of 10 °C/min to 200 °C. Nitrogen
was used as purging gas at a rate of 50 mL/min. Crystallinity
(X.) was estimated according to the following equation,

AH,
X, =———x 100 1
() = e % Xomn (1)
where, AH, refers to the crystallization enthalpy of PLA/
BP composites, AH, refers to the enthalpy value during
100 % crystallization of PLA, which is 93.6 J/g [29], Xppa
refers to the weight ratio of PLA in PLA/BP composites.

Results and Discussion
Micromorphology Analysis

Figure 1a, b shows the SEM micrographs of BP after alkali
and MAH treatment, respectively. The alkaline treatment
eliminated the inorganic impurities on the particles surface.
Obvious grooves were also presented as a result of mer-
cerization due to the partly decomposition of hemicellu-
lose. After MAH grafting, the grooves became unclear. The
surface of BP became smooth as well and was covered with
MAH, which indicates that MAH was cross-linked with
part of the polar functional groups on the BP and grafted
onto the BP surface. Figure 1c, d show the SEM micro-
graphs of fracture surface of the composites after tensile
test. Cavities resulted from pulling out of fibers were
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Fig. 2 FT-IR spectra of pure
PLA and PLA/BP composites (a)
with 1.0 % MAH: a full-wave
band, b fingerprint band
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clearly seen in the uncompatibilized particles reinforced
composites at the interface between PLA and particles,
indicating a poor interfacial bonding. Conversely, the
fracture surface of 1 % MAH compatibilized BP reinforced
PLA composites was relative smooth and almost no cavity
was observed, indicating a better interfacial adhesion
between the two substance.

FT-IR Spectroscopy

The changes of surface functional groups were monitored
by FTIR analysis. In Fig. 2, FT-IR spectra of neat PLA,
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alkali treated particles and 1.0 % MAH treated blends are
reported. In Fig. 2b, only the spectral region of
2,000-500 cm ™" was shown to highlight the main differ-
ences between neat PLA and compatibilized PLA/BP
composites. The spectra was enhanced with respect to the
absorption band centered at 3,426 cm ™' (~OH stretching).
The enhanced intensity was probably caused by the exist-
ing hydroxyl of BP or the slight degradation of PLA
through oxidation of revulsant DCP. As it can be observed
in Fig. 2b, new absorption bands at about 1,508 cm™!
(—C=C- stretching), the intensity of which was a function
of MAH amount, appeared in the spectra of compatibilized
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composites. The absorption bands at 1,758 and 1,046 cm™"

were strengthened, which could be attributed to the
asymmetric stretching of the MAH carbonyl group and to
the polysaccharide acetal group of the BP involved into the
grafting reaction, thus confirming that the MAH grafting
between PLA and BP [30]. The peaks in three places, i.e.,
956, 869, 756 cm ™! were weakened. These bands could be
attributed to the C—H wagging of the methyl group, the C—
C stretching and the C-H stretching on the benzene ring,
respectively. The followings are possible chemical reac-
tions occurred during preparing process of the composites

[2]:

OH OH

the stress generated by stretching had been transferred
from matrix PLA to BP through interface, and MAH
improved the interfacial compatibility of PLA/BP com-
posites. When MAH content was less than 1.0 %, elon-
gation at break of composites slightly changed. After
that, with the increasing of MAH content, it decreased
sharply. These results meant that resistance to deforma-
tion of the composites decreased attributed to uneven
distribution of BP when molding and the molecular chain
rigidity increased.

The influences of MAH contents on the flexural strength
and flexural modulus of PLA/BP composites are given in
Fig. 4. Maximal flexural modulus of 4.65 GPa were found

./ 180G __~
Flber<OH + C4H203 + H(OCHCH3CO)OH W Flber\—OOCHCHzCHzCOO(OCHCHaCO)nOH (2)
OH OH

Mechanical Properties

The effects of compatibilizer (MAH) content on the
tensile strength and elongation at break of PLA/BP
blends are illustrated in Fig. 3. With the increase of
MAH content, the tensile strength of composites first
increased due to the improvement of interfacial bonding
and then sharply decreased due to the oxidation with
excess MAH. The tensile strength of alkali treated
composites was 44.21 MPa, whereas the maximal tensile
strength of 47.60 MPa was obtained for 1.0 % MAH
compatibilized composites. These results suggested that

with 0.5 % MAH treated composites. With further
increasing of MAH content, the flexural modulus
decreased. Appropriate amount of MAH could graft PLA
macromolecular chain with BP, improving the interfacial
compatibility between the hydrophobic PLA and hydro-
philic BP. However, when excess MAH was added in the
blends, it excessively inserted between the polymer
molecular chain, and weakened the stress between them.
Which leaded to increase of the molecular chain mobility
and decrease of crystallinity, resulting in reduced modulus.
The flexural strength was also decreased as the increasing
of MAH content.

Fig. 3 Tensile strength and 65 7.0
elongation at break of PLA/BP —n— Elongation at Break
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Fig. 4 Flexural strength and 100 4.8
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The influences of MAH compatibilizer on the melt flow 801 y=10.83-4.16x+7 72x°+1.04x" R*=0.983
rate of PLA/BP composites are shown in Fig. 5. With the T 504
increasing of MAH content, the MFR of PLA/BP blends ‘S
increased. The trend was fitted using three order polyno- 3 404
. . . . o
mial primary function. Due to the symmetrical structure of 8 5
maleic anhydride molecular, the inductive or conjugation z
effect could not be easily generated. As a result, the = 204
. . . . 9]
esterification reaction with PLA molecules depended on =
the probability of macromolecular radicals contacting with h
MAH molecules. Nevertheless, the excessive MAH could 0 i ; ; ; ; i
not react with the insufficient macromolecular radicals, 0.0 es 10 15 2.0 25
. . Maleic anhydride content (%)
when MAH and macromolecular radicals reacted with
equilibrium. The impacted probability between MAH and  Fig. 5 Melt flow rate of PLA/BP composites

primary radical increased, which leaded to cage effect and
other side reaction resulting in increased MFR [31].

DSC of PLA/BP Composites

PLA is a semi-crystalline polymer [30, 32]. During heating or
cooling, cold crystallization can be observed in some order
areas in the melt. The strength and modulus of the material are
greatly influenced by the degree of crystallinity, X.. DSC
thermograms of alkaline treated, 1.0 and 2.5 % MAH treated
BP reinforced PLA composites are given in Fig. 6 and the
corresponding transition temperatures and enthalpies are
summarized in Table 1. The thermal behavior and crystalli-
zation characteristics were influenced with the addition of
MAH in the composites. The alkali treated BP/PL A composites
was characterized by a glass transition temperature (7) at
55.6 °C, acold crystallization peak (7;) at 120.3 °C, and finally
a melting peak (7,) at 149.5 °C. T, and T, of the blends
increased by about 2.1 and 5.2 °C with 0.5 % MAH treatment,
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Fig. 6 DSC behaviors of pure PLA and PLA/BP composites
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Table 1 Therma.l properties of Sample T, (°C) T. (°C) AH. (J/g) X. (%) T,, (°C) AH,, (J/g)
PLA/BF composites
PLA/BF 55.6 120.3 9.40 14.35 149.5 20.01
PLA/BF/0.SMAH 57.7 125.5 5.46 8.33 149.9 11.31
PLA/BF/1.0MAH 57.2 125.5 5.87 8.96 149.9 13.03
PLA/BF/1.5SMAH 57.0 125.3 9.30 14.20 149.3 16.21
PLA/BF/2.0MAH 54.3 125.2 10.12 15.45 149.1 16.91
PLA/BF/2.5MAH 50.7 117.2 20.64 31.50 146.3 21.84
which was explained by the restricted chain mobility, due to the 2. Mwaikambo LY, Ansell MP (2002) J Appl Polym Sci 84:2222

esterification reaction at the fiber/polymer interphase. After
that, as the increasing of MAH content, the T, and 7., decreased
to 50.7 and 117.2 °C, respectively. These observations sug-
gested that the excessive MAH acted as plasticizer, leading to
reduced polymer viscosity because of plasticization.

Degree of crystallinity of PLA in composites decreased
from 14.35 to 8.33 % after 0.5 % MAH treatment, because
part of BP had been grafted onto PLA hindered form of
crystal nucleus and crystal growth. Moreover, the degree of
crystallinity increased to 31.5 % because of the nucleation
of the excess MAH. Melting enthalpy (AH,,) of the blends
first decreased and then increased after MAH treatment. It
is worth noting that there was a double melting peak in the
PLA/BP composites with 2.5 % MAH treatment. The
former melting peak was part of the initial crystal melting
while the latter caused by melted crystalline recrystalliza-
tion melting.

Conclusion

The interfacial interaction of PLA/BP composites was
improved with sodium hydroxide solution pretreated BP and
MAH compatibilizing. Tensile strength and elongation at
break of PLA/BP composites reached maximal values of
47.6 MPaand 6.22 %, respectively, when treated with 1.0 %
MAH. Maximal flexural strength and flexural modulus of
72.61 MPa and 4.65 GPa were obtained with 0.5 % MAH
treatment. With further increasing of MAH content, both
tensile and flexural performances decreased. MFR of the
blends was enhanced with MAH compatibilization. T, was
improved, whereas X, and AH,,, were decreased with 0.5 %
MAH treatment. When excessive MAH was used, T,
decreased and X, increased significantly.
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