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Bamboo Nanocomposite: Impact of Poly (Ethylene-altMaleic Anhydride) and Nanoclay on Physicochemical,
Mechanical, and Thermal Properties
Muhammad Adamu,a,b,* Md. Rezaur Rahman,a and Sinin Hamdan c
The effects of montmorillonite nanoclay and poly(ethylene-alt-maleic
anhydride) via vacuum impregnation technique in relation to the
physicochemical, mechanical, and thermal properties of bambooreinforced nanocomposites were investigated. The functional groups in
the raw bamboo and nanocomposites were identified using Fourier
transform infrared spectroscopy. X-ray diffraction plots showed the
prominent peak intensity at a diffraction angle of 73° due to the
transformation of the amorphous structure to a crystalline structure in the
prepared nanocomposite. The morphologies of the raw bamboo and the
nanocomposites were compared using scanning electron microscopy
analysis. There was an increase in the modulus of elasticity from 7.82 to
19.0 GPa (143%) and a corresponding increase in the modulus of rupture
from 68.7 to 121.5 MPa (77%) of the raw bamboo to the nanocomposites,
respectively. This increase implied a high increase in the mechanical
properties of the developed nanocomposite. Both results from the
differential scanning calorimetry and thermogravimetric analysis showed
appreciable improvements in the thermal properties of the developed
nanocomposite.
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INTRODUCTION
The application of nanotechnology for upgrading both structural and functional
properties of synthetic polymers has emerged as a new area of research among material
scientists and engineers (Olad 2011; Shahadat et al. 2015). Though the synthesis and
application of nanotechnology for production of new composite materials are wellrecognized, there is a need to mitigate the current challenge of having materials that are
durable, sustainable, cost-effective, and environmentally friendly (Muhammad et al. 2019).
Thus, there is considerable interest for the continuous search for low-cost reinforced
composites using only biodegradables (Yates and Barlow 2013; Thakur et al. 2014; Lu et
al. 2015; Varghese and Mittal 2018).
As the global economy grows, there is a proportional increase in the world’s
demand for wood (Bais et al. 2015). Present figures indicate that wood trade has exceeded
1.8 billion m3, with the Asia-Pacific countries accounting for approximately 24% of the
global market (Buongiorno et al. 2011). This demand for high-quality wood has led to nonrenewable removal of hard wood in many developing nations and has become a serious
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concern, especially in Asia (Warman 2014). Many countries have taken measures to ban
commercial logging, and this development has led to a sharp rise in the cost of natural
wood products.
The choice of natural fibers, such as timber, to replace some of these materials has
recently been explored (Saiful Islam et al. 2012; Zhu et al. 2016; Hossen et al. 2018).
However, the mechanical properties are often not satisfactory. Bamboo fibers generally
have been a preferred choice due to their potential for the manufacture of materials that can
be recyclable, biodegradable, and highly sustainable, especially in the advent of findings
that are a combination of the matrix and natural fibers would yield composites with high
strength-to-weight ratios (Huda et al. 2012; Imbulana et al. 2013). Additionally, each
component of the matrix can effectively be utilized for optimum properties as required in
the formation of a composite (Loh et al. 2013; Gheith et al. 2019). It has been established
that high-end quality and sustainable industrial products can be formed from bamboo that
eases consumer choice and desirability (Nahar and Hasan 2013; Anokye et al. 2016).
Similarly, as a result of high strength-to-weight ratio, bamboo fibers are often referred to
as natural glass fiber, and it is arguably an attractive substitute to steel in applications
requiring tensile loading (Jawaid and Abdul Khalil 2011; Karthik et al. 2017; Siddique et
al. 2017).
Recently, the synthesis of polymer-layered silicate (PLS) nanocomposite has been
of great importance due to its applications in industrial and scientific research for the
production of value-added materials with highly improved physical and thermal properties
(Ahmad and Kamke 2011; Shipp 2011).
Synthesized PLS nanocomposites have shown remarkable improvement with
improved physical and mechanical properties as compared with conventional micro or
macro composites. These properties include increased strength, reduced gas absorptivity
and flammability, heat resistance, and rapid biodegradability, which are required for
numerous engineering applications ranging from construction to household products
(Biswas and Ray 2001; Ray et al. 2002; Thomas et al. 2012). These properties are reengineered due to the dispersion of the polymer matrix of the bamboo material as a
nanoscale inorganic filler, consequently leading to an active interfacial area that translates
to superior properties compared to those of the original bulk polymer (Zhang et al. 2015;
Wang and Chen 2017). Scientifically, the inorganic filler particles are reduced to nanoscale
dimensions that directly impact their properties (Sasthiryar et al. 2014).
The final properties of the nanocomposites thus formed generally depend on the
nature and compositions of the inorganic filler as well as the microstructure and interfacial
interactions of the bamboo microstructure (Yu et al. 2014; Liew et al. 2017). Therefore,
the choice of a suitable inorganic filler that will effectively interact with and change the
microstructure remarkably is an essential step for the production of a good nanocomposite
material (Reddy 2014; Chen et al. 2017). It is reported that the clay nanofiller has
remarkable physical and mechanical properties compared to conventional filler polymers,
such as talc, glass fibers, carbon black, and calcium carbonate particle, and are usually
referred to as microsize fillers (Thostenson et al. 2005). For example, the processability,
mechanical properties, and lightness of the bamboo fiber can still be maintained when clay
nanofibers are used, and this has made it a preferred choice in the polymer industry (Meng
and Park 2013; Gheith et al. 2019).
Clay nanofiller possesses a well-layered structure that is characteristic of silicate
minerals (Jonoobi et al. 2015; Silva et al. 2018). Among the various types of clay that have
been used as nanofiller, montmorillonite is the most common due to its abundance and
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because it contains alkali metal cations, with a high surface area, great swelling capacity,
strong cation exchange, and excellent absorptive properties (Kaur and Kishore 2012).
Many studies have been made on composite and polymer blends such as propylene
ethylene (PE) (Duy Tran et al. 2013). However, most of these plastics become immiscible
because of their difference in polarity. To mitigate this compatibility issue, numerous
efforts have been deployed to modify either the polymer or the composite. Some
compatibilizers that have been evaluated have resulted in weak and unsatisfactory
mechanical properties (Liu et al. 2003). The lower mechanical properties were attributed
to weak interaction between the compatibilizers and the composite (Luo et al. 2009).
Recently, attention has focused on the use of polymers containing reactive groups such as
maleic anhydride (Liu et al. 2003; Salleh et al. 2014). The anhydride groups react with the
hydroxyl groups present in the composite with a resultant composite with chemical
bonding, and thus create dispersion of the composite, enhanced interfacial adhesion, and
subsequently improved mechanical properties.
There are several chemical and surface modification techniques, and these include
salinization, acetylation, benzoylation, corona/cold plasma maleisation, peroxide,
impregnation, enzymatic, or isocyanate (Muhammad et al. 2019). Thus, the main objective
of this study is to develop a bamboo nanocomposite material and investigate the effect of
poly(ethylene-alt-maleic anhydride) (PEA) compatibilizer and nanoclay on the physical,
thermal, morphological, and mechanical properties of the developed nanocomposite. In the
present study, poly(ethylene-alt-maleic anhydride) and nanoclay were used to improve the
physicochemical, thermal, and mechanical properties of bamboo nanocomposite by
impregnation under vacuum technique. The raw bamboo (RB) and nanocomposites have
been characterized using Fourier transform infrared (FTIR), X-ray diffraction (XRD), and
scanning electron microscopy (SEM) analyses. The thermal and mechanical properties
were reported in this study.

EXPERIMENTAL
Materials and Methods
Samples preparation
The bamboo (Gigantochloa scortechinii) with an average age of 3 years was
obtained from a forest in Kota Samarahan, Sarawak, Malaysia. Analytical grade chemicals,
including poly(ethylene-alt-maleic anhydride) (PEA) (99% purity, Sigma-Aldrich, St.
Louis, MO, USA), sodium hydroxide (Merck Schuchardt, Hohenbrunn, Germany), ethanol
(95% purity, Braun HmbG, Kronberg, Germany), benzoyl peroxide, and nanoclay
(Cloisite, BYK, Wesel, Germany) were also used. Ethanol was used as a solvent to dissolve
the reagents, sodium hydroxide was used to adjust the pH of the medium for enhanced
polymerization, and benzoyl peroxide was used as catalyst. The bamboo tree was cut to
prepare the specimen for the impregnation experiment. Specimens having the following
dimensions were prepared: 300 mm in length, thickness of 20 mm, and 20 mm width. The
bamboo strips were placed in a forced air convection heater (Impact Test Equipment Ltd.,
Stevenston Ayrshire, Scotland) for five days at 70 °C for conditioning and drying. This
reduced or eliminated the water present in the bamboo, which caused the size to shrink and
get replaced by the polymer and nanoclay.
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Preparation of nanocomposites
The oven-dried bamboo strips were immersed in a solution prepared by adding the
different amounts of montmorillonite nanoclay (calosite), sodium hydroxide, 10 mg of
PEA, and 10 mg of benzoyl peroxide dissolved in 500 mL of ethanol. The bamboo and the
solution were then transferred into a vacuum chamber at different times of impregnation.
The impregnated specimens in the vacuum chamber were then later removed. The surfaces
were adequately cleaned with tissue paper, covered with aluminum foil, and placed into an
oven operating at a temperature of 80 °C for 48 h, to allow for polymerization process in
the bamboo fiber and cross-linkage of the nanoclay into the composite to obtain the
nanocomposite before being unwrapped. Table 1 shows the amount of clay, chemicals, pH
of the medium, and time used during the impregnation process. The scheme of the research
is outlined in Fig. 1.

Fig. 1. Research scheme diagram

Table 1. Bamboo Impregnation at Different pH Levels
Experiment

Ethanol
(mL)

PEA (g)

Benzoyl
(mg)

Clay
(g)

NaOH
(g)

pH

Time
(h)

PEA1

500

10

10

5

0

6

0.5

PEA2

500

10

10

10

0.5

7

1

PEA3

500

10

10

15

1

9

1.5

PEA4

500

10

10

20

1.5

10

2

PEA5

500

10

10

25

1.8

11

2.5

The impregnated bamboo was characterized by FTIR, XRD SEM, DSC, TGA, and
a 3-point bending test.
Characterization
FTIR spectroscopy
The infrared spectra of all samples were obtained using a Shimadzu IRAffinity-1
spectrophotometer (Shimadzu, Kyoto, Japan). A wavenumber range from 4000 cm-1 to 600
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cm-1 was used for the scan. This analytical tool is used in investigating polymers, clays,
and clay minerals (Jonoobi et al. 2015).
X-ray diffraction
The structure and crystallinity of the RB and the prepared nanocomposites were
characterized using XRD analysis. The pulverized specimen diffractograms were obtained
using a Bruker D8 advanced X-ray diffractometer (Bruker Optik GmbH, Ettlingen,
Germany) with CuKα radiation (λ = 1.5418 Å, rated as 1.6 kW).
SEM
The surfaces of the samples were imaged using a Hitachi TM3030 scanning
electron microscope (JEOL, Ltd., Tokyo, Japan) supplied with a voltage of 20 kV in a
vacuum. The surfaces of the samples were gold-coated (JEOL, Ltd., Tokyo, Japan) and
imaged.
Mechanical Testing
Three-point bending test
This test was performed with a Shimadzu MSC-5/500 universal testing machine
(Shimadzu, Kyoto, Japan) operating at a speed of 5 mm/min. The samples were in the
dimensions of 300 mm (L) × 20 mm (T) × 20 mm (W) in accordance with ASTM D79015e2 (2015) requirement of the machine. The modulus of rupture (MOR) and modulus of
elasticity (MOE) for RB and TB samples were then calculated.
Thermal Testing
Differential scanning calorimetry (DSC)
The DSC measurements were conducted on a DSC Q10 (TA Instruments, New
Castle, DE, USA) thermal system, in a sealed aluminium capsule. Each sample was
weighed to approximately 3.5 mg to 4.0 mg and was heated at a rate of 10 °C/min and
temperature from 35 °C to 450 °C (Rahman 2018). An average of three runs was reported
for each set of samples.
Thermogravimetric analysis
Thermogravimetric analysis (TGA) was conducted using a TA Instruments 9222
thermal analyzer (TA Instruments, New Castle, DE, USA) with a platinum sample pan.
The analysis was completed under nitrogen. Composites of 10 mg were analyzed at a
maintained heating rate of 20 °C/min and heated to 600 °C. Thermal solutions software
(Universal Analysis 200, TA Instruments, version 5.5, New Castle, DE, USA) was used to
transform the TG curve into the derivative thermogravimetric (DTG) curve.

RESULTS AND DISCUSSION
FTIR Analysis
From the FTIR study of the RB and nanocomposites shown in Fig. 2, the main
functional groups, Al-OH and Si-O, were observed in the range of 1000 cm-1 to 500 cm-1.
The peak intensities between 667 cm-1 to 522.7 cm-1 and 1092 cm-1 to 1029 cm-1 resulted
from the out-of-plane bending vibrations of –OH groups and stretching vibrations of AlO-Si of the clay in the bamboo (Li et al. 2006, 2013; Sharma et al. 2015; Ivashchenko et
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al. 2016). Therefore, the strength of this band was higher for the nanocomposites than RB
because of the bending vibrations of the AL-O-Si bond (Islam et al. 2015). The peaks
between 4000 cm-1 to 3000 cm-1 showed broadening vibration of hydrogen bonds in –OH
groups, whereas the stretching of C-H in methylene and methyl groups occurred between
3000 cm-1 to 2900 cm-1 (Islam et al. 2015). The peaks in the vicinity of 1250 cm-1
corresponded to aromatic double bonds and thus higher intensity for treated
nanocomposites compared to the RB. This change occurred due to the improved number
of double bonds of the aromatics present in PEA (Lu et al. 2013).
The spectra of the nanocomposites showed a peak that had a low intensity above
3000 cm-1, which matched to –OH groups. The nanoclay displaced the free-bound water
content of the bamboo matrix as it plasticized within the bamboo lumens (Liew et al. 2017).
The change in peak intensities from 3426 cm-1 to 3396 cm-1, 1091 cm-1 to 1029 cm-1, and
667 cm-1 to 522.7 cm-1 showed that nanoclay was dispersed into the bamboo matrix
(Hayati-Ashtiani 2012; Jagtap et al. 2016).

Fig. 2. FTIR spectra of RB and nanocomposites

XRD Analysis
X-ray diffraction is a useful tool for identifying the structure of the RB and that of
the nanocomposites, which is presented in Fig. 3. The nanocomposite with PEA showed
peaks at 2θ values of 23°, 43°, and 73° representing (001), (220), and (311) reflections,
respectively (Venkatesan and Rajeswari 2017). The transformation occurred due to change
in the structure of bamboo from an amorphous phase into a crystalline phase by the polymer
matrix and nanoclay. The raw bamboo exhibited a peak at only angle 23°, which is the
characteristic peak of amorphous bamboo. The XRD pattern of the nanocomposite
indicated the intercalation and dispersion of polymer and clay into the bamboo, which
resulted in the pronounced peaks.
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Fig. 3. XRD diffractograms of RB and PEA1, PEA2, PEA3, PEA4, and PEA5 nanocomposites

SEM Analysis
The SEM micrographs showed adhesion of polymer-filled lumens via in-situ
polymerization and dispersion of nanoclay into the voids of the bamboo. In Fig. 4, for the
nanocomposites (4b through 4f), the surfaces observed were smoother than the RB surface
(Fig. 3a) that had visible pore spaces. This was a result of the role played by the polymer
and nanoclay that acted as filler materials and filled the void spaces between the polymer
and bamboo fiber pores (Xu et al. 2013).
Covalent bonds between the PEA and bamboo fiber walls were formed, which in
turn filled the nanocomposites’ void spaces when compared to the RB. A more rigid
composite was formed as a result of this interaction, which showed compatibility and also
translated into improved mechanical properties of the composite (Tao et al. 2016; Gheith
et al. 2019). The compaction in the nanocomposites indicated that water could not easily
flow into the bamboo. Thus, the treatment addressed hydrophobicity associated with
bamboo and therefore extended its durability and external usage. The changes in
morphology of both the RB and nanocomposites are illustrated in the SEM images in Fig.
4.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4. SEM images (1500×) of: (a) raw bamboo, (b) PEA1, (c) PEA2, (d) PEA3, (e) PEA4, and (f)
PEA5

Mechanical Properties
Table 2 shows that the values of MOE and MOR of the nanocomposites showed
significant improvement compared to RB, with the highest values obtained in the PEA3
treatment. Modification of the RB indicated an approximate 143% increase in the elastic
property when the bamboo was treated; this equally pointed out that it could withstand
great loading pressure when used in construction applications. The treated bamboo
additionally showed an increase of approximately 77% in its MOR, which was higher than
similar materials like wood and timber.
Table 2. t-Test Study of MOE and MOR of RB and Nanocomposites
Samples

MOE
t-Test Grouping 1
MOR
t-Test Grouping
(GPa)
(MPa)
2
Raw Bamboo
7.82 ± 2.04
A
68.67 ± 27.29
D
PEA1
14.97 ± 3.02
B
102.10 ± 7.32
E
PEA2
14.57 ± 3.52
B
90.85 ± 10.27
D
PEA3
18.96 ± 3.09
D
121.48 ± 8.54
F
PEA4
11.20 ± 3.47
C
87.39 ± 22.15
D
PEA5
12.66 ± 2.20
C
96.18 ± 12.54
E
Same letters indicate non-significant difference at α = 5; values represent means of 10 replicates
while ± values represent one standard deviation

Therefore, the nanoclay and polymer used were dispersed into the voids of the
bamboo and improved its mechanical properties.
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Heat Flow (W/g)

DSC Analysis
The DSC curves of the RB and formed nanocomposites are presented in Fig. 5. The
figure indicates that RB exhibited three markedly separated endothermic peaks at 80 °C to
110 °C, 180 °C to 220 °C, and 330 °C to 400 °C, which corresponded to amorphous, paracrystalline, and crystalline phases, respectively (Mahato et al. 2013; Mattos et al. 2015).
The para-crystalline parts and the amorphous sections were more susceptible to heat and
chemicals than those of the crystalline components. The molecular movement of its noncrystalline phase was higher compared to the crystalline part (Bao et al. 2003; Rahman
2018). The movement of the chain of macromolecules was firm. This change in the
movement was ascribed to the intramolecular forces present as well as intermolecular
hydrogen bonding (Rahman et al. 2010). The first endothermic peak corresponded to the
removal of absorbed water from the amorphous RB and the nanocomposites. The area of
the peak of the nanocomposites was smaller than that of RB, which was due to the filler in
the TB that inhibited the amorphous change and thereby reduced the amount of water
absorbed into the RB. The hydrophobicity of the nanocomposites would be higher than that
of the RB because of the ionic characteristics of nanoclay that made the water molecule to
be tightly held together. The thermal stability of the second endothermic para-crystalline
phase of the RB and nanocomposites was similar, whereas the para-crystalline enthalpy of
RB was higher than that of the nanocomposites. The clay had no covalent bond with the
bamboo but restricted the para-crystalline movement and thereby increased the crystallinity
of the composite. The composite PEA3 showed higher para-crystalline enthalpy among all
other treatments.

Temperature (°C)
Fig. 5. DSC thermogram of (a) RB, (b) PEA1, (c) PEA2, (d) PEA3, (e) PEA4, and (f) PEA5

Adamu et al. (2020). “Bamboo nanocomposites,”

BioResources 15(1), 331-346.

339

bioresources.com

PEER-REVIEWED ARTICLE

The molecule formed an induced dipole bond with the aromatic groups in the
bamboo. It then converted the amorphous structure of bamboo to a para-crystalline
structure. The para-crystalline endothermic enthalpy of the nanocomposites was lower than
RB because PEA and clay entered the para-crystalline region of the bamboo to convert it
into a crystalline region (Phetkaew et al. 2009). The nanoclay particle entered the
amorphous region and restricted the amorphous movement of the molecule. The
crystallinity of the nanocomposites was higher compared to the RB. Thus, the composites
absorbed more heat than the raw bamboo.

Weight (%)

Thermogravimetric Analysis
Figure 6 shows that the RB and nanocomposites had three stages of thermal
decomposition and degradation. Stage 1 showed that the weight loss of all samples
occurred at 72 °C and was a result of the evaporation of the absorbed moisture (Liu et al.
s2013; Rahman 2018). Below 110 °C, the initial weight loss of the samples was lowest for
PEA5, followed by PEA4, PEA2, PEA3, PEA1, and RB, which was a result of the
hydrolyzed reaction with the –OH groups of bamboo wall as well as the surface modified
clay filler that also filled the cavities of the formed nanocomposites.

Temperature (°C)
Fig. 6. TGA of (a) RB, (b) PEA1, (c) PEA2, (d) PEA3, (e) PEA4, and (f) PEA5

The second stage of thermal decomposition in the samples occurred at 125 °C, with
an appreciable difference between the RB and nanocomposites at 250 °C due to the strong
covalent bonds in the nanocomposite samples, which made weight loss noticeably lower
in the nanocomposite samples compared to the RB similar to the second stage. The third
stage of thermal decomposition, which occurred at 385 °C, additionally revealed an
appreciable difference between the RB and nanocomposite samples, with decomposition
being lower in the nanocomposites compared to the RB. This occurrence could be
attributed to well-distributed clay layers blocking the way of unstable decomposition
products throughout the composites during thermal degradation, and thus the remarkable
improvement in thermal stability for nanocomposites formed during the third stage of
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decomposition (García et al. 2009; Sánchez-Jiménez et al. 2012). Thermal properties of all
samples are presented in Table 3.
Table 3. Result of TGA for RB and Composites
Sample

No. of
Transition

Transition Temperature (°C)
Ti
Tm
Tf

Weight Loss
Temperature
(%)

Residual
Weight (%) at
Final Stage
Transition
17.83

RAW

1
2
3

35.80
117.21
176.58

60.24
146.35
354.51

101.54
169.70
578.59

6.20
44.71
31.26

PEA1

1
2
3

41.42
273.65
390.14

78.36
354.05
429.87

127.26
382.72
508.14

5.62
42.75
28.94

22.69

PEA2

1
2
3

41.46
274.24
390.65

79.36
351.20
428.48

129.16
381.98
507.85

5.44
41.02
28.73

24.81

PEA3

1
2
3

42.01
273.65
389.76

77.35
351.22
429.09

127.02
383.00
506.92

5.57
43.05
28.08

23.30

PEA4

1
2
3

43.12
273.11
389.71

80.21
352.42
429.06

133.46
382.07
506.24

5.43
40.69
27.97

25.91

PEA5

1
2
3

41.39
274.01
390.13

80.02
353.11
427.58

128.22
380.24
503.49

5.24
41.34
28.48

24.94

Ti is initial temperature, Tm is temperature at which the rate of weight loss was maximum, and Tf is
the final temperature

CONCLUSIONS
Bamboo nanocomposites ware successfully prepared by closite Na+ clay and PEA,
with the aim of improving properties of the bamboo as summarized below:
1. The nanocomposites demonstrated higher MOE and MOR than the raw bamboo. It was
observed that through incorporation of 15 g of nanoclay and 10 mg of PEA at a pH of
9, the modified bamboo had an increase of 143% MOE and 77% MOR.
2. The SEM study revealed the presence of nanoclay in the lumen, void spaces, and cell
wall of the bamboo, improving adhesion between the polymer and the bamboo; hence,
it may reduce hydrophobicity.
3. The TGA and DSC analyses showed improved thermal stability of the nanocomposites
compared to the raw bamboo. The improvement in thermal properties of the modified
bamboo was attributed to good dispersion of the nanoclay and PEA polymer matrix
into the bamboo.
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4. There was modification of the composition and form of the raw bamboo as shown by
XRD and FTIR, which resulted in improved mechanical properties of the prepared
nanocomposites.
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