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Evaluation of Acrylonitrile/Butyl Methacrylate/Halloysite
Nanoclay Impregnated Wood Polymer Nanocomposites

Md. Rezaur Rahman,? Josephine Chang Hui Lai,®* and Sinin Hamdan °

Acrylonitrile/butyl methacrylate/halloysite nanoclay wood polymer
nanocomposites (AN-co-BMA-HNC WPNCs) were prepared via the
impregnation method, and the effect of different ratios of polymers was
investigated. The WPNCs were characterized through weight percent
gain, Fourier transform infrared spectroscopy (FT-IR), scanning electron
microscopy (SEM), the three-point flexural test, dynamic mechanical
thermal analysis (DMTA), thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC) analysis, and the moisture absorption test.
The weight percent gain in the 50:50 AN-co-BMA-HNC WPNCs was the
highest compared with the raw wood (RW) and other WPNCs. The FT-IR
results confirmed that polymerization took place in the nanocomposites,
especially in the 50:50 AN-co-BMA-HNC WPNCs, with a reduction of
hydroxyl groups. The SEM results revealed that the 50:50 AN-co-BMA-
HNC WPNCs showed the best surface morphology. The 50:50 AN-co-
BMA-HNC WPNCs showed the highest flexural strength and modulus of
elasticity. The results revealed that the storage modulus and loss modulus
of the AN-co-BMA-HNC WPNCs were higher, while the tan & of the AN-
co-BMA-HNC WPNCs was lower, compared with the RW. The AN-co-
BMA-HNC WPNCs also exhibited higher thermal stability and exhibited
remarkably lower moisture absorption compared with the RW. Overall, this
study demonstrated that the 50:50 AN-co-BMA ratio was the most suitable
to be introduced into RW.
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INTRODUCTION

Wood is used as a raw material in many technical and artistic applications
(Vorreiter 1949). Wood fiber is widely used as a filler in composites because of its
abundance and low cost (Bodirlau et al. 2009)

In recent years, wood-based renewable nanocomposites, especially wood polymer
nanocomposites (WPNCs), have gained a lot of attention from both scientific and
commercial sectors. This is because the wood-based nanocomposites are lightweight, eco-
friendly, and low-cost. Also, wood fibers are considered to be an alternative to glass or
carbon fibers because of their environmental friendliness, biodegradability, and their low
cost (Ashori 2008). WPNCs are materials composed of lignocellulosic fibers and
thermoplastic polymers in varying percentages (Stark and Matuana 2007). WPNCs offer
interesting improvement to various properties. Also, the introduction of wood fiber, which
acts as a reinforcing filler in WPNCs, has great advantages, such as higher specific strength
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and better toughness (Pakeyangkoon and Ploydee 2013). However, the application of wood
fiber in nanocomposite materials is limited because of the hydroxyl groups inside the wood,
which leads to poor compatibility with the hydrophobic polymer matrix (Kallakas et al.
2015). With poor compatibility, the properties of the WPNCs cannot be enhanced.
Impregnation of wood is carried out to alter the structure of pure wood, as well as to
improve the interfacial adhesion between the polymer matrix and wood fibers. This can
lead to the improvement of the physical and mechanical properties of the WPNCs
(Tesinova 2011).

Sindora wood is one wood species that is abundantly available in Malaysia. It is
widely used in the production of furniture, agriculture implements, and heavy construction
(Larsen et al. 1984). However, research into WPNCs with Sindora wood is still limited in
both research and industry areas.

One of the polymer matrices that is often used in WPNCs includes acrylonitrile or
polyamide. Acrylonitrile usually works with different polymer matrices to enhance the
mechanical and thermal properties of WPNCs (Prochon et al. 2007). Butyl methacrylate is
usually applied in WPNCs for better thermal properties. It can be well intercalated with
different fillers, such as silica or clay in small quantities (Kobayashi et al. 2002).
Montmorillonite clay usually acts as a filler for WPNCs. It helps to produce a smooth
finishing surface, lowers water absorption, and improves mechanical properties
(Mekhemer et al. 2006).

The addition of silica into in situ emulsion polymerization of acrylonitrile-methyl
methacrylate copolymers improves the thermal properties of the WPNCs (Bao et al. 2013).
Poly(acrylonitrile-co-methyl methacrylate) copolymers undergo the precipitation
polymerization technique, which remarkably improves the thermal stability, as well as the
surface morphology of the nanoparticles (Eldin et al. 2014). The presence of nanoclay
improves the modulus of elasticity of acrylonitrile-butadiene-styrene (ABS)
nanocomposites through melt compounding (Singh and Ghosh 2014).

The presence of different clay loadings through in situ polymerization into the
poly(styrene-co-butyl methacrylate) copolymer matrix can greatly improve the thermal
properties (Siddiqui et al. 2013). The addition of surface-modified natural montmorillonite
improves mixing between the clay and poly(n-butylacrylate) matrix through in situ
polymerization, as well as the thermal properties of the nanocomposites (Herrera-Alonso
et al. 2010).

The melt blended acrylonitrile-butadiene-styrene (ABS)/organically modified
nanocomposites showed the presence of intercalated structure, as well as good dispersion
of clay layers at low levels of its loading. However, the flexural strength properties
decreased with the increase of nanoclay content (Aalaie and Rahmatpour 2007). In
addition, ABS/nanoclay nanocomposites showed that the tensile strength was optimum at
2% while the dependency of hardness to the nanoclay content could achieve maximum up
to 4% (Shishavan et al. 2014). The introduction of nanoclay into poly-ABS toughened
polyoxymethylene (POM) improved the thermal stability and the tensile strength. The
nanocomposites showed better properties compared to the pristine polymer. However, the
elasticity of the nanocomposites decreased with the increasing amount of clay (Das et al.
2014). However, there has been no detailed work on the combination of a special polymer
matrix, such as acrylonitrile-co-butyl methacrylate-halloysite nanoclay (AN-co-BMA-
HNC), and wood fiber to produce a WPNC. Therefore, the aim of the present study was to
fabricate AN-co-BMA-HNC WPNCs via the impregnation method and to investigate the
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effect of different ratios of the polymer matrix on the physical, mechanical, morphological,
and thermal properties of WPNCs.

EXPERIMENTAL

Materials

Defect-free and straight-grained Sindora glabra wood (RW) was obtained from
Lundu, Sarawak, Malaysia. Both the control and modified wood samples were obtained
from the same timber and machined at the same time with dimensions of 30 cm x 2 cm x
1 cm. The chemicals used to produce the WPNCs were acrylonitrile (AN), butyl
methacrylate (BMA), benzoyl peroxide, and halloysite nanoclay (HN). The acrylonitrile
and halloysite nanoclay was supplied by Sigma Aldrich (St. Louis, USA), while the butyl
methacrylate and benzoyl peroxide were supplied by Merck Millipore (St. Charles, USA).
The halloysite nanoclay was a nanopowder with particle diameters of 30 to 70 nm and
lengths between 1 and 3 um.

Methods
Preparation of acrylonitrile/butyl methacrylate/halloysite nanoclay wood polymer
nanocomposites (AC-co-BMA-HNC WPNCs)

The polymer system was prepared using AN-co-BMA-HNC in the presence of
benzoyl peroxide. The benzoyl peroxide acted as an initiator to influence the reaction
between acrylonitrile and butyl methacrylate. Acrylonitrile, butyl methacrylate, and
halloysite nanoclay were mixed in various ratios, given in Table 1. The mixtures were
covered with aluminium foil and placed in an autoclave for 15 min to complete the reaction.

Table 1. Preparation of Polymer System in Various Ratios

Amount of

Volume of Volume of butyl hallovsite Amount of Samole’s
acrylonitrile (AC) methacrylate nanoclag// (HNC) benzoyl CoFc)ie
(mL) (BMA) (mL) ) peroxide (g)
AN-HNC
0 200 2 5 WPNCs
50:50 AN-co-
100 100 2 5 BMA-HNC
WPNCs
70:30 AN-co-
140 60 2 5 BMA-HNC
WPNCs
BMA-HNC
200 0 2 5 WPNCs

Impregnation of AN-co-BMA-HNC WPNCs
Four wood samples were prepared according to ASTM D1037 (2012) and were
weighed using an electronic balance. The samples were then placed in the vacuum chamber
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(box). The mixtures were poured into the vacuum box with a pressure of 0.1 bar for 60 min.
After impregnation, the excess solution was removed from the wood samples with tissue
paper. The wood samples were wrapped with aluminium foil and kept in an oven at 100 °C
for 24 h for polymerization and the formation of the WPNCs. After polymerization, the
aluminium foil was removed and the WPNCs were dried at 105 °C until a constant weight
was obtained. The weight percent gain (WPG) of the WPNCs was then determined using
Eq. 1,

W — W,

WPG = x100%

o @)

where W is the oven-dried weight (gm) after impregnation of the WPNCs and W, is the
oven-dried weight (gm) before impregnation of the WPNCs.

Microstructural Characterization
Fourier transform infrared spectroscopy (FT-IR)

The infrared spectra of the WPNCs were recorded on a Shimadzu IRAffinity-1
(Tokyo, Japan). The technique used was attenuated total reflection (ATR). The
transmittance range of the scan was 4000 to 600 cm™.

Scanning electron microscopy (SEM)

The interfacial bonding between the acrylonitrile, the butyl methacrylate, and the
halloysite nanoclay was examined using a scanning electron microscope (SEM) (JSM-
6710F, JEOL Company Limited, Akishima, Japan). The AN-co-BMA-HNC WPNCs were
cut to dimensions of 5 mm x 5 mm x 5 mm (length x width x height). The accelerating
voltage of this instrument was 15 kV. The specimens were first fixed with Karnovsky’s
fixative, and then put through a graded alcohol dehydration series. Once dehydrated, the
specimen was coated with a thin layer of gold using gold sputter machine before being
viewed microscopically. The micrographs were taken at magnifications ranging from 500
to 1000.

Three-point flexural test

The static flexural tests of the AN-co-BMA-HNC WPNCs were carried out using
AG-X Plus Series Precision Universal Testers (300 kN Floor Model, Shimadzu
Corporation, Tokyo, Japan). The dimensions of the flexural test specimens were 80 mm
(length) x 30 mm (width) x 10 mm (thickness). The flexural tests were conducted according
to ASTM D 790-03 (2003) at a cross head speed of 10 mm/min. Four specimens of each
composition were tested, and the average values were reported. The flexural strength (Qts)
and modulus of elasticity (Em) were calculated using Egs. 2 and 3,

3PL
s = 5pa2 2)
-
m = 1hd3 @)

where P is the maximum load (N) on the load-deflection curve, L is the support span (63.7
mm), b is the width of beam tested (10 mm), d is the thickness of beam (4 mm), and m is
the slope of the tangent to the initial straight-line portion of the load-deflection curve
(N/mm of deflection).
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Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical thermal analysis (DMTA) was applied to study the effect of
the temperature on the storage modulus (log E’) and loss tangent (tan ¢) of the AN-co-
BMA-HNC WPNC:s. It is a mechanical test that allows molecules in the wood to interact
with mechanical stress. This test was carried out using a Perkin EImer dynamic mechanical
thermal analyser (PE-DMTA, Perkin Elmer, Massachusetts, United States), with a
frequency of 10 Hz, strain of x4, and a heating rate of 2 °C/min. The rectangular specimens
with moisture contents of about 15% were tested using a dual-cantilever bending mode on
a standard bending head. The chamber surrounding the specimen at 65% relative humidity
(RH) was cooled by liquid nitrogen. The system provided a simple thermal scan at 2 °C/min
with various temperatures ranging from 0 to 200 °C. The glass transition temperature (Tg)
was determined from the graph of tan ¢ versus T.

Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) measurements were carried out on 5 to 10
mg of AN-co-BMA-HNC WPNCs at a heating rate of 10 °C/min in a nitrogen atmosphere
using a thermogravimetric analyzer (TA Instrument SDT Q600, TA Instruments, Buffalo,
New York). The AN-co-BMA-HNC WPNCs were subjected to TGA in high-purity
nitrogen under a constant flow rate of 5 mL/min. The thermal decomposition of each
sample occurred in a programmed temperature range of 30 to 700 °C. The continuous
weight loss and temperature were recorded and analyzed.

Differential scanning calorimetry (DSC) analysis

The AN-co-BMA-HNC WPNCs were analysed using a Perkin Elmer thermal
analyser (TGA 8000). All of the measurements were made under a N2 flow (30 mL/min)
with a constant heating rate of 10 °C/min.

Moisture absorption test

The moisture absorption test was carried out using an electronic moisture balance
(MOC-120H, Shimadzu Corporation, Kyoto, Japan). The dry wood samples (dried at 25 °C)
were immersed in distilled water. The AN-co-BMA-HNC WPNCs were removed and then
placed on the pan and weighed. The water absorbed, Wab, was calculated by using Eq. 4,

Wy =Wy

W, x100 @)
where Wap is the absorbed weight (gm), Wy is the weight of the wet WPNCs (gm), and Wq
is the weight of the dry WPNCs (gm).

Wab =

RESULTS AND DISCUSSION

Weight Percent Gain (WPG %)

The values of the WPG for the RW and AN-co-BMA-HNC WPNCs were measured
before and after modification and are given in Table 2. The results indicated that the WPG
noticeably increased because of the ratios of AN-co-BMA-HNC that reacted well with the
hydroxyl groups in the wood fiber (Rahman et al. 2013). The AN-co-BMA-HNC polymer
matrix aided in removing the impurities from the wood fiber surfaces by using vacuum
chamber due to the high pressure of vacuum chamber that left more wood pores within the
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wood. AN-co-BMA-HNC was fully copolymerized and fully filled the wood pores, which
enhanced the adhesion between the wood fibers and polymer matrix and resulted in a
higher WPG. According to the findings, the 50:50 AN-co-BMA-HNC WPNCs had the
highest WPG compared with the other monomer systems. This was due to the introduction
of 50:50 AN-co-BMA-HNC was fully polymerized which filled up all the pores in the
wood cell wall (Gong et al. 2012).

Table 2. Average Weight Percent Gain (WPG, %) of the RW and Various Ratios
of AN-co-BMA-HNC WPNCs

Samoles be'?(;/rir?rger\éve%rgon Average weight after | Weight Percent Gain
P (g) 9 impregnation (g) (WPG, %)
RW 70.756 71.023 0.376
AN-HNC WPNCs 57.880 61.310 5.595
50:50 AN-co-BMA-
HNC WPNCs 46.654 56.502 17.429
70:30 AN-co-BMA-
HNC WPNCs 62.170 70.924 12.343
BMA-HNC WPNCs 66.488 69.789 4.730

Spectral (FT-IR) Analysis
Figure 1 shows the infrared spectra of the RW and AN-co-BMA-HNC WPNCs.

Trams mittance (%)
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Fig. 1. FT-IR spectra of the (a) RW, (b) AN-HNC WPNCs, (c) 50:50 AN-co-BMA-HNC WPNCs,

(d) 70:30 AN-co-BMA-HNC WPNCs, and (e) BMA-HNC WPNCs
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From Fig. 1, the RW showed the highest peak intensity at 3300 cm™ compared to
the WPNCs. This peak was related to the hydroxyl groups stretching vibration in the wood
fiber (Han et al. 2010). A specific peak at 2240 cm™ was observed in all of the WPNCs,
which was associated with the —CN groups stretching vibration of acrylonitrile. The peak
at about 2360 cm™ was clearly observed, and was atrributed to the carbon dioxide
absorption band. The high intensity peak at 1745 cm™ was detected in the RW and WPNCs
due to the carboxyl groups in the C=0 stretching vibration (Han et al. 2010). The peak at
1200 cm™ was clearly shown in Fig. 1, and was associated with the C-O stretching vibration
in all of the samples. However, 50:50 AN-co-BMA-HNC WPNCs showed minimal peak
intensity at 1200 cm™ due to the strong C-O stretching bond after all the polymers were
copolymerized. Overall, it was concluded that the AN-co-BMA-HNC was introduced well
into the RW by reducing the hydroxyl groups, as well as by forming stronger chemical
bonds between the polymer matrix and wood fiber. The 50:50 AN-co-BMA-HNC ratio
was the optimum ratio to be impregnated to enhance the RW. The reaction scheme of the
AN-co-BMA-HNC with wood fiber is shown in Fig. 2.

Hydrolysis of Acrylonitrile

H,C = CH H,C = CH
\ + H,0 \ + NH,
C =N C — OH
V4
(0]

Reaction of AN-co-BMA-HNC WPNCs

(0]
|
wood —OH =+ H,C=—=CH + HZC\ /C\
2
\ ¢ N
C — OH |
/ o
H,C=CH Q
d T (ll + HO
C—0 —0 —woo _HZC\ /
o/ ¢ \O/\/\CH3
|
CH3

Fig. 2. Proposed schematic reaction diagrams

Scanning Electron Microscopy (SEM) Analysis

The surface morphology of the RW and AN-co-BMA-HNC WPNCs was
investigated by SEM, as shown in Fig. 3. Figure 3a shows that the surface of the RW
contained a large number of void spaces, which represented the unfilled cell wall and pore
volume that absorbed moisture, as reflected in the moisture absorption test (Sultan et al.
2016). The AN-HNC WPNCs showed rough and non-uniform wood surfaces, as the AN-
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HNC only partially filled the void spaces, as can be seen in Fig. 3b. The void spaces of the
RW were filled up by the impregnation of the 50:50 AN-co-BMA-HNC and 70:30 AN-co-
BMA-HNC, which provided smoother wood surfaces, as shown in Figs. 3c and 3d.

Fig. 3. SEM micrographs of the (a) RW, (b) AN-HNC WPNCs, (c) 50:50 AN-co-BMA-HNC
WPNCs, (d) 70:30 AN-co-BMA-HNC WPNCs, and (e) BMA- HNC WPNCs

The addition of the halloysite nanoclay enhanced the impregnation of the AN-co-
BMA polymer matrix into the empty pits and capillaries of the wood fiber (Hazarika and
Maji 2014). Figure 3e confirms the impregnation of the BMA-HNC into the RW. However,
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there were small void spaces detected because of the poor interaction between the polymer
matrix and wood fiber (Li et al. 2011). The halloysite nanoclay crosslinked with all of the
polymer matrix to improve the interaction between the polymer matrix and wood fiber
(Sekharnath et al. 2015). Therefore, the 50:50 AN-co-BMA-HNC and 70:30 AN-co-BMA-
HNC showed better surface morphology, which indicated that they had the stronger
interaction between the polymer matrix and wood fiber, as well as the compatibility of
polymer matrix impregnation applied in the RW. This was reflected in the thermal and
mechanical properties.

Three-Point Flexural Test

Figure 4 shows the flexural properties of the RW and AN-co-BMA-HNC WPNCs.
A remarkable increase in the flexural properties was observed when the AN-co-BMA-HNC
was impregnated into the RW. This was due to the greater intercalation between the wood
fiber and polymer matrix (Khalil et al. 2014). The values of the flexural strength of the
RW, AN-HNC, 50:50 AN-co-BMA-HNC, 70:30 AN-co-BMA-HNC, and BMA-HNC
WPNCs were 0.0053, 0.0653, 0.0950, 0.0668, and 0.0429 GPa, respectively. The good
impregnation of the AN-co-BMA-HNC reduced the formation of voids on the wood
surface, which enhanced the stress transfer between the polymer matrix and wood fiber
(Moodley 2007). With the reduction in void formation, the interaction of the effective
cross-sectional area of the wood with the polymer matrix was greatly improved, which
resulted in enhanced flexural strength of the WPNCs compared to the RW.

The modulus of elasticity of the RW and AN-co-BMA-HNC WPNCs is presented
in Fig. 5. It was shown that the optimum modulus of elasticity was achieved with the 50:50
AN-co-BMA-HNC. This was due to the good intercalation between the AN-co-BMA-
HNC and wood fiber, which led to sufficient load transfer and enhanced the modulus of
elasticity of the WPNCs compared to the RW (Kuan et al. 2004). Also, the small particle
size of the AN-co-BMA-HNC had a higher surface area, uniform surface structure, and
good dispersion, which provided better adhesion strength to transfer stresses and reduced
the elastic deformation from the AN-co-BMA-HNC to wood fiber (Zhang et al. 1993).
Therefore, it was clearly shown that the 50:50 AN-co-BMA-HNC WPNCs had higher
flexural strength and modulus of elasticity compared with the RW and other WPNCs.
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Fig. 4. Flexural strength of the RW and different ratios of AN-co-BMA-HNC WPNCs

Rahman et al. (2017). “Wood-pol. nanocomposites,” BioResources 12(1), 1871-1889. 1879



PEER-REVIEWED ARTICLE

bioresources.com

45 -
40 -
- R ORW
g 3.5 - R
330 - / EAN-HNC WPNCs
S l:l:l:i:i/
257 / £150:50 AN-co-BMA-HNC
20 - :5:5:5:5:/ WPNCs
@ :;:;:;:;:/ #170:30 AN-co-BMA-HNC
215 :;:;:;:;:/ WPNCs
© - NN
(=] i [ B A -
g 1.0 \:::::::::% EBMA-HNC WPNCs
05 - :;:5:5:5:/
0.0 L e 533

Fig. 5. Modulus of elasticity of the RW and different ratios of AN-co-BMA-HNC WPNCs

Dynamic Mechanical Thermal Analysis (DMTA)

The DMTA properties, such as storage modulus (E”), loss modulus (E’’), and loss
tangent (tan o), were recorded over a temperature range of 30 to 200 °C, as shown in Figs.
6 to 8. The damping property, represented by the tan o, was associated with the molecular
motions and the bonding between the interface of the polymer matrix and wood fiber

(Pashaei and Hosseinzadeh 2016).

The storage moduli of the RW and WPNCs are presented in Fig. 6. The storage
moduli of the WPNCs, especially the 50:50 AN-co-BMA-HNC WPNCs, were
approximately 58% higher than the storage modulus of the RW. The storage modulus of
the WPNCs increased with the addition of polymer matrix, which improved the stiffness
of the WPNCs (Pashaei and Hosseinzadeh 2016). The existence of strong interaction
between the polymer matrix and wood fiber improved the storage modulus of the WPNCs.

4000 - *RW

3500 ” m AN-HNC WNPCs
= * 50:50 AN-co-BMA-HNC WPNCs
& 3000 L A
S 9 . % 70:30 AN-co-BMA-HNC WPNCs
& 2500 - mX % BMA-HNC WPNCs
5 W
T 2000 - P
S o X
w 1500 - F - & X
: Ll T
S 1000 - ¢
o o000 i ﬁ

500 -

0
0 50 100 150 200 250

Temperature (°C)

Fig. 6. Storage modulus versus temperature of the RW and different ratios of AN-co-BMA-HNC

WPNCs
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Figure 7 shows that the 50:50 AN-co-BMA-HNC WPNCs had the highest loss
modulus corresponding to the temperature. The polymer chains at the interface were tightly
bound, and their mobility was highly restricted (Pashaei and Hosseinzadeh 2016). Thus,
larger viscous dissipation occurred more easily, which enhanced the impregnation into the
wood fiber and thus improved the interface of the AN-co-BMA-HNC and wood fiber.

®RW
250 B AN-HNC WPNCs
50:50 AN-co-BMA-HNC WPNCs
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Fig. 7. Loss modulus versus temperature of the RW and different ratios of AN-co-BMA-HNC
WPNCs
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Fig. 8. Tangent & versus temperature of the RW and different ratios of AN-co-BMA-HNC WPNCs

Figure 8 shows tan ¢ as a function of temperature for the RW and AN-co-BMA-
HNC WPNC:s. It clearly shows that the impregnation of the AN-co-BMA-HNC into the
wood fiber led to lower tan ¢ values compared with the RW. The addition of HNC with
polymers shifted the glass transition temperature to a higher value. The 50:50 AN-co-
BMA-HNC WPNC:s shifted the temperature from 50 to 80 °C, and the peak of the tan 6
was broader compared with the RW and other WPNCs.
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Overall, the storage modulus and loss modulus of WPNCs increased as the loss
tangent decreased with the appropriate polymer matrix, as reflected in the three-point
flexural test.

Thermogravimetric Analysis (TGA)

The analysis of the thermal stability of the RW and AN-co-BMA-HNC WPNCs
was carried out using TGA. There were three steps of weight loss in the AN-co-BMA-
HNC WPNCs. The first degradation step, namely vaporization of moisture, occurred at up
to 250 °C. This degradation occurred because of the changes in HCN and NHz (Bahrami
et al. 2003). The second degradation step occurred between 250 and 400 °C because of the
cyclization and oxidation reactions, as well as the formation of ladder polymer structures
in the polyacrylonitrile molecules (Gupta et al. 1995). The degradation step around 350 °C
was related to the RW or cellulose. The last degradation step started at 400 and went to
600 °C, and this was related to the residues of the RW and WPNCs.

The weight loss in the first step was 3.7 wt.%, 5.5 wt.%, 5.3 wt.%, 5.7 wt.%, and
5.7 wt.% for the RW, AN-HNC, 50:50 AN-co-BMA-HNC-clay, 70:30 AN-co-BMA-
HNC-clay, and BMA-HNC WPNCs, respectively. For the second degradation step, the
RW, AN-HNC, 50:50 AN-co-BMA-HNC, 70:30 AN-co-BMA-HNC, and BMA-HNC
WPNCs had weight losses of 45.2 wt.%, 39.9 wt.%, 39.6 wt.%, 39.5 wt.%, and 39.7 wt.%,
respectively. The last degradation step of the RW, AN-HNC, 50:50 AN-co-BMA-HNC,
70:30 AN-co-BMA-HNC, and BMA-HNC WPNCs had weight losses of 13.1 wt.%, 18.8
wt.%, 26.9 wt.%, 22.9 wt.%, and 18.9 wt.%, respectively.

Figure 9 shows that the AN-co-BMA-HNC WPNCs had a higher weight percent
loss compared with the RW. This was due to the effect of the acrylate group, which
interrupted the nitrile sequence along the acrylonitrile and aided in forming a new chemical
bond with butyl methacrylate and halloysite nanoclay (Jamil et al. 2014). This bond was
linked together in the impregnated wood fiber to enhance the chain mobility of the WPNCs
and thus improved the thermal stability of the WPNCs.
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Fig. 9. TGA curves of the RW and different ratios of AN-co-BMA-HNC WPNCs
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Table 3 shows the activation energy of the AN-co-BMA-HNC WPNCs using the
Arrhenius equation (Chanmal and Jog 2008). The activation energy of the AN-co-BMA-
HNC WPNCs was remarkably higher than that of the RW and other WPNCs. The improved
thermal stability of the AN-co-BMA-HNC WPNCs can be attributed to the clay, which
acts as a compatibilizer that retards the motion of the polymer chain (Benlikaya et al. 2009).
Apart from that, AN-co-BMA was fully copolymerized with HNC which increased the
interfacial bonding strength between the polymers as well as polymers and wood cell wall.
Therefore, more activation energy was used to break the strong covalent bonding strength
in AN-co-BMA-HNC WPNCs.

Overall, the thermal stability of the AN-co-BMA-HNC WPNCs was higher
because of the optimum ratio of the AN-co-BMA-HNC. The impregnation of the AN-co-
BMA-HNC into the wood fiber successfully improved the thermal stability of the AN-co-
BMA-HNC WPNCs, and this was reflected in the other results.

Table 3. Activation Energy of the RW and Various Ratios of AN-co-BMA-HNC
WPNCs Determined by the Arrhenius Equation

Activation
Ti Tm T+ Wm Energy
I Wri (%)d Wt (°C)f

Samples (°C)a (°Cy (°C)° Ti (%) (°C)e 1 (°C) (Ea,

kJ/mol)

RW 84.0 360.0 | 456.0 96.3 51.1 13.1 1120.9
AN-HNC

WPNCs 96.0 362.0 | 474.0 94.5 54.6 18.8 1607.6
50:50 AN-co-

BMA-HNC 97.0 366.0 | 486.0 94.7 55.1 26.9 2021.1
WPNCs
70:30 AN-co-

BMA-HNC 97.0 366.0 | 486.0 94.3 54.8 22.9 1631.9
WPNCs
BMA-HNC

WPNCs 96.0 364.0 | 474.0 94.3 54.6 18.9 1613.2

aTemperature corresponding to the beginning of decomposition

b Temperature corresponding to the maximum rate of mass loss

¢ Temperature corresponding to the end of decomposition

dMass loss at temperature corresponding to the beginning of decomposition
e Mass loss at temperature corresponding to the maximum rate of mass loss
fMass loss at temperature corresponding to the end of decomposition

Differential Scanning Calorimetry (DSC) Analysis

The thermal behaviour of the RW and AN-co-BMA-HNC WPNCs was determined
using DSC analysis. The DSC analysis identified the chemical activity that occurred in the
wood fiber as the temperature increased (Hamdan et al. 2010). The DSC analysis curves
of the RW and AN-co-BMA-HNC WPNCs are shown in Fig. 10. The endotherm peaks
and enthalpy are shown in Table 4. Both the RW and AN-co-BMA-HNC WPNCs showed
broad endotherm peaks between 120 and 160 °C, which are associated with the existence
of moisture in the wood. This confirmed that the WPNCs were thermally stable compared

Rahman et al. (2017). “Wood-pol. nanocomposites,” BioResources 12(1), 1871-1889. 1883



PEER-REVIEWED ARTICLE b | oresources.com

to the RW. Another peak at 210 °C proved the degradation of wood fiber (Akita and Kase
1967).

From Table 4, the crystallization enthalpy of all of the WPNCs was higher than the
RW, which proved that the AN-co-BMA-HNC filled wood samples were more crystalline
than the RW. This led to better thermal stability in the WPNCs.
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-18 -

Temperature(“*C)

Fig. 10. DSC curves of the (a) RW, (b) AN-HNC WPNCs, (c) 50:50 AN-co-BMA-HNC WPNCs,
(d) 70:30 AN-co-BMA-HNC WPNCs, and (e) BMA-HNC WPNCs

Table 4. DSC of the RW and Various Ratios of AN-co-BMA-HNC WPNCs

Samples Endotherm peaks (°C) Crystallization Enthalpy (J/g)
RW 139.33 7.64
AN-HNC WPNCs 145.81 21.40
50:50 Ay\;g‘,’\;gg’m‘“m 158.98 59.59
7030 AN 00 BMA-AING 204.74 42.67
BMA-HNC WPNCs 201.40 41.23

Moisture Absorption Analysis

The moisture absorption characteristics of the AN-co-BMA-HNC WPNCs are
presented in Fig. 11. The moisture absorption increased until a certain saturation point as
the immersion time increased. The hydrophilic characteristics of the RW acted as a limiting
factor in the final application of the WPNCs. The amount of moisture absorbed was
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strongly dependent on the molecular structure formed in the WPNCs, which became clearer
over the immersion time. The impregnation of the AN-co-BMA-HNC into the RW reduced
the amount of moisture absorbed in the WPNCs. This was due to the new chemical bonding
between the polar or hydrophilic nature of the lignocellulosic fibers and the hydrophobic
nature of the polymer matrix, which aided in reducing the moisture absorbed in all of the
WPNCs (Malakani et al. 2015). Therefore, the 50:50 AN-co-BMA-HNC WPNCs showed
the lowest moisture absorption, followed by the 70:30 AN-co-BMA-HNC WPNCs, BMA-
HNC WPNCs, AN-HNC WPNCs, and RW.
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Fig. 11. Moisture absorption curves of the RW and different ratios of AN-co-BMA-HNC WPNCs

CONCLUSIONS

1. Inthe present study, raw wood (RW) was impregnated with the formulation for
acrylonitrile-co-butyl methacrylate/halloysite (AN-co-BMA-HNC) to produce wood-
polymer nanocomposites (WPNCs). The physical, mechanical, morphological, and
thermal properties of the AN-co-BMA-HNC WPNCs were greatly improved
compared with the RW.

2. The 50:50 AN-co-BMA-HNC WPNCs showed the highest weight percent gain with
the least hydroxyl groups in the FT-IR spectra.

3. The 50:50 AN-co-BMA-HNC WPNCs provided smoother surface morphology
among all of the samples.

4. The 50:50 AN-co-BMA-HNC WPNCs showed the highest flexural strength and
modulus of elasticity.

5. The storage modulus and loss modulus of the AN-co-BMA-HNC WPNCs improved
greatly with lower tan 6 compared to the RW.
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6. The 50:50 AN-co-BMA-HNC WPNCs exhibited higher thermal stability with
noticeably lower moisture absorption.

7. The results proved that the 50:50 AN-co-BMA ratio was the most suitable to be
introduced in the RW to form WPNCs.
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