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Introduction of Various Types of Bamboo
Species and Its Nanocomposites
Preparation

Muhammad Khusairy Bin Bakri, Md Rezaur Rahman,
and Muhammad Adamu

Abstract This chapter explores the bamboo species and possibility of its nanocom-
posites, which is directly correlated with the desirable physical and mechanical
performance. The distribution of bamboo and the anatomy of bamboo was reported
based on the region. The chemical composition of bamboo and its extraction process
were described in this report. The preparation of nanocomposites in the present of
montmorillonite was also investigated.

Keywords Bamboo · Species · Nanocomposites · Potentiality · Commercial

1 Natural Fiber

Natural fibers are categorized depending on various selection criteria’s and sources
[1]. The bamboo plant can grow as big as giant size depending on the soil, moisture,
habitat’s, regions, temperature, sunlight, and tolerance, while its woody stem may
have various characteristics such as fast-growing like grasses [2, 3]. Furthermore,
most researchers show that there are many high-quality fiber and cellulose extracted
from bamboos during the pulping process [4, 5]. In Asia, Middle and South America,
major advantage using bamboo was due to its abundantly available fiber and main
natural resource in the regions [6]. Due to its high strength to weight ratio, bamboo
fibers are frequently referred as natural glass fibers. The bamboo fiber is comparable
to the steel strength, whereas it was reported that the tensile strength may reach up to
370 MPa on tensile loading applications [7]. In addition, bamboo fibers were widely
used in composite and construction industries due to its highly developed potential
purposeful tool [8, 9].

The diverse matrices usage of bamboo-based have boosted the new eco-friendly
and cost-effective bio-composites market values on the composites production [10].
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Different from its traditional counterparts, the future of sustainable bamboo-based
composite industry was accountable to help on the utilization of bamboo to be more
profitable in many applications. The testing and analysis for the future effective
and high-quality bamboo fiber characterization and development on its composites
were done to ensure it is aligned with the international standards [11–13]. The fibers
extracted from plantsmustmeet the composite industry requirements, in such depend
directly on the fiber extraction methods [14, 15]. Competitively, different methods
create different structures and varieties, which also influence by the mechanical,
chemical and thermal properties of the potential bamboo in the polymer composite
industry [14, 15]. The selected materials for matrix used on the bamboo fibers to
fabricate the bio-composite has brought huge improvements on its properties, espe-
cially when the new natural fiber treatment and development processes, methods,
and technologies was applied [16–19]. The cost competitiveness acceptance also
improved, which was correlated directly with the desirable physical and mechanical
performance of production facilitation [16–19].

2 Bamboo

In climatic torrential rain condition, a perennial bamboo plant can grow up to 40 m in
height. Widely in many applications, bamboo can be used as carpentry, construction
industries, food, weaving, plaiting and tools [20–23]. Compared with other various
products and materials, curtains produced bamboo fibers were observed bamboo to
absorb a certain electromagnetic radiation that at various wavelengths, i.e. x-ray,
infrared, etc., which was less harmful to the human body [24]. Around the world,
especially in tropical and sub-tropical regions, tradition of using bamboo was well-
established, especially related and incorporated with building material [25, 26]. In
addition, there were estimated around 1200 bamboo species grown in Asia, Latin
America and Africa regions [27–29]. Due to bamboo strong and versatile properties,
either the stick, pole, fiber, or cellulose is used in construction tools and applications,
i.e. roofing, flooring, scaffolding, walls, piping, and concrete reinforcement [30, 31].
Bamboo also is usually used as a decoration element. In addition, andwith considera-
tion of earthquake-prone area, the extreme lightweight bamboo is structurally useful
to be used as it have greater absorption capacity [32, 33].

Recent studies also showed for the eco-composites, the composites environmen-
tally friendly fabrication, especially the extracted raw bamboo fiber from steam
explosion technique had advantageous mechanical properties [34]. As compared
with conventional glass fibers, bamboo fibers had enough specific strength [7].
Respectively, due the impregnation and reductions of voids numbers, there was 30%
increase in modulus and 15% increase tensile strength, especially those made from
mechanically extracted fibers [35, 36].
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Table 1 Bamboo coverage based on regions and countries

Bamboo regions Countries Percentages

Asia–Pacific Region Bangladesh, Burma, Cambodia, China,
India, Indonesia, Japan, Korea, Malaysia,
Philippines, Sri Lanka and Thailand

65

American Region (Latin America,
South America and North America)

Brazil, Costa Rica, Columbia,
Guatemala, Honduras, Mexico,
Nicaragua, Venezuela and some
European countries

28

African Region Eastern Sudan and Mozambique 7

3 Bamboo Distribution

Bamboo mostly grown in Asia–Pacific, Africa, Europe, America and North America
continents [37, 38]. TheAsia–Pacific continentwas known to have the largest bamboo
reserve. As shown in Table 1, bamboo was identified differently depending on their
respective regions, i.e. in Vietnam as “the brother”, in India as “wood of the poor” in
India, and in China as “friend of the people”. China, India, Indonesia, Myanmar, and
Vietnam are among the Asian countries that reserved a large bamboo plantation land
[39]. As part of global dominance, China has created an extensive awareness, espe-
cially on its existing bamboo plantations, whereas it is observed that the sympodial
type of bamboo, which was a noteworthily increase around 30% compared with the
monopodial bamboo [40]. Contrary with other Asia region, another part of regions
such as South America widely unused its bamboo, this abundance drives it to grow
abundantly and naturally without the need for cultivation, which made it a better
choice of fibers over other natural fibers.

In many countries, the scarcity of forest resources, i.e. bamboo as crops are being
utilized, especially for the used in composite reinforcements, which is also listed in
the topmost crops [41]. Bamboo is not fully functionality explored in many parts of
Asia and South America despite of its abundance, even though most of the Asian
countries considered it as a natural engineering material [42]. Bamboo plant would
need about six to eight months to be mature in size, depends on its species and
variations [43]. Bamboo was often referred to as weed due to its fast growth and
widespread. Even though it is not vastly used due to its unwavering claim of resource-
able sustainable plant, Bamboo can also be utilized in small-scale home décor and
construction [36].

4 Bamboo Anatomy

From the outside view, the bamboo culm appears in a ring-like form, which was
synonymously in diaphragm hollow cylinder shape, whereas the ring divides every
inner side culm of the internode space between the two rings from the grow branches
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[44]. Thus, each node distance is different between varied species of bamboo. While
in the outer part of the strengthens bamboo culm, it consists of few vascular bundles
with special internodes [42, 45]. This antinodes size depends directly with the culm
height. For bamboo characterization, most of it depends on the average size, density,
and number of vascular bundle parameters [46]. It is usually found in the bamboo
culm, whereas the parameters may be different depending on the bamboo species
[46]. Therefore, the bamboo usability was determined by its culm anatomy, which
also reflected by its parameters, which later define its physical properties. Generally,
smaller bamboodiameter has higherfiber density.Bamboobase section canwithstand
a larger force compared to the upper section of the bamboo, even though it has lower
strength [47]. This was due to the bamboo hollow tube, whereas from the inside
hollow structure acts as an internal pressure to support the bamboo structure.

Bamboo culm is a microstructure. It is well transversely distributed around its
thickwall, rooted in the parenchymafleshy tissue, and comeswith numerous vascular
bundle [48]. All of the nodes to the culm are connected, whereas the vascular bundles
and its sheaths reinforce the bamboo culm. Even though it is less appeared in the
inner side, these vascular bundles were surrounded by fibrils (sclerenchyma cells),
which were deeply scattered along the outer culm wall side [48]. From the base and
top culm, the bamboo size and density are different, and the vascular bundles contain
mostly xylem and phloem cells [49].

Xylem functionality is to transfers water, while the phloem transports sugars
and nutrients to all the plant parts. Each of the vascular bundle contains pentagonal
and hexagonal shapes, and elementary fiber strand. Nano-fibrils usually embedded
and bound together with the hemicellulose and lignin, which allied rigorously in
the vascular bundle [50]. Figures 1 and 2 show the bamboo culm and fiber struc-
tures [51]. To understand bamboo anatomical structure better, several studies on its
microstructure need to be carried out. Most of the bamboo was made up of 60%
cellulose and 32% lignin [52].

5 Bamboo Chemical Compositions

Most studies show that the bamboos age, region, and environmental conditions,
determine the fiber structures, which sorted the percentage composition different
in the cellulose, hemicellulose, lignin, and ash. Almost 90% of the bamboo total
weight were fiber made, while the 10% remaining constituents are ash, fat, pectin,
pigments, protein, and tannins [53]. Many of these constituents are stationed in the
special organelles and cell cavity, which are physiological vital to determinants the
bamboo activity. Figure 3 shows the bamboo fiber chemical constituents.

A lignin component was difficult to be removed, as it is resistance to most of
various alkaline based materials. Lignin also provided bamboo with stiffness and its
yellowish color properties, while other non-cellulosic component, i.e. ash, pectin,
etc. also provides the density, strength, flexibility, and moisture. In addition, the
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Fig. 1 Bamboo a culm, b culm cross-section, c vascular bundles, d fiber strand, e elementary fibers,
and f poly lamellae structure model [51]

Fig. 2 Bamboo a vascular bundle, b 10–20 µm elementary fiber, and c 1–10 µm nanofibril of
lignin and hemicellulose [51]
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Aqueous Extract; 
3.16 Pec n; 0.37

Hemicellulose; 
12.49

Lignin; 10.5

Cellulose; 73.83

Fig. 3 Bamboo fiber chemical constituents [54]

composition comparisons with other natural fibers shows that the bamboo fibers
mechanical properties have an almost similar source of cellulose and lignin [54, 55].

6 Bamboo Fiber Extraction

Bamboo fibers were categorized according to the process and methods used for
during the extraction, which is divided into two [56, 57]: (i) The original bamboo
fiber is directly extracted through mechanical and physical means, without the usage
of any chemical additive, which also called as “raw”, “original”, “pure bamboo” or
“natural bamboo”, and (ii) Bamboo pulp fiber, bamboo viscose fiber or regenerated
cellulose bamboo fiber is extracted using chemical additives.

Initially, the bamboo strips were split into many parts and the bamboo fiber were
obtained and processes through mechanical and chemical processes. This process
also depends on the repeated number of times bamboo fibers were used and how
much the load was subjected too. The chemical process was done by yielding the
cellulose fibers with alkali hydrolysis of sodium hydroxide (NaOH) before multi-
phase bleaching was carried out via passing through carbon disulphide for the alkali
treated cellulose fibers.Most manufacturers used this repeated process, which is least
time-consuming bamboo fibers procedure [58].

The mechanical process involved typical initial crushed bamboo process without
enzymatic treatment. This led to the spongy mass and individual fibers forma-
tion, which were obtained with the mechanical comb aid. This method was more
environment-friendly compared to the chemical process, even though it is less
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economical [59]. It was reported that it is more convenient extract rough or fine
bamboo and divide the fiber depending on the preparation method [60].

The rough bamboo fibers can be prepared by cutting, boiling and separation.
While to obtained fine bamboo, the bamboowas fermented with enzymes and boiled.
It also can be washed, bleached with acid treatment and finally soaked in oil and
air-dried. However, at the end, by compared these two fiber extractions through
mechanical process over chemical process, the major advantage is that it creates
better environmental characteristic to the extracted fiber [61].

7 Mechanical Extraction Methods

For special composite reinforcement applications, especially to extract the fiber
through mechanical means, this method may involve many different processes such
as steam explosion, retting, crushing, grinding and rolling of the bamboo in a mill.

7.1 Steam Explosion

Steam explosion is commonly used methods to produce pulp. It also consumes less
process energy, while also involves in the separation cell walls of bamboo plant.
This method has been since 1962, which was mainly utilized and used in the pulp
industry. Even though the resulting fibers from the process are dark in color and rigid,
it was also appropriated to be used to separate lignin from the plant surface [62].
Unfortunately, it was also impossible to completely remove lignin from the bamboo
fiber through the steam explosion process. However, bamboo fiber cotton (BFC) can
be made through machine mixing, whereas the lignin was separated as a remnant
from the fibers [63]. It was also observed that the tensile strength of BFC reinforced
composite hadmuch greater weight percentage compared with those containing only
bamboo fiber. The bamboo was cut and heated in an autoclave at 175 °C and 0.7–
0.8 MPa for about 60 min. The fibers then were washed with soap in hot water at
90–95 °C. For several times, the same process was repeated to ensure and prevent
the cell walls from fracture, before dried it in an oven at 105 °C for 24 h.

The steam was instantly released in 5 min to carry out the adhesion reduction
between the extracted fibers and resin [64, 65]. The process was repeated to ensure
the ash was removed and the lignin content remnant was condensed on the fiber
surface [64, 65]. To enabling fiber extraction during the steam explosion process,
the bamboo fiber was softened by cracking of the fiber cell wall. The partial lignin
decomposition happened during the crushing of the softest bamboo fiber surface
cell wall, which reduces the shear resistance [64]. This lignin was ultrasonically
washed from the fibers, while treat with isocyanate to remove unexpended cells. The
results showed that the extracted fiber after the steam explosion had high tensile
strength as compared to isocyanate treated fibers. The reason behind this was that
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the chemically treated fiber created a very weak interface between the soft cells and
its fibers, which reduced greater tensile strength extent produced by fiber reinforced
thermoplastic composites [66]. Therefore, newly improved or different treatment
technique is required to enhance the adhesion between the bamboo fiber and matrix
[67].

7.2 Retting

Retting process or procedure involves the cylindrical peeling section of the culm to
obtain its strips. The bamboo bark was removed before the peeling process. After
the strips were parked in bundles and wetted with water for at least three days, it
was compressed and trimmed with a sharp-edged knife. During the scraping process,
the fiber quality may be affected, especially along the fiber’s length, which the fiber
can be broken due to the uneven surface done due to the scraping process [68].
Another study shows that without scraping or combing the bamboo, the raw bamboo
without removal of the bamboo epidermis and node can be cut into few longitudinal
fragments [69]. Aerobic and anaerobic retting can be done to separate the bundles
from the culm effectively. The bamboo strips were rinsed with water, while the culms
were fermented in water under room temperature for two months. It also showed that
the extracted fiber bundle consisted of a single invariably length fiber [70].

7.3 Crushing

The raw bamboo was extracted using the roller crusher, to cut it into small pieces,
before extracting the coarse fiber using a pin-roller during the extraction process.
The coarse bamboo fiber was boiled at 90 °C for 10 h in a dehydrator to remove
the fat before drying it in a rotary dryer [71]. This challenge process produces short
fibers or sometimes powder due to over mechanical process [72].

7.4 Grinding

Grinding involves the bamboo culm cutting without nodes into a few strips before
soaking in water for 24 h [73]. With a sharp knife, the wetted strips were manually
cut into smaller pieces. The longer bamboo strips were cut into small chips, while an
extruder was used to obtain a wide strip. A high-speed blender was used to ensure
that the bamboo fibers were in smaller sizes. It was then separated with sieves into
many sizes and apertures. An oven was used to dry the extracted fibers at 105 °C
for 72 h. A high tensile load was used to obtain long fibers, which may increase the
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transverse length [74]. In the dried bamboo strand production, this grinding system
has been utilized, which can be used to study nano clay as well [75].

7.5 Rolling Mill

The rollingmillmethod involves the bamboo culmcutting from the nodes into smaller
pieces. The strips usually cut into 1 mm thickness, while maintaining its low speed
and pressure. The strips were soaked in water for an hour to allow fibers separation.
The rolled strips obtained were soaked in water for 30 min before slicing it into
small pieces. After sun dried for a maximum of 2 weeks, around 220–270 mm fibers
size were obtained [49]. It was also reported that without necessarily soaking the
bamboo strips in water, the fiber can be extracted and obtained thru the compression
between the bamboo and two pairs of steel cylinders [45]. Furthermore, the soaking
of bamboo in water is soften the lignin and ease the slicing process which allowed
the fibers passed through the roller easily. However, this will bring much about the
reduction in their bonding strength. Typically, 30–60 cm in length of fibers can be
extracted from this process [76].

7.6 Chemical

Alkali or acid chemical retting procedure was used to reduce or remove elementary
lignin content in the fibers, whereas the chemical assisted natural, or degumming.
However, this treatment may influence other bamboo microstructure components,
i.e. cellulose, hemicellulose and pectin [77].

7.7 Simultaneous Extraction and Degumming

Few researchers used a combination of chemicals and enzymes to extract fine and
soft fiber before the degumming process. This process was achieved by removing the
content of pectin and gums from the decorticated bamboo strips [78]. The enzyme
would degrade and produces a very good separation of the cellulose fibers of the
gum material, which located in the middle lamella and the cell wall [79].

7.8 Alkaline or Acid Retting

The processing application method involves bamboo stripping and heating in a
stainless-steel vessel containing 1.5MNaOH solution at 70 °C for 5 h. After the heat
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treatment, to separate the fibers of alkaline treated bamboo strips, the steel pressing
machine was used [74, 80]. It was noted that the extraction process creates less
fiber damage. It was reported that the bamboo was sieved into smaller chips and
soaked in 1 M NaOH for at 70 °C 2 h. To further process the enhances bamboo fiber
separation, the cellulose and nanocellulose stimulation needed to be done [70]. This
procedure was repeated for several times, under controlled pressure, which further
allow the fiber extraction in the pulp form. However, the disadvantage of this extrac-
tion method as the extraction continues is the development of larger fiber bundles or
materialization.

In a separate study, the fiber was extracted with trifluoroacetic acid (TAA) solu-
tions, and the bamboo strips were soaked in 1 M NaOH for 72 h. It was found that
the lignin dissolve completely in both NaOH and TAA [81]. When soaked in NaOH,
the remaining lignin in the middle lamella was substantially removed by TTA [16].
Hence, alkaline solutions offer great interfacial bonding for composites between fiber
andmatrix compared to other methods such as degumming or mechanical extraction.

7.9 Chemical Retting

Chemically assist the retting process was also used to remove water and lignin from
bamboo fibers. In longitudinal section, the bamboo culm was sliced into very thin
slabs or chunks, after the fibers were separatedmanually. It was immersed in 1–3%of
Zn(NO3)2 solution, while the maintained the liquor to a bamboo ratio of 1:20. After
boiling it in water for 1 h, it was kept at 40 °C for 16 h with neutral pH. Compared to
alkaline or acid retting process, this enhanced process efficiently removes lignin. It
was also observed that the bamboo fiber moisture content was very high. Trujillo and
López [82] shows the process by using the 2 cmsliced bamboo culmchipswas roasted
at 150 °C for 30 min. The chips were soaked in water for 24 h at 60 °C, dried in the
air, and rolled on a flat surface to further remove its impurities [82]. This procedure
was repeated, while the afterward fiber bundles were soaked and cooked in 0.5% of
NaOH, 2% of Na5P3O10, 2% of Na2SO3 and 2% of NaSi solutions for 60 min, at
60 °C [82]. The bamboo to liquor ratio is maintained at 1:20. Before the bamboo fiber
waswashed in hot water, the acid treatment with 0.5% diethylenetriamine pent-acetic
acid and 0.04% xylanase acid was done for 60 min at 70 °C and pH 6.5. The bamboo
fibers were recooked at 100 °C for 60 min using the same procedure with only 0.7%
of NaOH is used. The bamboo fibers were bleached and repeatedly done with 0.2%
of NaOH, 4% of H2O2, and 0.5% of NaSi in a polyethylene bag for another 50 min
[83]. Before it was emulsified for five days, the bamboo fibers were refinedwith 0.5%
of H2SO4 acid for 10 min. It can be concluded that the bamboo fiber obtained was
very small orientation in angle. While as compared to fibers obtained from cotton,
flax and ramie, bamboo exterior macro fibrils would serve as reinforcement with
good property [84].
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7.10 Combined Mechanical and Chemical Extraction

This method involves the mechanical extraction combinations with chemical extrac-
tion. By using the roller molding method (RMM) and compression molding methods
(CMM), the mechanical extraction can be achieved. The chemical extraction was
done using alkaline and acid solutions after mechanical process [85]. In a separate
study, after a 10-ton load placed at both bamboo ends strips to pull and extract the
fibers, CMM was used to pressurize the soaked bamboo strips in a bed of alka-
line solutions. To obtain high good quality fibers, two key factors are essential: (i)
bed thickness, and (ii) compression time [42]. RMM method usually used to flatten
the bamboo strips by involving the use of two rollers at fixed both ends, and/or
any one end can be made to rotate, while the other end is fixed. The chemical and
mechanical application processes would enhance quick strips separation into various
bamboo fiber sizes. For the use of RMM, two factors are essential, which is the size
of compression mold mounts and the diameter of the rollers, whereas these two
determine the fiber amount which can be extracted [45].

In another study, a roller was utilized in extracting the fibers, whereas the nodes of
the bamboo culm were detached, while internodes were sliced along the longitudinal
direction using slicer. The bamboo strips were then soaked in 1, 2, and 3 concen-
trations of NaOH solution at 70 °C for 10 h. The fibers soaked in 1% of NaOH
mechanical properties were found to be higher than those fibers immersed in other
concentrations. Using a roller looser the alkali-treated fiber strips, and extracted the
small fibers, which later were dried in an oven at 105 °C for 24 h [86].

8 Bamboo Nanocrystals Extraction for Nanocomposites

Bamboo contained large source of cellulose and fiber. It was valuable in the bio-
composites and nano-scale particles production because the fibers can be made
able into natural nanoscale components [87]. In addition, cellulose fibers are cheap,
environment-friendly, and easily found from plant fibers. Thus, the natural cellulose
fibers suitable for preparation of nanocomposites. Researchers also reported that the
nanofibers and nanocrystals can be extracted frommany plants [88]. There are many
various methods can be used to nanofibers and nanocrystals from natural materials,
but the foremost approach to prepare cellulose nanofibers and nanocrystals, is to
embroil it using mechanical treatment, enzymatic treatment, and chemical modifica-
tion [89]. However, the cellulose structure stability and chemical reagents blockage
from reacting with active fiber groups, make it quite uneasy to obtain cellulose
nanofibers and nanocrystals. Renowned mechanical treatments, i.e. grinding, a high-
pressure homogenizer, and ultra-sonication were utilized to facilitate the chemical
process [54].
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9 Nanocomposites Fabrication

9.1 Montmorillonite for Nanocomposites

Few researchers reported that natural fiber choice depends on its biodegradable, recy-
clable, and sustainable potential [90, 91]. The final composite characteristics depend
on the inorganic filler nature, microstructure, and compositions as well as the interfa-
cial interactions of themicrostructure of the natural fibers [7, 92]. Sanal [22] reported
that the consumer desirability on bamboo as a choice was established, which eased
by its high-end sustainable quality industrial products, and the high strength-weight
ratio that makes it arguably an attractive alternative to steel in tensile loading appli-
cations. In engineering material comparison between conventional macro and micro
composites, the nanocomposites significant shown improvement in its mechanical,
thermal, physical as well as decreasing component weight required [93, 94].

The suitable selection of effective interactions an inorganic filler significantly
changed themicrostructure, whichwas vital in the nanocompositesmaterials produc-
tion as shown by Chen et al. [95]. Studies carried out by Reddy [96] and Essabir et al.
[97] shown that clay was a suitable material to be used as a nanofiller. Silva et al. [98]
reported that nanofiller clay significantly has better physical and mechanical proper-
ties compared to the conventional polymer’s filler. In addition to its high content of
alkaline earthmetals, i.e.magnesium iron, the choice ofmontmorillonite as nanofiller
among various types of clay was a result of its swelling capacity, high surface-
volume ratio, strong absorption/adsorption properties [99]. Additionally, nanofillers
clay used in the polymer industry was rooted due to its lightness, and mechanical
properties of natural fibers. However, Manalo et al. [80] reported that the major
bamboo fiber challenge resulted the poor mechanical properties of the composites,
which was due to the inherent flaws within fibers that reduced their compatibility
with polymer matrices.

9.2 Polymers in Nanocomposite

Poly (vinyl alcohol) (PVA) is known to have good compatibilities and property for
the fabrication of composites. It was known to be water-soluble synthetic polymer,
biocompatible and biodegradable active, and semi crystalline structure [100]. In
combinationwith the cellulose or nanocellulose, a strong hydrogen bond result shows
that PVAhas a very good ability to interactwithmost hydrophilicmaterials to produce
nanocomposite [101]. In composite, the polymers react with the hydroxyl groups to
disperse and enhanced interfacial adhesion by chemical bonding, and subsequently
improved the mechanical properties [102]. Moreover, by adding bamboo nanofibrils
into PVA, Mousa et al. [103], Guimarães et al. [11] and Tang et al. [104] reported
good compatibility whereby increased its mechanical properties. Another approach
to overcome the poor barrier properties and low mechanical resistance was by using
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NaOH onto the fibers, which create new forms of nanocomposites [48, 58, 95, 105–
107]. Recent findings by Khan et al. [48] exposed a composite yield and optimized
the reinforcing materials by using NaOH to attain high tensile strength.

Researchers such as Islam et al. [108], Daneshpayeh et al. [109], Olivera et al.
[110] and Zhu et al. [111] reported that elastomers are useful due to their broad
properties range. The polymeric structure composed of long and flexible chains,
which enable it to sustain very large deformations [110]. Generally, a very complex
mechanical viscoelastic elastomer has good response and feedback [93]. Styrene
application as reinforcing filler was found to increase the mechanical properties
(modulus and strength) in composites [48].

10 Summary

In this Chapter, the used of bamboo fibers with propose matrix materials to be
used as nanocomposites has brought an improvement, especially in the treatment
of extracting fibers from bamboo which is using high processing technologies for
nanocomposites. This improves the cost competitiveness acceptance, which is corre-
lated directly with the facilitation of production with desirable physical and mechan-
ical performance. The bamboo nanocompositeswere utilized in small-scale construc-
tion and home décor, even though it has not seen the light of vast usage, especially
with its unwavering claim of resource-able sustainable plant. In addition, the suit-
able inorganic filler introduces the effective interactions between polymer and fiber,
which significantly changed the microstructure, of nanocomposite.
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on the Physicochemical, Mechanical,
and Thermal Properties of Bamboo
Nanocomposite
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Abstract The effect of poly (ethylene-alt-maleic anhydride) with nanoclay on
bamboo nanocomposite was reported in this chapter. The Fourier transform infrared
spectroscopy (FTIR), x-ray diffraction (XRD), scanning electronmicroscopy (SEM),
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)were
used to characterize the nanocomposites. The mechanical test was conducted and
reported in this chapter. The poly (ethylene-alt-maleic anhydride) with nanoclay
enhanced the physical,mechanical and thermal properties ofmanufactured nanocom-
posites.

Keywords Poly (Ethylene-Alt-Maleic Anhydride) · Nanoclay · Nanocomposites ·
Bamboo · Properties

1 Introduction

For upgrading both of the synthetic polymers structural and functional properties,
a new area of research among material scientists and engineer involving nanotech-
nology application has emerged [1, 2]. With the current challenge, there is a need to
mitigate materials that are durable, sustainable, cost-effective, and environmentally
friendly, even though the nanotechnology for production of new composite materials
are well-recognized, especially on its synthesis and application [3]. Thus, there is
considerable interest for the continuous search for low-cost reinforced composites
using only biodegradables [4–7].

There is a proportional increase demand for wood, as the global economy grows
in the world’s [8]. Present data shows that sia-Pacific countries accounted approxi-
mately 24% of the global market, which indicate that wood trade has exceeded 1.8
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billion m3 [9]. The demand for high-quality hard wood has led to removal of non-
renewable wood in many developing countries in Asia and has become a serious
concern throughout the nations [10]. This development has led to a sharp rise in
the cost of natural wood products, as many countries have taken measures to ban
commercial logging.

Recently, the choice of natural fibers from timber is explored to replace some of
these materials [11–13]. However, the mechanical properties are every so often not
satisfied. Generally, in the advent of findings that are a combination of the matrix and
natural fibers would yield composites with high strength-to-weight ratios, bamboo
fibers have been a preferred due to their potential for the manufacture of materials
that can be recyclable, biodegradable, and highly sustainable [14, 15]. Additionally,
for optimum properties, each component of the matrix can effectively be utilized as
required in the formation of a composite [16, 17]. To eases consumer choice and
desirability, it has been established that high-end quality and sustainable industrial
products can be formed from bamboo [18, 19]. In applications requiring tensile
loading, bamboo fibers are often referred to as natural glass fiber, as a result of high
strength-to-weight ratio, it is arguably an attractive substitute to steel [20–22].

Recently, due to its applications in industrial and scientific research, the synthesis
of polymer-layered silicate (PLS) nanocomposite has been of great importance to
produce value-added materials with highly improved physical and thermal proper-
ties [23, 24]. With improved physical and mechanical properties, synthesized of PLS
nanocomposites have shown remarkable improvement, as compared with conven-
tional micro or macro composites. For numerous engineering applications ranging
from construction to household product, these properties required and include heat
resistance, increased strength, rapid biodegradability, reduced gas absorptivity and
flammability [25–27]. Compared to those of the original bulk polymer and also due
to the dispersion of the polymermatrix and bamboomaterial as a nanoscale inorganic
filler, these properties are re-engineered, consequently leading to an active interfa-
cial area that translates to superior properties [28, 29]. Scientifically, the inorganic
filler particles reduced to nanoscale dimensions, which may directly impact their
properties [30].

Generally, the nature and compositions of the inorganic filler depend on the final
properties of the nanocomposites formed, as well as the microstructure and inter-
facial interactions of the bamboo microstructure [31, 32]. Therefore, to produce a
good nanocomposite material, the optimal inorganic filler that effectively interact
and change the microstructure is remarkably essential step in the process [33,
34]. Compared to conventional filler polymers, talc, glass fibers, carbon black, and
calcium carbonate particle is one of many clay nanofiller, which are usually referred
to as micro size fillers, reported to have remarkable physical and mechanical proper-
ties [35]. For example, when clay nanofibers are used, the processability, mechanical
properties, and lightness of the bamboo fiber can still be maintained and this has
made it a preferred choice in the polymer industry [17, 36].

Clay nanofiller that is characteristic of silicate minerals possesses a well-layered
structure [37, 38]. Due to its abundance, montmorillonite is the most common
nanofiller among the various types of clay that have been used [39]. It contains
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alkali metal cations with a high surface area, great swelling capacity, strong cation
exchange, and excellent absorptive properties [39]. Many studies have been made
on composite and polymer blends, such as propylene ethylene (PE) [40]. However,
because of their difference in polarity, most of these plastics become immiscible.
Numerous efforts have been deployed to mitigate this compatibility issue, espe-
cially to modify either the polymer or the composite [41]. However, there is some
compatibilizers, which have been used resulted in weak and unsatisfactory mechan-
ical properties [41].Weak interaction between the compatibilizers and the composite
attributed to the lower mechanical properties [42]. Recently, polymers containing
reactive groups such as maleic anhydride has gained attention [41, 43]. In the
composite, the anhydride groups react with the hydroxyl groups present in the
composite by chemical bonding, which create dispersion of the composite, enhanced
interfacial adhesion, and subsequently improved mechanical properties.

There are several chemical and surface modification techniques, which include
impregnation, salinization, acetylation, benzoylation, corona/cold plasma maleiza-
tion, peroxide, enzymatic, or isocyanate [3]. Therefore, the main objective of this
study is to develop a bamboo nanocomposite material. It also covered the investiga-
tion on the effect of poly (ethylene-alt-maleic anhydride) (PEA) as compatibilizer
and nanoclay on the physical, thermal, morphological, and mechanical properties
of the developed nanocomposite. 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 electronmicroscopy (SEM) analyses.
The thermal and mechanical properties were also reported in this study.

2 Methodology

2.1 Materials

The bamboo (gigantochloa scortechenii) was obtained from a forest in Kota Sama-
rahan, Sarawak, Malaysia. Analytical grade chemical of ethanol and poly (ethylene-
alt-maleic anhydride) (PEA) (99% purity, Sigma-Aldrich, St. Louis, MO, USA),
sodium hydroxide and benzoyl peroxide (Merck Schuchardt OHG, Germany), and
nanoclay (Cloisite Na+, BYK,Wesel, Germany) were also used. Ethanol was used as
a solvent to dissolve the radicals, sodium hydroxide was used to adjust the pH of the
medium for enhanced polymerization, and benzoyl peroxide was used as catalyst.
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2.2 Samples Preparation

Toprepare the specimen, bamboowas cut into strips pieces and cleaned impregnation.
The bamboo strips were placed in a forced air convection heater (Impact Test Equip-
ment Ltd., Stevenston Ayrshire, Scotland) for five days at 70 °C for conditioning and
drying. This reduced or eliminated the water present in the bamboo.

2.3 Samples Impregnation

The oven-dried bamboo stripswere immersed in a solution. It was prepared by adding
the different amounts of montmorillonite nanoclay (calosite), sodium hydroxide,
polymers, 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. In each impregnation, five replicate samples were produced.

2.4 Polymerization and Curing

The comopsites surfaces were cleaned with tissue paper, covered with aluminum
foil, and placed into an oven operating at a temperature of 80 °C for 48 h. This is to
allow polymerization and curing process of the bamboo fiber and cross-linkage of
the nanoclay.

2.5 Mechanical Testing

2.5.1 Three-Point Bending Test

The samples dimensions are 30 mm (L) × 20 mm (T) × 20 mm (W) in accordance
with ASTMD790-17 [44]. The modulus of rupture (MOR) andmodulus of elasticity
(MOE) for RB and TB samples were then calculated. Three-point bending tests were
conducted using a Shimadzu MSC-5/500 universal testing machine (Kyoto, Japan)
operating at a crosshead speed of 5 mm/min. The MOR and MOE were calculated
using Eqs. (1) and (2):

MOR = 1.5LW/bd2 (1)

MOE = L2m/4bd3 (2)
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Where, W is the maximum load for wood failure, L is the distance between centers
of support, b is the mean width (tangential direction) of the sample, d is the mean
thickness (radial direction) of the sample, and m is the slope of the tangent to the
initial line of the force–displacement curve.

2.6 Characterization for Physico-Chemical and Morphology

2.6.1 FTIR Spectroscopy

The infrared spectra of all samples were obtained using a Shimadzu IRAffinity−1

spectrophotometer (Shimadzu, Kyoto, Japan). A wavenumber ranges from 4000 to
400 cm−1 was used. This analytical tool is used excellently in investigating polymers,
clays, and clay minerals to identify the molecular bond structures and the functional
groups of the specimens [37]. IRsolution softwarewas used to plot the FTIR spectrum
based on ASTM E168-16 [45] and ASTM E1252-98 [46] standards.

2.6.2 X-ray Diffraction (XRD)

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). It has
a diffract meter from of 2θ, from 0° to 90°. An experimental procedure for the
determination of degree of crystallinity is acceptable to these materials in as much
as X-ray scattering curves are resolvable into crystalline and amorphous scattering
regions. The crystallinity index (CIXRD) was calculated using Eq. (1) from the height
ratio of diffraction peaks:

IX RD = I002−Iam

I002
∗ 100 (3)

where, I002 is the highest intensity of the peak at 2θ at about 22º and Iam is the
lowest intensity of baseline at 2θ at about 30º, which corresponds to crystalline and
amorphous parts, respectively. The d-spacing between the [002] lattice planes (d002)
of the sample was calculated using the Bragg Eq. (4):

d002= n∗λ
2Sinθ

(4)
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2.6.3 Scanning Electron Microscopy (SEM)

The morphological images were taken using Hitachi Analytical tablet top SEM
(benchtop) TM-3030 (Hitachi High-Technologies (Germany) Europe GmbH.). It
was done by mounting the sliced samples on the aluminum stubs, which was later
fine coated using ‘JFC-1600’ (JEOL (Japan) Ltd.). The fine coated spurring the
particle metal coating (i.e. gold) for 1–2 min, which gives a thickness of 10 nm
under 0.1 torr and 18 mA. The collected images of the surface of composites were
taken using a field emission gun with accelerating voltage of 20 kV. The tests were
conducted according to the ASTM E2015-04 [47] standard.

2.7 Thermal Testing

2.7.1 Differential Scanning Calorimetry (DSC)

DSCQ10 (TA instrument) thermal systemwith the use of a sealed aluminum capsule
was employed for differential scanning calorimetry (DSC) measurements. Each data
represented a mean of five repeated runs. The specimen was weighed to about 4–
4.5 mg and held at a single heating rate of 10 ºC/min and scanning temperature from
30 to 450 °C [48]. The crystallization and melting temperatures of the samples were
obtained. This is in accordance to ASTM D3418-15 [49] and ASTM E1269-11 [50]
standards.

2.7.2 Thermogravimetric Analysis (TGA)

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 gas. Composites of 10 mg were
analyzed at a maintained heating rate of 20 °C/min and heated to 600 °C. The test
was in accordance with ASTM E1131-20 [51] standard.

3 Results and Disucssions

3.1 FTIR Analysis

The FTIR result of the RB and nanocomposites shown in Fig. 1. The main functional
groups, Al–OH and Si–O were observed in the range of 1000–500 cm−1. While, the
dominant peaks of OH-stretching and CH-stretching at were observed in the entire
spectra approximately 3444 cm−1 and 2907 cm−1, respectively. Respectively, these
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Fig. 1 FTIR spectra of RB and nanocomposites

peaks were also associated with the H–O–H stretching vibration of absorbed water in
carbohydrates, the C–O stretching, and the C1-H deformation vibrations of cellulose.
However, this peak completely disappeared in the spectra of nanocomposites, which
could be attributed to the removal of hemicellulose after NaOH treatment. The peak
intensities between 667 to 522.7 cm−1, and 1092 to 1029 cm−1 resulted from the
out-of-plane bending vibrations of –OH groups and stretching vibrations of Al–O–Si
of the clay in the bamboo [52–55]. Therefore, for the nanocomposites, the strength
of this band was higher than RB because of the bending vibrations of the AL–O–Si
bond [56]. The peaks between 4000 and 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 and 2900 cm−1 [56]. This change occurred is
due to the improved number of double bonds of the aromatics present in PEA [57].
As it plasticized within the bamboo lumens, the nanoclay displaced the free-bound
water content of the bamboo matrix [32]. The change in peak intensities from 3426
to 3396 cm−1, 1091 to 1029 cm−1, and 667 to 522.7 cm−1 showed that nanoclay
was dispersed into the bamboo matrix [58]. The peaks at 1507 and 1378 cm−1 in the
spectrumof the original particleswere attributed to theC=Cstretching vibration and
C–Hdeformation vibration in the aromatic ring of lignin [59] disappeared completely
on the remaining spectra, respectively. From the newly prepared nanocomposites,
this indicates that lignin was removed. After the modification, the hemicellulose and
lignin were largely removed and that the original molecular structure of the cellulose
was maintained even after the removal of the matrix components.
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Fig. 2 XRD diffractograms of RB and PEA1, PEA2, PEA3, PEA4, and PEA5 nanocomposites

3.2 XRD Analysis

For identifying the structure of the RB and that of the nanocomposites, x-ray diffrac-
tion tool is used. The result is presented in Fig. 2. The nanocomposite with PEA
showed peaks at 2θ of 23°, 43°, and 73° representing (001), (220), and (311) reflec-
tions, respectively [60]. Due to change in the structure of bamboo from an amorphous
phase into a crystalline phase by the polymer matrix and nanoclay, the transforma-
tion has occurred. The raw bamboo exhibited a peak at only angle 23º, 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 [55]. These increases in peak intensities could be
related to the high amount of coupling agent that causes the good interaction between
the polymer chains and nanoclay. In other words, the good dispersion of nanoclay in
the polymer matrix presence as the compatibilizer.

3.3 Morphological Properties

The SEM micrographs in Fig. 3 showed the adhesion of polymer-filled lumens via
in-situ polymerization and dispersion of nanoclay into the voids of the bamboo. For
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Fig. 3 SEM images (1500×) of: a raw bamboo, b PEA1, c PEA2, d PEA3, e PEA4, and f PEA5

the nanocomposites in Fig. 3b through 3(f), the surfaces observed were smoother
than the RB surface in Fig. 3a, which had visible pore spaces. This was due to the
polymer and nanoclay interaction that acted as filler materials, which filled the void
spaces between the polymer and bamboo fiber pores [61]. When compared to the
RB, the covalent bonds between the PEA and bamboo fiber walls were formed,
which in turn filled the nanocomposites’ void spaces. As a result of this interaction,
a more rigid composite was formed, which showed compatibility and translated
into improved mechanical properties of the composite [17, 62]. 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. 3. Depending on
the nanocomposite’s composition, domains of a high homogeneity of clay and PEA
distribution, no agglomerates were found. In all the cases a homogeneous distribution
of the nanoclay in the PEA matrix, as produced by, may be seen.

3.4 Mechanical Properties

Table 1 shows that the values of MOE and MOR of the nanocomposites showed
significant improvement compared to RB, whereas the highest values obtained is the
PEA3 treatment. Modification of the RB indicated an increase in the elastic prop-
erty, especially when the bamboo was treated, in which it is equally pointed out that
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Table 1 MOE and MOR of
RB and nanocomposites

Samples MOE (GPa) MOR (MPa)

Raw bamboo 7.82 ± 2.04 68.67 ± 27.29

PEA1 14.97 ± 3.02 102.10 ± 7.32

PEA2 14.57 ± 3.52 90.85 ± 10.27

PEA3 18.96 ± 3.09 121.48 ± 8.54

PEA4 11.20 ± 3.47 87.39 ± 22.15

PEA5 12.66 ± 2.20 12.54

it could withstand great loading pressure when used in construction applications.
Additionally, the treated bamboo showed an increase of approximately 77% in its
MOR,whichwas higher than similarmaterials likewood and timber sources obtained
by Sultan et al. [63]. Therefore, to improve its mechanical properties, the nanoclay
and PEA used were dispersed into the voids of the bamboo. Compared with the raw
bamboo samples, bamboo samples treated with PEA/nanoclay showed higher tensile
and flexural values. Further combination of PEA and nanoclay formed a crosslinked
structure with bamboo cell wall through its hydroxyl groups, while PEA enhanced
mechanical properties significantly [64]. The surface hydroxyl groups present inter-
acted with hydroxyl of the bamboo fiber in modified nanocomposites, whereas the
crosslinker and prepolymer resulting in enhanced properties. The nanoclay layers
restricted the mobility of the polymer chains as they were fastened in between its
gallery layers. Hence stiffened the composites, which improve the MOE and MOR.

4 Thermal Properties

4.1 DSC Analysis

Figure 4 shows the DSC curves of the RB and formed nanocomposites. Figure 4
indicated that RB exhibited three separated endothermic peaks at 80 °C to 110 °C,
180 °C to 220 °C, and 330 °C to 400 °C, which corresponded to amorphous, para-
crystalline, and crystalline phases, respectively [65, 66]. Compared to those of the
crystalline components, the para-crystalline parts and the amorphous sections were
more susceptible to heat and chemicals. The non-crystalline molecular movement
phase was higher compared to the crystalline part [48, 67]. While, the chain move-
ment of macromolecules was firm. This change in the movement was ascribed to the
intramolecular forces present as well as intermolecular hydrogen bonding [68].

The first endothermic peak is corresponded to the removal of absorbed water
from the amorphous RB and the nanocomposites. Compared to RB, the area of
the peak of the nanocomposites was smaller, which was due to the filler in the
nanocomposites that inhibited the amorphous change, whereas reduced the amount
of water absorbed into the RB. Because of the ionic characteristics of nanoclay,
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Fig. 4 DSC thermogram of a RB, b PEA1, c PEA2, d PEA3, e PEA4, and f PEA5

the hydrophobicity of the nanocomposites would be higher than that of the RB,
which 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 to increase the crystallinity of the composite. With the
aromatic groups in the bamboo, the molecule formed an induced dipole bond. The
bamboo amorphous structure was then converted 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 [69]. 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.

4.1.1 Thermogravimetric Analysis

Figure 5 revealed three stages of thermal decomposition and degradation of RB
and its nanocomposites. Stage 1 showed that the weight loss of all samples due to
the evaporation of the absorbed moisture, which occurred at 72 °C [48, 70]. Below
110 °C, the initial weight loss of the samples was lowest for PEA5, followed by
PEA4, PEA2, PEA3, PEA1, and RB, which is due to the result of the hydrolyzed
reaction with the –OH groups of bamboo wall, as well as the surface modified clay
filler, which also filled the cavities of the formed nanocomposites.

The second stage of thermal decomposition occurred at 125 °C, with an appre-
ciable difference between the RB and its nanocomposites at 250 °C, which is due
to the strong covalent bonds in the nanocomposite samples. This made weight loss
noticeably lower in the nanocomposite samples compared to the RB like the second
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Fig. 5 TGA of a RB, b PEA1, c PEA2, d PEA3, e PEA4, and f PEA5

stage. Additionally, the third stage of thermal decomposition, which occurred at
385 °C revealed an appreciable difference between the RB and nanocomposite
samples, whereas the decomposition being lower in the nanocomposites compared to
the RB. This occurrence attributed to well-distributed clay layers, which blocking the
way of unstable decomposition products, throughout the composites during thermal
degradation. Thus, the remarkable improvement in thermal stability for nanocom-
posites formed during the third stage of decomposition [71, 72]. Thermal properties
of all samples are presented in Table 2, whereas all the thermal degradation stages
outlined the raw bamboo had the highest percentage of weight loss compared to the
developed nanocomposites.

5 Conclusions

In a nutshells, bamboo nanocomposites were successfully prepared by using cloisite
Na+ nanoclay and PEA as a filler and compatibilizer. Compared to the raw bamboo,
the nanocomposites demonstrated higherMOEandMOR. It was also observed incor-
poration of 15 g of nanoclay and 10 mg of PEA at a pH of 9, causes the modified
bamboo had the highest increase of MOE and MOR. There was new modification
of composition, which form from the raw bamboo resulted in improved mechanical
properties of the prepared nanocomposites as shown by XRD and FTIR. 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 it hydrophobicity. The TGA and DSC analyses showed improved thermal
stability of the nanocomposites compared to the raw bamboo. The improvement in
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Table 2 Result of TGA for RB and nanocomposites

Sample No. of transition Transition temperature (°C) Weight loss
(%)T i Tm T f

RAW 1
2
3

35.80
117.21
176.58

60.24
146.35
354.51

101.54
169.70
578.59

8.20
44.71
39.26

PEA1 1
2
3

41.42
273.65
390.14

78.36
354.05
429.87

127.26
382.72
508.14

5.62
30.75
28.94

PEA2 1
2
3

41.46
274.24
390.65

79.36
351.20
428.48

129.16
381.98
507.85

5.44
21.02
26.73

PEA3 1
2
3

42.01
273.65
389.76

77.35
351.22
429.09

127.02
383.00
506.92

5.57
23.05
28.08

PEA4 1
2
3

43.12
273.11
389.71

80.21
352.42
429.06

133.46
382.07
506.24

5.43
30.69
27.97

PEA5 1
2
3

41.39
274.01
390.13

80.02
353.11
427.58

128.22
380.24
503.49

5.24
31.34
28.48

T i is initial temperature, Tm is temperature at which the rate of weight loss was maximum, and T f
is the final temperature

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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Acrylation and Acrylonitrile Grafting
with MMT Bamboo Nanocomposite

Md Rezaur Rahman, Sinin Hamdan, and Muhammad Khusairy Bin Bakri

Abstract This chapter focuses on the impregnation modification on a
grafted bamboo fiber using montmorillonite (MMT), acrylonitrile (AN) and
methyl methacrylate (MMA). Two types of bamboo nanocomposites, i.e.
bamboo/MMA/MMT and bamboo/AN/MMTwas fabricated to enhance its mechan-
ical, thermal and physical properties. Due to the hydrophilic nature bamboo, water
in humid condition was absorbed. The present of hydroxyl group was a reason for
the bamboo to have low weatherability, which prone to decomposition. Therefore,
to produce bamboo nanocomposite, chemical modification is needed to create high
durability fiber. As compared to the raw untreated samples, the FTIR spectrum shown
less presence of cellulose, hemicellulose and pectin in the treated bamboo nanocom-
posites. It was observed the samples were successfully grafted with the polymer
matrix containing AN/MMT or MMA/MMT. The EDS analysis showed that both
untreated and treated samples were having significant amount of carbon, oxygen,
followed by nitrogen, chlorine, potassium and aluminum. While the SEM shows
that treated bamboo nanocomposites had better dispersion, good interfacial relation,
smooth surface, less void and agglomeration. As compared to the untreated bamboo
nanocomposites, it was also justified that the treated bamboo nanocomposites were
having better MOE and MOR.

Keywords Bamboo · Acrylonitrile · Montmorillonite · Nanocomposites ·
Optimization

1 Introduction

Fiber can be extracted from plants, mineral or animals. Due to the vast development
and higher awareness among researchers and industries, most of them are taking big
initiatives to develop more technologies, which can sustain towards degradability,
eco-friendly material properties. Furthermore, most of the synthetic fiber was very
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expensive and non-degradable, which made natural fiber as a better choice, even
though it is not durable enough for some high-end engineering applications. In addi-
tion, the natural fiber drawbacks could be decreased by reinforcing the nano clay
into the fiber, which produce its nanocomposite and create enhance physical and
mechanical properties. One of the good examples is as a source for the natural fiber.

Bamboo is categorized under the group of grass family, which is also the fastest
growing woody plants in the world and reportedly grow up to almost hundred inches
per day [1]. The high bamboo growth rate makes it versatile, sustainable and envi-
ronmentally friendly as natural resources for the future research. Although it is
less durable as compared to the modified bamboo and conventional materials, i.e.
wood and steel, the fresh bamboo readily had good mechanical properties, cheap
and safe [2]. Moreover, as compared to steel and low modulus of elasticity, the
untreated bamboo is susceptible to environmental degradation due to low weather-
ability, biological attack, shorter life-year span [3]. Therefore, to enhance the bamboo
physical and mechanical properties, several modification methods are introduced by
researchers all over the world due to this issue [4].

Grafted hydrophobic matrix such as acrylonitrile (AN) and methyl methacrylate
(MMA) is aimed to form branched copolymer. As one side chain of the graft is cova-
lently bonded to the main chain of a polymer backbone, which altering the physical
and chemical properties of targeted polymer without affecting its original properties
[5, 6].Moreover, depending on the type of thematrix used, the natural polymermodi-
fication acquired novel properties, such as hydrophobic nature, thermal resistivity
and biological resistivity [7]. To focus on the bamboo enhancement, the modification
is expected by means of impregnation technique and the optimum fabrication condi-
tions was determined by using respond surface methodology. The treated bamboo
nanocomposite was characterized mechanically and physically and compared to the
conventional materials to analyze the differences in their properties. Based on Zaki
and Abdullah [8], the morphology studies have proved that the diameter and the
surface roughness of grafted polymer are increased with better physical and mechan-
ical properties. Therefore, this chapter discussed the results of the bamboo nanocom-
posites through characterization, i.e. physico-chemical morphological analysis, and
mechanical properties. The degree of changes based on the result are shown in the
modification process, which were optimized based on AN, MMT and MMA.
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2 Methodology

2.1 Materials

The bamboo (Gigantochloa scortechenii) was obtained from a forest in Kota Sama-
rahan, Sarawak, Malaysia. Analytical grade chemicals, including methyl methacry-
late (MMA), acrylonitrile (AN) and montmorillonite (MMT) (99% purity, Sigma-
Aldrich, St. Louis, MO, USA), ethanol and benzoyl peroxide (95% purity, Braun
HmbG, Kronberg, Germany) were also used.

2.2 Bamboo Sample Preparation

Raw bamboos were obtained from a forest in Kota Samarahan, Sarawak, Malaysia.
Figure 1 shown the bamboos that were cut into few strips with dimension of approxi-
mately 0.5× 2.0× 35 cm (thickness, width, and length). To produce treated bamboo
nanocomposite, the bamboo strips were dried for 5 days in an oven at 70°C, which
helps remove themoisture before proceedingwith impregnation of the bamboo strips.
Analytical grade chemicals were used includes acrylonitrile (AN), methyl methacry-
late (MMA) and montmorillonite nano clay (MMT). As catalyst, to speed up the

Fig. 1 Bamboo strips
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reaction mixture, benzoyl peroxide was used in polymer matrix. While to dissolve
the radicals, ethanol was used during polymerization of the samples.

2.3 Preparation of Bamboo/MMA/MMT Nanocomposite
and Bamboo/AN/MMT Nanocomposite

For bamboo/MMA/MMT nanocomposites, the MMT and MMA were dissolved in
500 mL ethanol, while for the bamboo/AN/MMT nanocomposites, the MMT, AN
and MMA were dissolved in 500 mL ethanol. To act as catalyst, 5 g of benzoyl
peroxide was added into the matrix solution. The matrix solution was shown in
Fig. 2. A dried bamboo strip and the matrix solution were placed in the vacuum
impregnator that was connected to an air compressor. The bamboo strip must drown
in the matrix solution. Hence, heavy load was placed on top of the bamboo strip to
dip into the solution. Figure 3 shows the lid of the vacuum impregnator was closed
and locked tightly, and a slightly above atmospheric pressure was exerted into the
chamber by an air compressor to impregnate the sample for about 30 min as shown
in Fig. 4. The impregnation was done in a fume chamber to release the toxic vapors.
After 30 min, the sample was taking out from the vacuum impregnator. The sample
was rinse with distilled water and wiped with dry cloth to remove excess moisture.
Finally, the sample was wrapped up with aluminum foil and was dried for 24 h at
80°C in an oven. The steps were repeated for other samples.

Fig. 2 Matrix solution
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Fig. 3 Tightly closed
vacuum impregnator

Fig. 4 Vacuum impregnator
connected to an air
compressor

2.4 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectrum of the untreated and treated bamboo nanocomposites consist
of raw bamboo, bamboo/MMA/MMT and bamboo/AN/MMT nanocomposites were
measured, recorded and plotted in the range of 4000 to 400 cm−1 wavenumber
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absorption bands in spectrophotometer. The test was done according to ASTME168-
16 [9], and ASTM E1252-98 [10] standards.

2.5 Scanning Electron Microscopy (SEM) and Energy
Dispersive X-Ray Spectroscopy (EDS)

The magnified SEM images of untreated and treated bamboo nanocomposites
(Bamboo/MMA/MMT and Bamboo/AN/MMT) were obtained the surface morpho-
logical of both untreated and treated bamboo nanocomposites. Both tests were
conducted according to ASTM E2015-04 [11] and ASTM E1508-12 [12] standards.
The EDS was repeated multiple times to get the most repeated results.

2.6 Tensile Test

The tensile tests were carried out using Universal Testing Machine Shimadzu MSC-
5/500 (Kyoto, Japan), operated at a speed of 5 mm/min. The generated results for
the tensile strength and Young’s modulus of both untreated and treated bamboo
nanocomposite were calculated and plotted into graphs to analyses the mechanical
properties. The test was done according to ASTM D638-14 [13].

3 Results and Discussions

3.1 FTIR Analysis

The FTIR spectrum of untreated and treated bamboo nanocomposites consist of
raw bamboo, bamboo/MMA/MMT and bamboo/AN/MMT nanocomposites were
measured, recorded and plotted in a wavenumber range of 4000 to 400 cm−1 absorp-
tion bands as shown in Figs. 5, 6a–d, and 7a–d, respectively in order to identify the
chemical bonds presence in the samples. Tables 1, 2 and 3 tabulated the respective
functional group of each sample, accordingly.

Figure 5 show the untreated bamboo nanocomposite FTIR analysis. According
to Li et al. [14], the bamboo fibers main constituents was cellulose, hemicellulose
and lignin. Based on Rana et al. [15], the bamboo cellulose contained hydroxyl
group, which was responsible for the bamboo fibers inherent hydrophilic nature.
This indicated that the O-H stretching happen at the wavenumber of 3336.03 cm−1,
and 2333.97 cm−1, and C-OH stretch at 1031.96 cm−1. Figure 5 shows that the
cellulose was designated by the O-H stretching at wavenumber between 3257.77
to 2441.88 cm−1, and C-OH stretching at 1028 cm−1. According to Rahman et al.
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Fig. 5 Untreated bamboo

[16], in bamboo fibers, the C-H stretching ranges from 3000 to 2850 cm−1 was
indicated for the presence of methyl and methylene groups. Figure 5 shows that
the C-H stretching in methyl and methylene groups are ranging from 2924.09 to
2854.65 cm−1. Furthermore, the 1255.66 cm−1 peak intensities wavenumber was
assigned to the C-O stretching vibration of acetyl group, in hemicelluloses and lignin.
This was validated by a research conducted by Sinha and Rout [17], whereas the C-O
stretching of the acetyl group is around 1259 cm−1.

The FTIR analysis of bamboo/MMA/MMTnanocomposites are shown in Fig. 6a–
d, respectively. It shows that the bamboo nanocomposite was treated with MMA and
MMT to modify the physical and chemical properties of the bamboo. Figure 6a
shows the FTIR analysis of treated sample grafted with 10wt% MMA and 5%
MMT. It was observed that the significant O-H stretching of the MMA/MMT treated
bamboo nanocomposite is ranging from 3747.69 to 2441.88 cm−1. Between 4000
and 2500 cm−1, the O-H stretchingwas the same trend for the rest of theMMA/MMT
treated samples, as shown in Fig. 6b–d. A much higher intensity peak from the range
of 1750 to 1735 cm−1 was associated with C = O stretching of esters group, which
prove that the MMA was successfully grafted into bamboo nanocomposite. Thakur
et al. [18] stated that the new peak occurrence at that band was associated with the
presence of the grafted MMA into fibers.

Figure 7a–d respectively shows the bamboo/AN/MMT nanocomposites FTIR
analysis. Modified and treated bamboo nanocomposite was produced by introduced
ANs and MMTs into the fibers of bamboo. From all the AN/MMT treated samples
FTIR analysis in Fig. 7a–d, the 3500 to 2400 cm−1 bands was corresponded to the
vibration of hydrogen bond and O-H groups. While the 2930 to 2800 cm−1 bands
was responsible for the C-H stretching. Based on Dahou et al. [5], the AN presence
in a sample is observed at 2260 to 2222 cm−1 band was corresponded to the CN
vibration of nitrile group. This means that the AN grafted into the samples are
successful, if bands are within those ranges. Furthermore, the MMT impregnated
into bamboo nanocomposite for both acrylation and acrylonitrile grafting was seen
on the peak intensities at approximately 3500 to 3000 cm−1, 1050 to 1020 cm−1 and
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Fig. 6 a Treated bamboo with 10 wt% MMA and 5 wt% MMT. b Treated bamboo with 1 wt%
MMA and 25 wt% MMT. c Treated bamboo with 10 wt% MMA and 25 wt% MMT. d Treated
bamboo with 1 wt% MMA and 5 wt% MMT
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Fig. 6 (continued)

670 to 500 cm−1 in all MMA/MMT and AN/MMT treated bamboo samples. This
was agreed by Jagtap et al. [19], whereas the peak intensities were ranges similarly
with the grafted MMT.

3.2 Energy Dispersive X-Ray Spectroscopy (EDS) Analysis

EDS analysis was used to analyses the elemental composition presence in both
untreated and treated bamboo nanocomposites. The results obtained are analyzed,
tabulated, and discussed accordingly.

Figure 8a–c shows the EDS analysis of the raw untreated bamboo nanocom-
posite, AN/MMT treated bamboo nanocomposite, and MMA/MMT treated bamboo
nanocomposite. Table 4 was the tabulated based on the elemental composition pres-
ence in the samples. Both Fig. 8a–c and Table 4 (a) to (c) was deduced from both
untreated and treated bamboo nanocomposites spectrum. The presence of the major
elements such as carbon (C) andoxygen (O)was possibly originated from the bamboo
cellulose, whereas 74% of bamboo’s constituents are made of cellulose as stated by
Li et al. [14]. Moreover, C and O was originated from C = O stretching in the chem-
ical treatment of MMA/MMT, which presented in the FTIR analysis. This indicated
the presence of ester group in MMA/MMT treated bamboo nanocomposite. Further-
more, the nitrogen (N) in AN/MMT treated bamboo nanocomposite was believed
coming from the nitrile group of AN. Potassium (K), aluminum (Al) and chlorine
(Cl) traces was shown in the EDS analysis due to the materials reaction or impurities
traces in bamboo.
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Fig. 7 a Treated bamboo with 1 wt% AN and 5 wt% MMT. b Treated bamboo with 10 wt% AN
and 5 wt% MMT. c Treated bamboo with 1 wt% AN and 25 wt% MMT. d Treated bamboo with
10 wt% AN and 25 wt% MMT



Acrylation and Acrylonitrile Grafting … 49

Fig. 7 (continued)

Table 1 Functional groups
present in untreated bamboo

Peak Group frequency (cm−1) Functional group

1 3257.77 O-H stretch

2 3228.84 O-H stretch

3 2924.09 O-H stretch, C-H stretch

4 2854.65 O-H stretch, C-H stretch

5 2511.32 O-H stretch

6 2441.88 O-H stretch

7 2160.27 S-C ≡ N stretch

8 2027.19 N = C=S stretch

9 1975.11 C-H bend

10 1853.59 C-H bend

11 1255.66 C-O Stretch

12 1246.02 C-O-C stretch

13 1159.22 C-OH stretch

14 1099.43 C-OH stretch

15 1028.06 C-OH stretch

16 991.41 C = C bend

3.3 Scanning Electron Microscopy (SEM) Analysis

The SEM images of untreated and treated bamboo nanocomposites
(Bamboo/MMA/MMT and Bamboo/AN/MMT) were obtained to analyze the
surface morphological of both untreated and treated bamboo nanocomposites, as
shown in Figs. 9, 10a–d, and 11a–d.
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Table 2 Functional group
present in
bamboo/MMA/MMT
nanocomposite

Sample Peak Group frequency
(cm−1)

Functional group

6(a) 1 3747.69 O-H stretch

2 3439.08 O-H stretch

3 3230.77 O-H stretch

4 2924.09 O-H stretch, C-H
stretch

5 2858.51 O-H stretch, C-H
stretch

6 2507.46 O-H stretch

7 2441.88 O-H stretch

8 2160.27 S-C ≡ N stretch

9 2023.33 N = C=S stretch

10 1975.11 C-H bend

11 1330.88 O-H bend

12 1265.30 C-O stretch

13 1099.43 C-OH stretch

6(b) 1 3352.28 O-H stretch

2 3251.98 O-H stretch

3 2924.09 O-H stretch, C-H
stretch

4 2860.43 O-H stretch, C-H
stretch

5 2515.18 O-H stretch

6 2443.81 O-H stretch

7 2160.27 S-C ≡ N stretch

8 2023.33 N = C=S stretch

9 1975.11 C-H bend

10 1327.03 O-H bend

11 1247.94 C-O-C stretch

12 1157.29 C-OH stretch

13 1029.99 C-OH stretch

6(c) 1 3400.50 O-H stretch

2 3223.05 O-H stretch

3 2924.09 O-H stretch, C-H
stretch

4 2856.58 O-H stretch, C-H
stretch

5 2515.18 O-H stretch

6 2443.81 O-H stretch

(continued)
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Table 2 (continued) Sample Peak Group frequency
(cm−1)

Functional group

7 2160.27 S-C ≡ N stretch

8 2025.26 N = C=S stretch

9 1973.18 C-H bend

10 1259.52 C-O stretch

11 1028.06 C-OH stretch

12 995.27 C = C bend

6(d) 1 3373.50 O-H stretch

2 3234.62 O-H stretch

3 2924.09 O-H stretch, C-H
stretch

4 2856.58 O-H stretch, C-H
stretch

5 2515.18 O-H stretch

6 2501.67 O-H stretch

7 2443.81 O-H stretch

8 2160.27 S-C ≡ N stretch

9 2025.26 N = C=S stretch

10 1973.18 C-H bend

11 1247.94 C-O-C stretch

12 1159.22 C-OH stretch

13 1099.43 C-OH stretch

14 1031.92 C-OH stretch

Figure 9 shows the SEM image of untreated bamboo. The untreated bamboo
nanocomposite shows traced of withdrawal of fibers, jaggy surfaces, agglomera-
tion and cavities. This situation was due to the weak interfacial bonding and poor
fiber distribution in the matrix, as reported by Islam et al. [20]. It was observed that
debonding between polymer and fiber are also observed for the untreated bamboo
nanocomposite. There are numerous voids were observed on the fracture surface, as
no matrix stick to the untreated bamboo. According to Bonnia et al. [21], the lack
interaction at the surface and the effect of agglomerations was due to debonding,
which taking place in the fibers. It was also observed that the untreated bamboo
nanocomposite having impurities on its surface. These impurities caused weak inter-
facial bonding between polymer and matrix. According to Azwa and Yousif [22],
more spaces allowed the moisture to occupy the weak interfacial bonding.

Figure 10a–d shows the SEM images of treated bamboo nanocomposites with
MMA and MMT at different weight percentage. It was observed almost no differ-
ence in interfacial interaction between fiber and polymermatrix in the nanocomposite
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Table 3 Functional group
present in bamboo/AN/MMT
nanocomposite

Sample Peak Group frequency
(cm−1)

Functional group

7(a) 1 3398.57 O-H stretch

2 3223.05 O-H stretch

3 3043.67 O-H stretch, C-H
stretch

4 2924.09 O-H stretch, C-H
stretch

5 2856.58 O-H stretch, C-H
stretch

6 2513.25 O-H stretch

7 2443.81 O-H stretch

8 2160.27 S-C ≡ N stretch

9 2025.26 N = C=S stretch

10 1973.18 C-H bend

11 1267.23 C-O stretch

12 1101.35 C-OH stretch

7(b) 1 3458.37 O-H stretch

2 3369.64 O-H stretch

3 3224.98 O-H stretch

4 2924.09 O-H stretch, C-H
stretch

5 2858.51 O-H stretch, C-H
stretch

6 2515.18 O-H stretch

7 2443.81 O-H stretch

8 2160.27 S-C ≡ N stretch

9 2023.33 N = C=S stretch

10 1973.18 C-H bend

11 1263.37 C-O stretch

12 1099.43 C-OH stretch

13 991.41 C = C bend

7(c) 1 3458.37 O-H stretch

2 3371.57 O-H stretch

3 3223.05 O-H stretch

4 2924.09 O-H stretch, C-H
stretch

5 2858.51 O-H stretch, C-H
stretch

6 2515.18 O-H stretch

(continued)
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Table 3 (continued) Sample Peak Group frequency
(cm−1)

Functional group

7 2443.81 O-H stretch

8 2160.27 S-C ≡ N stretch

9 2023.33 N = C=S stretch

10 1973.11 C-H bend

11 1261.45 C-O stretch

12 1159.22 C-OH stretch

13 1101.35 C-OH stretch

14 1029.99 C-OH stretch

15 993.34 C = C bend

7(d) 1 3371.57 O-H stretch

2 3280.92 O-H stretch, C-H
stretch

3 3234.62 O-H stretch

4 2924.09 O-H stretch, C-H
stretch

5 2858.51 O-H stretch, C-H
stretch

6 2517.10 O-H stretch

7 2443.81 O-H stretch

8 2160.27 S-C ≡ N stretch

9 2023.33 N = C=S stretch

10 1973.18 C-H bend

11 1747.51 C-H bend, C = O
stretch

12 1249.87 C-O-C stretch

13 1157.29 C-OH stretch

14 1031.92 C-OH stretch

systems. From Fig. 10a, proper attachment between fiber and polymer matrix indi-
cated interfacial bonding between them are strong. It observed that there was better
dispersion, good interfacial bonding, less cavity and agglomeration displayed in the
SEM image of 10 wt% MMA and 5wt% MMT. The increase in interfacial adhesion
between fiber and polymer matrix created less voids at the end of fiber pull-out [23].
Figure 10b–d shows that there was lot of impurities presence in the surface of the
samples, which might due to the failure in alkaline treatment as reported by Lin et al.
[24]. Moreover, SEM images of Fig. 10b–d shown less fiber pull-out. According to
Ray et al. [25], less pull-out of fibers from the fracture point is the result of good
interfacial adhesion between fiber and polymer matrix during fiber treatment.
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Fig. 8 a EDS analysis of raw untreated bamboo nanocomposite. b EDS analysis of AN/MMT
treated bamboo nanocomposite. c EDS analysis of MMA/MMT treated bamboo nanocomposite
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Table 4 Elemental
composition of untreated and
treated samples

Samples Elements Atom (%)

4.4(a) C 61.11

O 37.60

K 0.68

Al 0.47

Cl 0.13

4.4(b) C 56.97

O 41.02

N 1.71

K 0.30

4.4(c) C 61.20

O 38.50

K 0.21

Cl 0.08

Fig. 9 SEM image of untreated bamboo

Figure 11a–d shows the SEM images of treated bamboo nanocomposites with
AN and MMT with different weight percentage. It was observed there was lot of
impurities presence in the surface of the treated samples. This was also due to the
failure in alkaline treatment. Figure 11a, it was deduced that the fiber-pull out is
lower than that of in Fig. 11b–d. This indicated the interfacial bonding between the
fibers and polymer are better due to better dispersion, less void and agglomeration.
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Fig. 10 SEM image of treated bamboo with, a 10 wt% MMA and 5 wt% MMT, b 1 wt% MMA
and 25 wt% MMT, c with 10 wt% MMA and 25 wt% MMT, and d 1 wt% MMA and 5 wt% MMT

Fig. 11 SEM image of treated bamboo with a 1 wt% AN and 5 wt% MMT, b 10 wt% AN and 5
wt% MMT, c 1 wt% AN and 25 wt% MMT, and d 10 wt% AN and 25 wt% MMT
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Table 5 Tensile strength and
tensile modulus of the
samples

Samples Tensile strength (MPa) Tensile modulus (GPa)

RB 34.563 1.436

MMA1 134.141 1.371

MMA2 103.662 1.247

MMA3 120.167 1.336

MMA4 119.726 1.345

AN1 149.500 1.640

AN2 136.500 1.587

AN3 118.750 1.402

AN4 155.313 1.580

3.4 Tensile Properties

Both untreated and treated nanocomposites consist of raw bamboo,
bamboo/MMA/MMT and bamboo/AN/MMT were tested for its tensile strength
and tensile modulus. The data obtained were calculated and the graphs of tensile
strength and tensile modulus were plotted and discussed.

The tensile strength and tensile modulus of the untreated and treated bamboo
nanocomposites are tabulated in Table 5. All samples data obtained are plotted in
two in Figs. 12 and 13, for both tensile strength and Young’s modulus of the samples,
respectively. From Fig. 12, the treated bamboo nanocomposites tensile strength was
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Fig. 12 Tensile strength of the samples
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Fig. 13 Tensile modulus of the samples

observed to be higher than the untreated bamboo nanocomposite. For both acryla-
tion and acrylonitrile, the treated samples tensile strength was greater than 100 MPa.
Based on Hossen et al. [26], the treated samples mechanical properties increase due
to the reduction of hydroxyl groups in the fibers, as it reacts with the chemical agents,
causing stronger interfacial bonding between the fibers and polymer matrix. It was
also observed that higher tensile strength of AN/MMT grafted bamboo nanocom-
posite was observed compared to MMA/MMT grafted bamboo nanocomposite. To
enhance the mechanical properties of the samples, it concluded that AN/MMT was
better than MMA/MMT as polymer matrix. Bonnia et al. [21] mentioned the tensile
properties improvement was achieved as composites have good interaction and better
stress transfer.MMA/MMTgrated bamboo nanocomposite treatedwith 1wt%MMA
and 5 wt%MMT had the the highest tensile strength (149.5 MPa). While AN/MMT
grafted bamboo nanocomposite treated with 1 wt% AN and 5 wt% MMT had the
highest tensile strength (155.313 MPa). This condition deduced that the optimum
amount ofMMT nano-clay was very essential in determining the tensile strength and
Young’s modulus of the samples, whereas the excessive amount of MMT increased
the brittleness and reduce the mechanical strength of the samples. In preparing the
polymer matrix nanocomposites, Kumar and Kumar [27] reported that 5 wt% to 25
wt% clay nanocomposites was used for grafting, while Adamu et al. [28] proved that
5 wt% of MMT was the optimum value.

Figure 13 shows the tensile modulus of both untreated and treated samples. As
compared to MMA/MMT grafted bamboo nanocomposite, it was observed that
AN/MMT grafted bamboo nanocomposite had higher stiffness. The highest value
belongs to the treated 10 wt%AN and 5 wt%MMT bamboo nanocomposites and the
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lowest value goes to the treated 1 wt% MMA and 25 wt% MMT bamboo nanocom-
posites. It also observed that the raw bambooYoung’smoduluswas high as compared
to the treated bamboo nanocomposite. MMA/MMT grafted deduced that the pres-
ence of MMT, which was not necessarily increase the mechanical strength of the
bamboo nanocomposite. However, it induced even more brittleness in the bamboo
nanocomposite, due to over amount of nano-clay is used. It also causes the bamboo
nanocomposite to be less elastic and more brittle as reported by Adamu et al. [28].
Therefore, it is concluded that from these tensile properties, the grafted AN/MMT
grafting was better than grafted MMA/MMT due to better capability to be used as
reinforce for the bamboo nanocomposite, that enhanced both tensile strength and
tensile modulus of the samples.

4 Conclusions

Throughout this chapter, the FTIR proved the presence of cellulose, hemicellulose
and pectin, which was clearly significant in the untreated bamboo nanocomposite. It
was also observed that treated MMA/MMT and AN/MMT bamboo nanocomposite
have less significant amount of bamboo’s constituents due to removal lignin, pectin
and wax. The presence of the grafted MMA, AN and MMT proved by the FTIR
spectrum at specific wavenumbers. Besides, in the bamboo nanocomposite, the EDS
proved that the presence of carbon and oxygen are associated with the presence of
cellulose. The SEM on the other hand demonstrated that treated bamboo nanocom-
posites had better dispersion, good interfacial relation, smooth surface, less void and
agglomeration as compared with the raw untreated bamboo nanocomposite. It also
observed that there were still lot of impurities on the samples, which was due to
no treatment was done on the untreated bamboo. Moreover, it was deduced that the
tensile properties of treated bamboo nanocomposites were superior than untreated
bamboo nanocomposite. Nevertheless, excessive amount ofMMTs cause some of the
treated bamboo nanocomposite to be brittle and having lower elasticity, as compared
to raw untreated bamboo nanocomposite and some samples with optimum amount
of 5 wt%MMT. From the research, in term of mechanical strength, it was concluded
that the grafted AN was better than grafted MMA because of the better capability to
reinforce the bamboo nanocomposite showed by both tensile strength and Young’s
modulus.
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Polylactic Acid Activated Bamboo
Carbon Nanocomposites

Md Rezaur Rahman, Sinin Hamdan, and Muhammad Khusairy Bin Bakri

Abstract In this study, activated bamboo carbon was used to prepare nanocom-
posites. The nanocomposites were characterizing by the Fourier transform infrared
spectroscopy (FTIR), x-ray diffraction (XRD), scanning electron microscopy (SEM)
and energy dispersive x-ray spectroscopy (EDS). The mechanical test was carried
out in this study. The 2202.71 to 3078.39 cm−1 band represent the whole activated
carbon functional group. The smooth surface morphology indicates that the PLA is
compatiblewith the activated carbon and less agglomeration to the structure. Bamboo
carbon nanocomposites showed higher Young’s modulus compare to raw bamboo
itself.

Keywords Bamboo · Carbon · Poly Lactic Acid · Nanocomposites · Optimization

1 Introduction

Emerging plastic and ceramics materials market vastly plays a big role nowadays in
the world. The world plastic industries growth is said to be steady. It also gains lots of
attentions in the industrial or the household applications, whereas most organization
used it to start new business, which able to penetrate the market with their char-
acteristics and own criteria [1]. Cost-effectiveness material that consumer needed
are usually weight saving and satisfy in every property, as nowadays people want
things, which are valuable and long last used [1]. Polylactic acid (PLA) bioplastics is
considered as biodegradable and are used as a packaging due its physical and chem-
ical property, which is suitable to be used in many applications [2–5]. In biomedical,
PLA may have potential to be used with a living tissue, whereas it can be implanted
it to the skin of the patient, as it is compatible and not harmful [6, 7]. PLA advan-
tage was its degradation does not involve many removal processes, which is simply
done using hydrolysis [8]. The PLA had simplicity that can be obtained or reacted
with the renewable sources. Researchers are more interested to start or continuing
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research based on PLA and its importance, especially in terms of packaging, whereas
it has higher tensile strength andmodulus properties, which affected the conventional
polymer system in produces plastic and their respective applications [9]. Most of the
PLA characteristic discovered was more towards of introduced different filler into
the polymer.

For instance, in China, most of the bamboo’s available are used to produce house-
holds, composite, boards, floors, furniture, and other products as a replacement for
wood based [10]. Nowadays, many bamboo companies continued to support other
countries activities such as marketing, harvesting and manufacturing, especially
Bangladesh’s, throughout their economic development [11]. According to Marsh
and Smith [12] the advent demand of bamboo used as replacement for wood mate-
rial added a balanced rising demand for its competitor, wood. Furthermore, compared
with wood, bamboo is relatively cheaper. As a result, Harmonized Scheme has been
introduced and bamboo-based products have been listed in trade codes, especially
those with timber [13]. The modern latest development of bamboo composite prod-
ucts is linked to some studies through the bamboo optimization functionally graded
material (FGMs), which are used in advance composites production [14].

In contrast, based on Mohanty et al. [15], bamboo is classified as grass fiber/bio
fiber and has potential to be used in automotive composite applications. Therefore,
in advanced industries, a raw bamboo material absolutely contributed and highly
utilized. Widely worldwide, significant number of researches have studied the acti-
vated carbon (ACs) synthesis, modification, characterization and application, which
were obtained from lignocellulosic resources, i.e. wood and coconut shells [16].
More than 300,000 t/year and high yielded world production, the most common
precursors for the large scale of synthesis was AC [17]. As low-cost material, the
development of the AC in terms of the selection of the precursors depends uponmany
factors. To fitted and become themost preferably lignocellulosic materials, it must be
freely available, inexpensive and non-hazardous in nature, whereas in addition must
retain its high content of carbon and low amounts of inorganic materials [18, 19].
Nowadays, the preparation of lignocellulosic origin from AC from the raw materials
are increasing worldwide. Several precursors have been selected such as nuts and
almond shells, bamboo, rice straw and husk, apricot stones, wheat bran, oil palm
tree, etc. [18, 19].

As stated, bamboo has advantages used as a precursor to the AC and benefit the
process and its products. One of the bamboo advantages as the AC precursors was
relatively due to its fast-growing rate, since it provides a renewable source of raw
material. Bamboo are characterized as grass family group of woody perennial plants
of poaceae, which is a subfamily of bambusoideae that includes more than 1200
species and more than 100 genders [20, 21]. Therefore, this chapter discussed the
results of the activated bamboo carbon polylactic nanocomposites through charac-
terization, i.e. physico-chemical morphological analysis, and mechanical properties.
The degree of changes based on the result are shown in the modification process.
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2 Methodology

2.1 Materials

Bamboo, nitrogen gas, and distilled water was prepared and obtained from Univer-
siti Malaysia Sarawak, Kota Samarahan, Sarawak, Malaysia. Potassium hydroxide
(KOH) and polylactic acid (PLA) was obtained from Sigma Aldrich (US) Company.

2.2 Preparation of Bamboo, Activated Carbon and Its
Composites

The bamboo was cut into short strip and dried in the oven at 45°C to 70°C for 1
to 2 weeks. The short small dried bamboo strip was ground into small sizes and
carbonized at 400°C for 2 h under no air flow conditions. The bamboo was then
crushed and sieved into powdered size. The carbonized bamboo was activated using
25% by volume of KOH solution and the weight ratio of the carbonized bamboo
to KOH is 1:3. The mixture was dehydrated at 200°C until became slurry. Then,
the mixture was activated in a tube-type electronic heating furnace under nitrogen
gas with flow rate at 200 mL/min. It was heated up to 400°C using a heating rate
of 10°C/min. During the activation, the temperature was maintained at 400°C for
1 h. After the activation, the product is wash using distilled water several times and
dried again in the oven. The activated carbon was then mixed with PLA at different
percentage and were hot press using hot press machine at 140°C. It was cooled down
with cold pressed at 27°C for curing.

2.3 Tensile Test

The tensile mechanical properties of the PLA/activated bamboo carbon nanocom-
posites were measured and plotted. The tests were done using ShimadzuMSC-5/500
universal testingmachine (Kyoto, Japan) operating at a crosshead speed of 5mm/min
according to ASTM D638-14 [22] standards.

2.4 Fourier Transform Infrared Spectroscopy (FTIR)

The PLA/activated bamboo carbon nanocomposites were analyzed using a Fourier
transform Infrared Spectrometer (FTIR) within the wavenumber ranging from 4000
to 400 cm−1 to identify the functional group presence in the sample composition.
The tests were done according to ASTM E168-16 [23] and ASTM E1252-98 [24].
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2.5 Scanning Electron Microscopy (SEM) and Energy
Dispersive X-Ray Spectroscopy (EDX/EDS)

The morphological properties of the PLA/activated bamboo carbon nanocomposites
were obtained from the scanning electron microscopy (SEM) machine to evaluate
the surface morphology and element from the samples. Both tests were conducted
according to ASTM E2015-04 [11] and ASTM E1508-12 [12] standards. The EDS
was repeated multiple times to get the most repeated results.

3 Results and Discussions

3.1 FTIR Analysis

Figures 1, 2, 3, 4, 5, 6, and 7 shows the PLA/Activated bamboo nanocomposites at
different weigh, while Figs. 8 and 9 shows the AC and PLA, respectively. In Figs. 1–
7, the peak at 1523.76 cm−1 shows that there was a strong vibration of N-O bond
stretching which appear to be the nitro compound. There are two functional existed
on the 1695.43 cm−1 peak band, which shows strong C=Ovibration that suggest the
strong interaction of the activated carbon [18, 19]. Even though C-H function group
also present in the compound, a weak vibration suggested that aromatic compound
was started to occur at this peak band, which indicate the polylactic acid properties is
started to appear. The peak 2160.27 cm−1 band indicated a strong vibration of azide

Fig. 1 Sample 1 (3.33 g AC and 6.67 g PLA)
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Fig. 2 Sample 2 (3 g AC & 7 g PLA)

Fig. 3 Sample 3 (5 g AC & 5 g PLA)

compound,while the 2528.68 cm−1 peak band showsweaker vibration that suggested
the appearance of the thiol, which was the S-H functional group. The medium and
sharp 3610.74 to 3938.64 cm−1 band was due to O-H vibration functional group,
which indicated the presence of alcohol compound for polylactic acid.
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Fig. 4 Sample 4 (6 g AC & 4 g PLA)

Fig. 5 Sample 5 (4 g AC & 6 g PLA)
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Fig. 6 Sample 6 (4.67 g AC & 5.33 g PLA)

Fig. 7 Sample 7 (2 g AC & 8 g PLA)

In Fig. 8, the 1097.50 cm−1 peak band spectra show the strong presence of the
C-O vibrations and stretching functional group of the secondary alcohol, as the
KOH solution start to saturate to the bamboo. On the medium peak band, there was
also C-N vibration and stretching functional group, which indicated the presence of
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Fig. 8 Sample of Activated Carbon (AC)

Fig. 9 Sample of Polylactic Acid (PLA)

amine compound. The 1379.10 cm−1 peak band shows two functional group thatwere
present along the spectrumof the activated carbon. It wasO-Hwithmediumvibration
functional group and phenol molecule group, which was from the activating agent
such, i.e. NaOH and KOH. The strong S = O stretching vibration functional group
also detected, which identify the presence of the sulfonyl chloride. The 1519.91 to
1546.91 cm−1 band shows strong nitro vibration and stretching compound, whereas
the molecule was turned into other form [18, 19]. The 2202.71 to 3078.39 cm−1 band
represent the whole activated carbon functional group. The C-H functional group and
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the medium intermolecular suggested the appearance of the alkane, alkene and C ≡
C stretching at 2202.71 cm−1 band, but very weak in molecule vibration which
indicated the presence of the alkyne.

Figure 9 shows the peak of polylactic acid (PLA) at 1529.55 cm−1 band,which had
a strongN-O stretching of the functional group, which consist of the nitro compound.
The 1693.50 cm−1 peak band shows C = O stretching functional group, which
indicate the conjugated aldehyde compound with strong vibration of the molecule.
The 2573.04 cm−1 peak band shows the S-Hweak vibration functional and stretching
group which indicated the acetylation. While the 2991.59 cm−1 peak band shows
the alkane compound existed with medium vibration of stretching. the 3628.10 to
3944.43 cm−1 band shows a medium O-H stretching vibration functional group,
which provided the characteristics of the alcohol compound in the mixture [18, 19].

3.2 Scanning Electron Microscopy (SEM)

Figure 10a–f show the SEM images of the sample surface, which was rough because
of the activated carbon interacted with the polylactic acid. This also indicated better
interfacial bonding between the surface of the activated carbon and the polymer
matrix in the system of the composite. Different composition provides different
surface morphology but the same type of interaction between the fillers, which was
activated carbon made from bamboo. This also show better filler dispersion in the
composites. Figure 10g shows clearer and smoother surface because of the difference
composition, whereas the composition in Fig. 10g were greater in amount of the
PLA, which provides the smooth surface. It also noted that the activated carbon as
a precursor had a great type of attachment of the molecule into it considering the
bamboo are form the natural resources. The smooth surface indicates that the PLA
is attached to the macropores of the activated carbon and less agglomeration to the
structure.

Figure 11 shows the activated carbon clearly had a rough surface, due to many
voids and lots of macropores, which let the particle or substance to attached to the
surface of the activated carbon and filled into the AC.AC surface area were larger and
the volume of the total pores is high in every activated carbon structure. Figure 12
shows the SEM image for the PLA, which the surface was smooth and had lesser
agglomeration. PLA also have more dispersed molecule in the matrix.

3.3 Energy Dispersive X-Ray Spectroscopy (EDS) Analysis

FromFig. 13 and Table 1, themixture compositionmainly contained carbon, oxygen,
nickel, potassium, and phosphorus. The carbon and oxygen were the main elements
in the activated carbon and the polylactic acid. Nickel and phosphorus elements were
due to the mix of the activated carbon with the polylactic acid. While potassium was
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Fig. 10 SEM images of a sample 1, b sample 2, c sample 3, d sample 4, e sample 5, f sample 6,
and g sample 7
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Fig. 11 300x magnification
of activated carbon (AC)

Fig. 12 300x magnification
of polylactic acid (PLA)

Fig. 13 EDS for sample 1
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Table 1 Element and mass
of sample 1

Element Mass (%) Atom (%)

C 60.40 67.91

O 37.12 31.33

Ni 1.24 0.28

K 0.74 0.26

P 0.50 0.22

from the activating agent for the activated carbon, i.e. KOH. From the Fig. 14 and
Table 2, to Fig. 19 and Table 7 the same mixture compound element was shown,
which is carbon, oxygen, nickel, phosphorus, calcium, and magnesium (Figs. 15, 16,
17, and 18). Carbon and oxygen are the main element, which appear in every EDS
result of sample 2 to sample 7 (Tables 3, 4, 5, and 6). The other substitute which is the
nickel, phosphorus, calcium, and magnesium were the production of the mixture of

Fig. 14 EDS for sample 2

Table 2 Element and mass
of sample 2

Element Mass (%) Atom (%)

C 58.37 67.07

O 35.91 30.97

Ni 2.47 0.58

K 1.08 0.38

P 1.02 0.46

Mg 0.66 0.38

Ca 0.48 0.17
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the two compounds of between activated carbon and polylactic acid. In the process,
the carbon attachment and whole structure became the final product, which was due
to the activated agent, which were reacted with the functional groups, such as the
phosphorus, hydroxyl and carboxyl that formed in the activated carbon active surface.
This also indicated the presence of the element such as the phosphorus and nickel,
which was due to the preparation of the activated carbon, whereas the reaction of the
catalytic process. Figure 20 and Table 8 shows that the activated carbon elements
were the main element existed in the activated carbon from bamboo. It also mainly
contains oxygen, potassium, magnesium, phosphorus, and calcium. The PLA was
obtained from a wheat starch, whereas PLA mainly made from plant derivatives,
which contain the element carbon, oxygen, and nickel, as shown in Fig. 21 and
Table 9.

Fig. 15 EDS for sample 3

Fig. 16 EDS for sample 4
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Fig. 17 EDS for sample 5

Fig. 18 EDS for sample 6

Table 3 Element and mass
for sample 3

Element Mass (%) Atom (%)

C 62.31 70.20

O 33.46 28.30

Ni 1.24 0.29

K 1.24 0.43

P 0.70 0.31

Mg 0.60 0.33

Ca 0.45 0.15
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Table 4 Element and mass
for sample 4

Element Mass (%) Atom (%)

C 67.01 75.74

O 25.38 21.54

Ni 2.42 0.56

K 1.96 0.68

P 1.30 0.57

Mg 1.11 0.62

Ca 0.78 0.26

Table 5 Element and mass
for sample 5

Element Mass (%) Atom (%)

C 65.17 72.29

O 30.72 25.76

Ni 1.46 0.33

K 1.27 0.43

P 0.71 0.31

Mg 0.68 0.38

Table 6 Element and mass
for sample 6

Element Mass (%) Atom (%)

C 61.39 70.27

O 32.00 27.50

Ni 2.64 0.62

K 1.68 0.59

P 1.05 0.47

Ca 0.67 0.23

Mg 0.57 0.32

3.4 Tensile Test

From Figs. 22 to 23 shows the Young modulus and tensile strength for each sample.
For Sample 1 that 3.33 g of activated carbon and 6.67 g of polylactic acid had the
highest value of the young modulus. While, Sample 7 obtained the highest tensile
strength. Sample 6 had the lowest tensile strength and Young modulus value. The
highest tensile strength was from the sample 7 with 11.98 MPa, which meaning
that the strength of the molecule is strongest, and the molecule takes longer time to
fracture when applied pressured [20].
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Fig. 19 EDS for sample 7

Table 7 Element and mass
for sample 7

Element Mass (%) Atom (%)

C 58.91 66.29

O 39.55 33.41

Ni 0.96 0.22

Zr 0.47 0.07

Yb 0.10 0.01

Fig. 20 EDS for Activated Carbon (AC)
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Table 8 Element and mass
for activated carbon

Element Mass (%) Atom (%)

C 73.00 79.65

O 22.80 18.68

K 1.60 0.54

Mg 0.96 0.52

P 0.94 0.40

Ca 0.65 0.21

Fig. 21 EDS for Polylactic Acid (PLA)

Table 9 Element and mass
for polylactic acid (PLA)

Element Mass (%) Atom (%)

C 55.12 63.10

O 42.21 36.28

Ni 2.67 0.63

4 Conclusions

In conclusion, polylactic acid activated bamboo carbon nanocomposites showed
improved properties compare to raw bamboo. FT-IR spectra showed the carbonyl
vibrations and stretching functional group of the secondary alcohol, as the KOH
solution start to saturate to the bamboo whereas activated bamboo carbon nanocom-
posites showed highest mechanical properties. The smoother surface was observed
in activated bamboo carbon nanocomposites compare to others sample.
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Investigation on the Brittle and Ductile
Behavior of Bamboo Nano Fiber
Reinforced Polypropylene
Nanocomposites

Md Rezaur Rahman, Sinin Hamdan, and Muhammad Khusairy Bin Bakri

Abstract Research was carried out focuses on the change of bamboo fiber behavior,
from brittle to ductile, with the help of thermoplastics polypropylene. Bamboo
nanofiber was extracted from raw bamboo and underwent 5% of sodium hydroxide
(NaOH) chemical treatment for delignification process. Next, through hot pressed
method, the bamboo nanofiber was reinforced with polypropylene, whereas eight
different bamboo nanofiber composition reinforced polypropylene were prepared.
The samples were analyzed using tensile test, scanning electron microscopy (SEM),
energy dispersive X-ray analysis (EDX), Fourier transform spectroscopy (FTIR),
and optimization model by using Design Expert software. An improvement results
was shown in the tensile strength, range from 10.27 to 80.12%. While for the
bamboo nanofiber reinforced ductility, the calculation of elongation at breaks showed
increases from 3 to 42%. Based on the experiment, the best sample was Sample 3,
which consist of 93.73% of polypropylene, 3.28% of nanofiber, and 3% of MMT
as the filler. It gave the highest tensile strength of 18.9914 MPa and second highest
ductility of 181.57%.

Keywords Bamboo · MMT · Polypropylene · Nanocomposites · Optimization

1 Introduction

As a sustainable fiber, bamboo fiber has gained a significant amount of interest [1–
3]. It was known as a cellulosic fiber, as it was extracted from the plant of natural
bamboo [1–3]. After cotton, silk, linen and wool, bamboo was the fifth natural green
fibers, which have an exceptional biodegradable material. It was also comparable
in strength with the conventional glass fibers [4–6]. According to Okubo et al. [7],
among the researchers, bamboo fiber was often called as the natural glass fiber due
to its properties. Furthermore, the bamboo fiber preparation usually required 3 to
4 years old bamboo, which considered mature [8]. Most of the bamboo produced
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during the whole process underwent alkaline hydrolysis, multiphase bleaching of
bamboo stems and leaves, as well as a chemical treatment of the starchy pulp that
are generated [8]. The advantage of bamboo fiber was being elastic, environmental-
friendly, biodegradable, higher moisture absorption, and having various of micro
gaps, which softer than cotton [8, 9]. In addition, bamboo has a substantial tensile
strength, whichwere highly durable, tough and stable, and thismakes it versatile to be
applied into various industries, i.e. textile, building structure, and medical apparatus
[10–12].

The natural plant fibers reinforced polymer composites application was widely
used, especially due to it benefits. Polypropylene (PP) was known with one of the
most widely used polymers andwas considered as strong as steel, due to its versatility
in order to suit the purpose, which can be modified into various ways of the applica-
tion [13]. It had a linear hydrocarbon structure expressed as CNH2N. Polypropylene
was also known as polypropene, which thermoplastic in nature. It had a tough char-
acteristic, as its mechanically rugged and a resistant to either various base or acid
chemical solvents [14, 15]. In many different processing technologies, i.e. injection
molding, blow molding, sheet extrusion and thermoforming, the characteristic of PP
contributed to the use of it.

The bamboo fiber reinforced with polypropylene brought a lot of advantages.
It helps initially to increase the raw bamboo tensile strength from around 15 to
20% increment [16–18]. Nevertheless, the limitation for reinforced composites was
seen on high temperature, whereas a crack formation on the materials could happen
[19]. This happened with temperature during the manufacturing due to the chain
degradation [19]. Hence, the aim of this experiment was to change the bamboo brittle
to ductile properties. The method and preparation of the bamboo nanofiber from the
raw bamboo as well as the preparation of bamboo nanofiber with polymer, which is
polypropylene was also carried out. Therefore, this chapter discussed the results of
the bamboo nanofiber polypropylene nanocomposites through characterization, i.e.
physico-chemical morphological analysis, and mechanical properties. The degree
of changes based on the result are shown in the modification process, which were
optimized based on Sodium hydroxide, ethanol, and MMT.

2 Methodology

2.1 Material

The raw bamboo was obtained from the local village located at Kampung Baru, Kota
Samarahan, Sarawak, Malaysia. Analytical grade chemicals of polypropylene (PP)
and Montmorillonite (MMT) (99% purity, Sigma-Aldrich, St. Louis, MO, USA).
Sodium hydroxide (Merck Schuchardt, Hohenbrunn, Germany), and ethanol (95%
purity, Braun HmbG, Kronberg, Germany) were also used.
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2.2 Extraction of Bamboo Nanofiber from Raw Bamboo

The nanofiber is extracted from the raw bamboo by removed the node of the raw
bamboo using saw machine. The remaining part of the internodes were sliced in
longitudinal direction into a thin strip with 20 to 30 cm of length, and 2 to 3 mm in
thickness, by using slicer. The thin strips were immersed in 5% NaOH solution at
70°C for 10 h. The alkaline treated strips were extracted into fiber bundles, with an
average diameter of 200 µm by using the roller looser. Next, to neutralize the fiber
bundles, it was washed with fresh water and dispersed in water with a content of
10wt% of ethanol. After that, the mixer was used to cut the fiber bundle into pulp
fiber, with an average diameter of 20 µm and aspect ratio of 65. The pulp fiber was
then ground 15 times between static grind and rotating grind of 1500 rpm few second
interval. The obtained nano bundle fiber was treatedwith ethanol to remove excessive
water by filtered it using a vacuum pump, to obtain the sheet of nano bundle fiber.
Lastly, the fiber underwent ball milling process for 92 h.

2.3 Optimization by Design Expert Software

The experiment designwas optimized usingDesign Expert software, whereas it helps
to search for the right factor levels combination, which simulate to satisfy the criteria
placed on the responses and factors. There are three factors that are considered for the
experiment, which are the amount of polypropylene (wt%), fiber (wt%) and MMT
(wt%). The design for response surface was Young’s modulus and tensile strength.

2.4 Bamboo Nanofiber Reinforced Polypropylene Composites
Preparation

The extracted bamboo nanofiber was reinforced with polypropylene nanocomposite.
The ratio of the composites consisted of polypropylene, fiber and MMT were gener-
ated from Design Expert software. Table 1 show the composition ratio for eight
samples composite.

For each composite, the bamboo nanofiber, polypropylene and MMTwere mixed
and shake well in transparent zip lock bag based on the ratio generated in Table 1 as
shown in Fig. 1. The composites were then placed in the mold and inserted into hot
pressed machine for melting and compression at 10 MPa and 180°C for 10 min. It
was cold down using cold pressed machine at 27°C for curing before being removed
from the mold. The mold was designed according to ASTM D638-14 [20].
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Table 1 Ratio of composites
composition for eight samples
generated by Design Expert
software

No of samples Polypropylene
(wt%)

Fibre (wt%) MMT (wt%)

1 96 3 1

2 93.73 3.28 3

3 93.53 5.47 1

4 91.24 5.76 3

5 90.93 8.07 1

6 88.85 8.15 3

7 88.49 10.51 1

8 85.80 12 2.2

Fig. 1 Eight samples of the composites in zip lock bag

2.5 Mechanical Test

The mechanical tests, i.e. tensile tests helped to determine the effectiveness and
the behavior of the bamboo fiber reinforce polypropylene when a stretching force
applied on it. The maximum strength or load that the composite can withstand was
identified. The test can be carried out according to ASTM D638-14 [20] standard
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using universal testing machine (UTM) (T-machine Technology Machine (Taiwan
Co. Ltd.) with the crosshead speed of 5 mm/min.

2.6 Characterizations

2.6.1 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR test helped to obtain the infrared spectrum of absorption, emission, photo
conductivity or scattering of a solid, liquid or gas. It had an advantage of collecting
a high spectral resolution data within a high spectral range. The test of FTIR
on the samples were conducted using Shimadzu IR Affinity-1 Spectrophotometer
(Shimadzu; Kyoto, Japan) according to ASTM E168-16 [21], and ASTM E1252-98
[22] standards. The range of the wavenumber used was from 4000 to 400 cm−1.

2.6.2 Scanning Electron Microscopy (SEM)

SEM was known as a surface imaging method, whereas the incident electron beams
scans across the sample surface and interacts with the sample in order to generate
a back-scattered and secondary electron, which are used to create an image of the
sample. SEM have an advantage of providing a higher resolution compare to a light
microscope as it used electrons that have a smaller wavelength. SEM was done by
using a Hitachi TM3030 supplied by JEOL (Tokyo, Japan), with a voltage of 20 kV
in a vacuum. The surfaces of the samples are coated and imaged using metal spur
coated machine. The tests were conducted according to the ASTM E2015-04 [23]
standard.

2.6.3 Energy Dispersive X-Ray Analysis (EDX)

Energy dispersive X-ray analysis (EDX) helped to identify the element exist in the
samples and its composition. EDX was carried out the same as SEM method, as it
used the same machine, Hitachi TM3030 supplied by JEOL (Tokyo, Japan) with a
voltage of 20 kV in a vacuum. However, the tests were conducted according to the
ASTM E1508-12 [24] standards



88 M. R. Rahman et al.

3 Result and Discussion

3.1 Mechanical Properties

Five type of data were obtained from the curve, which consists of tensile strength,
yield strength, fracture strength, Young’s modulus and elongation at break. The
average strength of each composites of samples at peak, yield and break are
summarized in Table 2.

3.1.1 Tensile Strength

The results of tensile strength for each samples of the composites were presented
in Fig. 2. Based on Fig. 2, Sample 1 consisted polypropylene has the lowest value
of tensile. Compared with other samples, the composites loading with fiber and
montmorillonite clay (MMT) helped enhanced the tensile strength. The increasing
fiber loading effect on the polymer, to increase the tensile strength, which shown in
Sample 2, Sample 3, Sample 6 and Sample 7. The improvement of tensile strength
increased by 75%, 94%, 10.27% and 80.12% respectively, as compare with pure
PP. This was due to the fiber had a higher tensile strength than polymer with rough
surface, which produce good interfacial bonding between matrix. Xie et al. [25]

Table 2 The strength for tensile strength, yield strength and fracture strength

Sample Composition of
composites

Tensile strength
(MPa)

Yield strength
(MPa)

Fracture strength
(MPa)

1 (100% PP) 5.5750 2.9391 5.3875

2 (96% PP, 3% Fibre
and 1% MMT)

9.7758 5.9602 9.6914

3 (93.73% PP, 3.28%
Fibre and 3% MMT)

18.9914 6.4148 18.6586

4 (93.53% PP, 5.47%
Fibre and 1% MMT)

14.2312 6.9984 14.0602

5 (91.24% PP, 5.76%
Fibre and 3% MMT)

8.0414 5.4773 7.5234

6 (90.93% PP, 8.07%
Fibre and 1% MMT)

14.4844 5.5031 14.2148

7 (88.85% PP, 8.15%
Fibre and 3% MMT)

16.1414 5.4586 15.9797

8 (88.49% PP, 10.51%
Fibre and 1% MMT)

12.4688 7.91953 12.3281

9 (85.80% PP, 12%
Fibre and 2.2%
MMT)

9.78984 5.39297 9.41719
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Fig. 2 A comparison of tensile strength for the samples

stated that addition of fiber into polymer helps to increase the stiffness and strength
of the composites. However, it was shown that the tensile strength decreases after
the maximum or optimum loading of fibers at 5.47 and 8.15%. This was due to lack
amount of polymer added, which cannot bind all the bamboo fibers completely. The
bamboo fibers irregularity incapable it to support stresses, that were transferred from
polymer matrix, which lead to loss of composite strength [26].

The addition of MMT also shows a significant improvement in terms of higher
tensile strength, as 3% MMT show a greater percentage of increment compared to
1%MMT. This was due to MMT characteristic, which are high in aspect ratio, small
charge density, and big surface area that makes it a suitable filler material for bamboo
nanofiber reinforced polypropylene nanocomposites. Rozman et al. [27] reported that
the addition of MMT for kenaf fiber-polyester composites showed an improvement
in its impact and flexural properties. Hence, it was concluded that optimum fiber
loading with MMT in polypropylene is 3.28% and 8.15% respectively both with 3%
MMT.

3.1.2 Yield Strength

The yield strength results of each samples of the composites was presented in Fig. 3.
From Fig. 3, the highest yield strength was from Sample 8, which consist of 88.49%
PP, 10.51% fibers and 3% MMT. The lowest was Samples 1, which only consist of
pure polypropylene. Sample 8 withstood up till 7.9195 MPa, which was about 169%
increment, as compared to Sample 1, before permanent deformation no longer able
to the keep it original state. Hence, addition of fibers and MMT helped to increase
the yield strength of the composites.
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Fig. 3 A comparison of yield strength for the samples

3.1.3 Fracture Strength

The yield strength results for each composite sample was presented in Fig. 4. Based
on Fig. 4, compared to pure polypropylenes, all samples except had a high fracture
strength. It was proved that the Samples 2 to 9 had the characteristic of ductile mate-
rials, as the value of fracture strength were all below than the ultimate tensile strength
(UTS). This was supported also by DeGarmo et al. [28]. In a load-controlled case, a
ductile material exceeds the maximum tensile strength, and started to deform until
the sample rupture. Before ductile material fracture, an extensive plastic deformation
or necking happened. This was explained by Callister and Rethwisch [29], whereas
extensive plasticity in ductile materials allows the crack to propagate gradually, as it
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Fig. 4 A comparison of fracture strength for the samples
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absorbs huge amount of energy before break. While in brittle material, the fracture
strength is the same as UTS. The plastic deformation occurred prior to the fracture.
Barsom and Rolfe [30] clarified that brittle fracture required a low energy absorp-
tion and happened at a very high velocity, which was up to 7000 feet per second.
In addition, Campbell [31] also claimed that brittle material commonly continues to
fracture even after the loading was stopped.

3.1.4 Elongation at Breaks

The average percent of elongation at break for the samples was presented in Table 3.
The results of elongation at break for each samples of the composites were presented
in Fig. 5. Figure 5 show the average percentage of elongation at break was 139.69%
for Sample 1 (100%PP). The percentage elongation decrease drastically after Sample
3 (93.73%PP, 3.28%Fibers, 3%MMT) and increase back again in Sample 6 (90.93%
PP, 8.07% Fibres, 1% MMT), as that elongation are optimal between the value the
range of loading fiber, which was more than 3% till 3.28% and more than 8.07%
till 10.51%, respectively. The highest elongation was Sample 8 followed by Sample
3 and Sample 9 with elongation of 182.42%, 181.57% and 179.85%, respectively.
This indicated that the three samples had the best ductility, as it has the highest value
of percentage elongation. According to Budynas and Nisbett [32], the ductility of
material must have an elongation to failure of at least 5% for it to be a significant
result. Hence, it can be concluded, the samples were all ductile materials.

Table 3 The average percent
of elongation at break for the
samples

Sample Compositions Elongation at break (%)

1 (100% PP) 139.69

2 (96% PP, 3% Fibre and 1%
MMT)

137.72

3 (93.73% PP, 3.28% Fibre
and 3% MMT)

181.57

4 (93.53% PP, 5.47% Fibre
and 1% MMT)

149.86

5 (91.24% PP, 5.76% Fibre
and 3% MMT)

142.81

6 (90.93% PP, 8.07% Fibre
and 1% MMT)

127.61

7 (88.85% PP, 8.15% Fibre
and 3% MMT)

174.42

8 (88.49% PP, 10.51% Fibre
and 1% MMT)

182.42

9 (85.80% PP, 12% Fibre
and 2.2% MMT)

179.85
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Fig. 5 A comparison of elongation at breaks for the samples

3.1.5 Young’s Modulus

The Young’s Modulus for the samples was presented in Table 4. The results of
Young’s modulus for each samples of the composites were presented in Fig. 6.
Based on Fig. 6, it was shown that Sample 1 (100% PP) had the lowest value of
tensile modulus of 0.4040GPa, whereas the highest value of tensile modulus was
1.0833GPa by Sample 7 (88.85%PP, 8.15%Fibre and 3%MMT). The highest tensile
modulus value of the sample was still very small and more towards the region of
flexibility. This was proved by Parsons and Goodall [33], whereas it shows ranking
approximation for different types of materials in term of strength, toughness and
stiffness (Young’s Modulus). Based on Fig. 6, the addition of fibers and MMT into
the pure polypropylene led to increase of tensile modulus for the composite. The

Table 4 Young’s modulus value for the samples

Sample Compositions σ (MPa) ε E (GPa)

1 (100% PP) 5.5750 0.0138 0.4040

2 (96% PP, 3% Fibre and 1% MMT) 9.7758 0.0142 0.6884

3 (93.73% PP, 3.28% Fibre and 3% MMT) 18.9914 0.0179 1.0610

4 (93.53% PP, 5.47% Fibre and 1% MMT) 14.2312 0.0179 0.7950

5 (91.24% PP, 5.76% Fibre and 3% MMT) 8.0414 0.0125 0.6433

6 (90.93% PP, 8.07% Fibre and 1% MMT) 14.4844 0.0180 0.8047

7 (88.85% PP, 8.15% Fibre and 3% MMT) 16.1414 0.0149 1.0833

8 (88.49% PP, 10.51% Fibre and 1% MMT) 12.4688 0.0173 0.7207

9 (85.80% PP, 12% Fibre and 2.2% MMT) 9.7898 0.0136 0.7198
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Fig. 6 A comparison of Young’s modulus at breaks for the samples

higher the tensile modulus, the higher the elasticity of the materials. Nevertheless,
the ductile material was not elastic type, rather a type of plastic, which were more to
a soft material. Thus, it was concluded that the lower tensile modulus, the higher the
ductility of the materials. All the composite’s samples had a low tensile modulus,
which was ductile materials.

3.2 Fourier Transform Infrared Spectroscopy (FTIR)
Analysis

Figures 7, 8, and 9 show the FTIR graph for raw bamboo, pure polypropylene and
Sample 3 (93.73% PP, 3.28% Fibre and 3% MMT), respectively. Sample 3 was
chosen due to having the highest value of tensile strength. The 3743.83 cm−1 peak
Fig. 7 indicated the alkaline C-H stretch. The 2162.20 cm−1 peak shows the existence
of triple bond between C≡H or C≡C. This happened due to the chemical treatment
conducted on the raw bamboo. As for Fig. 8, the 1751.36 cm−1 peak indicated double
bond of C = O in the polypropylene. For Fig. 10, the highest 1751.36 cm−1 peak
indicated double bondC=O in the polypropylene the same as in pure polypropylene.
This was supported by Merlic et al. [34].
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Fig. 7 FTIR graph for raw bamboo

Fig. 8 FTIR graph for sample 1 (PP 100%)

3.3 Morphological Analysis

Figure 10a, b show the SEM image of sample 1 (100% PP) in magnification of
100 and 300, respectively. Figure 11a, b show the SEM image of raw bamboo in
magnification of 100 and 300, respectively. Figure 12a, b show the SEM image of
treated raw bamboo in 5% of sodium hydroxide (NaOH) in magnification of 100
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Fig. 9 FTIR graph for Sample 3 (93.73% PP, 3.28% Fibre and 3% MMT)

Fig. 10 SEM image of Sample 1 (100% PP) a magnification of 100, and b magnification of 300

and 300, respectively. Figure 13a, b show the SEM image of treated raw bamboo
after milling process of 96 h (4 days) in magnification of 100 and 300 respectively.
Figure 14a, b show the SEM image of sample 3 (93.73% PP, 3.28% Fibre and 3%
MMT) which has the highest value of tensile strength in magnification of 100 and
300, respectively.

Figure 10a, b shows crack at side of the PP. Both Fig. 11a, b illustrated the
morphology of untreated raw bamboo fiber surface. It was observed that the presents
of cavities are covered by layer of residues that are due to compression of fibrils. The
residue helped protect the fibers and prevent resin penetration through it. According
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Fig. 11 SEM image of raw bamboo a magnification of 100, and b magnification of 300

Fig. 12 SEM image of treated raw bamboo a magnification of 100, and b magnification of 300

Fig. 13 SEM image of treated raw bamboo after milling a magnification of 100, b magnification
of 300
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Fig. 14 SEM image of Sample 3 a magnification of 100, and b magnification of 300

to Alvarez and Vazquez [35], the residues that covered the fibers was also known
as aliphatic wax. The aliphatic wax prevents the adhesion between matrix. As for
Fig. 12a, b, it was observed that removal of non-cellulose component that consist
of lignin, pectin, hemicellulose and waxes, which helps to provide a better bonding
in polymer matrix. This was supported by Rout et al. [36], whereas delignification
helps to expose the fiber surface more for interaction. Figure 13a, b show much
smaller fibers after milling, which helped to the huge increment of surface area for
matrix adhesion. Lastly, Fig. 14a, b shows the low interaction of bamboo fibers rein-
forced polypropylene nano composites based on the limited amount of microfibrillar
exposed.

3.4 Energy Dispersive X-Ray Analysis (EDX) Analysis

Table 5 show the element and composition exist in sample 1 (100% PP) obtained
from EDX analysis. Table 6 show the element and composition exist in treated raw
bamboo with treatment of NaOH 5%. Table 7 show the element and composition
exist in sample 3 (93.73% PP, 3.28% Fibre and 3% MMT), which was the highest
tensile strength value among the samples. Based on Tables 5, 6, and 7, it was carbon
had the highest mass composition in Sample 1, followed by Sample 3, which is the

Table 5 Element and
composition exist in Sample 1
(100% PP)

Element Mass composition (%)

Carbon 54.73

Oxygen 44.05

Aluminium 0.74

Fluorine 0.48

Total 100
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Table 6 Element and
composition exist in treated
raw bamboo

Element Mass composition (%)

Carbon 52.85

Oxygen 47.15

Total 100

Table 7 Element and
composition exist in Sample 3

Element Mass composition (%)

Carbon 53.15

Oxygen 42.77

Nickel 2.67

Silicon 0.86

Iron 0.56

Total 100

composite of polypropylene, fiber and MMT. Sample 3 show the lowest amount of
oxygen composition, which was due to the process hot pressing and addition of other
fillers.

3.5 Design Expert Optimization

An optimization design was done by using software Design Expert. It helps to search
for the best combination factor levels, whereas it simultaneously able to satisfy the
criteria placed on the responses and factors. There were factors that considered for
the experiment, the amount of polypropylene (wt%) (A), fibre (wt%) (B) and MMT
(wt%) (C). The design response surface were tensile modulus and tensile strength.
Table 8 show the mixture components used in the design, whereas Table 9 show
the responses for the design. There were eight design runs conducted for given
composition, which were generated based on the minimum and maximum value set
in mixture components. Table 10 show the design layout for the whole experiment,
which consist of the composition for the composites, and the value of tensilemodulus

Table 8 Mixture components used in the design

Component Name Units Type Minimum Maximum

A Polypropylene wt% Mixture 85.8021 96

B Fibre wt% Mixture 3 12

D MMT wt% Mixture 1 3

Total = 100.00
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Table 9 Surface responses used in the design

Response Name Units Analysis Minimum Maximum

R1 Tensile Modulus GPa Polynomial 0.6433 1.0833

R2 Tensile Strength MPa Polynomial 8.0414 18.9914

Table 10 Design layout for the experiment

No of Run Component 1
A:
Polypropylene
wt%

Component 2
B: Fibre
wt%

Component 3
C: MMT
wt%

Response 1
Tensile modulus
GPa

Response 2
Tensile strength
MPa

1 96 3 1 0.6884 9.7758

2 93.73 3.28 3 1.0610 18.9914

3 93.53 5.47 1 0.7950 14.2312

4 91.24 5.76 3 0.6433 8.0414

5 90.93 8.07 1 0.8047 14.4844

6 88.85 8.15 3 1.0833 16.1414

7 88.49 10.51 1 0.7207 12.4688

8 85.80 12 2.2 0.7198 9.7898

and tensile strength, that havebeenobtained and calculated after conducting the actual
experiment.

Figure 15 show the analysis of variance (ANOVA) for tensile modulus obtained
from the design expert where the F-values and P-values were calculated to determine
the significance of the model.

Based Fig. 15, the F-value model of 326939.22 implied the model was significant.
There was only a 0.01% chance that an F-value this large occurred due to noise. P-
values less than 0.0500 indicatedmodel terms are significant. In this caseA,B,C,AB,
AC, BC, ABC were significant model terms. Values greater than 0.1000 indicated
the model terms are less significant. Figure 16 show the coded equation generated by
the software for tensile modulus. The equation in terms of coded factors were used
to make predictions about the response for given levels of each factor. By default, the
high mixture components levels were coded as +1 and the low levels are coded as 0.
The coded equation was useful for identifying the relative impact of the factors, by
comparing the factor coefficients. Figure 17 show the analysis of variance (ANOVA)
for tensile strength obtained from the Design Expert software, whereas the F-values
and P-values were calculated to determine the significance of the model. Based on
Fig. 17, the model F-value of 435.50 implied the model was significant. There was
only a 0.01% chance that an F-value this large could occurred due to noise. P-values
less than 0.0500 indicated model terms are significant. In this case A, B, C, AB, AC,
BC, ABC were significant model terms. Values greater than 0.1000 indicated the
model terms were not significant. Figure 18 show the coded equation generated by
the software for tensile strength. Figure 19 show the numerical optimization obtained
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Fig. 15 ANOVA for response 1: Tensile modulus

Fig. 16 Coded equation for tensile modulus

from Design Expert after running 82 runs, whereby the ratio mixture for the three
components were obtained in order to get the optimal value of tensile strength and
tensile modulus. Based on the Fig. 19 the ratio of the components and the response
surface were summarized in Table 11.
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Fig. 17 ANOVA for response 2: Tensile strength

Fig. 18 Coded equation for tensile strength



102 M. R. Rahman et al.

Fig. 19 Optimum ratio for composites

Table 11 Summarization of optimum ratio

Component 1
A:
Polypropylene
(wt%)

Component 2
B: Fiber
(wt%)

Component 3
C: MMT
(wt%)

Response 1
Tensile
modulus
(GPa)

Response 2
Tensile strength
(MPa)

Desirability

94.0819 4.91807 1 0.778812 13.1798 1.000

Total = 100 wt%

4 Conclusions

In conclusion, based on the analyzation of the results, it was proved the addition
of polypropylene and MMT as a filler into bamboo fiber help to change the char-
acteristic of the bamboo nanofiber reinforced polypropylene composite from brittle
to ductile. Compared to pure polymer, there was also a significant improvement
in tensile strength, yield strength, fracture strength and young’s modulus of the
composites after being reinforced with bamboo nanofiber. The results showed an
improvement in tensile strength in the range of 10.27% to 80.12%. The materials
ductility was calculated alongside the elongation at break, whereas all the composite
samples had a high elongation more than 100, which was in range of elongation
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between 127.61 and 182.42%. The improvement of ductility was by 3 to 42%. The
best Sample 3 consist of 93.73% of polypropylene, 3.28% of fiber and 3% of MMT
as the filler, which gave the highest tensile strength of 18.9914 MPa and second
highest ductility of 181.57%. An optimization using Design Expert software was
carried out to identify the significance of the study, whereas the P-value was less
than 0.05. Hence, the assumption of inserting polypropylene and MMT into bamboo
fiber helped to increase the tensile strength and tensile modulus.
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Bamboo and Wood Fibers/MMT Hybrid
Nanocomposites

Md Rezaur Rahman, Muhammad Khusairy Bin Bakri, and Sinin Hamdan

Abstract In this research, bamboo and wood fibers were used a reinforcement to
fabricate the nanocomposite, while montmorillonite (MMT) is used as nanofiller.
Bamboo and wood fiber contain constituents of cellulose, which had a high strength
property. However, the hydroxyl group attached on to the cellulose chain made the
bamboo and wood fiber hydrophilic, which weaken the interfacial bonding. Hence-
forth, bamboo and wood fiber surface treatment were needed to improve its morpho-
logical and mechanical properties. Surface treatment was done before the fabrication
of the nanocomposite, which was during the fiber’s extraction process. For the fabri-
cation of hybrid nanocomposite process, Design Expert software was used to deter-
mine the optimum MMT, bamboo, and wood fiber ratio, which was known as the
response surface methodology (RSM). The highest modulus of rapture (MOR) value
was achieved at 15.8008 MPa for the nanocomposite with the weight percentage of
7wt% wood fiber, 7wt% bamboo fiber, 10wt% MMT and 76wt% PLA. As for the
modulus of elasticity (MOE), the highest value obtained was at 0.08 GPa, which has
the weight percentage of 6.03wt% for wood fiber, 4.5wt% for bamboo fiber, 1wt%
forMMT and 88.47wt% for PLA. The morphological properties of the nanocompos-
ites were studied by using scanning electron microscopy (SEM), energy dispersive
x-ray (EDX), and Fourier transform infrared spectroscopy (FTIR) equipment, which
illustrated the interfacial reaction that occur in the nanocomposite.

Keywords Bamboo ·MMT ·Woods · Nanocomposites · Optimization

1 Introduction

In the face of the introduction green technology, which begun a few years ago, it is not
until now that the environmental issue had gained the attention of every corner of the
world [1]. The technology advancement on environmentally friendly approaches had
grown bigger, even though it was still in the starting phase [2]. The best approach
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towards sustainability was to grow own resources, which give less impact to the
environment [3]. In terms of bio-composites development that are made from natural
fibers, the approach certainly going towards the eco-environment friendly [4].

Categorized as green materials, bamboo fiber as bio-resources had gained popu-
larity among researchers, due to its characteristics, which replace popular synthetics
fiber, i.e. polyester [5]. Bamboo was found growing abundantly in Asian region,
which usually used as food source, decoration, craft furniture, a building mate-
rial, and versatile raw product [5]. In composite material development, bamboo
was considered highly significance due to its cheap, availability, rapid growth,
high strength, and environmentally friendly in nature [6–8]. Therefore, for indus-
trial sector, the high-performance characteristic of bamboo benefited both the mate-
rial developer and the environment [9–11]. The bamboo cultivation reduced green-
house gases emission effects that contributes to the global warming [12]. In fact,
these problems had become a serious threat situation that made the world concerns
about the environment effects today [13]. In Malaysia, several types of bamboo
available, i.e. buluh galah (bambusa heterostachya), buluh beting (dendrocalamus
asper), buluh duri (bambusa blumeana), buluh tumpat tikus (gigantochloa ligulate),
buluh betong (gigantochloa levis), buluh gading (bambusa vulgaris), buluh lemang
(schizostachyum brachycladum), buluh semantan (gigantochloa scortechinii), buluh
gading (bambusa vulgaris varstriata), buluh dinding (shizostachyum zollingeri),
buluh beti (gigantochloa wrayi), and buluh semenyeh (schizostachyum grande) [14].
In construction and building materials, bamboo had both advantages and disadvan-
tages, especially on the use of its bamboo fiber, as the major chemical compositions
were cellulose, hemicellulose and lignin [5, 6]. For the advantages, bamboo lignin
and cellulose structures provides a high thermal, and stiffness properties, respectively
[15–20]. While, the disadvantages of bamboo fiber, it was highly hydrophilic, which
had high water uptake/intake [15–20].

Wood fiber also considered as another bio-resource that had similar material prop-
erties and utilization [21]. However, as compared to bamboo, wood had a broad of
applications, i.e. timber for furniture, buildingmaterial, veneer, fiberboard, plywood,
and other wood-based product [22]. As renewable resource, wood-based composites
producing material provided environment friendly benefits many companies [23].
Cellulose, hemicellulose and lignin in wood fibers posed the same advantages and
disadvantages of bamboo, i.e. high tensile strength even though it was hydrophilic in
nature, which is also its disadvantage. However, the growth rate between wood and
bamboo made a huge difference between, especially in harvesting process, whereas
wood need more time to grow [22].

Nanoclay was one of an inorganic nanomaterial introduced as filler in the matrix
for organic/inorganic nanocomposites fabrication [24]. One of the nanoparticles was
montmorillonite (MMT) that acted as nanofiller for polymeric matrices [25]. Based
on Garusinghe et al. [26], MMT was known to have an ability to improve both
barrier and mechanical properties of the composite in high in-plane strength and
stiffness. In addition, MMT has strong adsorption as well as high affinity of several
substances, i.e. heavy metal ions and biological materials [27]. In order to ensure
the homogeneity of MMT dispersion and produce a strong bond of nanomaterials,
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a correct dispersion technique is required. For the MMT nanomaterials diffusion,
MMT was dispersed, which created a tortuous path that permeated the molecules.
For a strong bamboo and wood/MMT hybrid nanocomposite fabrication, to obtain
a maximum amount of bamboo fiber, the bamboo and wood fiber must be extracted
using the proper technique. Few surface treatments were done onto the materials, by
improving its chemical and physical properties, i.e. reducing the bamboo and wood
fibers’ water uptake, increasing bonding tendency, and increasing the compatibility
of the fibers with the nanoclay matrices. Therefore, this chapter discussed the results
of the bamboo and wood/MMT hybrid nanocomposites through characterization, i.e.
physico-chemical morphological analysis, and mechanical properties.

2 Methodology

2.1 Materials

Raw wood and raw bamboo were obtained from a local bamboo farm and forest in
Kampung Daun, Singai, Bau Sarawak. Ethanol, toluene, montmorillonite (MMT),
polylactic acid, acetic acid, titanium (IV) oxide, sodium hydroxide and hydrogen
peroxide were obtained from Sigma Aldrich (US) Company.

2.2 Response Surface Methodology by Design Expert

Design Expert® 11 software was used for cresting response surface methodology
(RSM) model. It was conducted by obtaining the data set values of determine best
composition,which providesmaximumoutput of nanocompositeswith high strength.

2.3 Bamboo Fiber Extraction

The raw bamboo was cut into small pieces of cubed-shaped (1 cm in width × 1 cm
in length × 1 cm in length) and cleaned using distilled water. All physically bound
moisture was removed from bamboo by dried it for at 110°C 24 h. A part of the dried
raw bamboo was kept in a disclosed plastic container for prior analysis.

By using Soxhlet assembly, 10 g of raw bamboo was extracted using a mixture of
200 mL ethanol and 400mL toluene to remove the wax, fats, oil, resins, and phenolic
extractives. From the Soxhlet extractor, a tweezer was used to pullout the cellulose
thimble, whereas the product was poured into a beaker and stirred with glass rod,
while ethanol-toluene mixture was added. Bamboo fiber delignification was done by
using delignification solution, which was prepared using 82.3 g (35wt%) hydrogen
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peroxide (H2O2) and 106.2 g (99.8wt%) acetic acid (CH3COOH) in the presence
of titanium (IV) oxide catalyst. 30 g of the dried bamboo fiber was immersed into
the delignification solution and heated for 2 h at temperature 130°C. As the solution
cooled down, the samples were filtered and cleaned using deionized water until it
achieved neutral pH7 state. The filtered sample was dried in the oven for 24 h at
70°C.

For the bamboo mercerization process, the sample was immersed into alkaline
solution (sodium hydroxide), whereas the mixture in the beaker was placed in the
auto shaker and stirred for 2 h at 150 rpm at 80°C. The sample continued to be stirred
for 8 h with no heat turned on. Lastly, the sample was filtered and rinsed until it
reached pH 7. After this process, the sample was placed in the freezer to freeze-dry
it at temperature -85°C for 48 h. Prior to the composite molding, the sample was
ground using ball milling machine to reduce it size.

2.4 Extracting Fiber from Wood

The rawwood sawdust was collected, cleanedwith distilledwater, and dried at 110°C
for 24 h to removed moisture. A part of the dried sawdust was kept further analysis.
10 g of dry wood was added in 300 mL of deionized water at 70°C. The mixture
was kept under constant stirring for 1 h before cooled to room temperature, followed
by filtering on coarse membrane filter paper. The wood was dried in an oven for at
50°C 3 h. After that, 10 g of material was refluxed with ethanol for 5 h at 80°C in
a cellulose thimble in a Soxhlet assembly. 5 g of samples was mixed with 0.06L of
45 g/L NaOH for alkaline treatment and hydrolyzed at 80°C for 2 h. The reaction
was stopped by cooling it with ice bath. The sample was filtered by using thick
membrane filter paper. The sample was dried at 50°C in an oven for 5 h. The dried
samples were bleached with a mixture of 5 g of wood, 0.1L of 50 g/L NaOH. Then
using 0.1L of 160 g/L H-2-O-2-, the samples was hydrolyzed at 55°C for 90 min. The
hydrolysate sample was filtered with a medium membrane filter paper and washed
with deionized water until it reached neutral pH7. The samples were dried again in
the oven at 50°C for 15 h. Prior to the composite fabrication, the sample was ground
using ball milling machine to reduce the size.

2.5 Wood and Bamboo Fiber/MMT Hybrid Nanocomposite
Fabrication

Polylactic acid was is used for the nanocomposite fabrication. The materials were
prepared accordingly by referring to the generated composition of nanocomposite
sample obtained from the Design Expert® 11 software. Wood fiber, bamboo fiber,
MMT and PLA were weighted and mixed. 20 different compositions were prepared
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Table 1 Compositions of materials for different nanocomposite sample based on design expert
RSM

Run Component 1
A: Wood
(wt%)

Component 2
B: Bamboo
(wt%)

Component 3
C: MMT
(wt%)

Component 4
D: PLA
(wt%)

1 7 4.5 3.187 85.313

2 4.5 4.5 6.85 84.15

3 7 7 10 76

4 5.52876 7 4.9796 82.4916

5 4.5 6.93 3.3503 85.2197

6 7 4.5 7.42459 81.0754

7 4.5 6.05415 1 88.4459

8 4.5 4.5 9.17165 81.8284

9 7 4.5 10 78.5

10 5.69862 5.65713 9.64977 78.9945

11 6.02857 4.5 1 88.4714

12 5.69862 5.65713 9.64977 78.9945

13 4.5 7 10 78.5

14 6.96394 5.55255 4.89852 82.585

15 5.69862 5.65713 9.64977 78.9945

16 7 7 1 85

17 5.52876 7 4.9796 82.4916

18 7 7 6.99281 79.0072

19 6.96394 5.55255 4.89852 82.585

20 6.02857 4.5 1 88.4714

as shown in Table 1. The mixture was placed and hot pressed using hot pressing
machine at temperature of 180°C for 15 min. The mold was then left to cool down at
room temperature. The mold was done according to ASTM D638-14 [28] standard.

2.6 Mechanical Test

The modulus of rupture (MOR) and modulus of elasticity (MOE) were obtained.
Universal Testing Machine (UTM) was used with a crosshead speed of 5 mm/min.
The result was obtained from the computer and recorded for analysis according to
ASTM D638-14 [28] standard.
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2.7 Characterization of Nanocomposite

2.7.1 Scanning Electron Microscopy (SEM) and Energy Dispersive
X-Ray (EDS/EDX)

SEM analysis was performed on the break or ruptured cross sections of the, as
well on the bamboo and wood fiber, according to ASTM E2015-04 [29] standard.
The samples were mounted on sample plate holder. The samples were placed in
the chamber for SEM analysis. Hitachi Analytical Tabletop SEM (benchtop) ‘TM-
3030’ (Hitachi High-Technologies (Germany) EuropeGmbH.)was used for the SEM
analysis. EDS/EDS was also carried out in combination with the SEM analysis to
identify elements found on the surface. It was done according to ASTM E1508-12
[30] standard.

2.7.2 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra was recorded in the wavenumber range of 4000-400 cm−1 with a
resolution of 1 cm−1. ‘IRAffinity-1’ spectroscopy (Shimadzu, Japan) machine was
used for the FTIR analysis. The tests were done according to ASTM E168-16 [31],
and ASTM E1252-98 [32] standards.

3 Results and Discussions

3.1 Mechanical Properties

The minimum and maximum composition of each materials were defined, whereas
the Design Expert software generates compositions variation of materials based on
the defined limits for each material. The variables for the design of the experiment
was shown in Table 2. Table 3 shows the generated composites sample with different
materials composition, which were tested using a tensile test machine. Based on
Table 3, there were 20 samples that were prepared.

Table 2 Variables of composite ingredients for the design of the experiment

Component Name Units
(%)

Levels

Low High

A Wood wt 4.5 7

B Bamboo wt 4.5 7

C MMT wt 1 10

D PLA wt 76 88.4714
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Table 3 Composite samples ingredients and the responding modulus of rupture (MOR) and
modulus of elasticity (MOE)

Run Component 1
A: Wood
(wt%)

Component 2
B: Bamboo
(wt%)

Component 3
C: MMT
(wt%)

Component 4
D: PLA
(wt%)

Response 1
MOR
(MPa)

Response 2
MOE
(GPa)

1 7 4.5 3.187 85.313 13.8117 0.0303061

2 4.5 4.5 6.85 84.15 14.5018 0.0107905

3 7 7 10 76 15.8008 0.0257405

4 5.52876 7 4.9796 82.4916 14.5528 0.0100307

5 4.5 6.93 3.3503 85.2197 14.8162 0.0156509

6 7 4.5 7.42459 81.0754 15.012 0.0183703

7 4.5 6.05415 1 88.4459 10.594 0.0110177

8 4.5 4.5 9.17165 81.8284 14.8706 0.0115483

9 7 4.5 10 78.5 15.2141 0.0128882

10 5.69862 5.65713 9.64977 78.9945 15.5803 0.0312569

11 6.02857 4.5 1 88.4714 13.0836 0.0771753

12 5.69862 5.65713 9.64977 78.9945 15.5803 0.0312569

13 4.5 7 10 78.5 15.2011 0.0116233

14 6.96394 5.55255 4.89852 82.585 15.1221 0.0136255

15 5.69862 5.65713 9.64977 78.9945 15.5803 0.0312569

16 7 7 1 85 12.0532 0.0258964

17 5.52876 7 4.9796 82.4916 14.5528 0.0100307

18 7 7 6.99281 79.0072 15.6057 0.0100802

19 6.96394 5.55255 4.89852 82.585 15.1221 0.0136255

20 6.02857 4.5 1 88.4714 11.5711 0.0771753

3.1.1 Modulus of Rupture (MOR)

The modulus of elasticity of the samples were obtained, data analysis was carried
out in the Design Expert software using ANOVA. The suggested linear model was
chosen, and the resulting ANOVAwas shown in Table 4. The fit statistic of the design
was also provided, whereas the design has an R2 value of 0.7369, adjusted R2 value
of 0.6876 and predicted R2 value of 0.5401, as shown in Table 5.

The linear mixture for the model shows that the MOR is a function of linear
mathematical model for the components shown in Eq. (1).

Table 4 ANOVA results for linear model of MOR

Source Sum of squares Mean square F-value P-value

Model 30.10 10.03 14.94 <0.0001

Linear mixture 30.10 10.03 14.94 <0.0001
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Table 5 Fit statistics for
MOR model

R2 0.7369

Adjusted R2 0.6876

Predicted R2 0.5401

MOR = 0.375523(Wood)+ 0.2733378(Bamboo)+ 0.4543708(MMT )

+ 0.0959138(PLA) (1)

This model was generated by the Design Expert software, which was used to predict
the MOR response at different weight percentage. However, due to the low predicted
R2 value and adjusted R2 value, the accuracy of the experimental value may less
significant. Table 6 below shows the predicted MOR response using the value of the
different weight percentage compositions, whereas the model was generated by the
software.

Table 6 Comparison between the experimental and predicted results

Run Component 1
A: Wood
(wt%)

Component 2
B: Bamboo
(wt%)

Component 3
C: MMT
(wt%)

Component 4
D: PLA
(wt%)

Experimental
MOR
(MPa)

Predicted
MOR
(MPa)

1 7 4.5 3.187 85.313 13.8117 13.4894549

2 4.5 4.5 6.85 84.15 14.5018 14.1034599

3 7 7 10 76 15.8008 16.3751824

4 5.52876 7 4.9796 82.4916 14.5528 14.1642088

5 4.5 6.93 3.3503 85.2197 14.8162 13.2801082

6 7 4.5 7.42459 81.0754 15.012 15.0084477

7 4.5 6.05415 1 88.4459 10.594 12.2822347

8 4.5 4.5 9.17165 81.8284 14.8706 14.9356763

9 7 4.5 10 78.5 15.2141 15.9316224

10 5.69862 5.65713 9.64977 78.9945 15.5803 15.6475067

11 6.02857 4.5 1 88.4714 13.0836 12.4338858

12 5.69862 5.65713 9.64977 78.9945 15.5803 15.6475067

13 4.5 7 10 78.5 15.2011 15.6761594

14 6.96394 5.55255 4.89852 82.585 15.1221 14.2796271

15 5.69862 5.65713 9.64977 78.9945 15.5803 15.6475067

16 7 7 1 85 12.0532 13.1490694

17 5.52876 7 4.9796 82.4916 14.5528 14.1642088

18 7 7 6.99281 79.0072 15.6057 15.2972351

19 6.96394 5.55255 4.89852 82.585 15.1221 14.2796271

20 6.02857 4.5 1 88.4714 11.5711 12.4338858
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Fig. 1 Predicted vs actual graph for MOR

A predicted vs experimental graph was plotted and shown in Fig. 1. Based on the
graph, the predicted and the actual value scatters along the middle line. Few factors
led to the result inaccuracy, which come from the composite itself. Since the model
was created based on the response of theMOR obtained from the experimental work,
a faulty composite samplemisled from the accurate value lead to a lowR2, adjustedR2

and predicted R2 value, cause less accurate model. However, the difference between
the predicted R2 value of 0.5401 and the adjusted R2 value of 0.6876, was less
than 0.2, making the model somewhat acceptable as denoted by the Design Expert
software. Based on Adamu et al. [33], the predicted R2 values shows the developed
model generate response for new observations that has different compositions weight
percentage (wt%) than the generated value as shown in Table 3. It also determines
whether the model is complicated or otherwise.

3.1.2 Modulus of Elasticity (MOE)

A similar approach was conducted for the MOE with the response shown in Table 3.
Based on the result, the following ANOVA results was obtained, which was shown
in Table 7. While the fit statistic was shown in Table 8, which has the R2 value of
0.9140, adjusted R2 value of 0.8366 and predicted R2 value of 0.2884.
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Table 7 ANOVA results for quadratic model of MOE

Source Sum of squares Mean square F-value P-value

Model 0.0069 0.0008 11.81 0.0003

Linear mixture 0.0024 0.0008 12.20 0.0011

AB 0.0004 0.0004 6.34 0.0305

AC 0.0008 0.0008 12.90 0.0049

AD 0.0011 0.0011 17.44 0.0019

BC 0.0000 0.0000 0.4663 0.5102

BD 0.0001 0.0001 1.19 0.3006

CD 0.0010 0.0010 15.76 0.0026

Table 8 Fit statistics for
MOE model

R2 0.9140

Adjusted R2 0.8366

Predicted R2 0.2884

By referring to the ANOVA, the P-values of some of the model terms was less
than 0.0500, which means that these terms were significant to the models. These
terms were A, C, D, AB, AC, AD and CD, which had a significant effect to the
MOE of the composite. As for the fit statistical model, the R2 and adjusted R2 value
was relatively higher than the MORmodel. This shows that the amount of variations
around the mean were explained in the model created. However, there was a big
difference between the adjusted R2 value, and the predicted R2 value, which means
that the MOE response predicted for different observation may not be similar to the
experimental response. The following was the generated model for MOE:

MOE = −1.01351(Wood)+ 0.241318(bamboo)+ 0.064865(MMT )− 0.001091(PLA)

+ 0.009488(wood)(bamboo)+ 0.010336(wood)(MMT )

+ 0.011422(wood)(PLA)− 0.001988(bamboo)(MMT )

− 0.003004(bamboo)(PLA)− 0.000873(MMT )(PLA) (2)

By using the model, the following predicted MOE values were generated, as shown
in Table 9. Figure 2 shows the plotted predicted graph against experimental graph,
which was obtained from the Design Expert software.

Based on the graph in Fig. 2, the values were clearly off and slightly differed
from the actual values of MOE. Furthermore, the predicted MOE value for Sample
5 was negative, which was due to the same reason, whereas a low R2, adjusted R2

and predicted R2 were obtained for MOR model. The faulty composite was due to
the uneven mixing or nonproper dispersion. In addition, as heat involved, this also
affected the sample strength. Based on to Hagen [34], thermoplastic polylactic acid
(PLA) melted at temperature 160–180°C and had a glass transition temperature at
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Table 9 Comparison between the experimental and predicted results

Run Component
1
A: Wood
(wt%)

Component
2
B: Bamboo
(wt%)

Component
3
C: MMT
(wt%)

Component
4
D: PLA
(wt%)

Experimental
MOE
(MPa)

Predicted
MOE
(MPa)

1 7 4.5 3.187 85.313 0.0303061 0.036448482

2 4.5 4.5 6.85 84.15 0.0107905 0.011577643

3 7 7 10 76 0.0257405 0.024558

4 5.52876 7 4.9796 82.4916 0.0100307 0.017301369

5 4.5 6.93 3.3503 85.2197 0.0156509 −0.001686942

6 7 4.5 7.42459 81.0754 0.0183703 0.014960847

7 4.5 6.05415 1 88.4459 0.0110177 0.021796679

8 4.5 4.5 9.17165 81.8284 0.0115483 0.012008356

9 7 4.5 10 78.5 0.0128882 0.0172205

10 5.69862 5.65713 9.64977 78.9945 0.0312569 0.028856435

11 6.02857 4.5 1 88.4714 0.0771753 0.073819479

12 5.69862 5.65713 9.64977 78.9945 0.0312569 0.028856435

13 4.5 7 10 78.5 0.0116233 0.015088

14 6.96394 5.55255 4.89852 82.585 0.0136255 0.013260717

15 5.69862 5.65713 9.64977 78.9945 0.0312569 0.028856435

16 7 7 1 85 0.0258964 0.024639

17 5.52876 7 4.9796 82.4916 0.0100307 0.017301369

18 7 7 6.99281 79.0072 0.0100802 15.2972351

19 6.96394 5.55255 4.89852 82.585 0.0136255 14.2796271

20 6.02857 4.5 1 88.4714 0.0771753 12.4338858

55–56°C. Longer time spend on the heated plate could resulted in the degradation
other ingredients in the composites such aswood, bamboo andMMT,which affecting
the strength of the composite. Another factor that affected the composite strength
was presence of air bubbles, pores or void in the composite. The hot-press method
squeezed the air, while closing the gap between the mold and the heated plate. Air
bubbles were trapped in the composite as resultant due to compression process. The
presence of air bubbles affected the composite cross-sectional area, whereas the
tensile stress applied.

3.1.3 Optimization for Modulus of Rupture (MOR)

For the composite optimization, few criteria were defined, which involves the weight
percentage of wood, bamboo,MMT and PLA, and the composite strength in terms of
MOR.For this purpose,wood andbambooweremaximized, andMMTandPLAwere
minimized, to obtain themaximized value ofMOR. The reason formaximizingwood
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Fig. 2 Predicted vs actual graph for MOE

and bamboo composition was to utilize natural resources that was biodegradable,
whereas it does not cause plastic pollution. This led to the utilization of ecofriendly
material, which used to reduce plastic waste and greenhouse gas pollution that comes
from themanufacturing of synthetic plastic. As for theMMT, the thermal degradation
property was high, which lead to a strong composite that withstand high temperature
condition. According to Leszcznska et al. [35], no significant mass loss happened
due to the decomposition process at 300°C for pure montmorillonite. On the other
hand, PLAwas the main polymer set to be in the specified range as shown in Table 1.
Finally, the composite strengthwas preferably to bemaximized,whereas the resulting
optimization was shown in Fig. 3.

Figure 3 shows the best ingredients composition was 7wt%wood, 7wt% bamboo,
10wt%MMT and 76wt% PLA, with resulting MOR of 16.3752 GPa. Therefore, the
predicted value for Sample 3 had the optimized ingredients composition. In addition,
Sample 3 also had the highest experimental MOR value, which was 15.8008 GPa
and further proves the optimization generated by the Design Expert software.
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Fig. 3 Optimization forwood, bamboo,MMT, andPLAweight percentage formaximumcomposite
MOR

3.1.4 Optimization for Modulus of Elasticity (MOR)

For the composite optimization, wood and bamboo usage was maximized, while
maximum MOE value is obtained. By using the same criteria, the following
optimization was created which was shown in Fig. 4.

Fig. 4 Optimization forwood, bamboo,MMTandPLAweight percentage formaximumcomposite
MOE
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Based on the result, the optimizedweight percentage of wood, bamboo,MMT and
PLA was 6.46176, 7, 10 and 76.5382, respectively. This was produced a composite
with MOE value of 0.0345653 GPa. This predicted MOE value was less accurate,
since the model for MOE has a very low predicted R2 value of 0.2884, which had a
average error percentage of 73.56%.

3.2 Morphological Analysis

For the SEM analysis, several samples were used ranging from the preparation of the
raw materials, which is the raw wood and bamboo until to the composite samples.
For the composite sample, SEM was done on the rupture surface of the composite
to analyze the effect of mechanical stress on the structure of the composite.

3.2.1 SEM of the Wood Fiber

Thus, SEM was carried out on the wood sample from before dewaxing as shown
in Fig. 5(a), after dewaxing as shown in Fig. 5(b), after mercerization as shown in
Fig. 5(c), after bleaching as shown in Fig. 5(d), and after ball milling Fig. 5(e).

Based on the figures, the significant changes were observed in Fig. 5(c) and
Fig. 5(e). In Fig. 5(c), the number of smaller sized wood fiber was observed to be
lower than Fig. 5(b). This was due to the mercerization process, whereas the fiber
swelled during the post-treatment, while almost 25% of the hydrogen bonds broken
[36]. It also noticed that the broken bonds started to re-bond with each other and
this indicates the smaller sized of wood fiber has re-bonded to from a bigger sized
particle. For Fig. 5(e), the changes in size was observed due to the wood fiber being
ground by the ball milling machine, which made the particle size smaller. Thus, a
higher magnification was used to observe the small particle due to ball milling. The
wood fiber sizes varied from 10.5 µm to 34.0 µm, a lot smaller than before ground,
which had sizes varied from 63.6 µm to 159 µm. The ground purpose was to reduce
the wood size, which cause higher surface area that improve the interfacial bonding
with MMT and PLA. According to Djebara et al. [37], the particles high aspect ratio
mixed with the polymer resulted in high strength composite.

3.2.2 SEM of the Bamboo Fiber

The SEM images of bamboo fiber sample were observed before dewaxing as shown
in Fig. 6(a), after dewaxing as shown in Fig. 6(b), after delignification as shown in
Fig. 6(c), after mercerization as shown in Fig. 6(d), and after ball milling as shown
in Fig. 6(e).

Similarwith thewoodfiber, significant changeswere found after the sample under-
goes mercerization and ball milling. For bamboo fiber after mercerization process
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Fig. 5 Woodfiber (a) before dewaxing at× 100, (b) after dewaxing at× 100, (c) aftermercerization
at × 100, (d) after bleaching at × 100, and (e) after ball milling at × 600

was shown in Fig. 6(d), whereas the wood fibers were separated, strand and rela-
tively longer. According to Khalil et al. [38], alkaline treatment or mercerization
had several effects on bamboo fiber by increasing its surface roughness, decreasing
the fiber diameter, and removal of lignin, fat, protein and non-water-soluble ingre-
dients. Figure 6(d) show the bamboo fiber separation due to the removal of lignin
that underwent delignification process. Mercerization has also reduced the bamboo
fiber diameter. From the figure, the measured bamboo fibers diameter varied from
13.3 µm to 25.7 µm, while in Fig. 6(c), the fiber diameter varied from 31.1 µm to
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Fig. 6 Bamboo fiber (a) before dewaxing at × 100, (b) after dewaxing at × 100, (c) after
delignification at × 100, (d) after mercerization at × 100, and (e) after ball milling at × 600

283 µm. This large difference means that the alkaline treatment of the fibers was
successful. Next significant change was seen from Fig. 6(e), whereas the long fibers
form small particle. The small size particle was due to the ground process of ball
milling that crushed the bamboo fiber into small particle varied in size from 5.27µm
to 40.8 µm.
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Fig. 7 SEM image for
sample 20 composite at ×
100

3.2.3 SEM of the Nanocomposite

Figure 7 shows the SEM image for Sample 20. From the figure, several white spots
were observed, which was determine as bamboo and wood fibers particles. These
fibers dispersed evenly throughout the composite and formed covalent bond with the
PLA and MMT [33]. In addition, Sample 20 had the highest weight percentage of
PLA, which resulted in the flat and smooth surface at the composite ruptured area.
Air bubble had affected the mechanical properties of the composite, which resulted
due to the produced design model become inaccurate as it comes to the predicting
different observation. Figure 8 shows the samples that had air bubbles at the area of
the mechanical testing rupture.

Based on the figure also, several large air bubbles that was due to the error during
the hot press machine compression process. As result, the composites cross-sectional
area had become inconsistent and affecting themechanical strength of the composite.
In Fig. 8(f), the largest air bubble was approximately around 300 µm in diameter.

3.3 Energy Dispersive X-Ray Analysis (EDX/EDS)

Based on Yesilkir-Baydar et al. [39], EDX was carried to analyze the elements of
surface materials, which includes the amount of the elements. Table 10 shows the
EDXof bamboo fiber particle. Based on the result, there were four elements detected,
which is C, O, Al and Ag. The C and O element were detected for bamboo fiber that
made up of cellulose that contains C-O bond [40]. However, there were traces of Al
and Ag atom detected which has the mass percentage of 0.74 and 0.04, respectively
a shown in Table 10. This was very low and concluded that the presence of Al and
Ag was due to the impurities from the ball milling process.
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a) )b2elpmaS Sample 3 

c) Sample 6 d) Sample 8 

e) )f9elpmaS Sample 10 

Fig. 8 Presence of air bubbles in some of the samples at × 100

As for wood fiber, the result was shown in Table 11. Based on the result, C and
O elements was detected along with a trace of Al. Similar to the bamboo fiber EDX
analysis, the C and O elements are attributed to the cellulose content, while the Al
was due to impurities, as the mass percentage was very low. For the nanocomposites,
Sample 18 was used, and the results was shown in Table 12. Based on the result, there
were traces of Si and Ni elements contained in the composite, apart from C and O
atom. According to Bergaya and Lagaly [41], an inorganic montmorillonite mineral
was composed of aluminosilicate layers that had hydrated exchangeable cations in
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Table 10 Summary generated by EDX analysis software for bamboo fiber

Element At. No. Netto Mass (%) Mass Norm.
(%)

Atom (%) Abs. error
(%)
(1 sigma)

Rel. error
(%)
(1 sigma)

C 6 105768 58.99 58.99 65.89 6.65 11.27

O 8 43853 40.23 40.23 33.73 4.82 11.97

Al 13 5281 0.74 0.74 0.37 0.06 8.42

Ag 47 165 0.04 0.04 0.00 0.00 9.16

Sum 100.00 100.00 100.00

Table 11 Summary generated by EDX analysis software for wood fiber

Element At. No. Netto Mass (%) Mass Norm.
(%)

Atom (%) Abs. error
(%)
(1 sigma)

Rel. error (%)
(1 sigma)

C 6 90598 58.53 58.53 65.46 6.66 11.37

O 8 38975 40.65 40.65 34.13 4.91 11.09

Al 13 5220 0.82 0.82 0.41 0.07 8.10

Sum 100.00 100.00 100.00

Table 12 Summary generated by EDX analysis software for nanocomposite

Element At. No. Netto Mass (%) Mass Norm.
(%)

Atom (%) Abs. error
(%)
(1 sigma)

Rel. error (%)
(1 sigma)

C 6 30802 52.80 52.80 60.25 6.51 12.33

O 8 19387 45.71 45.71 39.16 5.91 12.93

Si 14 2447 0.97 0.97 0.47 0.07 7.56

Ni 28 235 0.53 0.53 0.12 0.07 12.62

Sum 100.00 100.00 100.00

the spaces of the interlayer. Al-OH octahedral sheets in the aluminosilicate layer that
was sandwiched by two Si-O tetrahedral sheets [41]. Thus, the Si element detected
in the composite was due to montmorillonite, which had become the nano binder
matrix.

3.4 Fourier Transform Infrared Spectroscopy (FTIR)

Sample 2 FTIR spectra was shown in Fig. 9 with Table 13. Based on Fig. 9, several
peaks were observed in the wavenumber range of 3300–2900 cm−1. There were
3739.97 cm−1, 3232.7 cm−1 and 2926.01 cm−1 peaks. Based on Hospodarova et al.
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Fig. 9 IR spectra of composite Sample 2

Table 13 Summary of FTIR spectra for Sample 2

No. Peak Intensity Corr. Inte Base (H) Base (L) Area Corr. Are

1 752.24 85.43 2.52 825.53 723.31 5.64 0.42

2 866.04 86.58 3.79 904.61 827.46 4.14 0.75

3 1080.14 60.94 24.19 1149.57 906.54 27.36 12.29

4 1190.08 71.2 13.92 1303.88 1151.5 12.96 3.69

5 1367.53 85.07 5.94 1419.61 1305.81 6.24 1.58

6 1747.51 67.6 20.59 1809.23 1699.29 11.21 5.36

7 2166.06 89.15 3.87 2345.44 2100.48 9.57 2.97

8 2926.01 84.79 5.29 3037.89 2885.51 8.15 1.49

9 3232.7 90.02 0.09 3242.34 3143.97 4.31 0.02

10 3739.97 82.79 5.01 3784.34 4705.26 5.46 1.03

[42], the range of 3660–2800 cm−1 peak was attributed to the C-H stretching vibra-
tion and O-H bonds in polysaccharides, which was the wood and bamboo fiber
cellulose. On Fig. 9, the 3232.7 cm−1 peak had a broad characteristic. According to
Hospodarova et al. [42], the broad peak was related to the hydroxyl group stretching
vibration in polysaccharides, which includes the inter- and intra- molecular hydrogen
bond vibration in the cellulose. Band at 2926.01 cm−1 was attributed to the C-H
stretching vibration for all the hydrocarbon constituent in polysaccharides [42]. The
presence of nanoclay on the other hand was observed at 3739.97 cm−1 peak band.
The 1630–800 cm−1 absorption bands peaks were typically assigned to the cellulose
content. Figure 9, the 866 cm−1, 1080.14 cm−1, 1190.08 cm−1 and 1367.53 cm−1

peaks was corresponded to the -CH and -CH2C-O and -OH bending and stretching
vibrations bonds in cellulose [40]. At 1747.51 cm−1 peak, carboxyl or carbonyl
groups was found. Based on Wu et al. [43], the carboxyl or carbonyl groups was
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assigned for intensity at 1700 cm−1. For Si-O-Si inter tetrahedral bonds in SiO2,
the peak was identified at band 752.24 cm−1. Wu et al. [43] stated that for untreated
montmorillonite was in the range of 700–900 cm−1 bands, which includes C-O plane
bending of carbonates, Si-O stretching of quartz, Al–Mg-OH bending, C-O in plane
bending of carbonates and Al–Fe-OH bending.

In Fig. 10, Sample 20 FTIR spectra was distinct as compared to the of Sample 2
FTIR spectra. Based on the figure, there were only 4 peaks absorbed as summarized
in Table 14, i.e. 1039.63 cm−1, 1078.21 cm−1, 1180 cm−1 and 1747.51 cm−1. The
peaks in the range of 1630-800 cm−1 represents the cellulose content characteristic.
The peaks at 1039.63 cm−1, 1078.21 cm−1 and 1180 cm−1 corresponded to the to the
-CH and -CH2, C-O and -OH bending and stretching vibrations bonds in cellulose.
While, the 1747.5 cm−1 peak band was contributed to the carboxyl and carbonyl
groups.

Fig. 10 IR spectra of composite Sample 20

Table 14 Summary of FTIR spectra for Sample 20

No. Peak Intensity Corr. Inte Base (H) Base (L) Area Corr. Are

1 1039.63 78.903 4.31 966.34 966.34 6.097 0.785

2 1078.21 74.775 8.289 1056.90 1056.99 5.856 1.365

3 1180.44 82.11 11.497 1153.43 1153.43 4.444 1.888

4 1741.51 84.924 10.571 1813.09 1707 3.893 1.926
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4 Conclusions

In conclusion, the strength of the nanocomposite was improved correspond to the
increase inwood, bamboo andMMTweight percentage. In addition, the optimization
agreed that the highest tensile strength was achieved at the highest weight percentage
of 7wt%wood, 7wt% bamboo and 10wt%MMT. The strength of the nanocomposite
with this material compositions was 15.8008 MPa for the experimental value, and
16.3752 MPa for the predicted value of the produced model. For the SEM analysis,
mercerization and milling of the surface treatment of wood and bamboo fiber had
a significant effect on the structure of the fiber. This structure was responsible for
the interfacial reaction with the binder matrix such as MMT and PLA. During the
mercerization, the lignin was removed from both wood and bamboo fiber which had
cause the hydrogen bond to break and re-bonded again upon drying. Due to this, the
diameter of the fibers was reduced and for the bamboo fiber, the length has increased
due to the re-bonding.
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Bamboo Cellulose Gel/MMT Polymer
Nanocomposites for High Strength
Materials

Md Rezaur Rahman and Muhammad Khusairy Bin Bakri

Abstract This research focuses on the interrelationship between the structure and
properties of cellulosic composites. To achieve its optimumperformance, the compat-
ibility of produced nanocompositeswas focus. Few studies had shown that the proper-
ties of biopolymers enhanced by the presence of nanofillers. Thiswas proved from the
characterization analyses, involving structural, thermal and mechanical properties of
the nanocomposites using the Fourier transform infrared (FTIR) spectroscopy, scan-
ning electron microscopy (SEM), energy dispersive x-ray (EDS/EDX), Brunauer-
Emmett-Teller (BET), tensile strength and tensile modulus tests. For the mechanical
properties, the highest tensile strength and tensile modulus was achieved for Sample
10 which contain 4wt% cellulose, 2.434wt% MMT and 93.566wt% of PLA. The
strength generated by this composite was 16.063 MPa for the tensile strength and
0.015083 GPa for the tensile modulus.

Keywords Bamboo ·MMT · Cellulose · Nanocomposites · Gel

1 Introduction

In the age of digitalization and vast development, conserving and protecting the envi-
ronment had become a main topic [1]. This had led to the exploration of new alterna-
tive by many researchers, especially those sustainable materials, which is renewable
in the resource [1, 2]. One of the alternative approaches in terms of material design
was using a raw materials renewable source [2]. Moreover, many researchers had
found functionality of incorporated bamboo materials mostly related to its material
design [3]. Bamboowas one of grasses family that required less regeneration growth,
especially in those develop stems throughout asexual reproductionwithout replanting
[4]. Bamboo was also found to abundantly exist in Asia and South America and was
used for building facilities and equipment [5]. Moreover, in Malaysia the bamboo
growth was distributed evenly. Based on Ng and Noor [6], Malaysian bamboo was
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typically found in localized riverbank patches, lowland forest, hillsides, and ridge
tops. The bamboo population was also mixed with other species.

Based on Kamaruzaman [7], approximately 587 million bamboo culms in
Malaysian forest. Wong [8] mentioned that about 70 species of bamboo owns
by Malaysia covered about 50% from West Malaysia, 30% from Sabah and 20%
from Sarawak. The common species were Bambusa, Dendrocalamus, Chusquea,
Dinochloa, Phyllostachys, Thyrsostachys, Yushania, Schizostachyum, Gigantochloa,
and Racemobambos and most widespread species were Gigantochloa, Dendro-
calamus and Schizostachyum [9]. Compared with synthetic polymer, Bamboo was
known as a millennial crop, due to its excellent mechanical, physical and chemical
characteristics. Based on Awoyera and Ugwu [5], bamboo had the potential like
steel for construction materials due to its high strength compared to other materials
such as brick, concrete, and wood. Roslan et al. [10] also claimed that bamboo was
a genuinely environmentally friendly, cheap, non-abrasive, biodegradable, sustain-
able, and non-toxic plant. About 78% of cellulose was found in bamboo fiber, and
the remainder comprises 12.5% hemicellulose, 10.1% lignin, 0.4% pectin and 3.2%
aqueous extract [11].

Bamboo cellulose was an organic polymer. It was classified as polysaccharides
consisting of β-1,4 linear chain linked with D-glucose unit, which had the poly-
merization degree range from hundreds up to ten thousand [12]. Several bamboo
drawbacks were due to inclusion of its raw bamboo chemical components such as
lignin, cellulose, wax and hemicellulose, which hindering the binding of bamboo and
polymer matrix [10]. The drawbacks contributed to weak interfacial the fiber-matrix
bonding that led to a decrease in mechanical properties. Cellulose and its deriva-
tives were suitable for building gel blocks. Based on Menon et al. [13], cellulose
gel was extracted from corn, bamboo, and sugarcane plants in many ways. Cellu-
lose gel or microcrystalline cellulose (MCC) was made from natural polymer and
depending on their characteristics, it was commonly used in the field of absorbents,
medicine, biomaterials, and biosensors, [14]. Nevertheless, limited gel strength tends
to restrict its application. Consequently, to address theirweakness, low-cost inorganic
functional fillers were introduced.

Clay minerals had created much attention among the researchers, especially as
an additive in polymer reinforcement, due to its intercalation properties and smaller
particle sizes. Montmorillonite (MMT) was widely used natural clay. Other than
MMT, graphene and carbon nanotubes nanofillers were also shown promising, espe-
cially its property profiles to be used in polymer. Due to their relatively high cost and
to date their usage has been reduced [15]. Based on Shetti et al. [16], MMT was part
of the smectite clay group. The MMT particle structure had a typically persevered in
sheets and layers, whereas each layer consists of two different octahedral and tetrahe-
dral sheets [17]. Rahman et al. [18], showed that MMT lamellar elements had a high
degree of stiffness, strength, and ratio in most organic applications. Uddin [19] also
stated for composite materials, MMT was an excellent heat resistant and insulator.
The natural inorganic nanostructure such as MMT had a good absorption behavior
and high tolerance towards organic molecules. Hence, this work focused to improve
the performance of nanocomposite cellulose gel, in addition of montmorillonite to
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overcome the barriers. The quality of nanocomposites was examined using several
techniques and test equipment.

2 Methodology

2.1 Materials

The bamboo was obtained from Kampung Daun, Singai, Bau, Sarawak. Toluene,
ethanol and montmorillonite MMT were obtained from Sigma Aldrich. Hydrogen
peroxide was obtained from Qeric, acetic acid was obtained from Ensure, sodium
hydroxide was obtained from Merck KgaA and titanium (IV) oxide was obtained
from JT Baker. All the listed chemicals are under analytical grade.

2.2 Response Surface Methodology (RSM) by Design Expert

In research, an experimental designwas a technique for determining factors that could
affect the output results. To reduce the design costs, engineering design adjustments,
product materials wastage and labor complexity by reducing process variability, this
approach was used to achieve optimal efficiency. For optimization, response surface
methodology (RSM) was a multivariate analytical technique that had a broad library
of mathematics and statistical method. The RSM referred to the polynomial equa-
tion that describe to the behavior of the data set. For the preparation of bamboo
cellulose/MMT nanocomposite, it explored the optimal experimental condition, to
achieve the best possible results and a minimum number of experiments. The statis-
tical software ‘Design Expert® 11.0’ from StatEase, Inc., was used to analyze the
preliminary design. Table 1 shows the variables used to generate the material compo-
sitions for nanocomposite. Table 2 shows the generated 16 different nanocomposites
materials compositions, whereas the tensile tests were carried out.

Table 1 Variables in the
design expert

Component Low level High level

Bamboo cellulose (MCC) 4 8

Montmorillonite (MMT) 1 10

Polylactic Acid (PLA) 82 95
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Table 2 Input variables for
cellulose (MCC), PLA and
MMT for preparation of
polymer nanocomposite film

Designation
sample

MCC (wt%) MMT (wt%) PLA (wt%)

0 0 0 100

1 5.71599 6.24423 88.0398

2 7.571597645 10 82.4284

3 6.410032664 1 92.58996734

4 8 4.080894568 87.91910543

5 4 2.433708879 93.56629112

6 7.571597645 10 82.42840236

7 6.410032664 1 92.58996734

8 8 1.776603371 90.22339663

9 4 10 86

10 4 2.433708879 93.56629112

11 4 5.530274037 90.46972596

12 8 6.25684681 85.74315319

13 5.725992639 6.244230501 88.03977686

14 5.715992639 6.244230501 88.03977686

15 5.844633171 3.422588998 90.73277783

16 6.363687197 8.588197699 85.0481151

2.3 Bamboo Fibers Preparation

Green bamboo culm was cut in 1 m length. The thin bamboo layer that includes the
endodermis and exoderms bark was removed, as well as the node portions of the
bamboo. Bamboo chips are produced by ground the bamboo culm using a grinder.
The chips were dried in the oven for 96 h at 48.5°C. The dried sample was ground
and sieved using 600 μm size sieve. The sieved sample was synthesized to obtain its
cellulose.

2.4 Cellulose Extraction from Bamboo Fibers

2.4.1 Dewaxing Process

Atoluene/ethanol solutionwith ratio of 2:1was prepared byfilled in aflask containing
400 ml toluene and 200 ml ethanol. The solution was heated and a Soxhlet extractor
was placed on top of the boiling flask. To secure the Soxhlet extractor, a retort stand
was used. Added 10 g of bamboo fibers was added into themembrane tube and placed
into the extraction thimble. The Liebig condenser was placed on top of the extractor
and attached firmly. To measure and control the temperature, a thermometer was
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used to maintain the sample at 250°C. The extraction process was continued for 6 h
until the color disappeared in the specimen. After undergoing bleaching process, a
tweezer was used to remove the extraction thimble. The sample was poured into a
beaker and simultaneously stir with the addition of toluene-ethanol solution that was
prepared previously. The sample was placed to cool. After cooling, the suspension
was filtered using Whatman filter paper using filter funnel. The residue was labelled
as dewaxed bamboo fiber (DBF) and placed overnight in the oven at 70°C.

2.4.2 Delignification Process

Delignification solution was prepared using 35wt% hydrogen peroxide weighed at
82.3 g and 99.8 wt% acetic acid weighed at 106.2 g. Titanium (IV) oxide was added
to the solution and acts as the catalyst. 30 g of dry DBF sample was added into
the delignification solution and the sample was heated for 2 h at 130°C. After 2 h,
the heater was switched off, and the sample was left to cool at room temperature.
The sample was filtered using Bunchner flask and rinsed using deionized water until
exceeded pH 7 in order to prevent any generation of strong hydrogen bonds between
the cellulose bundles. The samplewas labeled as acid-treated cellulose fiber (ALCFs)
and dried in the oven for 24 h at 70°C.

2.4.3 Mercerization Process

Mercerization process was carried out by adding ALCFs to 6 wt% of sodium hydrox-
ides. The mixture was stirred and heated using auto shaker at 150 rpm for 2 h at
temperature of 80°C. After heated for 2 h, the sample was stirred for 8 more h to
remove hemicelluloses, pectin’s and residual starch residual from the sample. The
treated sample was filtered and rinsed using Bunchner flask and deionized water until
reached the pH 7. The sample was freeze-dried at −85 ˚C for 48 h.

2.5 Nanoscale Cellulose Preparation Using Mechanical
Fibrillation Process

As the sample dried, it was continued by ground it using grinder for 10 minutes and
stop-dried for another 10 minutes. The step was repeated for several times until fine
powder cellulose was obtained. The sample was labeled as cellulose fiber (CF). A
mechanical technique was used to obtain nanoscale CF. Ball milling was used to
convert the particles size of CF. The milling process was done at a speed of 600 rpm
for 7 h using steel ball. The milling time, rotation speed and mass of the milling
medium were kept constant in order to obtain the nano size properties of the sample.
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2.6 Nanocomposite Film Preparation

By referring to the materials compositions for nanocomposite as shown in Table 2,
the bamboo fiber, MMT and PLA were weighted and poured mix homogeneously.
Themixture samples were hot pressed using hot-pressmachine at temperature 180°C
for 15 minutes. After the compression, the mold was left to cool and cured, and the
produced nanocomposite was removed from the mold.

2.7 Characterization

2.7.1 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR ‘IRAffinity-1’ spectroscopy (Shimadzu; Japan) was used to identify the func-
tional groups and the structures of molecular bond through the IR spectrum bands at
a range of 4000 to 400 cm−1. Analysis of qualitative and quantitative on the FTIR
spectrumwas carried out basedASTME1252-98 [20] andASTME168-16 standards
[21].

2.7.2 Scanning Electron Microscopy (SEM) and Energy Dispersive
X-Ray (EDX/EDS)

Hitachi Analytical Tabletop SEM (benchtop) ‘TM-3030’ (Hitachi High-
Technologies (Germany) EuropeGmbH.) was used to take themorphological images
of the samples. The sample was mounted on the stubs of aluminum and fine coated
using ‘JFC-1600’ (JEOL (Japan) Ltd.). The images of the composites surface were
collected using field emission gun with voltages of 5 kV and 15 kV. The test was
performed based on ASTM E2015-04 [22] standard.

2.7.3 Brunauer-Emmett-Teller (BET)

The Brunauer-Emmett-Teller (BET) was conducted to study the specific surface
area of 3rd and 4th bamboo cellulose cycle after underwent ball milling process
using nitrogen gas adsorption method at 77 K using Autosorb iQ Any Gas (AG)
Sorption. The specific surface area measurement was determined in the total surface
area against the mass of the sample (m2/g) unit. The BET characterization test was
carried out with a degassing temperature of 200°C for 5 h. The average pore size of
irregular porous samples is estimated.
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2.8 Mechanical Properties

For tensile strength and tensile modulus test, the tensile tests were carried out
using Universal TestingMachine (UTM) (T-machine TechnologyMachine (Taiwan)
Co. Ltd.) at 5 mm/min crosshead speed based on ASTM D638-14 [23] standard.
Extensometer was used to identify the tensile modulus and elongation.

3 Results and Discussions

3.1 Fourier Transform Infrared Spectrophotometer (FTIR)
of Bamboo Cellulose

Figures 1, 2, 3, and 4 show the identification of absorption peaks for each chemical
component present in the tested samples. Based on IR spectra, the peak intensity of
4000–2995 cm−1 was attributed to the presence variation of O-H stretching. A strong
O-H stretching variation was observed in all FTIR results, at the peak intensity of
3331.07, 3286.70, 3336.85, and 3331.07 cm−1, respectively. It was found out that the
reformation of intermolecular hydrogen bonds between the free hydroxyl with the
water molecules increases made the band become less intense [24]. This was due to a
breakage of intermolecular and intramolecular hydrogen bonds in the cellulose main
chain. Besides, the C-H band, it was observed at the peak intensity of 2891, 2885.51,
2897.08 and 2891.30 cm−1 in Figs. 1, 2, 3 and 4. Zheng et al. [24] characterized the

Fig. 1 IR spectra of untreated bamboo fiber
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Fig. 2 IR spectra of dewaxed bamboo fiber

Fig. 3 IR spectra of delignified bamboo fiber

aliphaticmoieties band as symmetric and asymmetricC-Hgroups in polysaccharides.
In Fig. 1, the peak mainly at 1244.09 cm−1 shows the attribution of variation of aryl-
alkyl ether C-O-C stretching. The C-H aromatic hydrogen linkage also present in the
FTIR result of untreated bamboo fiber, which was contributed by 819.75 cm−1 peak
intensity.

The ligninwas identified between the ranges of 1500–1600 cm−1 that corresponds
to aromatic skeletal vibration. At 1597.06 cm−1 peak in Fig. 2 was the dewaxed
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Fig. 4 IR spectra of mercerized bamboo fiber

Fig. 5 IR spectra of pure PLA

bamboo cellulose, which refer to the C = C stretching of an aromatic skeletal func-
tional group of lignin. However, the peak intensity in Figs. 3 and 4, due to C =
C stretching was eliminated. Acid hydrolysis caused structural modification which
had an impact on aryl-alkyl ether cleavage [25]. The lignin degradation involves the
aryl ether bonding that initiated the phenolic components, particularly on the ferulic
acid and p-coumaric acid. Nguyen et al. [26] mentioned that the peak intensity at
1732.08 cm−1 in delignified sample spectrum, either related to the presence of uronic
ester and acetyl hemicellulose constituents or p-coumaric acids and carboxylic acid
ferulic in lignin and hemicellulose.Gabhane et al. [27], andLi et al. [28] stated that the
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absorption spectrum mentioned was linked to the feruloyl, acetyl and p-coumaroyl
groups of both lignin and hemicellulose. However, after the alkali treatment, the
p-cuomaric rupture bond resulted in the elimination of hemicellulose and lignin.

In order to obtain a high content of cellulose, delignification process was
performed using acetic acid, to remove non-cellulosic components. However, acety-
lation occurred as acetic acid was used for delignification acid hydrolysis of bamboo
cellulose, which was identified with the presence of acetyl ester band (C= O) peak.
The peakwithin the range of 1765–1715 cm−1 intensity expressed as the high amount
of C = O bond. In Fig. 3, the 1732.08 cm−1 peak intensity was observed and repre-
senting C = O symmetrical linkage for ketone and carbonyl of acetyl group. The
appearance of these peak had two possibilities: (i) Due to hemicellulose, which still
present in the sample, even though it was treated with acid. The hemicellulose C
= O linkage was between 1765–1715 cm−1 bands, and (ii) Due to the aldehyde or
carboxyl absorption development from the oxidizing C-OH groups. The peak inten-
sity band at 1732.08 cm−1 was most likely assigned to oxidation as the color of
cellulose after the delignification process is yellow during observation.

The 1325.10, 1436.97, 1323.17, and 1321.24 cm−1 peak intensities in Figs. 1, 3
and 4 show the medium C-H and –CH2 bending characteristics. These bands ranges
were specified as the crystallinity band, which shows the crystallinity degree in the
sample, whereas higher rate was observed when these peaks are of high intensity
[24]. The strong C-H aromatic and CH2 intensity band was observed at the peak of
819.75 cm−1 in the raw sample, and 896.90 cm−1 in mercerized sample. The peak
between 600–700 cm−1 indicated the intense C1-H deformation which was identified
in dewaxed cellulose at 607.58 cm−1 and delignified cellulose at 611.41 cm−1.

In addition, the 896.90 cm−1 peak was correlated with the glycosidic C1-H defor-
mation and O-H bending group. Liew et al. [11] indicated that this peak was related
to the β-glycosidic linkage in anhydoglucose units of cellulose. In addition, the
896.90 cm−1 band was corresponded to the asymmetrical stretching out of the plane.
The peak at 1647.21 cm−1 in Fig. 4 expressed as H-O-H stretching variation. The
1647.21 cm−1 absorbance band was contributed to carboxylate group, that specified
as a bending mode for absorption of water in fiber. This peak also shows high inten-
sity due to the influence of the interaction between water and cellulose, as well as
intermolecular bonds. The 1250–1050 cm−1 range peak indicated a strong functional
C-O-Cgroup for pyranose and glucose ring skeletal. Similar resultswere identified by
Nguyen et al. [26] shownan increase in cellulose content. The lackof peaks at 1244.09
and 1242.16 cm−1 in mercerized cellulose reveal that pectin was removed from the
sample. The peak presented in Fig. 4 shows that the compositions of bamboo such as
lignin, hemicellulose and pectin affected the properties of polymer nanocomposite
film mostly have been eliminated. The chemical treatment efficacy in the sample
resulted in the removal of lignin, hemicellulose and pectin. The carbohydrate-lignin
linkages breakdown achieved reductions during acid hydrolysis, whereas the hemi-
celluloses hydrolysis, the formation of cleavage bonds and solubilization of others
non-cellulosic components (Table 3).
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Table 3 IR Spectra table for fiber components [29]

Fiber component Wavelength (cm−1) Functional group Compounds

Cellulose 4000−2995 OH Acid, methanol

2890 H-C-H Alkyl, aliphatic

1640 O-H Absorbed water

1270–1232 C-O-C Aryl-alkyl ether

1170–1082 C-O-C Pyranose ring skeletal

Lignin 4000–2995 O-H Acid, methanol

2890 C-H2 Alkyl, aliphatic

1730–1700 Aromatic

1632 C = C Aromatic skeletal mode

1108 O-H C-OH

1613, 1450 C = C Aromatic skeletal mode

1430 O-CH3 Methoxyl-O-CH3

1270–1232 C-O-C Aryl-alkyl ether

1215 C-O Phenol

700–900 C-H Aromatic hydrogen

Hemicellulose 4000–2995 O-H Acid, methanol

2890 C-H2 Alkyl, aliphatic

1765–1715 C = O Ketone and carbonyl

Pectin 4000–2995 O-H Acid, methanol

2890 C-H2 Alkyl, aliphatic

1765–1715 C = O Ketone and carbonyl

1680–1640 C = C Alkene

1300–1150 C-H Alkyl halide

1270–1232 C-O-C Aryl-alkyl ether

3.2 Fourier Transform Infrared Spectrophotometer (FTIR)
of MCC/MMT/PLA Nanocomposite Film

The absorption band range from 4000–2995 cm−1 was presented the hydroxyl groups
stretching variation. This peak was also observed in MCC/MMT/PLA polymer
nanocomposite sample at peak strength of 3739.97 cm−1 in Fig. 6. The 3739.97 cm−1

absorption peak in Fig. 6 indicated a good interaction combination between hydroxyl
groups in the cellulose matrix with the hydroxyl and carbonyl groups in the PLA
matrix. The 2166.06 cm−1 peak intensity in Fig. 4.5 indicated the absorption peak
for weak C = C stretching band and 1745.58 and 1082.14 cm−1 intensity peak was
attributed to the bond of C = O and C-O stretching variations. The 1539.27 and
1031.92 cm−1 peak was the variation−CH3 and−OH bending. Arjmandi et al. [30]
supported the same findings.
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Fig. 6 IR spectra of sample 10 MCC/MMT/PLA polymer nanocomposites

By comparing Figs. 5 and 6, the peaks intensity shifting toward the lower rate
from 1757.36,1031.92 and 690.52 cm−1 in the PLA sample to 1745.58, 1041 and
686 cm−1 in MCC/MMT/PLA polymer nanocomposite, respectively. The shifted
absorption peaks observed in Fig. 5 and Fig. 6 were caused by the -OH hydrogen
bond formation within the group in the PLA matrix with Si-O bond in MMT [30].
The 576.72 cm−1 peak intensity in Fig. 6 shows the Si-O stretching variation bond of
the MMT nanofiller. This peak shows a good adhesion interaction between polymer
matrix and nanofiller used. This interaction indicated that PLA andMMT particles to
cling each other during the preparation ofMMC/MMT/PLApolymer nanocomposite
film by polar interaction development of functional groups. Arjmandi et al. [30] and
Li et al. [31] reported that MMT has several uniform polar sites on its structure that
indicate the content of electron density along with the interlayer spaces and their
surfaces. The addition of MMT and cellulose (MCC) to the polymer matrix (PLA)
does not influencemuch on the chemical composition, but it decreases the absorption
peak of the pure PLA sample, as shown in Fig. 5. This proved by Arjmandi et al.
[30] research, whereas the chemical structure of PLA/MMT with cellulose does not
change and no new functional group observed. This also shows that the addition of
filler does not react chemically, but therewas a physical interaction between cellulose
and PLA. This observation also reported by Arjmandi et al. [32] and Qu et al. [33].
The increasing of the absorption peak at 3743.83 cm−1 in Fig. 6 from peak intensity
of 3741.9 cm−1 in Fig. 6 was due to the interactions between the −OH groups in
cellulose matrix and C-O groups in PLA matrix.



Bamboo Cellulose Gel/MMT Polymer Nanocomposites … 143

3.3 Bamboo Cellulose Morphological Analysis

TheSEMresult as inFigs. 7, 8, and9 indicated the effect of ballmilling on the bamboo
cellulose. Ball milling was a method used to reduce the size of cellulose frommicro-
scale powders to nano-scale powders by mechanical shearing. Microfibrils cellulose
powder that was treated underwent a ball milling process in a planetary ball mill (PM
100) at a constant milling speed of 200 rpm for 5–7 h in dry conditions. Few factors
were considered as these will have effects on the characteristics of the cellulose,
include the morphological, structural, thermal stability and crystallinity, i.e. the mass
of the milling medium, milling time, and speed of the milling machine.

Fig. 7 The morphology of the bamboo cellulose sample (a) non-ball milled, and (b) 1st cycle ball
milling

Fig. 8 The morphology of the bamboo cellulose sample (a) 2nd cycle milling and (b) 3rd cycle
ball milling
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Fig. 9 The morphology of
the bamboo cellulose sample
for 4th cycle ball milling

Cellulose chains were joined due to interaction of Van der Waals and hydrogen
bond, which form fibrils that are assembled into large microfibrils [34]. Figure 7
(a) shows multiple irregular rod-like microfibrils structure before underwent milling
process. The average non-ball milled microfibrils diameters were approximately less
than 18 μm and mixed with few large diameter fibers. After 7 h of milling process,
the microfibrils cellulose rigid compact structure exhibit an intuitive reduction into
loosened open-pore width particles roughly 24.7–11.9 μm, as shown in Fig. 7 (b).
During the first cycle, cellulose microfibrils seem to be very sensitive to mechanical
structure, whereas the irregular rod-like structure changed to flat spherical shape
with coarse surfaces. For each milling cycle means prolonged milling time, resulted
gradually decrease in particles sizes. This shows that the cellulose powders pulver-
ization occurred during the milling process [24]. However, some particles had a
large diameter than non-ball milled microfibrils cellulose. Shashanka and Chaira
[35] explained the phenomenon of the soft particle structure that undergoing milling
welded together to form a single sizeable lamellar structure.

The energy impactwas released from the rotating grinding jar around its axis, initi-
ates attrition between the milling medium stainless-steel balls. The frictional forces
caused difference in the rotation speed of stainless-steel balls, whereas the cellulose
in the milling vessel release high dynamic energies that effectively increasing the
degree of reduction in size. Piras et al. [36] mentioned the milling process efficiency
that depends on the cylindrical vessels size, which enables higher kinetic energy and
more substantial pressure effects by increasing the distance between cellulose parti-
cles. In other words, the size medium level selection of the milling jar also affected
the grinding result. It was necessary to provide enough space for the steel balls to
collide with enough energy impact to reducing the size.

The second ball milling cycle was carried out for another 7 h at the same process
speed to break the large particles size, which was observed in Fig. 8 (a). The particles
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aspect ratio decreased to produce fragments with a diameter of less than 8 μm and
some nanoscale cellulose. The nanocellulose size was within a range of 682–596 nm.
Irregular cellulose fragments were the minority longitudinal fragments. After several
cycles, it was observed that the effect of the ball milling process on large particles is
weakened by the small cellulose particle’s accumulation, which prevents reducing in
size of cellulosefiber. The 3rd cyclewas displayed inFig. 8 (b). The cellulose particles
majority were crushed into small flaky fragments with less than 4μm size with some
predominant nanoparticles sample. Many smaller pores and compact structures were
observed on the pulverized particles after the 3rd cycle, due to the longer collision
with the milling balls. However, there are still few large sample fragments remained.
This was due to the cellulose fiber’s inhomogeneity structure. Zheng et al. [24], and
Gao et al. [37] observed the microcrystalline cellulose breakage and agglomeration
during the mechanical grinding process, whereas the individual cellulose particles
began to aggregate. Over milling initiated compact cellulose globular fragments
exhibiting granular texture [38].

Figure 9 show some cellulose particles become agglomerated fibers and produced
a few large-scale particles, which was caused by the forces of Van derWaals between
the particles. Despite the formation of particles due to agglomeration, a fewnanoscale
particles were observed. This shows that the aggregated particle increases as the
hydrogen bond break and begins to form a cleavage on the particle structure after
the 4th cycle. As Barbash et al. [39] and Nemazifard et al. [40], indicated that the
cellulose particle sizes affected the mechanical properties, as small-size cellulose
particles provide high strength for polymer nanocomposite film.

3.4 Scanning Electron Microscopy (SEM)
of MCC/MMT/PLA Nanocomposite Film

The images illustrated in Figs. 10, 12, and 14 represent the SEM analysis with
a magnification of 100, while Figs. 11, 13 and 15 display the SEM images with
a magnification of 500 for pure PLA, sample 10 MCC/MMT/PLA and sample
13 MCC/MMT/PLA respectively. Figure 10 shows the fracture surface of a pure
PLA that had a smooth surface compared to the nanocomposite surfaces of
MCC/MMT/PLA in Figs. 12 and 14. Arjmandi et al. [30] reported that the PLA
had a featureless and brittle surface. There were some small white flakes observed
in Fig. 10, which originated from the nonmelted PLApowder during the compression
process. Figure 10 shows the plastic breakage mechanism, which allows the PLA
fibrils formation. As a result of plastic breakage, fibrils split, buckled and fell onto
the rupture surface, as shown in Fig. 11.

The cellulose different concentration distribution and MMT in the polymer
matrix was observed in Figs. 12 and 14 for the Sample 10 and Sample 13 of
MMC/MMT/PLA.TheMMC/MMT/PLAcross-sectional surface inFig. 12 shows an
even cellulose dispersion of MMT nanofiller to the PLA. The arrow pointed towards
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Fig. 10 The morphological
image of pure PLA (100
magnification)

Fig. 11 The morphological
image of pure PLA (500
magnification)

Fig. 12 The morphological
image of sample 10
MCC/MMT/PLA (100
magnification)
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Fig. 13 The morphological
image of sample 10
MCC/MMT/PLA (500
magnification)

Fig. 14 The morphological
image of sample 13
MCC/MMT/PLA (100
magnification)

Fig. 15 The morphological
image of sample 13
MCC/MMT/PLA (500
magnification)
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large particulate in Fig. 12 indicated the cellulose, meanwhile the small one shows
MMT nanofiller fragments represent. Arjmandi et al. [30] mentioned that the small
polymer nanocomposite fragments in the SEM images are the nanofiller. Figure 12
contain less cellulose and MMT concentration around 4 wt and 2 wt%, respectively,
while the sample in Fig. 14 comprised of 5.716 wt% of cellulose and 6.244 wt% of
MMT. There was no cellulose aggregation observed in Figs. 12 and 13. Mubarak
[41] proved the concentration of cellulose particles was distributed in the matrix and
lower than 5 wt%. However, there was one air bubble sac presence in the surface of
Sample 10 which was due to the tensile strength reduction of the film production.

Figure 14 shows the cellulose and MMT filler irregular distribution in PLA
matrix due to the high amount of cellulose and MMT concentration in the sample.
The cellulose distribution was within the circled area in Fig. 14. Dos Santos et al.
[42] and Mubarak [41] also explained that cellulose poor distribution caused cellu-
lose aggregation, as shown by the circle in the polymer nanocomposite structure
in Fig. 14, which was affecting the tensile properties of the composite. The cellu-
lose poor particulates dispersion in the polymer matrix was due to the hydrophilic
cellulose behavior in nature and PLA hydrophobic behavior. Therefore, there was
no compatibility between MCC and PLA matrix due to the weak interaction [43].
On the other hand, in Figs. 14 and 15, there are many air bubbles present on the
polymer nanocomposite surface, which caused the rough sample surface. The air
bubble presence entrapped in the sample influenced the film elasticity [44].

3.5 Energy Dispersive X-Ray (EDX/EDS) Spectroscopy
Characterization

The energy dispersive x-ray (EDX/EDS) diffraction was correlated with the SEM
result as discussed in the previous section. Figures 16, 17, 18 and 19 show the bamboo
cellulose element peaks compositionpresent during theballmillingprocess,while the
EDX diffraction spectra in Fig. 20 shows the MCC/MMT/PLA polymer nanocom-
posite element composition. Based on EDX spectrum, the higher prominence atom
percentages elements were carbon (C) and oxygen (O). This had shown that C and O
were the major components of cellulose [45]. The small impurities amount, particu-
larly aluminum (Al) element was also detected by the EDX spectra. By referring to
Tables 4, 5, 6, 7 and 8, the C percentage was 59.87, 60.75, 63.58, 61.73 and 60.82%
and O percentage were 39.88, 39.02, 35.62, 37.22 and 39.02%, respectively.

By referring to theAl atompercentage,Table 4holds 0.25%of the total percentage,
while Table 5 shows 0.23%, followed by 0.79% in Table 6, and 1.04% in Table 7.
There was no Al presence in the polymer nanocomposite in Table 8. The Al spectra
was due to the presence of Al2O3 compounds in the bamboo structure [46]. In cases
of toxicity in the soil, Al was considered too high, as the root elongation inhibited.
Zhao and Shen [47] reported cell elongation reduction and cell division due to the Al
interference with the cell wall. This occurred as the plant mechanism reduce the Al
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Fig. 16 Energy Dispersive X-ray (EDX) diffraction spectra with its element compositions of
bamboo cellulose for 0th cycle

Fig. 17 Energy Dispersive X-ray (EDX) diffraction spectra with its element compositions of
bamboo cellulose for 1st cycle

toxification. Since it was the root responsible for the nutrient’s uptake from the soil,
it tends to halt its growth and reduce the Al toxification into the plant [47]. Based
on the observation in Table 8 of MCC/MMT/PLA, there were two small-scale new
elements, which are the Nickel (Ni) and Ruthenium (Ru) presence in the polymer
nanocomposite. The Ni percentage presence in the composite was 0.14% and 0.02%
for Ru (Fig. 18).
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Fig. 18 Energy Dispersive X-ray (EDX) diffraction spectra with its element compositions of
bamboo cellulose for 2nd cycle

Fig. 19 Energy Dispersive X-ray (EDX) diffraction spectra with its element compositions of
bamboo cellulose for 3rd cycle

3.6 Brunauer-Emmett-Teller (BET)

Based on Table 9, the specific surface area was increased in value from the 3rd cycle
to the 4th cycle. The cellulose 4th cycle specific surface area was at highest value
at 39.708 m2/g compared to the cellulose 3rd cycle at 33.548 m2/g. These results
were corresponded to the cellulose particles size reduction after ball milling that was
shown in Figs. 6 (b) and 7, due to the open particles surface and less particulates
merging during the vacuum drying process. The increase of specific surface area
caused by lack of coalescence particles. In the polymer nanocomposite with MMT,
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Fig. 20 Energy Dispersive X-ray (EDX) diffraction spectra with its element compositions of
MMC/MMT/PLA polymer nanocomposite

Table 4 EDX composition of bamboo cellulose for 0th cycle

Element Mass (%) Atom (%) Abs. error (%)(σ) Rel. error (%)(σ)

C 52.72 59.87 6.13 11.62

O 46.77 39.88 5.63 12.05

Al 0.50 0.25 0.05 10.47

Sb 0.00 0.00 0.00 27.79

Na 0.00 0.00 0.00 4.18

Sum 100.00 100.00

Table 5 EDX composition of bamboo cellulose for 1st cycle

Element Mass (%) Atom (%) Abs. error (%)(σ) Rel. error (%)(σ)

C 53.62 60.75 6.12 11.42

O 45.88 39.02 5.44 11.85

Al 0.45 0.23 0.05 10.97

U 0.05 0.00 0.01 10.32

Sum 100.00 100.00

Table 6 EDX composition of bamboo cellulose for 2nd cycle

Element Mass (%) Atom (%) Abs. error (%)(σ) Rel. error (%)(σ)

C 56.20 63.58 6.43 11.45

O 41.94 35.62 5.06 12.06

Al 1.56 0.79 0.10 6.53

U 0.30 0.02 0.04 13.52

Sum 100.00 100.00
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Table 7 EDX composition of bamboo cellulose for 3rd cycle

Element Mass (%) Atom (%) Abs. error (%)(σ) Rel. error (%)(σ)

C 54.27 61.73 6.26 11.54

O 43.59 37.22 5.24 12.01

Al 2.06 1.04 0.12 6.04

Te 0.08 0.01 0.03 38.31

Sum 100.00 100.00

Table 8 EDX composition of MMC/MMT/PLA polymer nanocomposite

Element Mass (%) Atom (%) Abs. error (%)(σ) Rel. error (%)(σ)

C 53.50 60.82 6.63 12.40

O 45.73 39.02 6.01 13.14

Ni 0.60 0.14 0.08 12.71

Ru 0.17 0.02 0.04 23.08

Au 0.00 0.00 0.00 1.73

Sum 100.00 100.00

Table 9 The specific surface
area of 3rd cycle and 4th cycle

Sample Specific surface area (m2/g)

3rd cycle 33.548

4th cycle 39.708

the size of cellulose particles also influenced the number of cellulose particulates.
Based on research conducted by Mondal [48], the decreased cellulose particle size
had affected the particles dispersion in the polymer matrix, which correlates to the
increasing amount of specific surface area. The polymer nanocomposite mechanical
and tensile properties increased as the specific particles surface area increased as
incorporated with MMT [49, 50]. The cellulose particles surface area was correlated
with the interfacial area between the cellulose fragments and polymer matrix.

3.7 Tensile Strength and Tensile Modulus

The MCC/MMT/PLA polymer nanocomposite mechanical properties were investi-
gated based on the result obtained from the tensile testing. Figures 21 and 22 show
the MCC/MMT/PLA nanocomposite tensile strength and Young’s modulus. Based
on Fig. 21, the addition of cellulose and MMT increased the polymer strength. This
was observed by comparing Sample 0with other samples of polymer nanocomposite.
However, there was incorrect correlation between the amount of cellulose and MMT
in the composite, whereas there was a reduce in strength of the PLA as shown in
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Fig. 21 Tensile strength of pure PLA (sample 0) and MCC/MMT/PLA nanocomposite
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Fig. 22 Young’s modulus of pure PLA (sample 0) and MCC/MMT/PLA nanocomposite

Sample 1, 7, 8, 11 and 14. Mubarak [41] also stated the nanofiller addition perfectly
improve the composite elongation break. Excessive addition of cellulose and MMT
led to particles agglomeration in samples, which initiated brittle behavior, because
of the non-uniform stress transfer and stress concentration point in the sample. In
addition, the PLA chain mobility was restricted with the cellulose and MMT raising
amount that reduce the elongation at break and Young’s modulus of the sample. This
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was proved by Sample 7 in Figs. 21 and 22, which used a high amount of cellulose
(6.41 wt%) and low amount of MMT (1 wt%) of fabrication of polymer nanocom-
posite that resulted in 8.72 MPa of strength and 0.004266GPa of Young’s modulus.
This was due to the poor MMT and cellulose components dispersion whereas devel-
opment the particles agglomeration in the sample. The agglomeration prevented the
full engagement between MMT and the PLA.

Sample 10 had the highest tensile strength and Young’s modulus, which used
4wt% of cellulose, 2.434 wt% of MMT nanofiller and 93.566 wt% of PLA that
had a tensile strength of 16.063 MPa, as shown in Fig. 21, and 0.015083 GPa of
Young’s modulus, as shown in Fig. 22. This PLA polymer excellence stress transfer
to cellulose incorporated with MMT. Besides, it was also due to the component’s
excellence dispersion in the polymer matrix and particles synergic effect [42]. The
cellulose hydrogen bond compatibility and the PLA hydroxyl group provided good
interaction between the matrixes. Additionally, the high specific surface area was
influenced by the surface interaction between the matrixes. The cellulose size also
affected the film tensile strength [42].

4 Conclusions

The nanocomposite mechanical property comprised the tensile andmodulus strength
was depended on the compositions of the materials. The highest tensile and modulus
strength achieved was of Sample 10 that contain 4wt% cellulose, 2.434wt% MMT
and 93.566wt% of PLA. The strength generated by this composite was 16.063 MPa
for the tensile strength and 0.015083 for the modulus strength. This was due to the
good cellulose and MMT distribution in the PLA matrix. Based on the SEM anal-
ysis, there was no cellulose agglomeration at the fracture area. In addition, Sample
10 nanocomposite does not contain any air sac in its structure, which had made
it a dense material that can withstand high tensile stress. FTIR analysis shows the
interfacial reaction occurred in the structure. Multiple peak bands are observed in
the nanocomposites. The peaks observed were mostly indicated the C = C, C = O,
C-O and Si-O bond presence in the polymer nanocomposite structure. In addition,
the bamboo fiber extraction was also achieved at for the dewaxing and merceriza-
tion of bamboo fiber, which had successfully removed the content of wax, lignin,
hemicellulose and pectin.
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Bamboo Nanocellulose Reinforced
Polylactic Acid Nanocomposites

Md Rezaur Rahman and Muhammad Khusairy Bin Bakri

Abstract This chapter discover bamboo nanocellulose nanocomposites. The
nanocomposites were characterized by Fourier transform infrared (FTIR) spec-
troscopy, scanning electron microscopy (SEM) and energy dispersive x-ray
(EDS/EDX), respectively. Mechanical test was carried out by universal testing
machine. This peak intensity was related to the glycosidic –C1-H deformation, a
ring vibration, and –O-H group bending, which attributed to the β-glycosidic link-
ages between the anhydro glucose units in cellulose. The fractured cross-sectional
surface showed that the cellulose fibers only physically interact with the PLAmatrix
and not chemically interact as confirmed by the chemical structure analysis of FT-
IR. The spectrums peaks show that elements of carbon, oxygen and aluminum were
detected from the EDX analysis.

Keywords PLA · Bamboo · Nanocomposites · Reinforced · Reinforcement

1 Introduction

Bamboo received a growing attention over the last few decades for its economic and
environmental values [1]. Either it is in Asia, Africa, and Latin America, bamboo
is usually associated with the indigenous culture and widely known to be used
for construction, forestry, agroforestry, and utensils [2]. For a wide range of uses
and application Bamboo environmental and physical properties is an exceptional
economic resource [3]. According to Bhonde et al. [4], bamboos growth rate was
among the fastest-growing plants in the world, whereas it can grow up to 60 cm or
more in a day. In nature, not only bamboos belong to the grass family, they are known
to have a columnar characteristic rather than tapering [4].

Bamboo can withstand the strong wind and pressure and reached a height up to
40 m [4, 5]. It possesses a few advantages, i.e. lightweight, flexible, tough, higher
tensile, and cheap [4]. It also had a huge social, economic and cultural significances
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in East Asia and South East Asia, as it was used extensively for building materials,
food sources, and highly versatile raw material and merchandises. In new research
supported by Chaowana [6] bamboo had received growing attention in the twentieth
century, for its growing nature, high productivity, quick maturity and high strength.
The bamboo development was also advance in processing technology and increased
in market demand for industrial application, especially as raw material for wood-
based composites such as particleboard (PB), medium-density fiberboard (MBF),
etc. [6]. Besides, bamboo has been processed into an extended diversity of product
ranging from domestic household, musical instrument and weapons [7].

Lobovikov et al. [8] have mentioned the similar opinion where bamboo has been
becoming popular as an excellent substitute for wood in production of pulp, paper,
board and charcoal. It is often that the bamboo was cultivated outside the forest
on farms, where it is more easily managed. The processing normally required a
basic skilled labor and started by rural poor communities at a minimal cost. For
some reasons, it could offer income-earning opportunities to a significant number
or people. Therefore, this chapter investigated the bamboo nanocellulose reinforced
polylactic acid nanocomposites. The samples were characterized using Fourier trans-
form infrared spectroscopy (FTIR), scanning electron microscopy (SEM), energy
dispersive energy (EDX/EDS) and mechanical test.

2 Methodology

2.1 Materials

The raw green bamboo sample was collected from forest at Kota Samarahan,
Sarawak. The properties of the materials used were tabulated in Table 1. Poly-
lactic acid, toluene, ethanol, hydrogen peroxide, acetic acid, sodium hydroxide,
dichloromethane, montmorillonite (MMT), titanium (IV) oxide, deionizedwater was
used and supply by Sigma Aldrich (US) Inc.

2.2 Experimental Procedure

The experimental methodology was divided into four main parts, which consist of
preparation of bamboo fiber, preparation of cellulose from bamboo fiber, preparation
of cellulose by mechanical fibrillation, and preparation of nanocomposite by using
bamboo nanocellulose with polylactic acid matrix.
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Table 1 Properties of the materials

Material/Chemical Chemical formula Molar
mass
(g/mol)

State at
room
temperature

Melting
point
(oC)

Boiling
point
(oC)

Polylactic Acid (C3H4O2)n 60.00 Solid 160.00 -

Toluene C7H8 92.14 Liquid −95.00 111.00

Ethanol C2H5OH 46.07 Liquid −114.00 78.00

Hydrogen
Peroxide

H2O2 34.01 Liquid −0.43 150.00

Acetic Acid CH3COOH 60.05 Liquid 16.60 118.10

Sodium Hydroxide NaOH 40.00 Solid - 1390.00

Dichloromethane CH2Cl2 84.93 Liquid −96.70 39.60

Titanium (IV)
Oxide

TiO2 79.90 Solid 1843.00 2972.00

Deionized Water H2O 18.02 Liquid 0.00 100.00

Montmorillonite
(MMT)

(Na,Ca)0.33(Al,Mg)2(Si4O10) - Solid - -

2.3 Preparation of Bamboo Fiber

The raw green bamboo underwent grounding and drying process to transform into
the fibers form that was used for synthesis of cellulose. 1 m culm of green bamboo
was prepared. The green bamboowas grounded by using amixer grinder to produced
chips and powders form, which excluding the internode part. The chips and powder
form of bamboo underwent drying process in an oven for 72 h at 70 °C. The dried
sample were grounded and sieved by using 600 μm size sieve. The 600 μm mesh
size bamboo fibers were used for the synthesis of the cellulose. This sample was
labelled as Green Bamboo Fiber (GBF) as shown in Fig. 1.

2.4 Preparation of Cellulose by Chemical Treatment

The GBF underwent several step and chemical process to complete the cellulose
extraction.

2.4.1 Dewaxing of Bamboo Fiber

A 400 ml of Toluene and 200 ml of ethanol solution was prepared. This solution was
put in a round flask to produced toluene ethanol of 2:1 ratio. A round flask filled with
water was put on the heating mantel and the temperature was maintained at 100 °C
by using the digital thermometer. A Soxhlet extractor was placed on the top of the
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Fig. 1 Green Bamboo Fiber (GBF)

boiling round flask and fixed tightly by using the retort stand. 10 g of GBF were
weighted and scoop into the cellulose thimble and was placed into the membrane
tube of the Soxhlet extractor. A Liebig condenser was placed on top of the extractor
as shown in the Fig. 2 the setup of the equipment for dewaxing treatment of bamboo
fibers. The process was run until the mixture color disappear which approximately
for 1 hour and 6–9 cycles of extraction. The extraction thimble was taken out by
using a tweezer after the dewaxing treatment complete. The samples were poured
into a beaker and stirred using a glass-rod, while adding the toluene ethanol solution.
The mixture was filtered by using the filter tunnel and filter paper, the final product
will be distributed evenly on the filter paper by using glass-rod. The final product
was left overnight in an oven drying at 70 °C and labelled as Dewaxed Bamboo Fiber
(DBF) as in the Fig. 3.

2.4.2 Delignification of Bamboo Fiber

The delignification solutions were prepared by using 82.3 g of Hydrogen peroxide,
106.2 g of Acetic acid in the present of Titanium (IV) Oxide as catalyst. 30 g of
dry DBF was weighted and immersed into the delignification solution in a beaker as
shown in Fig. 4. The mixture was heated up to 130 °C for 2 h, and the heater was
turned off to let it cool at room temperature. The treated product was filtered using
Buchner flask and rinsed with deionized water until it reached the pH 7 and undergo
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Fig. 2 Dewaxing Step

drying process at 70 °C for 24 h. The dried sample was placed in a bottle and kept in
a dark and cool place for next alkaline treatment and labelled as Delignified Bamboo
Fiber (DLBF) as in Fig. 5.

2.4.3 Mercerization

The DLBF sample was immersed into the alkaline solution of 6wt% of Sodium
Hydroxide to dissolve the pectin and hemicellulose of the fiber at room temperature.
An auto shaker equipment as in Fig. 6 was used to stir the mixture at 150 rpm, heated
to 80 °C for 2 h and stopped after 8 h of stirring. Themixture was rinsed continuously
with deionized water until the pH 7 was reached. The treated product was filtered
again by Buchner flask, rinse by using deionized water to reach pH7 and freeze dried
at –85 °C for 48 h. The treated product was kept for the next mechanical process and
labelled as Bamboo Cellulose Fiber (BCF) as shown in the Fig. 7.
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Fig. 3 Dewaxed Bamboo
Fiber (DBF)

2.5 Preparation of Cellulose Fibers by Mechanical Process

The mechanical processes were applied to transform the Bamboo Cellulose Fiber
(BCF) size into a smaller scale of cellulose fibers. The BCF were grounded by using
the mixer grinder for 10 mins. and seven cycle to give the cellulose in powdered form
as shown in Fig. 8.

2.6 Preparation of Nanocomposite Film by Using Bamboo
Nanocellulose with Polylactic Acid

This process was essential as the cellulose fiber added with the polylactic acid with
addition of montmorillonite (MMT) as filler to produce the nanocomposites. In this
section, solution casting technique were used to produce nanocomposite film by
using dichloromethane (DCM) as the solution. 85wt% of cellulose fiber suspension
in 100 ml of DCM was stirred in a beaker. When the cellulose fiber thoroughly
dispersed in the solvents, mixture of 1.5wt% of MMT and 6.5wt% of PLA was
gradually added the suspension. After the complete dissolution of PLA and MMT,
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Fig. 4 Delignification step

the stirring was kept for 2 h. Then, the mixture was poured into the petri dish and
the solvents was evaporated under the room temperature for 12 h as shown in Fig. 9.
The mixture formulation of nanocomposites was followed by its designed using the
Experts Design software for response surfacemethodology. Themixture formulation
was previously tabulated as in the Table 3.

2.7 Experimental Design and Formulation

The design of experiment software Design Expert® 11 were used in designing the
formulation of composition and analysis of the experimental data. The parameters
used are PLA load, bamboo cellulose load and MMT load at 2-level factorial as
shown in the Table 2.

From the software for design of the experiment, 15 runs of experiment were
carried as shown in the Table 3 below.
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Fig. 5 Delignified Bamboo
Fiber (DLBF)

2.8 Characterization Test

2.8.1 Fourier Transform Infrared Spectroscopy (FTIR)

The number of scans were set, and the wavelength range taken were between 4000–
400 cm−1. The spectrograms were used to analyze the peaks corresponding to the
organic compound’s chemical groups and compared with the databases to identify
the materials from the chemical composition. The test was done according to ASTM
E168-16 [9], and ASTM E1252-98 [10] standards.

2.8.2 Scanning Electron Microscopy (SEM)

The morphological images of the broken samples were test using SEM (Hitachi
TM3030). The sample was mounted on the holder and metal coated with an ultrathin
film of gold with a sputter coater. The images were taken at different magnifications.
The tests were conducted according to the ASTM E2015-04 [11] standard.
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Fig. 6 Mercerization step

2.8.3 Energy Dispersive X-Ray (EDX)

EDX analysis was an x-ray technique used to identify the element composition that
present in the sample or specimen. This analysis systems were attachments to the
electron microscopy instruments (used for SEM) where the imaging capability of
the microscope identifies the specimen elemental composition. The procedure on
conducting EDX analysis were similar as SEM analysis as the system is attached in
the same instrument. The analysis of EDX was observed from the energy spectrum
obtained from the EDX system. The tests were conducted according to the ASTM
E1508-12 [12] standards.

2.9 Tensile Test

The tensile properties were obtained, and the test was carried out according to ASTM
D638-14 [13] standard on Universal Testing Machine Shimadzu MSC-5/500 at the
crosshead speed of 5 mm/min.
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Fig. 7 Bamboo Cellulose
Fiber (BCF)

Fig. 8 Powder bamboo
cellulose fiber
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Fig. 9 Nanocomposite film in petri dish

Table 2 Parameters use in
the design of experiment

Parameters Levels

Low (−1) High (+1)

PLA Load 80 90

Bamboo Cellulose Load 5 8

MMT Clay Load 1 2

Table 3 Experimental values
from design expert 11

Run PLA Load
(wt%)

Bamboo Cellulose Load (wt%) MMT Load
(wt%)

1 85 6.5 1.5

2 90 5 2

3 80 8 1

4 76.591 6.5 1.5

5 80 5 2

6 85 6.5 2.3409

7 85 6.5 0.659104

8 80 5 1

9 85 9.02269 1.5

10 90 8 1

11 80 8 2

12 93.409 6.5 1.5

13 90 8 2

14 90 5 1

15 85 3.97731 1.5

PLA 100 0.0 0.0
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3 Results and Discussions

3.1 Fourier Transform Infrared Spectroscopy Analysis

Figure 10 shows FTIR spectra of raw green bamboo fiber (GBF) and bamboo cellu-
lose fiber (CF) produced through both chemical and mechanical treatments of raw
green bamboo.

FTIR spectra revealed the composition changes in the raw green bamboo fiber
(GBF) after underwent chemical treatments to produce bamboo cellulose fiber (CF).
Figure 10 shows that the red line represents the GBF spectrum, while the black
line represents the CF spectrum. The absorption peak of the GBF spectrum at
1508.33 cm−1 was attributed to the C = C stretching vibration in the aromatic ring
of lignin. While for the CF spectrum, it did not show the C = C stretching vibration
in the same region. According to Liew et al. [14], similar finding was found, which
indicates the chemical treatment of delignification successfully removed the lignin
in the fiber.

The absorption peak intensity at 900.76 cm−1 in the CF spectrum was almost to
same as the CF spectrum of 900 cm−1 obtained from the study conducted by Liew
et al. [14]. This peak intensity was related to the glycosidic –C1-H deformation, a
ring vibration, and –O-H group bending, which attributed to the β-glycosidic link-
ages between the anhydro glucose units in cellulose. The rise of intensity peak at
1028.06 cm−1 shows that the cellulose content increased by the alkaline treatment.
Based on this spectrum’s comparison and studies, it was confirmed that cellulose

Fig. 10 FT-IR spectrum of (a) green bamboo fiber (Red), and (b) bamboo cellulose fiber (Black)
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fiber was successfully obtained from the raw green bamboo fiber through chemical
treatments.

Figure 11 above shows the blue line in the FTIR spectra that illustrated the spec-
trum for neat PLA,while thegreen line illustrated theFTIRspectra for nanocomposite
film produced through the solution casting technique, which consists of PLAmatrix,
MMT filler and CF filler with different composition formulation. As shown in the
pure PLA spectrum above, the intensity peaks at 1751.38 and 1082.07 cm−1 were
attributed to the stretching vibration of the C = O functional group and C-O func-
tional group, respectively. This finding was also supported by a similar observation
obtained from a study conducted by Arjmandi et al. [15], whereas the absorption
peaks for those functional groups were 1764 and 1089 cm−1, respectively. In addi-
tion, they also analyze the intensity absorption peaks at 1041.6 and 1452.40 cm−1

were attributed to –OH- and –CH3- bending vibrations as obtained in their pure
PLA spectrum. This observation was confirmed by the result obtained from the EDS
analysis of pure PLA film.

As shown in the nanocomposite film spectrum above, two new peaks had appeared
at 480.28 and 542.00 cm−1, which was related to the stretching vibrations of Si–O
functional groups contributed by MMT filler. A similar finding also obtained by
Arjmandi et al. [15] upon the addition of MMT filler into the PLA matrix. These
changes in spectra was due to the good interactions between the PLA matrix and
the MMT filler, which caused by the formation of polar interactions between the
functional groups from both components. According to Liu et al. [16], the formation
of hydrogen bonding between the Si–O groups of the MMT filler and the hydroxyl
group of the PLA matrix was due to the peak’s changes in the FTIR spectra.

Fig. 11 FTIR spectra of (a) Pure PLA (Blue), and (b) Nanocomposite film (Green)
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As observed in Fig. 11, the CF filler in the nanocomposite film did not influence
the chemical structure of the nanocomposite, as there was no new functional group
observed in the IR spectra of nanocomposite film. According to Arjmandi et al.
[15], CF filler did not chemically interact with the PLA matrix, but only physical
interaction occurred between them and this was confirmed by the SEM.

3.2 Tensile Test Analysis

Tensile testing was an analysis for mechanical properties of the nanocomposite that
shown the effects of CF and MMT filler to the tensile strength and tensile modulus
of the nanocomposite compared to the pure PLA. Tables 4 and 5 shows the formula
used for tensile properties determination and the tensile properties of nanocomposite
obtained from this research respectively.

Table 4 Determination of
tensile properties Tensile Strength (MPa) Load Applied(N )

Crosssectionalarea(m2)

Tensile Modulus (MPa) Stress(Pa)
Strain

Table 5 Tensile strength and
tensile modulus of
nanocomposites film

No. samples Tensile strength (MPa) Tensile modulus (MPa)

1 1.304 51.581

2 0.650 28.526

3 0.691 51.027

4 2.442 84.778

5 1.450 113.251

6 1.315 85.279

7 0.632 38.551

8 1.608 34.478

9 1.596 50.893

10 1.477 38.145

11 1.242 48.147

12 1.348 45.683

13 0.906 67.982

14 0.663 17.371

15 1.454 23.093

PLA 0.931 17.592
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3.2.1 Tensile Strength

Tensile strength of material was the ability of the material to withstand external
force without breaking. Figure 12 shows the tensile strength of the nanocomposite
with different formula composition design by the experiment design software Design
Expert® version 11.

From the figure, it was noticed that the tensile strength of nanocomposite for
Sample 4 was the highest at 2.442 MPa compared to the pure PLA. The design
mixture for Sample 4 was observed to give the maximum tensile strength of the
nanocomposite with 6.50wt% of bamboo cellulose fiber and 1.50wt% of MMT filler
content. The tensile strength of nanocomposite for Sample 4 was approximately
62% higher than that of neat PLA, which suggesting a significant reinforcing effect
to the nanocomposite. This finding led to the thought that the MMT filler content
at this design was distributed uniformly within the PLA matrix, which contributes
to the tensile strength to reaches its maximum value. This finding was supported
by Arjmandi et al. [15], as similar observation on the effect of MMT on the PLA
matrix. However, the tensile strength was significantly decreasing, as the MMT filler
content rising exceeds 1.5wt%, which probably due to the aggregation of the filler
that was resulting in a concentration point of fracture. This was confirmed by the
SEM micrograph of nanocomposite.

In addition, it was noticed that there are few nanocomposites that possessed a
lower tensile strength compared to the neat PLA film. This was due to the composi-
tion formulation of the nanocomposite, which may affect the mechanical strength of
the nanocomposite. An excessive amount of cellulose fibers caused an obstruction
that was attributed to the increased aggregation among cellulose fibers. This agreed

Fig. 12 Tensile strength (MPa) of the nanocomposites
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withArjmandi et al. [15] results, whereas the decrease in tensile strength of nanocom-
posite was attributed by the aggregation of the cellulose fibers in PLA matrix, which
have been induced by the Van der Waals forces. The major factor influencing the
trend of the tensile properties for the nanocomposite was the composition design
obtained from the design experiment software, which gives the most optimum and
least optimum design for the experiment.

3.2.2 Tensile Modulus

Generally, tensile modulus was measured by taking the amount of stress applied to
the material and dividing it by the strain or elongation of the material undergoes.
Tensile modulus was also known as elastic modulus, modulus of elasticity (MOE)
and Young’s modulus. Young’ modulus also defined as the elongation of a material
under a unit of stress. Below, Fig. 13 shown the tensile modulus obtained for all the
samples of nanocomposite from tensile testing using a tensile testing machine.

From the figure, it was notable that the tensile modulus orMOE of nanocomposite
film for Sample 5 (80wt% of PLA, 5wt% CF and 2wt% of MMT filler) increased
by approximately 84% compared to the neat PLA film. According to Arjmandi et al.
[15], this observation was attributed to the rigidity of MMT filler, which restricting
the segmental chain motion in the polymer matrix. Figures 12 and 13 shows that
almost all nanocomposites film increase in mechanical properties compared to the
pure PLA film, which led to the observation that the adoption of CF and MMT filler
into PLA matrix resulting in a positive reinforcing effect.

Fig. 13 Tensile modulus (MPa) of the nanocomposites
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3.3 Morphological Analysis

It was necessary to study the morphology properties of the raw bamboo fibers,
bamboo cellulose fibers and nanocomposite, since their mechanical properties are
related to it. Figures 14 and 15 shows the micrograph of untreated GBF and CF,
respectively. Figure 14 shows the morphology of the untreated bamboo fiber surface,
which displayed no cavities and was covered by a layer of residues that responsible
for fibrils compression. It was noticeable that the surface of untreated bamboo fiber
was filled with starch grains, which become a layer that protect fibers and prevent the
penetration of any resin into it. The material that was surfacing the bamboo fibrils
was named cuticle and it was identified as aliphatic wax, which makes fibrils incom-
patible with most polymers. Thus, to make bamboo fibers suitable to be used as a
reinforcing agent for PLAmatrix or any other polymer, it needs to undergo chemical
treatments beforehand.

The SEM micrograph surface of CF after underwent chemical treatments, such
as dewaxing, delignification and pre-treatment. It was also called mercerization that
helps to dissolved pectin and hemicellulose in the fibers and could increase the
tensile strength of the fibers. The morphological surface of CF obtained illustrates a
smooth appearance without having anymicro void. It was clear that the CF displayed
fibrils form shape and the chemical treatments had attributed to obvious differences in
morphology formbetweenCFandGBF.Thismicrograph confirms thatmercerization
resulting in fibrillation and the breakage of fiber into smaller pieces, which help in
increased the effective surface area for contact with the polymer matrix. Similar
findings were obtained by Liew et al. [14]. This finding was important to support the
idea of enhancement PLA matrix by the implementation of bamboo cellulose fibers

Fig. 14 SEM micrograph of untreated raw green bamboo fiber (GBF)
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Fig. 15 SEM micrograph of bamboo cellulose fiber (CF)

and MMT filler into the matrix. This observation confirmed that there are obviously
changes of properties of the bamboo fibers after underwent several treatments.

From the Fig. 16, the surface morphology of pure PLA film was typically flat
and smooth as illustrated. Due to the amorphous characteristic of PLA matrix in all

Fig. 16 SEM micrograph of pure PLA film
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Fig. 17 SEM micrograph of nanocomposite film (Sample 4)

samples, the difference occurred in the matrix was studied, as the weak mechanical
properties of PLA was the main reason for the enhancement of PLA matrix by
adopting the cellulose fibers, and MMT filler into the matrix. As indicated by the
small circles, it was clear that the pure PLA film displayed a lot of more micro voids
compared to the surface of nanocomposite film that consisting PLAmatrix, cellulose
fibers and MMT filler.

From Fig. 17, the micrograph obtained for the nanocomposite film illustrates the
fractured cross-sectional surface taken after underwent the tensile testing, which had
exposed its micro-fibrillation structures. As indicated by the circles, there were some
fibrillations destruction that occur from the tensile loading that showing the load was
well transported through those cellulose fibers in the nanocomposite. The fractured
cross-sectional surface showed that the cellulose fibers only physically interact with
the PLA matrix and not chemically interact as confirmed by the chemical structure
analysis of FT-IR.

Figure 18 above shows some of the aggregation of MMT filler at the surface of
the nanocomposite film. This aggregation was observed to be the point of fracture
for the nanocomposite film as the aggregated MMT filler possessed lower network
formation of MMT filler-PLA matrix interactions which led to the decreasing of
tensile strength of the nanocomposite. Similar observation was seen in the SEM
micrograph of other nanocomposite films.



178 M. R. Rahman and M. K. B. Bakri

Fig. 18 SEM micrograph of nanocomposite film (Sample 5)

3.4 Energy Dispersive X-Ray Analysis (EDX/EDS)

Figure 19 shows the EDX/EDS spectrum of bamboo cellulose fibers. The spectrums
peaks show that elements of carbon, oxygen and aluminum were detected from
the EDX analysis. The elements of carbon and oxygen were originated from the
bamboo cellulosefibers,while the aluminumelement is from the aluminumholder for

Fig. 19 EDX/EDS spectrum of bamboo cellulose fibers
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Fig. 20 EDX spectrum of pure PLA film

specimen used in the electron microscopy machine. Based on Fig. 19, the chemicals
associated with the chemical’s treatments were not detected in the final cellulose
fibers. This observationwas supportedbasedon the analysis for the elemental analysis
of cellulose fibers in the FT-IR spectra.

Figure 20 shows the EDX/EDS spectrum obtained from the pure PLA film. The
main elements that detected in neat PLA were carbon and oxygen. This was due
to the origin of PLA, which synthesis from the biomass or organic material. It was
noticeable that the percentage of carbon higher compared to the percentage of oxygen
in the material.

Figure 21 EDX/EDS spectrum for nanocomposite consisting the similar elements
that was detected in the spectrum of bamboo cellulose fibers and pure PLA film,
respectively. A new element detected in this spectrum which was element of Silicon.
Silicon that appeared in this spectrum were originated from the MMT filler, which
adopted into the PLA matrix along with the cellulose fibers. The similar functional
group which consists silicon element also detected in the absorption peaks of FT-IR
spectra of nanocomposite.

4 Conclusions

In conclusion, the bamboo cellulose fibers were successfully synthesized using
the combination of both mechanical processes and chemical treatments. From this
research, the FTIR analysis confirmed that the mercerization pre-treatment could
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Fig. 21 EDX/EDS spectrum of nanocomposite film

remove the lignin and hemicellulose from the raw bamboo fibers. In addition, the
nanocomposite consisting of PLA matrix, MMT filler and bamboo cellulose fibers
were successfully prepared through solution casting technique. The solvents used
for the solution casting technique was dichloromethane due to its safety and solu-
bility properties. PLA nanocomposite reinforcement using bamboo cellulose fiber
extracted from the raw green bamboo and with the association of MMT clay filler
had shown improvement on the nanocomposite properties, whereas the mechanical
properties of the nanocomposite for Sample 4 with 6.50wt% of bamboo cellulose
fiber and 1.50wt% ofMMTfiller content were 62% higher compared to the pure PLA
film. This improvement in the nanocomposite properties had a great potential to be
implemented in the food packaging applications. Several testing and characterization
techniques such as tensile testing, SEM analysis, FTIR analysis and etc. were done to
study the effect of adopting the bamboo cellulose fibers and MMT clay filler into the
PLA matrix. The mechanical properties of the nanocomposite were increased upon
the addition of bamboo cellulose fibers and MMT clay filler compared to the neat
PLA. The tensile strength and the tensile modulus (MOE) of the nanocomposite were
improved by 62 and 79% respectively, for observation with Sample 4 that consists
of 6.5wt% of bamboo cellulose fibers and 1.5wt% of MMT clay filler.
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Bamboo Nanocomposites Future
Development and Applications

Md Rezaur Rahman, Perry Law Nyuk Khui,
and Muhammad Khusairy Bin Bakri

Abstract Bamboo nanofibers, fibrils, and nanocomposites etc. has been notably
researched throughout the years in the field of material science. Researchers demon-
strate that bamboo possess good mechanical properties, biodegradability, rapidly
growing properties, low costs, availability and sustainability. Bamboo nanocom-
posites are advantageous as a biodegradable material which could potentially
replace numerous nondegradable conventional materials possessing similar prop-
erties and performance. Hence, this chapter summarizes the future development and
applications of bamboo nanocomposites.

Keywords Bamboo · Nanocomposites · Sustainable · Development · Applications

1 Future Development of Bamboo Nanocomposites

Throughout the years, researchers have investigated different techniques to develop
bamboo nanocomposites properties i.e. (mechanical, chemical, physical), including
fabrication processes, utilizing design experimental models for response analysis
and optimization, and varied material ratios of bamboo nanocomposites [9, 30,
37, 41–43]. The future development of bamboo nanocomposites may rely on the
understanding of the advantages and disadvantages of bamboo followed by the opti-
mization of bamboo nanocomposite fabrication parameters to cater for the desired
performance and properties.

Examples of the advantages of bamboo includes;

• High mechanical strength and stiffness which are effective for load-bearing
applications.

• Fast-growth (3–5 years), as a mature usable bamboo culm.
• Bamboo contains an abundance of high-quality cellulose fibers, useful for

cellulose extraction and paper making.
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• Versatility of bamboo fibers ranges from the development woven fabric to
reinforcing matrices of nanocomposites.

• Bamboo fiber has anti-bacterial properties.

Examples of the disadvantages of bamboo includes;

• Bamboo is prone to be invaded by wood-boring insects.
• It is recommended for manufacturers to store bamboo under dry conditions or

treated with preservatives.
• Bamboo absorbs moisture and is sensitive to heat, light and ultraviolet radiation,

if left untreated or stored under poor conditions.
• Bamboo cultivation is considered an invasive flora and spreads through roots and

rhizomes.
• Difficulty of eradicating bamboo grove entirely.
• Bamboo fibers woven into fabrics are susceptible to shrinkage.

Despite the disadvantages stated, researchers have recurrently shown in advancing the
development of bamboo’s performance formany applications [3, 9, 37, 43].However,
researchers have found it difficult tomaximize the economic and ecological strengths
of bamboo. The bamboo industry has a low utilization rate of bamboo resources,
which requires a lot of hands-on-work with little automation. Moreover, the bamboo
industry produces limited products with no significant value in comparison to woods
or timber where specific species are sought after [3].

Major challenges of developing bamboo nanocomposite include; the extraction
of bamboo fibers as reinforcements, and quality control of fabricating bamboo
nanocomposites. Researchers found it difficult to extract long, straight and fine
bamboo fibers from the bamboo culm, utilizing the 3 main methods for extracting
bamboo fibers [3, 37, 43].

1. Mechanical treatment i.e. (steam explosion method, retting, crushing, grinding,
roll milling).

2. Chemical treatment i.e. (chemical retting, degumming, alkali or acid retting,
surface modification).

3. Combination of mechanical and chemical treatments.

Bamboo culms are considered to be heterogeneous and anisotropic in nature,
the extracted bamboo fibers mechanical properties are widely unstable due to its
varied density and moisture content [36]. Researchers have reported bamboo culm’s
mechanical properties tend to improve as the bamboo plant matures. The improved
mechanical properties of matured bamboo culms are associated to the increased
specific gravity due to anatomical changes in the vascular bundles [36, 43].

Extraction process via. mechanical and chemical treatment methods most likely
cause damage to the bamboo fibers, which usually results in producing shorter
bamboofiber lengths [1, 43].However, the production of shorter bamboofiber lengths
is not a disadvantage, as majority of bamboo and wood-based nanocomposites are
fabricated using particle reinforced composites methodologies. Bamboo nanofibers
as reinforcements are normally dispersed randomly within the matrix, and mixed
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well to achieve homogeneity throughout the masterbatch [9, 18, 20, 30]. Thermo-
plastics and thermoset polymers are two types of polymer matrices used for devel-
oping bamboo nanocomposites. The compatibility, degradation rate, mechanical,
thermal, and chemical properties of the polymer as some criteria used by researchers
to select the matrix used for developing the nanocomposites. Moreover, at least one
component in the fabrication process must utilize nanotechnology or characterized
as nanoscale, in order to be considered as a nanocomposites [6, 32, 43].

The characterization of a single bamboo fiber includes the basic tests
for morphology, chemical constituents and mechanical properties [3, 12]. The
morphology of bamboo fiber presents a framework of multi-layered wall structure
consist of concentric circles. The multi-layers consist of thick cell wall, small lumen,
pits, and a small microfibril angle. The average dimension of bamboo fiber ranges
from 10 to 30 mm in diameter and 1–4 mm in length [43]. The chemical constituents
of bamboo are holocellulose 60–70%, pentosans 20–25%, hemicelluloses and lignin
each amounted to about 20–30% and minor constituents such as resins, tannins,
waxes and inorganic salts [12]. Khalil et al. reported similar chemical constituents of
bamboo. The compiled database generally showed the major chemical constituents
of bamboo are; cellulose, hemicelluloses and lignin, accounting for over 90% of
the total mass, similar to wood-based sources [43]. Older research papers showed
that α -cellulose content of bamboo is 40–50%, comparable with the ported α -
cellulose contents of softwoods 40–52% and hardwoods 38–56% [10, 15, 31]. As
higher cellulose content and aspect ratio contributes to increased stiffness to the
nanocomposite, polymer matrices which exhibit ductile behaviours tend to become
brittle and hard [15, 43]. The high lignin content of bamboo, which makes it a desir-
able construction material, contributes to its high heating value and its structural
rigidity. Lignin also promotes reactivity, which makes for a smoother reaction to
chemical change [10, 15, 43]. Moreover, the mechanical properties of bamboo fibers
are dependent on numerous factors, such as; physical, chemical and morphological
properties i.e. (fiber orientation, cellulose content, crystal structure, fiber dimensional
length, diameter and cross-sectional area) [16, 43].Different species of bamboofibers
yield different density and tensile strength, Defoirdt et al. found that the bamboo fiber
speciesDendrocalamus membranaceus has the density of 1.38 g/cm3, and the tensile
strength range between 638 to 813MPa [34]. On the other hand,Monteiro et al. found
that the bamboo fiber species Bambusa vulgaris has the density and tensile strength
ranging between 1.03–1.21 g/cm3 and 106–204 MPa respectively [17].

The optimization of bamboo nanocomposite is a difficult task such requires a lot
of characterization tests via trial and error which is inefficient, time consuming and
costly for researchers and manufacturers. Therefore, the future of bamboo nanocom-
posite fabrication parameters and testing may lie in use of simulations or design
models to generate data and information, predicting outcomes based on initial exper-
imental data. Examples of design of experiment model is D-optimal mixture design
with surface response methodology, which can be use in a program by Stat-Ease
“Design Expert” [4, 11, 41, 42]. Design of experiments is a statistical technique to
evaluate linear, non-linear, and interactive effects of factors (independent variables)
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on responses (dependent variables) [2, 4, 21]. In comparison to other design of exper-
iment techniques, D-optimalmixture design uses the sumof input variables to be one.
In a mixture configuration, the measured response is therefore independent of the
volume of the mixture and only depends on the relative proportions of components
in the mixture [28]. Optimal modelling algorithms test unbiased process parameter
estimates for the lowest number of experimental runs in a mixture design [5, 25].

An example of D-optimal mixture design is a study byM.Venkatesan et al., which
optimizes the utilization of waste foundry sand and fly ash to synthesis geopolymer
composite. The researcher uses D-optimal mixture design to study and process data
for empirical model development, analysis of variance (ANOVA), diagnostics, and
optimization of the geopolymer concrete compressive strength [4]. Themodel design
generates iterations in weight percentage (wt%) of the independent variables; fine
aggregates (A: 30–55 wt%), waste foundry sand (B: 15–40 wt%), and fly ash (C:
20–30 wt%), for the composite fabrication parameters. Experimental testing via
compressive strength test (Y: N/mm2) is the response and dependent variable set at
7th and 28th day curing time. In the D-optimal mixture design, the Scheffe cubic
model was used, which is derived from standard polynomials of varying degrees
to account for mixture variables [4, 38, 39]. M. Venkatesan et al. design the model
which comprised of 14 test runs, including 6 runs for minimum model points, 4 runs
for lack of fit estimation, and 4 runs for replicates.

Generally, the Scheffe cubic model represents the relationship between inde-
pendent and dependent variables [4]. The optimization of the develop composite,
correlates to the desirability percentage generated by the desirability function which
combines all the optimization targets into one function. The desirability function
maximises, as the factors and responses shift closer to the targets and become zero
if either of the factors or reactions fall beyond their range of desirability. Results
of optimization by all the factors and responses with highest desirability is selected.
The researchers have noted the optimized composite weight percentage iteration are;
68 wt% fine aggregates, 38 wt% waste foundry sand and 30 wt% fly ash, with desir-
ability of around 0.97. The optimized composite iteration can predict the compressive
strength response to bewithin 18.9 N/mm2 and 22.3 N/mm2 for curing time of the 7th
and 28th day respectively [4]. Researchers have shown the efficiency and practicality
of using D-optimal mixture design to model to predict and optimize the composites
fabrication parameters [4, 33, 39]. Optimization of composite fabrication parameters
by design of experiments gives added advantage to numerous industries, by gener-
ating proper iterations for fabrication and optimize them based on the responses. The
predictions calculated by the model are based around achieving the best fabrication
parameters to optimize material usage in respect to the performance of composite
responses, hence reducing manufacturing time and cost [4]. Fabrication parameter
of bamboo nanocomposite is comparable to the design of experiment methodology
by M. Venkatesan et al. using D-optimal mixture design, such as weight percentage
of polymer matrix, bamboo nanofibers, curing time and processing temperature.

By isolating the bamboo plant to bamboo strips, culm and fibers, these materials
are generally used to develop woven mats, veneer, and yarn, which are targeting
the textile, interior design and furniture making industries. However, future trend of
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developing bamboo nanocomposite may lie in using cellulose nanofiber present in
the bamboo. Extraction of cellulose nanofibers on other renewable source may yield
different properties, i.e. (length, diameter, surface area, pore diameter, crystallinity,
density and mechanical strength) [22, 27, 29, 30]. Lu et al. study the effects of chem-
ical modification of bamboo cellulose nanofibers to improve mechanical properties
of cellulose reinforced polylactic acid (PLA) composites [19]. The researchers use
cellulose nanofiber extracted from bamboo and modifying with sodium hydroxide
(NaOH) and silane coupling solution, which improves interfacial bonding with the
PLA matrix. The study show that the mechanical properties of the bamboo cellu-
lose nanofiber composite are dependent on the features of the cellulose nanofiber,
matrix, and interfacial bonding. The disadvantages of the nanocomposite are the
low compatibility and poor interfacial bonding between the hydrophilic cellulose
nanofiber and the hydrophobic PLA matrix. Cellulose nanofiber has polar hydroxyl
groups on the surfacewhich form poor bonding interfaceswith nonpolar PLAmatrix,
hencemaking it inefficient to distribute stresses under load and reducing themechan-
ical strength [19, 24]. The surface modification via chemical treatments enable the
bamboo cellulose nanofiber composite to be applied in numerous industrial appli-
cations due to the improve mechanical properties which met industrial application
requirements [19].

In general, the future development of bamboo nanocomposite is promising as it
could be seen that researchers would include the use of the understanding of bamboo
nanofiber advantages and disadvantages, design of experiment for setting up fabri-
cation parameters to optimize testing, material usage, managing cost correlating to
the nanocomposite performance. As well as exploring the usage of bamboo cellulose
nanofiber for nanocomposite fabrication, catering for industrial applications.

2 Bamboo Nanocomposites Future Applications

The future application of bamboo nanocomposites is both dependent on the advance-
ment of bamboo nanocomposite and the ability to cater towards a specific field of
application. Over the years there are numerous advancement of bamboo nanocom-
posites, which uses bamboofiber, additives and extracted bamboo cellulose nanofiber
to modify properties of the fabricated nanocomposites. Researchers are consistently
putting effort in improving the mechanical properties of bamboo nanocomposites
and comparing it to other composites commercially available for various applications
[7, 8, 13, 35].

Javadian et al. studies the design and application of sustainable bamboo fiber
composite as reinforcements in structural concrete beams [26]. The development of
the bamboo fiber composite reinforcement system characteristics such as mechan-
ical properties, such as water absorption, swelling, shrinking, and chemical resis-
tance were investigated by the researchers. The researchers found some advantages
of using bamboo fibers over conventional synthetic fibers i.e. availability, renewa-
bility, biodegradability and lower production cost. The bamboo fibers are obtained
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by processing entire bamboo culms, then impregnate by using epoxy resin. The
bamboo fiber composite is then molded via hot press fabrication method and divided
into different sizes used in concrete beams in replacement of conventional steel bars
[26]. As opposed to conventional building materials, bamboo fiber composite rein-
forcement shows low stiffness compared to conventional building materials. It is
difficult to succeed in the mass construction industry. The material used for building
application must meet specific criteria’s and guidelines for mass construction, for
bamboo composite reinforcements for building application. Structural deflections of
buildings can be a critical factor for medium to high rise structures, where it would
likely to develop cracks due to lower elastic modulus for the bamboo composite rein-
forcement. However, there are applications in which deflections are not as critical
in the construction, such as low-rise low-cost housing units for developing coun-
tries. In this situation, deflection and the demand for ductile building material is
low and secondary aspect failure would provide sufficient warning for an instability
and collapsing structure [26]. Javadian et al. successfully demonstrate the potential
of newly developed bamboo composites as a new type of reinforcement for non-
deflection-critical applications of reinforced structural-concrete members [26]. Due
to the bamboo fiber embedded in epoxy, the durability of the composite is greatly
enhanced. In addition, flexural test results show the suitability according to ACI
440.1R-15 guidelines for the application of newly developed bamboofiber composite
reinforcement for structural concrete beams [26, 40].

By expanding into multiple disciplinaries, the future application of bamboo
nanocomposite may gain greater potential and increase functionality. Bamboo cellu-
lose nanofiber have gain interest by many researchers globally and advancement in
the biomedical field.Kalia et al. noted advancement in cellulose nanofiber or nanocel-
lulose in different aspects of biomedical developments include; scaffolds for tissue
engineering, skin transplants for burns and wounds, drug release systems, artificial
organs, blood vessel growth, stent covering, and bone reconstruction [23, 43].

An example of the use of bamboo cellulose nanofiber for biomedical applica-
tion is by Oliveira et al. synthesizing bio-tissue based on nanocrystalline cellulose
from Chilean bamboo Chusquea quila and cellulose acetate polymer solution matrix
via electrospinning [14]. The researchers synthesize cellulose acetate bio-tissues
with three iteration of bamboo nanocrystalline cellulose labelled BioT1, BioT5 and
BioT10 which are 1%, 5% and 10% as a dry weight proportion of the acetate respec-
tively. Themorphological study shows goodquality andmore uniformdiameter of the
cellulose acetate nanofibers containing bamboo nanocellulose. A higher concentra-
tion of nanocellulose produced a more thermally unstable material that decomposed
at lower temperatures. The BioT5 bio-tissue demonstrated the greatest resistance to
traction with breakpoint of 30MPa and an elasticity module of 1.597MPa. The study
by Oliveira et al. demonstrate the feasibility of developing cellulose nanostructured
polymer fibers to reinforce their properties; expanding future applications in various
fields ranging from construction to food packaging [14].

By applying bamboo fibers in various applications and multidisciplinary, new
opportunities are open for researchers and manufacturers to design new and sustain-
able products. Cost-effective and eco-friendly nature of bamboo nanocomposites are
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some features which are advantageous for producing design new and sustainable
products. In the near future, these composites are expected to see more and more
uses. A detailed analysis of the fundamental, mechanical and physical properties of
bamboo fibres is required to design such composites. Current research on bamboo
fiber composites is focused on either the modification of the fiber or manipulating
fiber weight percentages which influences the mechanical, thermal and other proper-
ties. However, the comprehensive usage of bamboo fiber and its nanocomposites are
still far from ideal. Further research is required to address the challenges currently
confronting the advanced application of bamboo fiber nanocomposites.

3 Summary

Researchers worldwide are working to developed nanocomposites using bamboo as
the main reinforcement material with enhanced performance for global applications.
In this chapter, the future development of bamboo nanocomposites may lie in the
understanding of the advantages and disadvantages of bamboo, the use of design of
experiment simulation models to optimize material usage, manage cost and fabrica-
tion parameters. Further research trends showed an affinity towards extracting and
using nanocellulose from bamboo, as researchers attribute the influence of mechan-
ical properties are related to higher cellulose content present in the bamboo. The
future application of bamboo nanocomposite may lie in expanding into multidisci-
plinary such as biomedical industries, food and packaging, as well as mass construc-
tion. The application of nanocellulose derived from bamboo is also a trend in most
applications in other fields not directly related to engineering.
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Educational and Awareness of Bamboo
Nanocomposites Towards Sustainable
Environment

Md Rezaur Rahman and Muhammad Khusairy Bin Bakri

Abstract This chapter discover the awareness of bamboo nanocomposites in the
sustainable environment. Practically, bamboo nanocomposites can be applied as an
alternative construction material. In order to employ in teaching and learning, it is
necessary to uniform in the knowledge of prevention, mitigation, and adaptation
strategies of nanocomposites materials. The agricultural and manufacturing-based
models learning for bamboo, the models competency and standards models, future
and current employability and educators build capacity also reported in this chapter.

Keywords Education · Awareness · Bamboo · Nanocomposites · Sustainable

1 Introduction

Education is important, so does its awareness. It is important to provide us with
knowledge to understand things far better in many perspectives and views. Educa-
tion also helps us to look deeper onto the meaning and purpose of certain life. It
directly helps to build and create opinions, which subjected to a debate, whether
it benefited the community or environment. Therefore, it is important to empha-
size used of sustainable environment is very important in creating better living
lifestyle and maintain the balance in the environment. According to Steenput [1],
education involved wide coverage of awareness through presenting the knowledge,
especially on the use of bamboo and its introduction topic. Theoretically and exper-
imentally approached involve both lecturers and students, should be use in showing
the existence of alternative construction materials, its material feels and its numerous
construction possibilities [1].
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2 Education Implementations

In order to attract more people to learn more about the use of bamboo in such many
applications, either its cover from non-conventional building materials or its design
techniques, a proper model-based learning is required. According to Reid [2], the
obsolete change in education systems was due to fast phase of change where human
currently faced global crisis, either due to the human activities or natural disasters.
Many researchers also stated that it is necessary to suit in the knowledgeof prevention,
mitigation, and adaptation strategies in education, especially involve in teaching and
learning [3, 4].

3 Agricultural and Manufacturing-Based Models Learning
for Bamboo

In agricultural and manufacturing-based models learning, there are five main consid-
erations needed to be taken seriously: (i) the competency of the models, (ii) future
and current employments, (iii) educators build capacity, and (iv) validations and
skill gaps. Therefore, the implementations of those systems must be aligned and
characterized to perform linearly with conformity and reasoned through the learning
curriculum process, especially with the introduction of bamboo usage and design
in manufacturing-based learning models. This system known to have little or less
time and room to be tailored. In other words, easy to implement, change, harmonize
and adopt with current new data and update in global based model learning. The
model eco-system should be based on the use of the bamboo organic based sources,
with a variety of other input where the sources permitted [5]. It also allowed feed-
backs and opportunities to develop personal potential to its fullest, especially in both
agricultural and manufacturing-based models for bamboo.

Due to the highdemandof bambooand its potentials inmanyapplications, bamboo
is widely used as a substitute to woods and other types of plastics and materials. This
is directly related to those involves in structural and product applications, through
improvements in processing technologies, product innovation, scientific and engi-
neering skills [6]. Many countries had started to focus on bamboo-based products
industry, which vastly potential for generating direct and side income and employ-
ment, especially those living in the rural and countryside areas [6]. Collaboration
with several agencies in promoting the education and usage of bamboo had become
another breaking point in creating new value-added modules and products. Institu-
tions, i.e. universities and schools, especially lecturer and teacher should encourage
students to become a better person, by building upon the passion of every student,
and creating better conditions and environments for this to happen [7]. An improved
agricultural model for our education system is really needed at the current moment to
solve the global crisis. We need to create minds that can think differently and solved
problems. Everyone must be able to think anew and excel in creating goo prospect
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of educations and environment. Therefore, everyone should be encouraged to learn
and excel.

3.1 The Models Competency and Standards Models

There are two types of ways, which was useful to distinguish the model compe-
tency, there are: (i) competence structuresmodels, and (ii) competence levelsmodels.
Several existence particular competence aspects were examined by the relationship
relation to the overarching competence under study, whereas the latter describe
various levels of competence differ qualitatively in terms of the task a person is
able to perform given a particular level of competence [8]. In the competence levels
models, which is related between people, the expectation of qualitative differences
theoretical different levels was not always empirically tested [9]. Instead, to deter-
mine the score-based thresholds for levels, which is frequently defined post-hoc, test
takers are assigned to a level based on their overall performance. However, the two
model are not mutually exclusive.

According to Norris [10], there was is a close relationship between standards and
competency. It is noted that some of the documents policy was read all competences
are subject to standards, while, all standards referred to competence measures [11].
However, for this course, this does not have to be the case, as there are no specifics
bamboo-based standards were set, other than its competences of pure knowledge,
expenditure on universities, institutions, schools, i.e. students or pupils per class. The
competences are skills, which will be taught and attained without being subjected to
specific measurement and standard setting but indirectly related to it. Teaching was
a standard-oriented learning process, each time students are presented with multiple
prospects to acquire the compulsory competences through a cognitively stimulating
and content-rich lesson design [9]. While it is not a case for ‘standard-oriented’,
cognitively stimulating and content-rich lessons may well be desirable. Without
the existence of such standards, the lessons were planned and taught perfectly well.
Therefore, it was not clear such teaching is standard-oriented in any sense. Especially
if anything was competence-oriented (even though it was not obviously the case) [9].
On the other hand, standards are not being described by the sentence quoted. The
terms used as competence and standards interchangeable, thus makes it harder to
discuss each concept properly regarding its meaning and implications [9].

As part of an educational output-oriented policy, standards are usually employed
in education. The standard introduction justified the claimed of an improve teaching
quality. As there was a danger that the standards existence results in a narrowing of
both content and teaching method, it was not obvious that the standard introduction
necessarily had this effect, and that teaching to the test occurs [9]. Such constitute
developments cause teaching quality deterioration, which does not provide improve-
ment. Thus, such policies merit provides careful discussion on the advantages and
disadvantages, but more likely to be fruitful, as it is not conflated with what compe-
tences, and the way it was taught [9]. Likewise, the competences are questions,
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especially on are they acquired, and which ones are included in teaching, which are
complex enough, and they are more likely to receive satisfactory answers [9]. The
questions are examined separately based on the standards used that was set as the
output-oriented context education policies. In an example, according to Pring [12,
13], whether someone is competentmay be defined by referring towhether their tack-
ling of situational demands meets the standard of having coped with the situation.
However, by default, competence and standards do not belong together.

3.2 Future and Current Employability

According to Fugate et al. [14] and London [15, 16], the first employability step
must relate to career motivation, which concerned around the direction, arousal,
persistence and breadth of an individual’s behavior and career-related decisions.
Based on London [15], two factors involve multifaceted career motivation: (i) needs,
and (ii) self-perceptions. This also includes the needs and drive for money, peer
approval, security, advancement, and esteem [17]. In addition, the desire for contin-
uous learning and generativity were also applied, i.e. passing knowledge on to the
next generation [18]. An individual’s self-perception to the realistic assessment of
employment possibilities, as given the person perception of the relationship between
the person’s strengths and weaknesses and the career context, i.e. availability of jobs,
organizational support for learning and development [14, 19, 20].

The second employability step is the human capital. Human capital includes the
abilities, knowledge and skills of individuals gained through training, education,
and job experiences [21]. A great research deal reported on the profound effect of
education and competence development had earnings [22, 23], while others may
argue that individuals as a human are those two variables, which is an important
investment capital. To develop new competencies, an individual’s willingness with
positive attitude toward changing jobs and learning new skills for these jobs are also
seen as important factors that enhance human capital [14, 24, 25].

Certain human capital aspects cannot be directly observed. Signaling theory
suggests that some abilities, knowledge and skills are often assessed via signals [26–
28]. The applicants may communicate the unobservable characteristic of quality,
either by using years of training, schooling, job or organizational tenure history
as signals of quality due to the lack of the employer’s information about the job
applications [27]. In addition, demographic characteristics, i.e. national origin, race,
or disability status, also perceived as of human capital signals [25]. For example,
employers may observe retirees as less attractive potential employees, i.e. lack of
stamina, technological skills, and health [29]. Similarly, the employer’s perceptions
may contribute to the obstacle development that cause certain individuals’ groups as
their lower employability rate. For instance, due to recognized age discrimination,
older workers perceived themselves as less likely to secure employment than younger
workers [30].
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The third step of employability is social capital, whereas the information., i.e.
providing knowledge, advice, and emotional, i.e., listening, expressing concern, and
support gained through other individual’s relationship that used to identify and obtain
career opportunities [31–34]. With diverse sets of people, including leaders, friends,
family, community and business associates, i.e. coworkers, mentors, scholars have
examined that the nature and individual’s interaction quality influence the social
capital [35, 36].

The identity is the fourth step of employability. Individual’s self-definition of
identity is an answer to the question of “Who am I?” [36]. Employability conceptu-
alizations had an explicitly work domain that focused and described career identity
as a degree, which a person defines themselves by their own work or career [14, 37].
Broader view to extend to the employability conceptualization is done by recognizing
individuals had multiple identities and both work, i.e. professional, work group and
organizer, and nonwork, i.e. child, friend, parent, and spouse identified their influence
career decisions, options, and behaviors [36, 38, 39]. Many scholars also discussed
the separateworldsmyth that suggests bothwork andnon-work identities are employ-
ability step, as it connected due to an individual’s work and nonwork identities [40].
An individual’s change in work or professional identity may influence their nonwork
identity and vice versa. Ladge et al. [41] stated that pregnant women adapted to inte-
grate a change in their nonwork identity (i.e., motherhood), the examined shows that
the cross-domain identity transitions their established work identity. While others
upon the interaction of their work and nonwork identities, a person examined their
decisions making by change occupations or jobs. Ramarajan and Reid [40] detailed
for telecommuters the blurring boundaries between the work and home domains,
which cause them to renegotiate and reconstruct their nonwork and work identities.
Therefore, the employability must reflect both nonwork and work identities.

The fifth employability step is personality. Several personality traits being linked
to employability have been suggested [14, 42] being theoretically relevant to the
construct with openness and proposed proactivity [14, 37, 43]. Openness usually
refers as an individual’s change acceptance and new experiences, as well as the will-
ingness to enact change. In order to meet evolving work requirements High openness
level person is flexible in uncertain situations and willing to take on new jobs, change
tasks, or engage in learning [43, 44]. While proactivity refers which individuals
extend to act, which affect their work context [45]. To identify career opportunities,
proactive individuals expand their social networks and seek out information [37, 46].

3.3 Educators Build Capacity

For improved student learning in professional learning and enhanced teaching capac-
ities in a range of areas, increased expectations of the institution and lecturer account-
ability comes the pressure, especially during teaching engagement [47–49]. There-
fore, there should be no distinctionmade between the ‘capacity building’ and ‘teacher
professional learning’ concepts, rather recognized that capacity building is a form
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and the component in teacher professional learning [50]. Althauser [51], Desimone
[52], and Robinson et al. [52] investigated the professional learning initiatives and
impacts on students and teachers. Althauser [51] asserts that to create positive change
of professional development designed for student achievement, focus on the improve
pedagogical and knowledge content, teach best practices, and readdress teachers
teaching attitudes towards students is needed in learning requirements. While the
capacity building part asserts that these are the elements of capacity building. This
reflects that the goal established for the teachers in institutions to engage with
capacity-building initiatives.

Penuel et al. [53] found that the effective professional development required both
teachers provide technical support and time to plan for implementation. The profes-
sional job-embedded learning initiative was designed, to build teacher capacity to
use student data provided teachers with a core skill [54]. The Capacity Building
Interventions (CBIs) step ere developed by Marsh [55] and Marsh and Farrell [56]
were evident in the implantation results. Their framework acknowledges four steps
of variables impacted on the application and uptake of a CBI and on its effectiveness.
These key dimensions are: (i) the nature of the interaction between players, (ii) focus
practices of the CBI, (iii) artefacts employed in the CBI implementation and, (iv) the
CBI contexts occurs.

The framework of Marsh [55] and Marsh and Farrell [56] assisted institutions
in applying both sociocultural and social constructivist lens. It acts as an experien-
tial tool to further develop theories about the lecturer, professional learning, CBIs
and leadership in schools, especially in learning new subject related to bamboo.
For understanding capacity building, these steps or variables provide a theoretical
framework, while the only framing tool available to researchers. It was that best meet
experiential of this research and the institution’s context. Marsh [55] also recognized
that a CBI support teacher in collecting and accessing data by organizing, filtering
and analyzing it into a new form of information, either by combining the informa-
tion with certain expertise. It also helped in adjust and respond to their instruction,
by evaluating the outcome response effectiveness based on the result [55]. This also
supports reflects set process demonstrated, thus affirming thework ofMarsh and vali-
dating these findings. Marsh and Farrell [56] also developed a framework that further
theorized the teacher building capacity in the data used. It also recognized the range
of variables which impact the CBI effectiveness. Their framework also acknowl-
edges these four steps or variables, which impacted the CBI application, uptake,
and its effectiveness. These key dimensions are outlined, noting their application:
(1) The interaction unit that the players interact with each other, i.e. group, one-
on-one, novice-mentor. These interaction units included one-on-one and mentoring,
small group dialogue, and whole-institutions conversations interactions. (2) The CBI
practices used on the formality or informality of practices, i.e. observing, assessing
individual teacher needs, modelling, sharing of experiences, provision of feedback
such as coaching and mentoring, questioning, use of dialogue, and brokering with
key players in the initiative. These practices collective roles was essential to the
professional learning and capacity building of the teachers. They were shown in all
evident in the school’s data context. (3) The artefacts intervention employed could
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include symbols and tools that were created and adapted over time. The writing
rubric, marking scale and its subsequent development over time was a noted arte-
fact, which required to improve development. (4) The contexts in of intervention
occur and includes in the cultural, historical and environmental facts, which become
inherent in the process of building teachers’ capacity with data used including insti-
tutions leadership [56]. The institutions multifarious factors evident in the culture
and the chronological change initiatives, and development, whereas the physical and
pedagogical environment were supportive and the capacity development.

3.4 Validations, Skills Gaps, Quality Teaching and Learning

For quality teaching and learning education, i.e. general, academic, technical and
vocational, the main key features for the learners includes various strategies. This
includes various supporting factors such as teacher and learner relationship and
the learning environment method [57]. These strategies partly determined on the
subject to be taught and naturalistic learners develops reciprocity and cooperation.
The quality of teaching and learning strategy had been found to be suited in in voca-
tional education and training, whereas it was identified as a respect enabling factor
of good teaching [57]. Creating a culture is importance of for learners, whereas it
encouraged a person to reach the inspirations and achieve which supported through
their learning. Developing a purposeful and stimulating teaching environment was
essential for effective teaching and broadening the skills gaps. This includes creating
a classroom that was welcoming, which provides bright displays of learners’ work
that are informative. By fostering a sense of achievement, these environmental factors
helped increase learner’s motivation. For learning environments, it is identified that
learning support is adapted to the needs of learners, as an important quality teaching
and learning characteristic. Both on an individual and collective level, research is
identified to be flexible and supportive, whilst at the same time they ensure challenges
and attractive.

4 Example of Bamboo and Its Nanocomposites Learning
Modules

4.1 Introduction to Bamboo

This module aims to introduce bamboo and its different types of species, demo-
graphics, contents, process, etc. This will prepare students to understand and deter-
mined each species strength, life duration, maturity, process, etc. The professional
and experience agricultural industrial expert will assist the module program. Few
article samples which can be used as references are shown in Table 1. This module
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Table 1 Introduction to bamboo article samples

Authors Title References

Raj and Agarwal Bamboo as a Building Materials [58]

Abdul Khalil Introductory Chapter: An Overview of Bamboo Research
and Scientific Discoveries

[59]

Canavan et al. The global distribution of bamboos: assessing correlates of
introduction and invasion

[60]

required 2 credits time, which equivalent to 30 h learning time, which involve both
theoretical and experimental aspects.

4.2 Bamboo and Its Nano Composites Processing
and Fabrication Technique

Few modules are created aims to provide an information about bamboo extraction
and process techniques. This includes different technique and process such as retting,
pressing, chemical, etc. This module also includes few aspects of sustainability and
renewability process. his module also aims to train and nurture students in learning
the nanofabrication and treatment technique both simulation and experiment. The
purpose of the module is to fulfill the shortage of potential talent and risk taker
work force in in the industry in Malaysia, especially Sarawak. The module also
covers the element of content creative design industry and the preparation of digital
industrial. Few article samples which can be used as references are shown in Table 2.
This module required 4 credits time, which equivalent to 60 h learning time, which
involve both theoretical and experimental aspects.

4.3 Bamboo Plantations Techniques

This module aims to develop skills in formulating proper bamboo plantations plan-
ning, policy, standard of procedure and implementation. This also includes the soft
skills and project management. The module also consists of designing and devel-
oping business model of both large and small-scale bamboo within international
focus. Few article samples which can be used as references are shown in Table 3.
This module required 2 credits time, which equivalent to 30 h learning time, which
involve both theoretical and experimental aspects.
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Table 2 Bamboo process article samples

Authors Title References

Huang et al. Development of Bamboo scrimber: a literature review [61]

Wang et al. A systematic review on the composition, storage,
processing of bamboo shoots: Focusing the nutritional
and functional benefits

[62]

Adamu et al. Bamboo nanocomposite: Impact of poly
(ethylene-alt-maleic anhydride) and nanoclay on
physicochemical, mechanical, and thermal properties

[63]

Hai et al. Green nanocomposite made with chitin and bamboo
nanofibers and its mechanical, thermal and
biodegradable properties for food packaging

[64]

Han et al. Cellulose nanofibers from bamboo and their
nanocomposites with polyvinyl alcohol: Preparation
and characterization

[65]

Guimares Junior et al. Effect of the nano-fibrillation of bamboo pulp on the
thermal, structural, mechanical and physical properties
of nanocomposites based on starch/poly(vinyl alcohol)
blend

[66]

Tang et al. Poly(vinyl alcohol) Nanocomposites Reinforced with
Bamboo Charcoal Nanoparticles: Mineralization
Behavior and Characterization

[67]

Table 3 Bamboo plantations article samples

Authors Title References

Mera and Xu Plantation management and bamboo resource economics in
China

[68]

Francois and Liaw Important Applications and the Perceived Benefits of Bamboo:
A Comparison between Consumers and Businessmen

[69]

4.4 Bamboo Design and Structural Applications,
Commercialization and Sustainability

This module aims to develop and train new design and structural applications for
bamboo, its applications, commercialization and sustainability. The module also
consists of designing a business model based on bamboo both large and small-scale
within international focus. Few article samples which can be used as references are
shown in Table 4. This module required 2 credits, which equivalent to 30 h learning
time, which involve both theoretical and experimental aspects.
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Table 4 Bamboo design and structural applications, commercialization and sustainability article
samples

Authors Title References

Manandhar et al. Environmental, social and economic sustainability of bamboo
and bamboo-based construction materials in buildings

[70]
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