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Preface

Recently, nanoclay-dispersed polymeric materials exhibit better utilization in diverse
applications. The nanoclay as inorganic fillers consequences from the exfoliation or the
dispersion at nanoscale into polymeric matrices, which enhance the improvement of
nanocomposites properties by adding slight amounts of clay due to the high specific
area. Current studies reported about Wood Polymer Nanocomposites-Chemical
Modifications, Properties, and Sustainable Applications, which demonstrated better
mechanical and thermal properties as compared to nanoclay-reinforced polymer com-
posites. The proposed book is focused on chemically dispersed nanoclay-impregnated
wood polymer nanocomposites properties and applications. It will also include the
introduction and reinforcing potential various clay and monomers dispersed wood
nanocomposites. The readers will find complete information about preparation and
characterizations of various clay and monomers dispersed wood nanocomposites,
combined styrene/mma/nanoclay crosslinker effect, oxidation of wood species by
phenyl hydrazine, N,N-dimethylacetamid impregnation, urea formaldehyde impreg-
nation, epoxy/nanoclay impregnation, nanoclay/phenol formaldehyde resin impreg-
nation, clay-dispersed styrene-co-glycidyl methacrylate impregnation, styrene-co-
ethylene glycol dimethacrylate impregnation, styrene-co-3-(trimethoxysilyl)propyl
methacrylate with clay impregnation, acrylonitrile/butyl methacrylate/halloysite nan-
oclay impregnation, furfuryl alcohol-co-glycidyl methacrylate/nanoclay impregnation,
furfuryl alcohol-co-ethyl methacrylate-impregnated wood polymer nanocomposites,
and sustainable application of various monomer/clay-dispersed wood polymer
nanocomposites. I am thankful to all co-authors who contributed book chapters and
provided their valuable ideas and knowledge to this edited book. I attempt to gather all
the information of co-authors from same fields in chemically modified nanoclay-
dispersed nanocomposites and finally produce this project that will hopefully become a
success. I impressivelyappreciate co-authors’ support to formulatingours idea in reality.
I thank Springer International Publishing AG, Gewerbestrasse 11, 6330 Cham,
Switzerland, teamfor their substantial cooperationat every stageof thebookproduction.

Kota Samarahan, Malaysia Md Rezaur Rahman
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Introduction to Reinforcing Potential of
Various Clay and Monomers Dispersed
Wood Nanocomposites’

M.R. Rahman and J.C.H. Lai

Abstract In this chapter, various clay and monomer were introduce to produce high
strength wood polymer nanocomposites and discussed how they play important role on
nonocomposites to enhance their properties. Low-quality wood can be modified
through suitable chemical treatments to improve the physical, mechanical, and thermal
properties to meet specific end-use requirements. The in situ polymerization is one of
the most popular technique to modified and produce wood polymer nanocomposites.
Some common chemical treatments have proven to be effective in improving wood
hardness, dimensional stability, stiffness, fire resistance, UV resistance, biological
resistance, and aesthetic appeal. Due the further improvement, dual monomer mixture
along with reinforcing filler was significant improve the physical, mechanical, thermal,
hardness, dimensional stability, stiffness, fire resistance, UV resistance, and biological
resistance. The various monomers were used, namely styrene, methyl methacrylate,
phenol formaldehyde, phenolic resins, urea formaldehyde, and melamine formalde-
hyde. However, monomer impregnation and chemical modification were also inves-
tigated using new chemical formulations in the present study.

Keywords Mechanical properties � Stability � Chemical treatment � Wood poly-
mer nanocomposites

1 Introduction

Wood is a natural resource and one of the most attractive materials because of its
multidimensional assembly and its extensive exhibition on globe. Wood is made up
of cellulose, hemicellulose, and lignin to make their multifaceted structures which
are biologically originated (Bowyer et al. 2007). The chemically modified or
monomer incorporation of three cell wall polymer can be changed the
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physico-mechanical, thermal, and chemical properties of wood (Rowell 2005). The
performance of the modified wood would be changed due to the modification or
monomer incorporation in the wood cell wall. The main objective of chemical
modification or monomer impregnation of wood to revolute its properties and to
increase its performance.

Wood has a diversity of completion uses such as construction, furniture, and
tools due to its gorgeous features. Solid wood is the greatest desired one for the
building and construction material due to its high-physical strength, low-processing
cost, and attractive desirability. Researchers are motivated and produced to hunt for
substitute resources, such as softwood and some low-density hardwoods, for
value-added application due to a deficiency of high-quality hardwoods. In
Malaysia, especially Borneo Island has abundantly available softwood and
low-density hardwood. To accomplish this objective, appropriate technologies are
desired to enhance the wood quality such as mechanical properties, thermal prop-
erties, durability, decay resistance, and hardness, and to satisfy specific end-use
necessities.

The biodegradability and high-moisture uptake have negative impact on the
wood materials if handled incorrectly. Various defects could be ascribed the
chemical assembly and some functional features in wood (Rowell et al. 1982).
Besides, the main drawback and limitation of the wood is deteriorated by envi-
ronmental variation which impacts on its physical and mechanical properties
(Galperin et al. 1995; Hill 2006). Chemically, wood contains plentiful reactive sites.
The most common responsive sites are the hydroxyl groups, which are abundantly
available in the three major chemical components of wood, i.e., cellulose, hemi-
cellulose, and lignin. These OH groups absorb humidity from humid environments,
which then fluctuate the physical properties of wood. Dynamic humidity conditions
effect in alternate swelling and in physical degradation of wood. The moisture
absorption easily changes the mechanical properties of wood due to its hydrogen
bonding (Kumar 1994). On the other hand, wood is an amorphous material. The
porosity of both cell voids and micro pores in the cell walls occurs due its structure.
The main paths for the moisture movement in wood are cell cavities. (Schneider
1994). The chemical modification and monomer impregnation were enhanced
mechanical, thermal as well as biodegradation properties and to resist the changes
in moisture content. The reactive chemicals and polymer could be the blockage of
these reactive sites or plugging the pores of wood cell wall.

Many scientists have made boundless efforts to strengthen solid wood with
single monomer, dual monomer, and polymers in the past decades. Both thermo-
plastic and thermosetting polymer systems have been introducing to strengthen the
solid wood (Ayer et al. 2003; Schneider 1994). It is obvious that the production of
wood polymer composites (WPC) is a favorable approach to improved wood
properties. Impregnation method or technique is the most collective and cheap
technique to prepare wood polymer composites with a polymeric monomer or
prepolymer. This technique easily can fill the empty lumens in the wood by
polymers or monomer. This leads to a mixture of two materials of the wood and
polymer rather than a true composite.
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Wood polymer composites have the capability to transmit energy efficiently
from the polymer matrix to the inflexible cellulose constituent. Polymer and the
wood cell wall interaction and chemical bonding that will improve polymers per-
forming an active role in the composite. The strong interaction of wood cell wall
and polymer resulted in mechanical strength, thermal stability, and resistance to
decay, and degradation of wood. It has been observed that wood impregnated with
thermosetting resins such as water-soluble phenolic resin, urea formaldehyde, and
melamine formaldehyde prepolymers, increases its compressive strength and
moisture related behaviors. The thermosetting resins impregnation polymerizes
bulks of the cell wall and reacts with hydroxyl groups of wood constituents to
prevent the shrinkage of the wood upon drying. But in most cases, the resulting
wood polymer composites are quite stiff of the original wood due to the ther-
mosetting polymer impregnation (Deka and Saikia 2000).

Organophilic layered silicates introduce in situ nanoreinforcement technique to
manufacturing the nanocomposite. The various thermoplastic and thermoset
nanocomposites at small silicate content have been enhanced the physical properties,
flexural modulus and strength, static Young’s modulus, and thermal stability (Ray
and Okamoto 2003). Polymer–clay nanocomposites were first reported in the liter-
ature as early as 1961(Blumstein 1961). Polymer/layered silicate nanocomposites
were first used in industrial materials by researchers from Toyota based on the
thermoplastic polyamide 6 (Usuki et al. 1993a, b). Since then, a great deal of research
has been carried out in the field of polymer nanocomposites with various thermo-
plastic and thermoset polymers over the past decade (Ray and Okamoto 2003).

In this study, conventional and nanotechnology have been introduced on the
selective tropical wood species. According to the literature finding, there was no
work on tropical wood species with selective chemicals. Taking into account of all
these observations and to overcome the above-mentioned problems, the nan-
otechnology technique and several kinds of chemicals modification have been
considered in this study.

2 Problem Statement

Wood has many necessary features for a diversity of end uses such as furniture,
building materials, and tools. A lack of high-quality hardwoods has driven
researchers and manufactures to search for substitute resources, such as softwood and
some low-density hardwood, for significant application. In addition, the dwindling
supplies and rising costs of the heavy hardwoods have made attention in the con-
sumption of lower quality woods such as tropical light hardwoods, whose usage can
be prolonged by transforming into wood polymer composites. Low-quality wood can
be treated through appropriate chemical treatments to improve their properties such as
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physical, mechanical, and thermal properties to meet specific end-use requirements.
In addition, low quality of wood properties will be better than hardwoods after the
chemical modification of them.

The wood hardness, durability, dimensional stability, and mechanical properties
will be improved by chemical treatments. However, it has been established that
most of the chemicals or monomer does not react or bond with wood even though
only filled the empty lumens in the wood, which leads to a mixture of two
monomers rather than a single monomer. Therefore, the resulting products were still
subject to physical and mechanical properties changes with environmental varia-
tions. Poor chemical and physical interfacial interactions between the wood surface
and chemical are two of the most important mechanisms of bond failure.

3 Literature Review

3.1 Enhancement of Wood Quality

The presence of abundant hydroxyl groups and various cavities in wood compo-
nents have greatly been attributed to the changes of dimensional and biological
degradation (Ghosh et al. 2008; Papadopoulos 2006; Singha and Thakur 2009;
Tunc et al. 2010). These hydroxyl groups are considered to be reactive sites and the
cell cavities are main paths for moisture movement in wood. The quality of wood
will be changed if these reactive sites could be substituted by some suitable
monomer or chemicals and the pores in the wood were also blocked by the poly-
mer. The dimensional stability and physical and biodegradation properties have
been improved by blockage of these reactive sites with some reactive chemicals or
monomer. The pores have been plugging with a polymer will make the wood more
resistant. Wood has been modified by different methods such as chemical, thermal,
or enzymatic modification.

The idea of chemical modification of wood has been developed primarily to
improve the dimensional stability of wood when subjected to change of moisture.
Monomers or prepolymers for in situ polymerization or chemical treatments range
have been introduced for the chemical composition of wood by chemical reactions
which made product for sustainable application. The necessary requirements of
chemical modifications are that the reacting chemicals must be penetrated into the
wood cell wall and react with the available hydroxyl groups of the cell wall polymer
with neutral or mild alkaline conditions at 120 °C temperatures (Ghosh et al. 2008;
Papadopoulos 2006; Singha and Thakur 2009; Tunc et al. 2010). The thermo-
plastics and thermosets polymer are used to improve the quality product.
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3.2 Modern Policies to Growth Wood Quality

Wood contains numerous hydroxyl groups and various cavities which create some
unfavorable features such as high-moisture uptake, biodegradation, and dimen-
sional instability that were permitted to modification of wood through various
chemical treatments, single or dual monomer impregnation. (Hill 2011; Rowell
2005; Singha and Thakur 2009; Tunc et al. 2010). These hydroxyl groups are
considered to be reactive sites and the cell cavities are main paths for moisture
movement in wood. These reactive sites will be substituted by suitable or mono-
mers to block the pores and react with hydroxyl and it changed their properties to
improve the quality of wood product. Due the chemicals modification or polymer
impregnation, the reactive sites blocked by reactive chemicals or the pores have
been plugging by the polymer which enhanced the moisture-resistant content and
improve its dimensional stability, physical, and biodegradation properties.

A number of studies have been engaged at improving numerous wood attributes
through chemical modification or monomer impregnation. The chemical modifi-
cation or polymer impregnation concept of wood was developed to improve their
properties to become stability of wood product when exposed to change of mois-
ture. The in situ polymerization is the most powerful technique to produce wood
polymer composites using different chemicals reactions or monomers dispersion.
The suitable chemicals or monomers are that the reacting chemicals which have
been penetrated into the cell wall and react with the hydroxyl groups in alkaline
conditions at 120 °C temperatures (Hill 2006; Papadopoulos 2006).

There are two types of polymers that used in improvement the quality of wood
product. Thermoset polymers are the most widely used matrix in composite materials.
The various types of thermoset polymer matrices are used for making reinforced
composites such as Bis-Maleimids (BMI), Epoxy (Epoxide), Phenolic (PF), Polyester
(UP), Polyimide, Polyurethane (PUR), Silicone, Polyetheretherketone (PEEK), and
Cyanate ester (Salah and Raman 2014). A thermoplastic is a plastic polymer material,
which can be flexible or moldable above a specific temperature and concentrate upon
cooling. Thermoplastics become soft when heat is applied and have a smooth, hard
finish when cooled. Thermoplastic polymer changed properties when heated and
cooled. The different types of thermoplastic polymer matrix used to produce rein-
forced composites are Polyethylene (PE) (low and high density), Polypropylene
(PP) (low and high density), Polystyrene (PS), Polybutylene (PB), Poly (vinyl
fluoride) (PVF), Poly (vinyl chloride) (PVC), Poly (vinyl acetate) (PVAC), Poly
(vinyl butyral) (PVB), and Nylon (Valente et al. 2011). In the case of thermoplastics,
above a certain temperature, all polymers become softer and are able to melt. When
the temperature increased the plastics frequently melt in the range of 100–250 °C.
The polymers have liquid like order (they are shapeless and in the melting state). The
density of polymer will enhance and specific volume decreases when reducing the
temperature (Koutsos 2009).
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In the past decay, most of the people are used expensive wood but durable hard
wood species such as cheshnut or tropical hardwoods were the simplest solution to
create strong wood products. As the availability of naturally durable species has
declined, the industry has turned to softwoods plantations because of the
first-growing species. Softwood species need to perform treatments modification or
polymer impregnation in order to achieve satisfactory longevity under services
conditions. Several approaches are introduced to increase wood properties for soft
non-durable species. There are four important techniques to develop the wood
product, namely chemical modifications, impregnation modifications, thermal
modifications, and surface modifications.

Chemical modifications can be defined as the reaction of a chemical component
with hydroxyls group from the cell wall of wood. They involve the formation of
covalent bonds with OH groups from cellulose, hemicellulose, or lignin. The
chemical composition of wood will be changed which confer to enhance the
properties of wood species. Impregnation modifications define as solid specimens
have been impregnated with various types of monomer or polymer to give bio-
logical resistance or in filling cell voids by polymers (bulk effect) to give dimen-
sional stability. Thermal modification is one of the modifications that the heat is
applied to the wood specimens that results in degradation associated with chemical
composition in the wood material. If carefully controlled, the property changes on
wood due to thermal modification can be interesting for certain applications.
Surface modifications are applied to change the wood surface involving chemical
modifications, biological modifications using enzymes, or physical processes such
as plasma modifications. The main focusing areas of interest are modifications have
been improved bonding between wood surfaces with monomer directly or between
wood surfaces and coatings or to improve the weathering performance of wood.
These wood treatments are proposed to increase at least one of the properties of
wood. However, the chemical modifications or impregnations have an impact on
the other wood properties as well, sometimes it will be positive while sometimes
negative depend on the nature of the chemicals or monomers. For instance, the
metal salts with reinforcing filler impregnation have improved light resistance
against fungi decay, on the other hand, it brings the positive impact on the
dimensional stability. Equally, thermal treatment has a negative impact on the
mechanical properties while they increase the dimensional stability of wood. The
next paragraphs present a short description of the past technologies to improve the
characteristics of non-durable wood and detailed the new technologies that are
applied in industry or are under current investigation in research laboratories.

3.3 Chemical Modification of Wood

The alcoholic function group can create by the hydroxyl groups of the wood
macromolecules. The most of the wood modification has been conducted by acy-
lation reactions with hydroxyl groups of the wood. Due to the acylation reactions,
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the functionalization of the OH groups and the natural hydrophilicity of wood are
reduced. In addition, the dimensional stability and the biological resistance have
been improved which reported in most cases (Militz et al. 1997). This modification
increase of properties is due to covalent bonding and is therefore durable and not
subject to leaching by water. Depending on the aim of this study, various properties
of the chemically modified wood might be reported but they are not often com-
prehensively determined. They are laboratory biological tests to determine the
decay and termite insect resistances, dimensional stability, mechanical properties,
water repellency, and more rarely fire resistance and photodegradation.

The following paragraphs present the most frequency reported chemical reac-
tions which enhanced the wood properties. The basic technical processes for wood
quality improvement can be classified into the following, namely (Ayer et al. 2003;
Fry 1976; Georgieva et al. 2008) the impregnation of wood with reactive chemicals,
second is the compression of wood, and third is the chemical impregnation and
compression of wood. Only few of them have the potential to be conducted in an
industrial scale.

3.3.1 Reaction with Acid Chlorides

Wood has been acylated using acid halides. Hydrogen chloride is released as a
by-product leading to degradation of the wood fibers if a base such as pyridine is
not used. Therefore, the use of this technique is limited when treating lumber
because of the necessity to remove the by-products present in wood after treatment.

Wood�OHþR�C ¼Oð Þ�Cl ! Wood�O�R�C ¼Oð Þ�RþHCl

It has been reported that reaction of wood with palmitoyl chloride permits to
obtain a treated wood presenting an anti-swelling efficiency (ASE) of 48% for a
weight percentage gain (WPG) of 21% (Prakash et al. 2006).

3.3.2 Esterification of Wood by Carboxylic Acids

The esterification of wood by carboxylic acids in presence of a catalyst is very
effective. An in situ carboxylic acid chemical reagent is often used to convert
cellulose esterification. The cellulose esterification is more reactive entity compare
to anhydride or an acid chloride. The formation of anhydrides is effectively
achieved with trifluoroacetic anhydride or with N,N-dicyclohexylcarbodiimide.

Wood�OHþ CH3ð Þ2�C¼CH�COOH ! Wood�O�C ¼Oð Þ�CH�C CH3ð Þ2
An in situ method was used to increase the oven-dry specimen’s volume without

a change in color or a decrease in either crystallinity or moisture content which
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cause by unsaturated carboxylic acids esterification (Nakagami and Yokota 1975;
Rowell 2005). Reaction with a-methylcrotonic acid gave a higher degree of sub-
station which enough to make the reacted wood soluble in acetone and chloroform
to the extent of 30% (Nakagami et al. 1976).

3.3.3 Wood Modification by Ketene

Ketenes are very toxic and reactive chemicals which penetrating in the wood cell
and its tendency to polymerize. The particular case of ketene has been used to
acetylate wood. This reaction does not create any by-product provided that the
wood contains no moisture.

Wood�OHþCH2¼C�O ! Wood�O�C ¼Oð Þ�CH3

Ketene modification of wood has been established to increase dimensional
stability but it is not as actual at improving this property as acetic anhydride.
Oven-dry aspen and southern pine wood flakes react with ethenone at 50–60 °C
leading to WPG of the order of 20% after 10–15 h of reaction. Furthermore, wood
acetylation with ketene is not highly resistant to decay at a WPG of 17% (Rowell
et al. 1986).

3.3.4 Wood Modification by Aldehydes

A hemiacetal is produced by the addition of an aldehyde to a hydroxyl group. The
hemiacetal was further reacted with another OH group of the cell wall polymers
producing an acetal crosslinking bond. This bonding is vulnerable to do the
hydrolysis.

Wood�OHþH�C ¼Oð Þ�H ! Wood�O�C OHð Þ�H2 þWood�OH

Wood�O�C OHð Þ�H2 þWood�OH ! Wood�O�CH2�O�Wood

Formaldehyde is a very popular aldehydes compound which frequently used and
it’s reported in literature (Stevens et al. 1979). Due to the formaldehyde modifi-
cation, the mechanical properties of such modified wood are poor and severe
embrittlement because of the rigidity induced by the crosslinking and the acidic
conditions of the modification. Formaldehyde treatment has been carryout under
vapor phase in the presence of SO2 as a catalyst with a minimal loss of strength
compared to other treatments in liquid phases. The equilibrium moisture content
(EMC) of wood product has been significant reduce even low levels of formalde-
hyde introduce in the wood specimens. Yasuda et al. (1995) found that a WPG level
of only 3.5% resulted in a 50% reduction of the EMC compared to unmodified
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wood. Decay resistance of formaldehyde treated with wood showed better results at
only 2% of weight gain. It was reported that strong resistance showed against by
white rot fungi while poor resistance show against by brown rot fungi (Minato et al.
1992). Glyoxal, glutaraldehyde, and other aldehydes have also been investigated as
reagents for wood modification. It was concluded that none of them formed stable
crosslinks in the wood cell wall.

3.3.5 Wood Modification by Isocyanates

Isocyanates and thio-isocyanates rapidly react with wood hydroxyl groups to pro-
duce wood–urethane bonds (Deka and Saikia 2000).

Wood�OHþR�N¼C¼O ! Wood�O�C ¼Oð Þ�NH�R

4,4′-diphenylmethane diisocyanate (MDI) has been frequently used wood modifi-
cation. Isocyanates swell wood and react with it at 100 to 120 °C without catalyst
or with a mild alkaline catalyst such as trimethylamine (Gao and Gu 2007). The
resulting urethane bond is very stable to acid and base hydrolysis. There are no
by-products produced from the chemical reaction of isocyanate with dry wood.
However, isocyanates react rapidly with water to yield a di-substituted urea. For this
reason, it is significant that moisture is thoroughly omitted during reaction. Wood
modified with butyl isocyanate shows a threshold for decay protection at around
15% of WPG with all the tested fungi. There is no major change in performance
related to the chain length of isocyanate (Cardias and Hale 1999). Unlike
mono-isocyanates, a reaction of wood with di- and poly-isocyanates can result in
homopolymerization and subsequently in bulking effect.

3.3.6 Wood Modification by Epoxides

The epoxides modification occurred in the reaction between wood cell wall and
epoxide to formation of an ether linkage with OH group. Therefore,
graft-polymerization reactions are possible (Cetin and Hill 1999; Kumar 1994).

Wood�OHþR�CH �O�ð ÞCH2 ! Wood�O�CH2�CH OHð Þ�R

Several epoxides have been used in the past decades for wood modification
purposes. They include ethylene oxide, propylene oxide, and butylene oxide
(Norimoto et al. 1992). Usually, the reaction is catalyzed under mild basic condi-
tions. In most experiments, trimethylamine is used as a catalyst. Wood modified
with propylene oxide was ineffective toward G. trabeum decay resistance whereas
butylene oxide modification proved to be effective at 23% WPG (Ibach et al. 2001).
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3.3.7 Wood Modification by Cyanoethylation

Wood cell wall and OH group react with Acrylonitrile in the presence of alkaline
catalyst. NaOH modified treated wood get higher WPG up to 30% which has been
reported giving ASE in the region of 60% (Stamm and Baechler 1960).

Wood�OHþCH2¼CH�CN ! Wood�O�CH2�CH2�CN

Biological resistance due to bulking, rather than toxicity, of such treated wood
have also been reported. Cyanoethylated wood in ground contact at 15% of WPG
has an average life of almost 8 years, compared with 4 years for untreated samples
(Stamm and Baechler 1960).

3.3.8 Wood Modification with Alkyl Halide

Wood has been etherificated by the alkyl halides in the presence of a strong base

Wood�OHþNaOH ! Wood�OnaþR�X ! Wood�O�R

Reactions of wood with crotyl chloride, methyl iodide, and butyl chloride have
led to an improvement in dimensional stability. Decay resistance has also been
investigated for wood treated with fatty diakyldimethylammonium chlorides and
bromides. Modified wood exhibited better resistance against brown rot fungi (Hill
2006).

3.3.9 Wood Modification by b-Propiolactone

The wood OH group react with b-propiolactone in presence of acids or bases
catalyst to yield two different products as shown in Fig. 1.

Wood-OH
Acid

Wood-O-CH2-CH2

O OH

O O

Wood-OH Wood-O CH2-CH2-OH

O

O

Base
O

Fig. 1 Schematic chemical reaction with b-propiolactone
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The modified wood in acidic environments with 30% WPG resulted in better
decay resistance and ASE of 60%. However, a strong degradation of wood has been
protected by the b-propiolactone (Goldstein et al. 1959).

3.3.10 Wood Modification by Cyclic Anhydride

The hydroxyl groups of wood react with cyclic anhydrides do not yield a
by-product. The anhydride covalently bonded on wood by an ester function yields a
free carboxylic group at its end as shown in Fig. 2. The free carboxylic group
undergoes with another OH group to crosslink the cell wall polymers of wood
(Matsuda 1987).

Cyclic anhydrides have been used as chemical reagents for wood modification
for example phtalic anhydride, maleic anhydride, glutaric anhydride, succinic
anhydride, and alkenyl succinic anhydride (ASA) (Chauhan et al. 2001; Morard
et al. 2007). Scots pine modified samples with petrochemical octenyl succinic
anhydrides (ASAs) dissolved in pyridine. The succinic anhydrides modification did
not present enough resistance against fungi decay but increased dimensional sta-
bility (Chauhan et al. 2001).

3.3.11 Wood Modification by Acrylic Anhydride

The acetic anhydrides react with the wood cell wall OH groups to produce an ester
and acetic acid as a by-product. The following reaction is conducted at 70 °C
without catalyst (Bongers and Beckers 2003) which shown in Fig. 3.

It is known that the rate of reaction is promoted by wood-swelling agents such as
pyridine that can be used only at laboratory scale. The improved dimensional

Wood-OH Wood-O
OH

O

O

Wood-OH O-Wood
Wood-OWood-O

OH

OO

O O

Fig. 2 Schematic chemical reaction with cyclic anhydride
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stability of wood as a result of anhydride modification has been found to be a
function of WPG only, regardless of the anhydride used for modification.

3.3.12 Oxidation of Wood

Wood has been oxidized using oxidizing agent with acidic catalyst as shown in
Fig. 4. Oxidation reactions applied to cellulose in wood for chemical modifications
(Hon and Shiraishi 2001). Oxidation reactions occur on cellulose selectively at
particular position. The reaction of sodium metaperiodate with cellulose in wood
fiber in the presence of sulfuric acid catalyst at 120 °C and 85 kPa pressure yielded
the oxidized product. Sodium metaperiodate reacts with hydroxyl groups of cel-
lulose and produces 2,3-dialdehyde cellulose which improved the mechanical and
biological properties of wood (Rahman et al. 2010).

3.4 Wood Modifications by Impregnation Technique

Wood impregnation by various type of chemicals or polymer has been used to
improve wood hardness, durability, dimensional stability, and mechanical proper-
ties (Ayer et al. 2003; Schneider 1994). The wood impregnation process

Wood-O-C-CH3
CH3COOH

O

Wood-OH

Fig. 3 Schematic chemical reaction with acrylic anhydride
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Fig. 4 Schematic chemical of oxidation
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significantly depends on diffusion of the gas or liquid into the wood and the
permeability of the wood cell wall. The specimens must be free from air, moisture,
and water before chemical impregnation because it make the space for the treating
chemicals to fill the pore. Treating chemical or monomer or polymer is required to
be low viscosity, which normally corresponds to low or medium molecular weight.
The treating chemicals are forced into the wood by vacuum and pressure. Vinyl
monomers such as styrene and methyl methacrylate (MMA) are the examples of
low viscosity monomer often used in wood polymer composites preparation
through the impregnation technique. Some mechanical properties such as hardness
of wood can be greatly enhanced by filling the empty spaces in the cell tissue with
various type of chemicals or monomer or polymer. The filling process is done by
impregnating the wood specimens in a closed chamber with a suitable chemical or
monomer or polymer that can be hardened inside the wood. To penetrate the
chemical or monomer or polymer evenly into the cell tissue of the wood is a
stimulating problem due to the fact that the permeability of most species is poor and
varies significantly in various sections of the wood (e.g., heartwood vs. sapwood).
Another problem is how to polymerize the impregnated substances inside the wood
without causing splits or burning of the treated wood or reducing its machinability.
The wood structure and density, the properties of the treating chemicals, viscosity,
and concentration of the treating solution, temperature, and pressure are all sig-
nificant issues that affect the outcome of wood impregnation. Many chemicals have
been used for wood impregnation, as briefly labeled in the following.

3.4.1 Wood Impregnated by Monomer and Prepolymer

The monomer and prepolymer are subsequently polymerized with the cell lumens
of wood and filled their void and block the hydroxyl group in wood cell wall which
resulting wood polymer material normally retains most of the required character-
istics of wood and shows various improved properties. Most wood species can be
readily impregnated with vinyl monomers or prepolymers by using equipment and
techniques similar to those used in the conventional wood preservation in industry
(Chao and Lee 2003; Meyer 1981). There is a big difference of viscosity among
monomer and prepolymers.

3.4.2 Enhancement of Wood Properties by Polymers Impregnation

The thermoplastic and thermosetting polymers are used to produce wood-polymer
composites. The well-known thermoplastic polymer is a poly vinyl chloride or
similar monomers or modified vinyl monomers and polar monomers. Vinyl poly-
mers have a large range of properties from soft rubber to hard. The brittleness of
vinyl polymers depending upon the groups attached to the carbon–carbon back-
bone. Some examples of vinyl monomers are as follows: vinyl chloride, vinyl
acetate, acrylonitrile, ethylene oxide, acrylates (especially methyl methacrylate), t-
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butyl styrene, styrene, and chlorostyrene (Meyer 1981; Georgieva et al. 2008). The
vinyl monomers are non-polar and poor interaction with wood hydroxyl groups.

In general, vinyl monomers fill the capillaries, vessels, and other void spaces in
the wood structure (Georgieva et al. 2008). Polar monomers can swell cell wall to
provide high-chemical resistance and dimensional stability in water. Thermosetting
polymer is a type of polymers which include phenol formaldehyde, urea
formaldehyde, melamine formaldehyde, polyurethanes, epoxides, silicones, and
unsaturated polyesters (Ghosh et al. 2008). Phenol-formaldehyde resin is plasticized
the cell wall of wood and yields dimensionally stability of the wood polymer
composites (Tunc et al. 2010).

3.4.3 Wood Impregnated by Vinyl Monomers

The vinyl monomer impregnated wood polymer composites significantly improve
their moisture resistance, thermal properties, mechanical properties, hardness, and
other qualities of wood. The vinyl monomers are polymerized in presence of cat-
alysts or radiation techniques (Siau et al. 1965). It is required to have the vinyl
polymer successfully stabilize the wood by bulking the cell wall, but with the
exception of acrylonitrile, vinyl monomers are generally poor swelling agents for
wood (Ellwood et al. 1972; Loos and Robinson 1968; Siau 1969). Loos et al.
investigated the dimensional stabilization of wood with vinyl monomers. Their
work showed that without additional swelling agent vinyl monomers penetrate in
the cell walls only to a limited extend. They are not predictable to impart any
substantial dimensional stabilization to wood. The impregnation of wood with
acrylic or vinyl type monomers showed less-dimensional stability in the presence of
moisture. This was due to the detention of the monomer in the cell lumen instead of
the cell wall. MMA and styrene impregnated wood polymer composites showed
better dimensional stability compared to other vinyl monomer impregnated wood
polymer composites (Brebner et al. 1988; Chao and Lee 2003; Khan et al. 1992a;
Langwig et al. 1968; Raff et al. 1965).

3.4.4 Wood Impregnated by Methyl Methacrylate (MMA)

Methyl methacrylate (MMA) is the most commonly used vinyl monomers to
produce wood polymer composites (WPCs). It is one of the least expensive and
most readily available monomers that are used alone or in combination with other
monomers to produce the crosslink the polymer system. MMA impregnated wood
polymer composites showed fewer swells compared to other vinyl monomers (Loos
and Robinson 1968). MMA monomer filled cell lumens but unchanged cell walls
which showed in WPC. This type of WPC has time-dependent dimensional stability
improvement on the other hand, and it might not be sustainable for long term. Over
the years, MMA has been extensively used monomer for production of WPC
(Duran and Meyer 1972; Langwig et al. 1968, 1969; Noah and Foudjet 1988; Siau
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and Meyer 1966; Siau et al. 1978; Yalinkilic et al. 1998, 1999a, b). The use of a
crosslinker rapidly increased the initial viscosity of the system and an
auto-acceleration of the polymerization was observed for the crosslinker, trimethyl
propane trimethacrylate (TMPTMA), reduced the time to the exothermic peak and
dramatically increased the exothermic peak temperature. The effect of the
crosslinking agent on the mechanical properties of wood polymer composites was
uncertain (Islam et al. 2011). Siau and Meyer (1966) compared the properties of
MMA impregnated wood polymer composites cured by heat and radiation,
respectively. There is no significant change in yellow birch-polymethyl
methacrylate combinations which were found between heat and radiation when
tested for compression parallel to the grain direction, shear strength, permeability,
diffusion coefficient, and anti-shrink efficiency. The material polymerized by radi-
ation was about 25% better than that of the material polymerized by heat; this is due
to the superior evaporation of monomer from near the surface during heat-induced
polymerization which increases the surface hardness. The dimensional distortion
and volumetric changes were observed if the wood impregnated by MMA and
polymerized by heat (Siau 1969). The distortion of basswood was much more
severe than that of maple wood. Siau (1969) also investigated the swelling behavior
of basswood impregnated with MMA and styrene. Anti-shrink efficiency of up to
40% indicated the entry of monomer into the cell wall before polymerization. The
rate of swelling by monomers improved with temperature and moisture content of
the wood. The amount of swelling at steadiness usually reduced with temperature.
Other studies report a large difference in swelling properties between wood species.
Beall et al. (1966) investigated the polymerization of basswood impregnated with
MMA containing a peroxide initiator by direct heat and radio-frequency radiation.
Three types and two concentrations of organic peroxides were used for the initiation
of the polymerization of MMA. Heating the wood-monomer composite by
radio-frequency energy which temperature between 90 and 98 °C caused a rate of
free radical generation satisfactory to overcome the inhibitor concentration and to
stimulate the achievement of polymerization in about 20% of the time required for
direct heating. The radio-frequency heating polymer retention was approximately
80% compared to direct heating. The radio-frequency treatment techniques were
used to handle the accounted of monomer loss. The heat catalyst method applies for
polymerization and impregnations of MMA monomer to heartwood and sapwood
before and after which compare their properties (Young and Meyer 1968). Vazo
free radical catalyst was used to polymerize the MMA in wood cell wall. Eight
species of wood including yellow birch and red maple were investigated. After
treatment, the sapwood exhibited greater increase in compressive strength per-
pendicular to the grain direction, tangential hardness and density than did the
heartwood. Sapwood also showed a greater reduction in permeability and it had
higher polymer retention. Beall et al. (1973) compared the hardness of WPC of red
oak, aspen, and hard maple that were impregnated with MMA. They found that the
hardness of untreated wood was mainly related to density. Schneider (1995) pro-
posed a method to prepare cell wall and cell lumen wood polymer composites by
using two monomers, one of which can swell the cell wall. Furfuryl alcohol-based
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(FA) and MMA-based mixture preparations were used. The outcomes recom-
mended that treating solution departure occurred during impregnation and the
resulting inhomogeneous chemical distribution yielded the inclines in properties.
A combination of wood cell wall modification with acetic anhydride and lumen
filled with MMA treatments were studied for their usefulness in decreasing the rate
of moisture absorption and the degradation effects of accelerated weathering (Feist
et al. 1991). The treatment of acetylation followed by MMA impregnation was the
most effective in reducing the rate and extent of swelling and reducing erosion
produced by accelerated weathering (85%). Both of acetylation and MMA treat-
ments or a combination of the two monomers which subsequently reduced the loss
of surface lignin with improvement in durability. Compared to untreated wood,
treatment of wood with MMA polymers decreased the rate of moisture uptake and
improved mechanical properties, including modulus of elasticity and rupture. The
stress at proportional limit, maximum crushing strength, and hardness index
improve their properties (Langwig et al. 1968; Rowell et al. 1982). However,
treatment with MMA polymers results in high-polymer weight gain and is more
expensive.

3.4.5 Wood Impregnated by Styrene

Styrene is one of the powerful monomers that is usually used for manufacturing of
WPCs. Styrene impregnation WPCs has been extensively studied and the styrene
wood product has developed water repellence, compression, and bending strength
of WPCs (Baki et al. 1993; Siau et al. 1965). Styrene and wood cell wall poly-
merization were occurred by heat or radiation in presence of catalyst. The inves-
tigation by Siau et al. (1965) was primarily focused on bulking wood with styrene,
followed by polymerization with gamma irradiation. Impregnation was done by
solvent exchange and high-vacuum methods. The gamma irradiation produced graft
copolymers in the wood that were more effective than homopolymer in improving
dimensional stability and tangential tensile strength.

Brebner et al. (1985) explored impregnating eastern white pine heartwood with a
combination of styrene monomer and a crosslinking agent. The polymerization of
styrene was then accomplished using a heat-catalyst technique. Styrene uptake was
dependent on the growth rate of different wood samples, but the strength did not
suffer in evaluation with more uniformly loaded low-density woods. At air-dry
moisture content and equal density, the pine-polystyrene composite product was
found to be mechanically inferior to sugar maple. Devi et al. (2003) examined
chemical modification of rubberwood which impregnated by the styrene in com-
bination with a crosslinker glycidyl methacrylate (GMA). The polymerization was
took place by a catalyst and heating. The dimensional stability and anti-shrink
efficiency of treated wood were improved by the combined monomer impregnation.
Water absorption was decreased due to the combined monomer impregnation.
Mechanical properties, including modulus of rupture (MOR) and modulus of
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elasticity (MOE), were also improved. An anti-shrink efficiency value of 53% was
obtained for styrene-GMA treated wood samples compared to 23% for styrene
treated wood samples after 24 h soaking in water. Hardness was similar for these
samples but 33% greater compared to untreated samples. Chao and Lee (2003)
examined enhancement in hardness of southern pine by regular diffusion and
vacuum impregnation with styrene which was polymerized in situ by a catalyst and
heating. The density, water repellence and hardness of the southern pine increased
after styrene impregnation. However, the vacuum method facilitated absorption of a
greater amount of styrene into the wood cell wall in a greatly shorter time. The
modified wood showed a greater increment in density, less water absorption and
twofold hardness increased by 1 min of vacuum.

3.4.6 Wood Impregnated by Vinyl Chloride

The wood has been impregnated and polymerized by the vinyl chloride under a
wide variety of conditions (Juneja and Hodgins 1970). The substrate will distortion
and discoloration because of the polymerization reaction is highly exothermic. The
hydrogen chloride is released from degradation of the polyvinyl chloride (PVC) and
leaving behind conjugated double bonds along the chain which is responsible for
the polymer discoloration. Vinyl chloride was considered unsuitable as a monomer
for producing acceptable WPC material mainly for the reasons: (i) its polymer is a
combination of powder and smooth polyvinyl chloride. (ii) Wood mechanical
properties are only slightly improved. (iii) Reaction heats are so high that discol-
oration and deformation occur. (iv) Polyvinyl chloride is insoluble in its monomer
and during the reaction, it precipitates as a fine powder which contributed nothing
to the enhancement of mechanical properties. (v) PVC has a negative environment
image.

3.4.7 Wood Impregnated by Hydroxymethylacrylate and
Ethyl-a-Hydroxymethylacrylate

According to Mathias and Wright (1989), WPCs were developed by hydrox-
ymethylacrylates impregnation and in situ polymerization. The monomer can
penetrate the cell walls of the wood fibers, thus forming an entirely filled wood
polymer composites. Wright and Mathias (1993) also established a lightweight
material based on balsa wood-polymer composites by ethyl-a-(hydro-
xymethylacrylate) acrylate (EHMA) and styrene impregnation. The dimensional
stability and mechanical properties were improved by the impregnation of
EHMA-styrene copolymer. Improvements in specific modulus and specific
toughness (absolute properties divided by specific gravity) were also achieved using
an EHMA-styrene monomer mixture with polybutadiene diacrylate as a cross-linker
and toughening agent. The best results were obtained at low weight gain (10–40%).
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These enhancements in modulus and toughness were attributed to effective diffu-
sion of cell walls by the monomers.

3.4.8 Wood Impregnated by Phenolic Resin

Wood was impregnated by water-dispersible phenolic resins. The wood cell walls
and swell can be diffused by the water-dispersible phenolic resin. The water can
then be removed by drying the wood at low temperature and the resin is cured by
heating. Bryant (1966) examined the effects of phenolic resin impregnation on
mechanical properties of wood. The dimensional stabilization of wood depends on
the relative molecular size of phenolic resin and concentration. The compressive
strength, moisture-related shrinking, and swelling were improved by the phenolic
resins impregnation. Phenolic resins penetrate and bulk the cell wall structure,
preventing shrinkage of the wood upon drying.

3.4.9 Wood Impregnated by Polyurethane

According to the Hartman (1969), wood was modified by aqueous polyurethane
emulsion because of its accessibility as low molecular weight components in
aqueous media. Four different wood species were impregnated with different
molecular polyurethanes. The aqueous polyurethane systems have a high solid
content and low viscosity which are cured readily at elevated temperature.
Polyurethanes are used repeatedly without affecting polymerization. Lower
molecular weight polyurethane showed better diffusion and dispersion into the
wood cell wall (Hartman 1969; Khan et al. 1992a; Khan and Idriss Ali 1992b). The
mechanical strength of wood composites also improved by the urea modification.
They suggested that the use of urea in the wood polymer composite formation open
up a wide scope of preparation technique of WPC when high polymer loading along
with strong tensile strength is considered.

3.4.10 Wood Impregnated by Melamine Formaldehyde

Polymers of melamine (1,3,5-triamino-2,4,6-triazine) and formaldehyde form an
vital class of amino resins, which have been commercially used for over 60 years.
Melamine formaldehyde (MF) itself is one of the hardest and stiffest isotropic
polymeric materials used in attractive laminates, moulding compounds, adhesives,
coatings, and other products. It has many advantageous such as high hardness and
stiffness and low flammability. MF resins have potential to improve properties of
solid wood. Impregnation of solid wood with water-dispersible MF resin has led to
a significant development in surface hardness and modulus of elasticity
(MOE) (Deka and Saikia 2000; Inoue et al. 1993; Miroy et al. 1995). Aqueous
melamine-formaldehyde (MF) resins can penetrate into the wood cell wall (Gindl
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et al. 2002; Gindl and Gupta 2002; Rapp et al. 1999) and the amorphous region of
cellulose fibrils. The strength and stiffness of spruce in transverse compression were
investigated by the melamine-formaldehyde impregnation (Gindl et al. 2003). Due
to the melamine-formaldehyde polymerization, the tangential compression strength
of modified samples was 83% higher than that of the unmodified one. On the other
hand, radial compression strength had increased by 290%. Less than 2% of the cell
cavities (lumina) were found to be filled with resin. Thus the improvement of
strength and stiffness obtained are attributed to modification of the cell wall but not
to filling of tracheid lumina. Yielding behavior under excessive compression load
changed from plastic bulking in the reference samples to brittle fracture of cell walls
in the modified samples. According to the Gindl and Gupta (2002) the cell wall
hardness and Young’s modulus of melamine-modified spruce wood by nanoin-
dentation. Their study demonstrated that modification of wood with melamine
formaldehyde resin changes cell wall mechanical properties. Gindl et al. (2003) also
observed the selected factors influencing the uptake of MF resin into the cell wall of
softwood. They used UV-microspectroscopy, to determine that water-dispersible
MF diffused well into the cell wall. For the cell wall impregnation, few factors are
favorable such as moisture content, high-water content of the resin used for
impregnation, and low-extractive content. For dry cell walls, solvent exchange
drying improved resin uptake to a similar extent, as was the case when cell walls
were soaked in water.

3.5 Wood Impregnated by Inorganic Substance

It is remarkable that wood-inorganic composites have been developed by inorganic
substances which are filled with the wood’s cell lumens and/or cell walls (Furuno
et al. 1991, 1992a, b, 1993; Ogiso and Saka 1993; Saka et al. 1992; Saka and
Yakake 1993; Yamaguchi 1994a; Zollfrank and Wegener 2002). The fire and decay
resistance of the wood and other properties is improved by impregnation of inor-
ganic substance. Silicified wood is a type of fossil produced by the replacement of
some or all of the wood substances with SiO2 mineral (silica) during burial over
extremely long periods, and it is almost fossilized. A combination of acetylated and
propionylated wood-silicate composites was investigated by Li et al. (2001). The
wood was impregnated with an aqueous sodium silicate solution. The manufac-
turing composites showed good dimensional stability. The silicate gels protective in
composites capable them with flame-resistance, while the oxygen index of the
composites increased with weight percent gain of silicate gels. Yalinkilic et al.
(1998) established a new technique in which boron treatment was combined with
vinyl polymerization to improve leaching resistance of boron from wood, as well as
dimensional stability, biological, and thermal resistance of wood. Wood specimens
(sapwood of Cryptomeria japonica) were impregnated with boric acid (BA) as 1%
aqueous solution prior to vinyl monomer treatment. Styrene, MMA and their
mixture (50:50, v/v) were impregnated in the presence of catalyst and crosslinker
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agent which conducted by heat radiation at 90 °C for 4 h. Treated specimens were
then subjected to decay and termite tests, as well as oxygen index determination.
Anti-swelling efficiency and water absorption levels were also measured. Vinyl
monomers succeeded in reducing water absorption of wood to minimum level and
deferring boron leaching significantly. The treated wood proved to be resistant
against two decay fungi such as white and brown root fungi. It is well known that
vinyl monomers contribute to dimensional stability and strength properties of wood,
and they are expected to provide a delayed leaching of boron from wood. Boron can
improve the biological and fire resistance of vinyl polymerized wood in a mixture
treatment system whereas vinyl monomers alone are not toxic to fungi after
polymerization. Wan (2004) has investigated the addition of an inorganic compo-
nent to the monomer/prepolymer impregnation of eastern Canadian wood species.
The work has shown that this addition can increase the anti-fungal, anti-mold
properties.

3.5.1 Wood Impregnated by Combination of Different
Monomers System

Gaylord (1973) established a technique for impregnating wood in situ with styrene
and maleic anhydride monomers that formed a 1:1 charge transfer complex. At low
temperatures, heating produced uncatalyzed polymerization. US Forest Products
Laboratory researchers investigated bonding of fluorophenyl isocyanates to wood
cell polymers and reaction of 8-hydroxyquinoline, pentachlorophenol, or b-napth-
nol with ethylene-maleic anhydride copolymer to cell wall polymers (Chen and
Rowell 1986). Their goal was to lower chemical load by using bonded biocides as
controlled-release compounds. However, filling cell lumens with bioactive poly-
mers led to problems with solubility and penetration because generally, polymers
have low solubility and high viscosity. Therefore, they diffuse with difficulty into
wood. It is preferable, then, to synthesize a monomer with a bioactive group to fill
the wood with monomer, and then in situ polymerize or copolymerize with a carrier
monomer using a catalyst. This will effect in higher loading of the bioactive
polymer.

A styrene-acrylonitrile-wood composite was developed by Juneja and Hodgins
(1970). It was found that the styrene-acrylonitrile-wood composite had improved
properties that are comparable with the best materials produced by radiation
polymerization. Ellis and O’Dell (1999) established wood composites which made
by a combination of acrylic monomers, isocyanate, and maleic anhydride. Pine,
maple, and oak solid wood were treated with different combinations of hexanediol
diacrylate, hydroxyethyl methacrylate, hexamethylene diisocyanate, and maleic
anhydride. It was found that the treatments reduced the rate of water vapor and
liquid water absorption. Although the resultant dimensional stability was not per-
manent, the rate of swelling of WPC specimens was less than that of unmodified
wood specimens. In general, WPC prepared with hydroxyethyl methacrylate were
tougher than specimens made without hydroxyethyl methacrylate. They also resist
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water and moisture more efficiently. Using swelling solvents to dilute vinyl
monomers and allow the monomer to enter cell walls in an approach that has been
used to form vinyl WPC with moisture-resistant cell walls (Furuno and Goto 1973).
Wood swelling caused by the approaches uses polar vinyl monomer molecules or
additives mixed with the monomer (Loos and Robinson 1968; Rowell et al. 1982;
Schneider and Brebner 1985). Such combination treatments (treating cell lumens
and walls) show reunite for producing WPC with the benefits of vinyl-wood
composite but improve permanent dimensional stability.

3.5.2 Methyl Methacrylate (MMA) Based Wood Polymer
Nanocomposites (WPNCs)

The combination of methyl methacrylate (MMA) and hexamethylene diisocyante
(HMDIC) monomers mixture in the ratio of 1:1 were introduction to manufacturing
the nanocomposite based on selected wood species. All wood species cell wall
reacted with HMDIC and crosslinked with MMA which enhanced the hydrophobic
(restrained water) nature of wood. The properties of wood species were showed that
the monomer mixture loading achievable or not which dependent on lower loading
for high-density wood species. The FTIR spectroscopic analysis confirmed inter-
action among the wood cell and polymer. Morphological properties of WPNCs
were evaluated by SEM and XRD analysis. In addition, the modified WPNCs had
lower moisture absorption and higher water repellent efficiency compared to raw
wood. The storage modulus for WPNCs was enhanced by dynamic mechanical
analysis compare to raw wood. Mechanical strength such as modulus of elasticity
(MOE) and modulus of rupture (MOR) of fabricated WPNCs was established to be
considerably improved. Thermal properties of manufactured WPNCs in terms of
TGA and DSC analysis were also calculated, and a development in thermal stability
was established for fabricated WPNCs. Decay resistance of WPNCs was measured
through the loss of weight percentage (%). Decay resistance result showed that a
significant enhancement was found in the impregnated wood compared to the raw
wood.

Structural wood has very aesthetically pleasing character. It has been always and
continues to be a very significant and multipurpose material with many uses.
However, this type of wood species has some drawbacks such as high-moisture
uptake, biodegradation, and physical, mechanical, and thermal properties changes
due to the environmental issues (Hill 2006). These troublesome inherent properties
of wood can be minimized by appropriate chemical treatment which produces the
WPNCs (Kamden et al. 2002). The main issue is accountable the negative prop-
erties which showed by the presence of hydrophilic hydroxyl groups (–OH) in the
wood components. Wood attracts moisture through hydrogen bonding, making it
physically unstable. The physico-mechanical and thermal properties of wood can be
developed by using an impregnation technique with appropriate chemicals that can
react with cell wall constituents (Feist et al. 1991). The enhancement in properties
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of wood may also be improved preparing WPNCs with different monomers
(Boding and Goodman 1973; Ellis and Dell 1999; Kyziol 1999; Mathias et al.
1991). Manufactured WPNCs generally displays actual dimensional stability and
outstanding mechanical properties (Hamdan et al. 2009, 2010). WPNCs can also
improve many properties of solid wood such as surface hardness, toughness,
abrasion resistance, moisture exclusion, weather resistance, and others. In general,
the enhancement in property can be recognized to the polymer content, which is
dependent on the type of wood, the polymer, and the processing technology
applied. Wood properties such as density, moisture content, direction of the grain,
and the chemical compositions of cell wall constituent are the main accountable
features for the development WPNCs and its properties. In the literature, it can be
seen that the heavy hardwoods species gain lower amount of monomer than those
from the medium and light wood species (Yap et al. 1990). The lower monomer
loading of hardwoods can be attributed by their some essential properties such as
high density and specific gravity including internal vessel diameter, the number of
vessel percent per unit area, and its high extractive. Therefore, it has been
well-known that the properties of WPNCs depend on the wood species and the
physical and mechanical properties of WPNCs enhance with the monomer loading
(Islam et al. 2010).

Currently, significant interest has been demonstrated in wood impregnation with
a diversity of monomers such as styrene, epoxy resins, urethane, phenol
formaldehyde, methyl methacrylate, vinyl, or acrylic and their combination to
change the specific properties of WPNC (Holyle and Woeste 1989; Rowell 2005).
However, it has been recognized that most of the monomers do not form bonds with
hydroxyl groups of the wood constituent. They only bulk the void spaces within the
wood structure (Elvy et al. 1995). It can, therefore, be removed that if bonding was
to take place between the impregnated monomers and the hydroxyl groups on the
wood constituent, and the physical and mechanical properties of WPNCs may be
advance upgraded. HMDIC is a difunctional reagent which has two reactive
functional groups and also has been extensively used as a wood adhesive, cross-
linker, and copolymer (Frihart 2005). HMDIC modification of wood depends on
modifying the principal wood components like cellulose, hemicellulose, and lignin
by reacting wood hydroxyl groups with a diisocyanate group to form
wood-urethane derivatives (Frazier 2003). Some researchers consider that the iso-
cyanates also react with available –OH groups according to the following proposed
chemical reaction.

Wood�OHþR�N¼C¼O ! Wood�O�C ¼Oð Þ�NH�R

This reaction can also produce the new configurations in the WPNCs that effect
on the morphology, crystallization, mechanical, thermal, biological, and other
properties of wood (Collier et al. 1996; Quilin et al. 1993). Many studies have been
carried out on physical, mechanical, and morphological properties of wood and
WPNC (Matsunaga et al. 1996; Pandey 2005; Pandey et al. 2009; Rowell 2006).
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However, very limited work has been devoted to Malaysian tropical light hardwood
species and their chemical modification with the combination of two monomers.

3.5.3 Alkali Pretreated Wood Polymer Nanocomposites (WPNCs)

WPNCs were prepared by the combination of MMA and styrene (ST) vinyl
monomer mixture (50:50 v/v). Initially, wood species were chemically pretreated
with 5% sodium hydroxide (NaOH) solution for the decrease of hydrophilic
hydroxyl groups and impurities from the cellulose fiber in wood and to increase
adhesion and compatibility of wood fiber to polymer matrix before the specimens
being impregnated with an MMA/ST monomer mixture. Monomer mixture
(MMA/ST) was impregnated into raw wood and NaOH pretreated wood specimens
to manufacture WPNC and pretreated wood polymer nanocomposites (PWPNC).
Comparison has been through among the properties of raw wood, WPNC, and
PWPNC. The result showed that PWPNC produced better mechanical and mor-
phological properties compared to raw wood and WPNC.

Due to its high physical strength, low processing cost, and appealingly pleasing
character, solid wood is the most preferred for the building and construction
material. However, wood has some drawback properties as mentioned in
Sect. 3.4.12 (Hill 2006; Kamden et al. 2002). Recently, wood has been treated with
a variety of chemicals such as styrene, epoxy resins, urethane, phenol formalde-
hyde, MMA, vinyl, or acrylic monomers to improve its physical, mechanical, and
biological properties (Hamdan et al. 2010; Islam et al. 2010; Yalinkilic et al. 1991).
The physical and mechanical properties of wood can also be significantly improved
by the impregnation of vinyl monomer mixture (Baysal et al. 2007). Thermosetting
and thermoplastic monomers have been extensively used and accomplished positive
improvements in wood properties, but both showed boundaries (Kumar 1994).
Thermosetting-related polymer such as phenolic resins, urea formaldehyde and
melamine formaldehyde, and others shows improvement in compressive strength
properties and moisture-related shrinking and swelling behavior. However, WPNC
with these types of polymers may be more brittle, and display only marginal
development in morphological properties. Acrylate or methacrylates do not
improve dimensional stability because of their thermoplastic type monomers
behavior. It has been recognized that the monomer and its mixture does not form
bonds with hydroxyl groups of the cellulose fibers. They merely bulk the void
spaces within the wood pore and cell wall (Rowell et al. 1994; Yamaguchi 1994a,
b; Yasuda and Minato 1995). Since most of the vinyl monomers are non-polar,
there is slight interaction between these monomers and the hydroxyl groups of the
cellulose fiber.

There are two most important chemical mechanisms work to failure the bond
which is the poor chemical and physical interfacial interactions between the wood
surface and polymer (Rowell 1995). Therefore, the polymer component of the
WPNC purely bulks the wood cell wall construction by filling the capillaries,
vessels, and other void spaces within the wood. Therefore, one can deduce that if
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there was the development of chemical bonds between the impregnated monomers
and the hydroxyl groups on the cellulose fibers. The physical and mechanical
properties of WPNC could be further improved due to the polymerization. It has been
noted that better adhesion and interaction between hydrophilic wood fibers and
polymer can be better quality by pretreatment using diversities of chemicals and
reagents such as alkoxysilane coupling agents, diazonium salt, sodium perchlorate,
dinitrophenyl hydrazine (DNPH), sodium periodate, and others (Favaro et al. 2010;
Haque et al. 2009, 2010; Qutubuddin et al. 2002; Rowell 1983). However, sodium
hydroxides (NaOH) are extensively used to modify the interface between dissimilar
materials such as raw fibers and thermoplastic or thermosetting polymer
(Mwaikambo and Ansell 2000; Mohanty et al. 2000). Alkaline sodium hydroxide
removes natural fats and waxes from the cellulose fiber surface thus revealing
chemically reactive functional groups like hydroxyl groups. The removal of the
surface impurities from the cellulose fibers also advances the surface unevenness of
the fibers or particles thus opening more hydroxyl groups and other reactive func-
tional groups on the surface (George et al. 2001). Sodium hydroxide also reacts with
reachable –OH groups permitting to the subsequent projected chemical reaction
(George et al. 2001; Mohanty et al. 2000; Sreekala and Thomas 2003).

Cellulose�OHþNaOH ! Cellulose�O�Naþ þH2Oþ impurities

The effects of alkali pretreatment on mechanical and morphological properties of
selected tropical WPNCs in Malaysia have been investigated (Islam et al. 2012).
Major drawback of using light wood species is their high-moisture uptake, and
physical and mechanical properties that change with environment issues. Hydroxyl
groups are fundamental groups of cellulose that are accountable for the water
uptake, a negative characteristic to this purpose, but these groups are responsible for
the water uptake, a negative characteristic to this purpose, but these groups are
answerable for general features of the wood. In order to overcome this problem and
to improve the adhesion and compatibility of polymer to the cellulose of wood, the
wood samples were chemically pretreated with a 5% alkaline NaOH solution and
then impregnated with an MMA/ST monomer mixture to manufacture pretreated
wood polymer nanocomposites (PWPNC) (Thakur et al. 2014).

3.5.4 Benzene Diazonium Salt Modified Wood Polymer
Nanocomposites (WPNCs)

Based on the FT-IR results, benzene diazonium salt reacted with cellulose in wood.
This reaction produced 2,6-diazocellulose by a coupling reaction. Through the
coupling reaction, great improvement was observed on the dimensional properties
especially on volumentric swelling coefficient and anti-swelling efficiency.
Mechanical properties of WPNC such as dynamic Young’s modulus (Ed), modulus
of elasticity (MOE), and compressive Young’s modulus were significantly
enhanced while modulus of rupture (MOR) was greatly reduced. Fourier Transform
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Infrared Spectroscopy (FT-IR) and Scanning Electron Microscopy (SEM) which
used to study the physical and morphological properties showed that the properties
were greatly enhanced for WPNCs. In addition, the thermal stability of WPNCs
were investigated and improved through Thermogravimetric Analysis (TGA) and
Differential Scanning Calorimetry (DSC). Most of the WPNCs had improved
thermal stability compared to raw wood due to the formation of 2,6-diazo cellulose
compound. Furthermore, this WPNCs greatly improved their hardness compared to
raw wood. All the decay resistance property of WPNCs were significantly higher
compared to raw wood and the results were assessed through percentage (%) of
weight loss.

From the nature, wood is classified as the renewable resource and one of the most
attractive materials due to the complex structure. Besides, wood can be well applied
in many fields. Most of the solid wood will be processed and applied in building and
construction material as it has better physical and mechanical properties. In addition,
this type of wood also performed well in decay resistance compared to raw wood.
Although solid wood seems to bring abundant benefits, the properties of wood can be
readily changed through environmental factors, namely light, water, temperature, and
biological organisms. Due to this, solid wood could not be applied widely outdoors
and indoors application (Brelid et al. 2000; Chao and Lee 2003; Deka et al. 2002;
Yalinkilic et al. 1999a, b). The limitation of solid wood was significantly due to the
presence of hydroxyl groups (–OH) in the cellulose, hemicelluloses, and lignin within
the wood. These hydroxyl groups changed the physical, chemical, and thermal
properties of wood by attracting water molecules from the surrounding environment.
The water molecules attracted would form hydrogen bonding, which led to swelling.
The swelling process could be minimized through suitable chemical treatment, which
would greatly improve the properties of wood (Halabe et al. 1995; Hartley and
Schneider 1993; Rowell 2005; Schneider 1994).

Due to the disadvantages observed from the raw wood, wood undergoes treat-
ment with the introduction of various chemicals. Based on the research of, the cell
wall does not directly react with modified chemicals in a so-called substitution
reaction. The research proved that most of the polymers including the in situ
polymers would only fill the empty lumens in the wood by mixing two materials
rather than a real interaction. One of the chemicals, namely benzene diazonium salt
was widely applied in fabrication for WPNCs to reduce hydrophilicity of raw fibers
in the synthesis of WPNCs (Haque et al. 2009; Rahman et al. 2009). Besides,
benzene diazonium salt undergoes coupling reaction with –OH groups of diazo
cellulose fiber. According to the previous research and literature, studies on raw
fiber such as jute, coir, and abaca were performed through coupling reaction.
However, there was no work carried out on wood modification using diazonium
salt. In addition, there was very little work has been developed on Malaysian
tropical wood species as well as the chemical modification (Yap et al. 1990).
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In the present work, five types of Malaysian tropical light hardwood species
were used to undergo modification. This study was carried out as the shortage of
hardwoods had been growing rapidly as well as the rising costs. These limitations
created interest within the researchers to utilize the lower grade woods especially
the abundantly available tropical light hardwoods. These lightwoods are expected to
be modified into good quality hardwoods. However, the major problems of light
hardwoods such as high-moisture uptake, thermal instability, and physical and
mechanical property change with environmental variations should be solved
through chemical treatment of benzene diazonium salt.

3.5.5 Nanotechnology for Wood Polymer Nanocomposites

In the recent years, wood modification on nanotechnology with silicate and nan-
oclays through in situ reinforcement has been thoroughly investigated. The appli-
cation of nanotechnology modification on wood managed to improve the properties
of wood effectively (Cai et al. 2007a, b, 2008). Few common types of silicates
nanoclay such as montmorillonite, hectorite, and saponite have a layered structure.
This layered structure created high stiffness and strength on the wood composites
formed. According to Ray and Okamoto (2003), the addition of low silicate loading
on thermoplastic and thermoset nanocomposites significantly improved the
mechanical properties (tensile modulus and strength, flexural modulus, and
strength), thermal stability, flame retardant, and barrier resistance. Therefore, nan-
otechnology technique on wood managed to improve its advantages properties such
as physical, mechanical, thermal, and barrier resistance.

Based on Caseri (2007), nanotechnology was developed since the ninth century.
An iridescent glaze in pottery can be generated by the preparation of nanoparticles
prepared from silver, copper, and iron salts. In the middle of sixteenth century,
metal nanoparticles have also been used to dye glass windows which named as gold
ruby glasses. Gold nanoparticles were successfully embedded in gum Arabic 1833.
Besides, the nanocomposites prepared from silver and gum used the same principle
in year 1899. At the end of the nineteenth century, natural polymers were treated
with solutions of gold or a silver salt by penetrating the metal ions into the fibrils.
These metal ions were subsequently reduced to metal nanoparticles within the
polymer matrix due to the exposure of light. The resulting composite materials
exhibited pronounced dichroism. The colors observed in the dichroic materials were
found to be dependent on two matters, namely the incorporated chemical element
and particle size in nanoscale.

In year 1950, carbon black nanoparticles extended their weathering life of
polyethylene until 20 years through the introduction of nanoparticles in composites.
The application of nanoparticles in carbon black nanoparticles took place as they
were able to absorb UV and visible light efficiently. Hence, the retardation of
light-induced polymer degradation processes was happened. Besides, carbon black
composites showed distinct electrical conductivity especially when the polymers
are insulators. However, the particle size influenced the properties of
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nanocomposites which differed from those of analogous composites with larger
particles. This was greatly due to the interactions of numerous atoms that directly
influenced the physical characteristics of the nanocomposites. The two main factors
that influenced the properties of nanoparticles were the size of the primary particles
as well as the distance to neighboring particle changes. The effects of using the very
small particle sizes included the exhibitions of some unique and desirable proper-
ties. The properties were conductivity, color, ductility, fluorescence, transparency,
reactivity, surface energy, and stiffness. All these special properties created many
novel applications that could be very useful in our daily life.

Polymer composites were well known to be applied as catalysts, gas sensors,
materials with improved flame retardance, optical filters, electronics, biomedical
research, and others while for nanotechnology, it has been found to be well applied
in coating materials especially on wood coating materials due to the color, trans-
parency, protection from light, and scratch resistance that created a successful wood
coating. With this, the light scattering by particles with dimension below the
wavelength of visible light is reduced. Wood coating materials usually appear
translucent. On the other hand, larger particles provided opacity in composites of
considerable thickness and particle content. The refractive index differences
between matrix and particles could vary due to the particle diameter, and this
particle diameter was important in determining the transparency of the polymer
composites. For example, very small particle composites managed to provide high
transparent even at high-refractive index differences. Due to the advantage of the
properties of nanocomposite materials, many new opportunities for wood coating
and wood products improvements could be analyzed. One of the well-known
products based on alumina, silica, and zinc oxide nanoparticles was wear-scratch
resistance UV coatings for wood. This wood-based UV coating provided significant
improvements through alumina and silica nanoparticles that provided scratch
resistance while zinc oxide nanoparticles provided UV coatings when compared to
normal wood (Du et al. 2008). This was due to the strongly connected
polymer-particle bond that had been created when appropriate amount of modified
surfaces especially the reactive organic molecules that allowed more binding of the
particles within the polymer matrices. According to Wang (2007), the bonding
strength as well as strong adhesive properties could be greatly enhanced through the
dispersion of a small amount of inorganic nanoclay into phenolic resin in oriented
strand board manufacturing.

In depth, polymer nanocomposites can be classified as polymer–clay
nanocomposites. This type of nanocomposites was first reported by Blumstein
(1961) in the literature on the demonstration on the polymerization of vinyl
monomers intercalated into montmorillonite clay. Besides, the group of researchers
from Toyota also worked on the nanocomposites field with specialization on the
potential of nanocomposites (Kojima et al. 1993a, b; Usuki et al. 1993a, b; Border
et al. 2009; Gao and Gu 2007) with the combinations of academic and industrial
researchers. Polymer nanocomposites are defined as a new class of composites with
at least one nanoscale dimension dispersed phase compared to conventional poly-
mer nanocomposites, namely glass fiber and carbon fiber reinforced polymer

3 Literature Review 27



nanocomposites. For example, the incorporation of nanoscale clay usually func-
tioned as the reinforcing phase in the polymer matrix to form organic–inorganic
nanocomposites. This type of nanocomposites is also known as polymer–clay
nanocomposites. The addition of little amount of nanofiller such as nanoclay into
the polymer matrix, physical properties, mechanical properties such as tensile
modulus and strength as well as flexural modulus and strength, swelling resistance,
ionic conductivity and also flame resistance could be significantly enhanced (Byun
et al. 2001; Gilman 1999; Kornmann et al. 2001). Besides, thermal expansion
coefficient as well as gas permeability of the polymer–clay nanocomposites were
decreasing (Lan et al. 1995; Su and Wilkie 2003). All the properties were enhanced
due to the large interfacial area per unit of weight of the dispersed phase (750 m2/g)
and the high-aspect ratio. The clay particles introduced are bundles of nanoclay
sheets with approximately 1 nm in thickness and 100–1000 nm in breadth. For
example, 8-l m clay particle has more than 3000 nanoclay sheets of 1 nm in
thickness and 20–200 nm in diameter.

The shortage of the introduction of hydrophilic clay sheets into hydrophobic
polymer matrices was usually incompatible. This led to the narrowing of the
spacing between the clay sheets that reduced the chance for the direct diffusion of
polymer chains in the clay galleries. Due to this, aggregation of clay particles
frequently happened as the aggregated clay sheets became the stress-concentrated
sites in the polymer matrix. Therefore, adsorption of organic molecules through
chemical treatment of clay to weaken the interlayer cohesive energy and to create
better interaction between the nanoclay and the polymer matrix. WPNCs were
prepared with the introduction of hydrophilic and hydrophobic nanofillers that were
grounded with a ball mill through impregnation of solid aspen wood with
water-soluble melamine–urea-formaldehyde (MUF) resin (Cai et al. 2007a).
Impregnation of MUF resin and nanoclay showed significant improvements in
physical and mechanical properties especially on density, surface hardness, and
MOE. Ball mill treatment was found to favor dispersion of the nanofillers into wood
to improve hardness of the wood from 1.09 to 3.25 MPa. The average MOE of
treated wood was almost twice as much as that of raw wood while the MOR did not
differ significantly between treated and raw woods.

Based on the research of Cai et al. (2007b), wood impregnated with melamine–
urea-formaldehyde resin and wood impregnated with different nanofiller/MUF resin
formulations were investigated especially on the water absorption and dimensional
stability. It was clearly showed that the water repellence and dimensional stability
showed significant improvements for the nanofiller/MUF resin-treated wood. After
24 h, the raw wood absorbed approximately 63% of moisture when soaking in
water while water uptake after 1 week immersion in water was about 125%. The
moisture percentage of the MUF resin-impregnated wood absorbed was about 8.3%
and 38.5% after 24 h and 1 week immersion in water, respectively. The water
absorption of organophilic nanoclay/MUF resin-impregnated wood showed about
5% water uptake in 24 h and 22% after 1 week. The nanofiller/MUF-treated wood
showed anti-swelling efficiency (ASE) improved from 63.3 to 125.6%. Both water
resistance and dimensional stability of the resulting WPNCs were showed better
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properties with the introduction of MUF and nanofillers into the wood. Based on
the research, X-ray fluorescence photo showed that some nanoparticles had
migrated into the wood cell wall (Cai et al. 2007a, b, 2008). The significantly
improved MUF resin and nanofiller/MUF resin showed no significant influence on
the color of the wood to be used in flooring. Based on the literature from Forest
Product Laboratory (2002), flame retardants for wood are commonly used with
phosphates, ammonium compounds, zinc chloride, sodium tetraborate, boric acid,
and polymeric materials are commonly used in Europe and the USA. Aluminum
oxide is used to improved the fire performance in the research of Ximenes and
Evans (2006). Lately, the incorporation of silicon dioxide or titanium oxide
improved fire performance (Miyafuji and Saka 1997, 2001; Simkovic et al. 2005) as
well as other properties, such as UV and microbial protection, water repellence,
color stability, and mechanical resistance (Mahltig et al. 2008). The combination of
various advanced chemicals led to better fire resistance compared to the conven-
tional treatments (Saka and Ueno 1997; Simkovic et al. 2005).

4 Summary

In conclusion, the hydroscopic wood has some adverse drawbacks especially
high-moisture uptake, low biodegradation and dimensional variations. These
drawbacks occurred due to the presence of abundant numbers of hydroxyl groups
within the wood. To reduce and minimize the drawbacks, wood undergoes different
methods of medication such as by impregnation with reactive chemicals, combi-
nation of two or three monomers, or by a nanotechnologies technique. Through the
modification, physical and mechanical properties were expected to be greatly
enhanced. From the previous researches, few studies had proven that chemical
modification on raw wood could improve its hardness, mechanical properties, and
dimensional stability. Both thermoplastic and thermosetting systems have been
applied in this study. The most common technique developed is in situ polymer-
ization of monomers. The monomers used included styrene and methyl
methacrylate, or prepolymers such as phenol formaldehyde. Besides, vinyl mono-
mer is another monomer that can be applied in the modification. However, com-
mercial vinyl monomers do not bond strongly to the wood component as they
simply bulk the void spaces within the wood structure. As most of the vinyl
monomers are non-polar, bond failure could only happen when there are little
chemical and physical interfacial interactions between the wood surface and
chemical. These polymers only fill the empty lumens of the wood. This situation
can be, namely as mixture of two polymers instead of a composite. Compared to the
polymer existed in the voids like the cell lumen, polymer existing in the cell wall of
a WPNC performed better in dimensional stability of WPC. Wood impregnated
with thermosetting resins such as water-soluble phenolic resins, urea formaldehyde
and melamine-formaldehyde prepolymers improves its compressive resins. The
improved resins can penetrate and bulk the cell wall to react with the hydroxyl
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groups of the wood components. This can prevent the wood from shrinking and
drying. However, the resulting WPNCs are quite brittle. Not only that, the tough-
ness properties of raw wood are deteriorated.

Conventional chemical treatments have proven to be effective in improving
wood hardness, dimensional stability, and stiffness. Besides, fire resistance, UV
resistance, biological resistance, and aesthetic appeal can be greatly improved.
However, nanotechnology offers new opportunities for further improving wood
product. This was due to unique and desirable properties of chemical materials in
the form of particles in nanoscale. The advantages of nanotechnology are to create
polymer nanocomposites for example, wood coatings. Polymer nanocomposites
consist of a continuous polymer matrix. The polymer matrix contains inorganic
particles of a size below approximately 100 nm at least in one dimension.
A continuous polymer matrix combined with inorganic nanoparticles inside wood
cells and lumens effectively would be very difficult. This was because the nature of
the solid wood contained numerous of hydroxyl groups. Through the application of
nanotechnology, the areas that can be involved included wood coatings and wood
adhesives. Therefore, it is summarized that research should be carried out to explore
the potential of nanotechnology in wood coatings and adhesives. Besides, the
potential nanotechnology was apply to develope the tropical wood species for
value-added applications.

Among all the methods described above, nanotechnological technique was
chosen as it is a multipurpose technique that aided to improve the wood durability
simultaneously. The present work is to investigate the feasibility to prepare WPNCs
using tropical light hard wood. Besides, some conventional technique, namely
monomer impregnation and chemical modification were investigated using new
chemical formulations in this study.
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Preparation and Characterizations
of Various Clay- and Monomers-Dispersed
Wood Nanocomposites

M.R. Rahman and S. Hamdan

Abstract In this chapter, different types of wood polymer nanocomposites
(WPNCs) with various clay and monomer were prepared through curing methods,
wood-hardening process, and chemical impregnation as well as compression of
wood. The samples were ensured to dry at 105 °C up to constant weight before
treatment. The dimensions and weights were measured. The samples were under-
going impregnation process in an impregnation vacuum chamber. WPNCs pro-
duced were characterized by Fourier Transform Infrared Spectroscopy (FT-IR),
compression test, Thermogravimetric Analysis (TGA), and Scanning Electron
Microscopy (SEM).

Keywords Mechanical properties � Stability � Morphology � Wood polymer
nanocomposites

1 Overview

In the past research, many efforts have been applied on the wood reinforcement.
Based on the previous literature, it has been clearly showed that the raw wood can
be greatly modified and improved its properties through chemical modification. One
of the most common and inexpensive techniques developed is in situ polymeriza-
tion technique on wood polymer nanocomposites (WPNCs). Besides, nanotech-
nological modification has also been proven to be very effective in improving the
various properties of raw wood. From the previous research, there are some
research works of polymer/nanoclay system onto wood. Therefore, with the com-
bination of nanotechnological modification and impregnation process, more
chemical formulations could be formed and were chosen for this study.
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In this study, there are five types of wood species selected as raw materials as
these materials are abundantly available in the local forest in Malaysia. All the
selected raw materials are large in quantities but none of them are fully utilized in
many applications due to their low qualities in properties. Furthermore, from the
literature finding, there was few or no work had been carried out on tropical wood
species with various chemicals.

In this study, the experimental work is divided into three sections. The first and
second sections included the preparation of wood specimen and the chemical
fabrications of wood polymer nanocomposites (WPNCs). The third section of the
experimental work is the analytical testing which conducted to investigate the
properties to ensure the WPNCs produced would be greatly enhanced. Both the raw
and treated wood samples are synthesized in all experiments. To ensure the accu-
racy of the experimental work, a total of ten wood samples for each species are used
in every treatment. This chapter also includes the materials as well as methods to
fabricate WPNCs. Besides, all the characterizations involved throughout the whole
book will be included in this chapter.

2 Methods Related for Wood Polymer Nanocomposites
(WPNC)

2.1 Curing Methods for Wood Polymer Nanocomposites
(WPNC) Preparation

With the various curing processes, it can well convert a monomer or a prepolymer
that was used to impregnate in wood. All these techniques can be explained in
detail.

The first technique is radiation curing. It is a very commercial production of
wood polymer materials that began in the mid-1960s using the radiation process.
There are few examples of this type of radiation which included atomic particles,
neutrons, photons, gamma rays, X-rays, and electrons (Betty 1976; Dobreva et al.
2006). Gamma radiation treatment appears to be the cheapest and most practical
due to the uniform distribution of the polymer within the sections of wood when
gamma rays penetrate the wood. However, radiation curing had a main drawback
which was the safety and environment concerns. In addition, the transportation of
the various wood products to and from the irradiation site was prohibitive (Dobreva
et al. 2006; Meyer et al. 1965). According to Meyer et al. 1965, catalyst-heat
technique was another method to treat WPNCs.

When it reached the early of 1980s, the process of producing WPNCs using
catalyst-heat process was much more widely used than radiation process throughout
the USA. The specific catalyst-heat process which was the microwave heating
curing was the most widely used. This process occurred when heat transfers from
the surface into the materials especially for the wood. However, the heating rate of a
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wood material was limited. Based on the researches carried out by Galperin et al.
(1995) and Patyakin et al. (2008), microwave radiation had been found to be
efficient for curing treatment of an impregnated wood. Urea and formaldehyde
resin solutions were used to impregnate the wood species at various temperature
which change the behavior of wood products (Galperin et al. 1995). This research
showed that the birch samples used 150 s to heat up 1000 C for microwave treat-
ment, while the same samples used 1920s to reach the same temperature for con-
vective heating process.

2.2 Wood-Hardening Process

In the past research, many efforts had been carried out to improve wood properties
physically or chemically. Therefore, there was a great establishment in knowledge and
different techniques for wood quality improvement to ensure the modified wood
products can be widely applied in different niches. The techniques that were commonly
used for hardening wood included impregnation with reactive chemicals, compression,
or combination of chemical impregnation and compression. The new WPNCs produced
showed better dimensional stability, compressive strength, and hardness compared to the
original wood (Bodirlau et al. 2009; Schneider 1994; Ayer et al. 2003; Devi et al. 2003).

The introduction of a monomer into the empty voids within the cell tissue will
greatly improve the hardness of raw wood. The filling can be done by impregnating
the liquid into the wood in a closed space. This can have caused wood hardening.
One of the examples monomers used in the impregnation was the styrene or methyl
methacrylate (MMA) that becomes solid by polymerization. However, this type of
impregnation showed one major challenge which was the proper technique for well
impregnation of the liquid monomer into the cell tissue of wood due to the poor
permeability of most species of wood. Besides, wood would be burnt or split once
the polymerization took place due to the impregnation process. To overcome this
challenge, the liquid monomer should be well impregnated into the cell tissue of the
wood through vacuum impregnation or pressure impregnation to ensure the poor
permeability of wood was greatly enhanced.

In general, reactive monomers or prepolymers can be impregnated into the raw
wood through suitable techniques such as heat impregnation with the proper
polymer initiator. As mentioned previously, wood splitting or wood burning as well
as the changes in the wood dimensions can be happened due to the exothermal
polymerization reaction occurred with the cell tissue of the wood. These can be
happened because the temperature within the wood rises to a very high level during
the polymerization reactions. Therefore, suitable method such as the application of
radiation can be carried out to initiate and control the polymerization reactions. For
this case, raw wood can be treated by gamma radiation. The polymerization
reaction impact on the anatomic structure, chemical structure, density, viscosity,
composition of the wood cell wall whereas the polarity of the monomer that can
affect the wood impregnation process.
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2.3 Monomer and Polymer Treatments

The introduction of suitable liquid monomer or prepolymer into the cell lumens of
wood to produce polymerized wood usually remains their original desirable char-
acteristics with the addition of improved properties. Similar to the conventional
wood-treated product, most of the wood species can be readily impregnated with
various monomers or prepolymers through suitable equipment and techniques. For
example, the impregnation of vinyl polymers into wood contributes better perfor-
mance especially in preservation, mechanical properties, and the water repellency.
This type of impregnation by using curing greatly improved the moisture resistance
and hardness of wood (Bodirlau et al. 2009; Meyer et al. 1978). Besides, catalysts
should be applied in the polymerization of vinyl monomer with wood (Bodirlau et al.
2009; Yan et al. 2009; Meyer et al. 1965; Inoue et al. 1993). In addition, radiation
technique was used for vinyl monomer to impregnate the wood species. (Siau 1969;
Yan et al. 2009). According to Langwig et al. (1968), wood can be polymerized by t-
butyl styrene, epoxy monomers, and methyl methacrylate via in situ impregnation.

With the introduction of monomer into wood through impregnation, the prop-
erties of WPNCs such as hardness and static bending strength significantly
increased. Through this, the wood can be effectively stabilized with the impreg-
nation of vinyl polymer into the wood by bulking the cell wall (Timmons et al.
1971). However, vinyl monomers except for acrylonitrile are all poor swelling
agents for wood (Bodirlau et al. 2009; Yan et al. 2009; Loos and Robinson 1968).
Based on the research carried out by Ellwood et al. (1972), it was clearly mentioned
that the dimensional stabilization of wood with vinyl monomers had been gradually
increased. For wood impregnated with styrene, this WPNC has been largely
investigated which significantly improved the water repellency, compression, and
bending strength (Baki et al. 1993). Moreover, the research of Meyer et al. (1965)
investigated that wood–styrene combinations through radiation techniques showed
the well bulking of wood with styrene as well as the with gamma irradiation.

Besides mechanical properties, the dimensional stability of wood was improved.
However, an initial swelling of wood by water or some other polar solvent was
required. There are two different types of impregnation, namely solvent exchange
and high-vacuum methods. Besides, gamma irradiation impregnation wood showed
better properties such as improving dimensional stability and tangential tensile
strength. In addition, modulus of rupture and modulus of elasticity were improved
through the gamma radiation impregnation. Based on the previous research by
Bodirlau et al. (2009), the styrene/glycidyl methacrylate (GMA) WPNCs showed
higher anti-shrink efficiency value with value 53%, while styrene-treated wood
samples showed 23% anti-shrink efficiency value for 24 h in water. However, both
styrene/GMA WPNCs and styrene-treated wood samples showed similar hardness
with an increment by 33% compared to raw wood samples.

To synthesize WPNCs, methyl methacrylate (MMA) is another type of vinyl
monomers. MMA is commonly used because it is an inexpensive, clear-colored,
and commodity chemical. MMA is one of the most widely used monomers in
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making clear and colored WPNCs (Duran and Meyer 1972; Langwing et al. 1968,
1969; Noah and Foudjet 1988; Siau and Meyer 1966; Siau et al. 1968, 1978;
Yalinkilic et al. 1998; Yan et al. 2009). According to Loos and Robinson (1968)
and Yan et al. (2009), the wood swelled with the addition of MMA that led to a
small change in dimensional stability. However, the cell walls remained unchanged
for MMA-treated wood. MMA-treated WPNCs were time-dependent dimensional
stability improvement which defined that these WPNCs would degrade over the
years until the end; these WPNCs showed almost the similar properties as raw
wood.

The properties of WPNCs produced are usually characterized through com-
pression parallel to grain direction, static bending strength, dynamic modulus of
elasticity, and dielectric constant. The mentioned properties are investigated
through different theoretical equations which derived from an assumed cellular
model. These theoretical equations can be used as a reference for the experimental
works for the WPNCs formed. For raw wood, it was found that the hardness of
wood was closely related to the density of raw wood. On the other hand, the
hardness of the treated wood was more related to the hardness modulus, density,
and polymer loading. From the impregnation or treatment, the impregnated or
treated wood with methacrylate polymers showed better properties including the
decrement in the rate of moisture uptake, higher mechanical properties such as
modulus of elasticity and rupture, higher fiber stress at proportional limit, improved
maximum load, and crushing strength limits as well as greater hardness index
compared to the raw wood (Ates et al. 2009; Langwig et al. 1968; Rowell et al.
1982).

From the research carried out by Juneja and Hodgins (1970), it studied on the
impregnation as well as the polymerization of vinyl chloride with different condi-
tions in the raw wood. As the polymerization reaction was highly exothermic, the
WPNCs produced were distorted and discolored. The discoloration of WPNCs
occurred due to the conjugated double bonds left along the chain when the
hydrogen chloride was released during the degradation of the polyvinyl chloride
(PVC). Therefore, vinyl chloride was not a suitable monomer for producing
WPNCs due to three reasons. First, the mechanical properties of PVC-related
WPNCs were only slightly improved. Second is that the discoloration and defor-
mation happened as the heat of reaction was higher. The third reason is that the
insoluble polyvinyl chloride formed fine powder precipitate during the reaction.
The fine powder would not improve the mechanical properties of the PVC-related
WPNCs formed.

The method to develop WPNCs is important. WPNCs can be synthesized
through in situ polymerization of ethyl a-hydroxymethylacrylates (EHMA)
(Mathias and Wright 1989). EHMA is a good monomer to be impregnated into
WPNCs. The monomer as reported can penetrate the cell walls of the wood fibers
which formed a complete WPNC. Bryant (1966) investigated that the mechanical
properties of phenolic resin-impregnated wood were greatly increased. Besides, he
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also investigated the changes in relative molecular size as well as the concentration
of phenolic resin on dimensional stabilization of WPNCs. Water-soluble phenolic
resins are usually used to impregnate wood by bulking the cell wall structure and at
the same time preventing shrinkage of wood upon drying. However, the application
of phenolic resin-modified wood products is limited due to their dark brown color
on the surface of the products.

To ensure the improvement in modulus of elasticity, modulus of rupture, and
higher thickness swelling, the compression of boards should be significantly
increased. Besides phenolic resin mentioned above, aqueous polyurethane emulsion
can be introduced into raw wood as it consists of low molecular weight components
in aqueous media (Hartman 1969). This aqueous polyurethane system could be
reused without affecting the polymerization at room temperature. It was clearly
proven that better diffusion and penetration could be obtained with the impregna-
tion of lower molecular weight resin (Yan et al. 2009). Apart from polyurethane,
amino resin formed by melamine (1, 3, 5-triamino-2, 4, 6-triazine) and formalde-
hyde has been commercially used for over 60 years. Another polymer named
melamine formaldehyde (MF) is one of the hardest and stiffest isotropic polymeric
materials with low flammability. This type of polymeric material is applied in
decorative laminates, molding compounds, adhesives, coatings, and other products.
These advantageous properties helped to improve properties of raw wood such as
surface hardness and modulus of elasticity (MOE) (Ates et al. 2009; Deka and
Saikia 2000; Georgieva et al. 2008; Miroy et al. 1995).

In addition, poly(ethylene glycols) (PEG) can be widely used in the field of the
dimensional stabilization of wet wood (Georgieva et al. 2008; Hoffmann 1988,
1990; Stamm 1959, 1964a, b). PEG is a water-soluble synthetic wax. The addition
of heated PEG into the raw wood increased the strength by replacing the hydroxyl
group within the raw wood with PEG. Not only PEG, alkylene oxide is another
specific polymer that can be introduced into the raw wood. Based on the previous
research, the impregnation of alkylene oxide may improve the dimensional stability
of wood due to the changes in hydrophilic nature of wood (Ates et al. 2009;
Georgieva et al. 2008; Guevara and Moslemi 1984; Rowell 1975; Rowell et al.
1976). WPNCs prepared by Rowell et al. (1982) were formed through the com-
bination treatment of cell wall grafting with alkylene oxides and lumen treatments
with methyl methacrylate.

WPNCs that were prepared using a two-stage treatment resulted a higher sta-
bilized WPNCs. The first-stage treatment is that raw wood chemically modified the
cell walls of southern pine and sugar maple with propylene oxide. Propylene oxide
in this case was functioned to reduce the flexural strength of the wood. For
second-stage treatment, methyl methacrylate (MMA) was impregnated into the void
volumes of raw wood. Another research on the combination of wood with
alkoxysilane was carried out by Su and Wilkie (2003). Alkoxysilane was used as
coupling agent that helped to increase the chemical impregnation reaction within
the raw wood tissue.
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2.4 Other Treatments

Due to the advanced technology, wood inorganic nanocomposites can be fabricated
through the introduction of inorganic substances into the wood’s cell walls (Furuno
et al. 1991, 1992a, b; Ogiso and Saka 1993; Saka et al. 1992; Saka and Yakake
1993; Tunc et al. 2010; Yamaguchi 1994a, b; Yan et al. 2009; Zollfrank and
Wegener 2002). Wood inorganic nanocomposites were synthesized to improve the
fire and decay resistance properties. For example, a combination of acetylated and
propionylated formed wood silicate nanocomposites (Li et al. 2001). Besides, wood
silicate nanocomposites could also be impregnated with an aqueous sodium silicate
solution that improved the dimensional stability. The filler such as silicate gels were
incorporated in WPNCs which enchanced the flame-resistance as it helped to
increase the oxygen index of the WPNCs.

2.5 Combination of Two or Three Monomers

WPNCs can be produced with one or more monomers. From the researcher carried
out by the cell wall and cell lumen of WPNCs were investigated. Both furfuryl
alcohol-based (FA) cell wall and methyl methacrylate-based (MMA) combination
formulations were introduced into the raw wood. Besides, the wood cell wall could
be modified with acetic anhydride, while lumen could be filled with methyl
methacrylate (MMA). Their effectiveness in reducing the rate of moisture sorption
and degradative effects of accelerated weathering was investigated by Feist et al.
(1991). This showed the effectiveness in reducing the rate of swelling and reducing
erosion up to 85% due to accelerated weathering through the combined treatment of
acetylation followed by methacrylate impregnation. On the other hand, cell lumens
could be fully filled with bioactive polymer. However, this polymer might lead to
solubility and penetration problem as the polymers had low solubility but high
viscosity. Therefore, bioactive group polymer should be used together with a
monomer to fill the wood. Besides, the combination of bioactive polymer with
monomer should be carried out through in situ polymerization or copolymerization
with the aid of a catalyst that led to higher loading of the bioactive polymer into the
wood.

2.6 Chemical Impregnation and Compression of Wood

Chemical impregnation is one of the common methods to harden the raw wood for
value-added applications. In year 1940s, compressed (compreg) high-density wood
for manufacturing airplane propellers was produced with the impregnation of
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phenol formaldehyde (PF). Recently, the impregnated wood polymer nanocom-
posites are widely used in the industrial applications such as bolts, rivets, gears,
high and low tension circuit breakers, turbo generators, sports goods and chair seats
etc.

2.7 Summary of Wood Quality Improvement Methods
and Technologies

Although wood is a common material to be applied in industrial application, it
consists of some drawbacks that include high moisture uptake, biodegradation, and
dimensional variations. All these drawbacks happened due to the presence of
numerous hydroxyl groups within the raw wood components and different cavities
in the wood. Due to this drawback, raw wood is necessary to be modified. There are
some techniques that can be well applied in modifying wood, namely impregnation
with reactive chemicals, compression, and the combination method of chemical
impregnation and compression. Different techniques of wood modification were
carried out to improve the properties of wood. Recently, chemical modification on
wood is increasing due to the great improvement in the hardness, mechanical
properties, and dimensional stability of WPNCs formed. Two major types of
polymer which are thermoplastic and thermosetting systems have been used in the
impregnation of raw wood through in situ polymerization of monomers such as
styrene and methyl methacrylate, or prepolymers such as phenol formaldehyde as
these methods are the most common and inexpensive technique. In the early 1960,
chemical modification was widely performed to obtain better properties of WPNCs.
As mentioned previously, vinyl monomers do not strongly bond with the compo-
nent and thus, the monomers usually filled only the empty lumens of the wood.
With the filling of monomer into lumens, the dimensional stability of WPNC can be
greatly improved. On the other hand, the introduction of polar monomers led to
better chemical resistance as well as dimensional stability of WPNCs.

To ensure the vinyl monomer can be applied in chemical modification, vinyl
monomer itself should be modified by introduction of polar groups such as ethyl
a-hydroxymethylacrylate (HMA). HMA is recognized to be good monomer for cell
wall swelling. However, the monomer modification is a time-consuming process.
Thermosetting resin such as water-soluble phenolic resins, urea formaldehyde, and
melamine-formaldehyde prepolymers was all suitable to be applied in improving its
compressive strength properties and at the same time reduced shrinking and
swelling behaviors. These resins penetrated and bulked the cell wall to react with
the hydroxyl groups of the raw wood. This caused the brittleness and toughness
properties of the raw wood to deteriorate.
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3 Methods

Solid wood is one of the most important structural and renewable raw materials that
are abundantly available in the world. Natural beauty, durability, and versatility
make wood the preferred material for many uses. Nevertheless, wood has a few
drawbacks which limit its use, including high moisture uptake, biodegradation, and
physico-mechanical properties which change with environmental variation (Vetter
et al. 2009; Yalinkilic et al. 1998). Recently, raw wood is modified intensively
through in situ reinforcement with the addition of silicate and nanoclays (Cai et al.
2007a, b, 2008). Besides, suitable treatment improved the physical and morpho-
logical properties of WPNCs (Bergman et al. 2009; Islam et al. 2011; Yildiz et al.
2005). Thermal and mechanical properties of wood could improve when treated
with chemical treatment (Larsson and Simonson 1994). To ensure the properties
could be improved, different kinds of chemicals, namely styrene, methyl
methacrylate, sodium metaperiodate, phenyl hydrazine, N, N-dimethylacetamid,
phenol-formaldehyde resin, maleic acid, ethylene glycol dimethacrylate, 3-(tri-
methoxysilyl)propyl methacrylate, acrylonitrile, butyl methacrylate, furfuryl alco-
hol, ethyl methacrylate, glycidyl methacrylate, and urea formaldehyde, have been
extensively used in impregnation of raw wood. This was due to the addition of
these chemicals improved the wood properties. However, some chemicals had their
own limitations (Islam et al. 2010; Rowell 2005).

In the recent years, there are many researches on the improvement of properties
of wood which was modified by nanotechnological modification effectively (Cai
et al. 2007a, b, 2008). According to Border et al. (2009), the incorporation of
different layered silicates and nanoclay (montmorillonite, hectorite and saponite)
incorporate into the composites which led the composites to a higher stiffness and
strength. With nanotechnological modification, WPNCs with organophilic-layered
silicate via in situ nanoreinforcement improved the wood properties. Moreover,
lower silicate loading thermoplastic and thermoset nanocomposites considerable
improvements in physical properties, mechanical properties which included tensile
modulus and strength, flexural modulus and strength, thermal properties such as
thermal stability, flame retardant as well as barrier resistance (Ray and
Okamoto 2003). Due to the advantageous properties, the nanotechnological tech-
nique is perceived as potential in improving the properties of solid wood to obtain
better products.

Tropical light hardwood is abundantly available in quantity. However, their
quality of raw wood is poor to be utilized on specific purposes due to their poor
physico-mechanical and thermal properties. Suitable chemical modification is
required before they can be utilized. The discussed newly developed nanotechno-
logical modification technique on selected tropical woods can be promising for this
approach. However, there is less research that has been carried out on the nan-
otechnological modifications. In addition, less research has been carried out on the
chemical modification of Malaysian tropical light hardwood species especially with
nanoclay and chemicals combination technique.
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One of the characterizations that are used to study the effect of temperature on
thermomechanical properties of WPNCs is dynamic mechanical thermal analysis
(DMTA) (Luckenbach, Rheometrics Inc. (Sealseastem 1994)). DMTA managed to
determine the viscoelastic behavior of WPNCs, and at the same time, it provided
important information on the structure, morphology, and properties of WPNCs
(Mancado and Arroyo 2000). According to Salmen (1984), the viscoelastic behavior
of wood greatly depended on the response of the cellular structure to mechanical
force. The temperature-dependent dynamic parameters such as dynamic modulus,
storage modulus, and loss modulus are classified as temperature-dependent dynamic
parameters, and mechanical damping (tan d) is used to investigate the interface and
interaction between the layered silicate or nanoclay on the polymer matrix. There are
many researchers proved that WPNCs showed better thermomechanical properties
through DMTA analysis (Hamdan et al. 2010; Sugiama et al. 1996).

Besides, free-free flexural vibration method is another method specifically used
to investigate the dynamic Young’s modulus of wood. According to Halabe et al.
(1995), free-free vibration method is one of the nondestructive testing
(NDT) methods that are widely applied in timber industry which are used to
measure the elastic properties and energy dissipation of raw wood and WPNCs
(Halabe et al. 1995). This testing provided accurate information on the stiffness of
the WPNCs. Besides, three types of vibration, which are bending (flexural), lon-
gitudinal (axial), and torsion, are well determined by the nature of vibration. From
the three mentioned vibration methods, the flexural vibration method is the most
widely used method as it is easier to excite and detect the vibrations under
investigation.

In this research, different types of tropical wood species were selected and
fabricated with the aid of phenol-formaldehyde resin (PF) and halloysite nanoclay.
All the prepolymer mixture was impregnated into the raw tropical wood by
vacuum-pressure method and in situ polymerization. Based on the previous
research, it was clearly shown properties of WPNCs formed affected the percentage
of weight gain and the density. Nanoclay was incorporated into the wood, and this
was confirmed through the characterization such as FTIR and SEM, respectively.
Besides, mechanical properties of WPNCs especially the modulus of elasticity
(MOE) and compressive modulus could be improved significantly. Dynamic
mechanical thermal analysis (DMTA) was used to investigate the thermomechan-
ical properties of raw wood and WPNCs over the temperature −100 to 200 °C.
DMTA was also used to evaluate the intrinsic properties of the components,
morphology of the system, and the nature of interface between the phases. In
addition, the storage modulus (E′) of both raw wood and WPNCs was investigated
to determine the improvement in both glassy region and rubbery plateau over the
temperature range. Furthermore, WPNCs were improved especially on the surface
interphase through the investigation on the damping peaks (tan d) which lowered
after the modification or treatment. Dynamic Young’s modulus (Ed) of wood was
calculated using free-free vibration testing which proved the significant
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improvement on the impregnated WPNCs. Moreover, decay resistance of both raw
wood and WPNCs was investigated through fungi test. All the wood samples were
exposed to two types of fungi, namely white rot (polyporus versicolor) and brown
rot (postia placenta), for 12 weeks, and the weight loss was presented in percentage
(%) form. From this characterization, WPNCs showed higher decay resistance
compared to raw wood.

3.1 Flowchart of Project

This project started with the title received from the department. Once the title was
received, more research on the information about wood was carried out, followed
by the identification of problem statement and objectives of the project. After
clearly finalized the problem statement and objectives, the literature review study
especially on mechanical properties, the pros and cons of raw wood and fabricated
WPNCs as well as the method of wood modifications was carried out.
Continuously, the experiment was investigated based on the research and was
carried out consecutively. After carrying out laboratory work, the results obtained
would be analyzed and discussed. Lastly, conclusion would be made to summarize
the experimental results together with analysis and explanation of the project.
Figure 1 showed the flowchart of project as the reference of this project to ensure
the project went smoothly.

3.2 Preparation of WPNCs

The process to fabricate WPNC is shown in Fig. 2. All the samples were oven dried
to constant weight at 105 °C before treatment. All the dimensions and weights
before and after treatment were measured, respectively. The samples were then
placed in an impregnation vacuum chamber to synthesize WPNCs. All the samples
were undergoing vacuum chamber with pressure of 10 kPa for 30 min to remove
air from the pores of the samples formed. An accurate amount of monomers and
initiator was introduced into the chamber until the samples were completely cov-
ered. The samples were kept immersed in the monomer solution for 6 h. Besides,
all the samples were ensured to be placed at ambient temperature and atmospheric
pressure to obtain further impregnation. Continuously, the samples were removed
from the chamber and all the excess chemicals were wiped off from wood surfaces.
Lastly, the samples were wrapped with aluminum foil and placed in an oven for
24 h at 105 °C for polymerization to take place (Deka and Saikia 2000; Devi et al.
2003). All the polymerized samples formed were weighted to determine weight
percentage gain (WPG).
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3.3 Characterization of Wood Polymer Nanocomposites
(WPNC)

3.3.1 Fourier Transform Infrared Spectroscopy (FT-IR)

One of the common analytical characterizations that have been applied in phar-
maceutical, life sciences, and electronic industries is Fourier Transform Infrared
Spectroscopy (FT-IR). This characterization included structural information of

Title received

Research on background of study

Determine the problem statement

Understand the objectives of project

Research on literature review

Decision on the method to carry out experiment

Carry out tests on the samples

Results and Discussions

Conclusion

No

Fig. 1 Flowchart of project
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Wood samples preparation Impregnation monomer 
solutions preparation

Impregnation in vacuum chamber

Different techniques

Wood polymer nanocomposites

Physical, mechanical, thermal and 
morphological properties characterizations

Fig. 2 Schematic diagram of the experimental procedure

Table 1 Functional groups with band position (FlashcardExchange.com, 2012)

Functional groups Band position (cm−1) Intensity

C–H (alkyl group) 2850–2960 Medium to strong

¼C–H (alkene) 3020–3100 Medium

C=C 1650–1670 Medium

�C�H 3300 Strong

C�C 2100–2260 Medium

C–Cl 600–800 Strong

C–Br 500–600 Strong

C–I 500 Strong

O–H 3300–3540 Strong, broad

C–O 1050–1150 Strong

Aromatic ring 1600, 1500 Strong

N–H 3310-3500 Medium

C–N 1030, 1230 Medium

C=O 1670–1780 Strong

O–H (carboxylic acid) 2500–3100 Strong, very broad

C�N 2210–2260 Medium
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materials, analysis of materials as well as determination of contaminations IR
Absorptions of Functional Groups (FlashcardExchange, United States of America
2006). The functional groups with its band position were shown in Table 1
(FlashcardExchange.com 2012). This equipment was used to determine the chemical
change upon impregnation of the raw wood with impregnation of chemicals.

From Fig. 3, it showed FT-IR-branded Shimadzu IRAffinity-1 that was well
applied with the guidance of operators. This FT-IR machine was kept in a clean and
safe place to prevent any damage on it. Besides, chemical such as ethanol was used
to remove stains and microorganisms. Both raw wood and WPNCs powders were
taken out from the plastic tube using spatula and placed on top of the specimen in
the FT-IR machine. The knob in the FT-IR machine was tightened. Continuously,
the button “sample” appeared in the computer connected was then pressed. After
3 min, all the peaks in the graph form were shown. All the steps were repeated for
all the raw wood and WPNCs samples. The infrared spectra of raw wood and
WPNCs were recorded on a Shimadzu IRAffinity-1 at 20 scans with a resolution of
4 cm−1. The intensity range used for this test is from 4000 to 600 cm−1.

Fig. 3 FT-IR machine
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3.3.2 Compression Test

Compression test can be carried out to determine the mechanical properties of both
raw wood and WPNCs. Mechanical properties, namely modulus of rupture
(MOR) and modulus of elasticity (MOE), could be tested through compression
machine branded Shimadzu Universal Testing Machine. This machine functioned
according to ASTM D-143 (1996) as shown in Fig. 4. It has the maximum loading
capacity of 300kN with the crosshead speed of 10 mm/min. All the fabricated
samples were stored at 85 °C inside a cool incubator for four days.

This test was carried out to ensure all the fabricated WPNCs withstand higher
force compared to raw wood. For each experiment, 20 samples were prepared to
undergo compression test. To obtain the result, the machine is well linked to the
computer and all the compression test can be carried out using software named
Trapezium2. The software Trapezium2 can be consistently applied as shown in
Table 2 as well as in Figs. 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, and 19.

Fig. 4 Compression machine
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Table 2 Thirteen steps used in compression testing software

Steps Explanation

1 The overview of software

2 The icon “New” was clicked and followed by the clicking on “Method”

3 A command box was shown. The icon “No” should be clicked

4 Method Wizard will appear. The “Next” icon should be clicked

5 Icon “Comp.” should be clicked, and “Next” icon was clicked after that

6 The “Next” icon should be clicked

7 V1’s value was changed depending on the requirement, and “Next” icon was clicked

8 The value of wood sample’s dimensions was changed and click “Next” icon

9 There are three figures that did not change by just clicking “Next”

10 Method Wizard completed by clicking the “Finish” icon

11 The position and force value should reset it at zero

12 A Navigation Bar was shown and click “Start” icon

13 Begin Test is pressed and navigation bar will show a “Stop” icon

Fig. 5 Software overview
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3.3.3 Thermogravimetric Analysis (TGA)

For thermal properties, Thermogravimetric Analysis (TGA) is carried out. This
characterization is used to determine the degradation temperatures or absorbed
moisture content of materials especially on polymer nanocomposites. TGA is a
process which can determine the percent by mass ratio of a solute through heat and
stoichiometry ratios. The process involved heating a mixture to a high enough
temperature to decompose the samples into a gas, which dissociated into the air. It
was plotting weight percentage against temperature. TGA was used to investigate
the corrosion kinetics in high-temperature oxidation.

TGA started with the weighing of a finely ground sample. The samples were
then exposed to a heated chamber in the presence of oxygen. The weight losses of

Fig. 6 Second step’s overview

Fig. 7 Third step’s overview
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Fig. 8 Fourth step’s overview

Fig. 9 Fifth step’s overview
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Fig. 10 Sixth step’s overview

Fig. 11 Seventh step’s overview
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Fig. 12 Eighth step’s overview

Fig. 13 Ninth step part 1’s overview
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Fig. 14 Ninth step part 2’s overview

Fig. 15 Ninth step part 3’s overview

3 Methods 57



Fig. 16 Tenth step’s overview

Fig. 17 Eleventh step’s overview
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the samples were measured before the samples were heated. The change in weight
of the sample was recorded as a function of time with temperature ranging from 20
to 700 °C. The rate of weight loss as a function of time and temperature could be
measured after setting up. The use of a derivative computer was needed to record
the results. After the data were obtained, curve smoothing and other operations
could be carried out to find the exact points of inflection. In this method, temper-
ature increased which led to increased weight loss. This was to investigate the exact
temperature where a peak occurred more accurately. The weight for wood powders
was measured using electronic balance as shown in Fig. 20. DTG-60H branded
Shimadzu was used to run this testing as shown in Fig. 21.

Fig. 18 Navigation bar for
starting
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3.3.4 Scanning Electron Microscopy (SEM)

Besides FT-IR, compression test, and TGA, Scanning Electron Microscopy
(SEM) was used to detect the pore size of the raw wood and WPNCs using

Fig. 19 Begin test command
and navigation bar for
stopping
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Scanning Electron Microscope under the warranty of Kosijaya Didactic Sdn. Bhd
as shown in Fig. 22. The primary electron beam was produced by heating a metallic
element under high vacuum at the top of the microscope. It was scanned across the
surface of a specimen. The signal was generated when the electrons strike the

Fig. 20 Electronic balance

Fig. 21 DTG-60H
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specimen. This was to detect the specific signals that produced an image of the
surface. Three different types of signals that provided the greatest amount of
information in SEM were the secondary electrons, backscattered electrons, and
X-rays (Islam et al. 2011).

SEM was generally used to investigate the interfacial bonding between the cell
wall polymer and reacted chemical. The specimens were first fixed with
Karnovsky’s fixative. It was then taken through a graded alcohol dehydration series.
After the samples were dehydrated, all the samples undergo coating by a thin layer

Fig. 22 Scanning electron microscope

Fig. 23 Coating machine
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of gold before viewing on the SEM. The micrographs were taken at magnification
between 500� and 1500�.

All the wood samples either in powder or solid form will be heated at temper-
ature of 105 °C for an hour before SEM test. This step was to remove moisture
content of wood. For solid wood samples, 3 cm � 3 cm � 1 cm of raw wood and
WPNCs were prepared.

After heating, both raw wood and WPNCs either in powder form or solid form
would be coated. Before coating, the carbon tape was placed on top of the alu-
minum plate and the sample powders were placed on top of the carbon tape as

Fig. 24 Samples on top of the magnetic substance

Fig. 25 Picture shown by SEM-linked computer

3 Methods 63



shown in Fig. 23 for 15 min. The aluminum plate was placed aside to prevent the
tested samples mixed with non-tested samples. A pair of forceps was used to clip
the aluminum plate into the sampling tube.

Scanning electron process could be started after coating process. There were five
samples placed on top of a magnetic substance with double tape to ensure the
aluminum plate samples did no move randomly as shown in Fig. 24. After the
machine start-up, the electron laser beam started to scan the samples (powder or
solid form) by manual for this experiment. The picture scanned would be shown in
computer linked as shown in Fig. 25, and the images would be saved into a folder.
This step was repeated until all the samples were scanned. After the experiment was
done, the samples were collected in a clean plate as shown in Fig. 26.

4 Summary

This chapter covered the overview, methods related to WPNCs, methods such as
flowchart of project, preparation of WPNCs as well as characterization included
Fourier Transform Infrared Spectroscopy (FT-IR), compression machine,
Thermogravimetric Analysis (TGA), and Scanning Electron Microscopy (SEM) in
general.

Fig. 26 Collected samples (powder and solid form)
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Combined Styrene/MMA/Nanoclay
Crosslinker Effect on Wood Polymer
Nanocomposites (WPNCs)

M.R. Rahman and J.C.H. Lai

Abstract In the current study, to develop the compression strength, thermal stability,
and surface morphology of batai wood (Paraserianthes moluccana) which was
impregnated by blended of styrene, methyl methacrylate, and nanoclay. Wood
polymer nanocomposites (WPNCs) were produced by the co-polymerization reaction
which was occurred with cellulose in the wood cell wall by Styrene (ST) and methyl
methacrylate (MMA) crosslinker and it was confirmed by Fourier Transform Infrared
(FT-IR) Spectroscopy. Thermogravimetric Analysis (TGA) was employed to inves-
tigate the thermal stability. The mechanical properties of the WPNCs were expres-
sively improved compared to the raw wood whereas WPNCs demonstrated higher
thermal permanence comparative to the raw wood due to the co-polymerization
reaction. The surface morphologies of the fracture surface for both the raw wood and
WPNCs were recorded using Scanning Electron Microscopy (SEM). WPNCs display
smoother surface and adhesion compared to that of raw wood due to the
co-polymerization reaction that was seen in the SEM micrographs.

Keywords Crosslinker � Batai wood �Mechanical properties � Thermal properties

1 Introduction

Wood has great value and prominence in the world’s economy due to it extraor-
dinary properties whereas it is a regular and renewable resource which is made of
cellulose, hemicellulose, and lignin. The high demand for the twenty-first-century
materials will be green, environmentally friendly, sustainable, renewable, and
biodegradable (Bledzki et al. 2007; Mohanty et al. 2002; Nishino 2004). Due to the
excellent material properties and desirable environment characteristics, wood is
appropriate to many usages and there is a plentiful availability of wood worldwide
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while raw wood has contributed to great environmental benefits over other building
materials because of its biodegradable properties. Plywood, wood plastic com-
posites were produced from wood sawdust. However, the motor fuels and lubricants
also can be produced from the conversion of wood sawdust. Nevertheless, wood
serves as a great insulator and uses less energy to process compared to steel,
concrete, aluminum, or plastic, and it shows the three times lower carbon dioxide
emissions compare to the steel and metal. The most significant features of wood are
its renewability due to their first growing nature. In Borneo Islands, Batai softwood
is abundantly available due to their first growing nature, and it is eco-friendly;
however, there are some disadvantages to softwood species. Moreover, softwood
species are more vulnerable to attack by fungi and termites due to their hydrophilic
nature and this species do not easily withstand drastic changes in temperature. Due
to their low densities, softwood species have low dimensional stability and dura-
bility. In order to overcome the aforementioned drawbacks of softwood species,
wood specimens were impregnated with ST/MMA/clay co-polymer crosslinker to
produce wood polymer nanocomposites (WPNCs).

Acetylation and thermal modification are the most common processes to modify
the wood species whereas this reaction process only a single-site reaction occurred
in which acetic anhydride reacts with the wood hydroxyl groups (Segerholm et al.
2012). According to the Rowell (2006), acetylation and the thermal-modified wood
product showed the rigidity at a swollen state and it has good dimensional stability
with high resistance to decay by fungi and microorganisms. The following soft-
woods modified or treatment was done by few researches such as heat treatment, oil
treatment, furfurylation, resin impregnation, and treatments involving silicones and
silanes (Hill 2006; Hon 1996; Mai and Militz 2004).

In the present work, wood specimens were impregnated with a combination of
ST/MMA/Nanoclay to produce wood polymer nanocomposites (WPNCs), and
mechanical, thermal, and morphological properties were investigated in this study.

2 Experimental

2.1 Materials

The dimensions of the wood specimens were 6 cm � 2 cm � 2 cm. styrene (ST),
methyl methacrylate (MMA), and benzoyl peroxide were used to produce WPNCs
which are supplied by Merck, Germany. Nanoclay Nanomer was supplied by
Sigma-Aldrich. The constituent of the clay was 35–45 wt% dimethyl dialkyl (C14–
C18) amines with a bulk density of 200–500 kg/m3 and average particle size
around 20 µm.
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2.2 Preparation of Monomers

ST/MMA/Nanoclay monomer system was prepared in the presence of benzoyl
peroxide. Styrene and methyl methacrylate copolymerized in the presence of
Benzoyl peroxide which showed in Fig. 1a. Benzoyl peroxide acts as an initiator to
influence the reaction between styrene and methyl methacrylate. Two grams of
benzoyl peroxide and 5 g of nanoclay were added into each monomer system.
Aluminium foil was used to cover the mixtures and put in an autoclave for 15 min
to complete the reaction. Table 1 shows the different mixture ratios of styrene,
methyl methacrylate, and the nanoclay monomer system.

2.3 Impregnation of Wood Specimens/Co-polymerization
Reaction with Cellulose in Wood Cell

ASTM standard was used to prepare the wood specimens and weighed out using an
electronic balance. The specimens were immersed into different monomer systems
in accordance with the prepared monomer and undertook a vacuum process for 1 h.
After 1 h, the samples were taken out and covered with aluminum foil and put in an
oven for 48 h at 70 °C to co-polymerize in wood cell wall which shown in Fig. 1b

Fig. 1 a Reaction scheme for synthesis of ST/MMA/Nanoclay crosslinker, b Coupling reaction of
wood with ST/MMA/nanoclay
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and produce wood polymer nanocomposites (WPNCs). After 48 h, the WPNCs
were taken out of the oven and the unreacted chemicals were removed. The weight
percent gain (WPG) of the samples was then measured using Eq. (1),

WPG ¼ mtreated � muntreated

muntreated
� 100% ð1Þ

where mtreated and muntreated are the over-dried weight of the untreated and treated
wood samples, respectively.

2.4 Microstructural Characterizations

2.4.1 Fourier Transform Infrared Spectroscopy (FT-IR)

The infrared spectra of the raw wood and WPNCs were recorded on a Shimadzu
IRAffinity-1. The transmittance range of the scan was 4000–7000 cm−1.

2.4.2 Compression Test

The dimensions of the compression test specimens were 6 cm � 2 cm � 2 cm.
Before the mechanical tests, the prepared specimens were kept at a temperature of
85 °C inside a cool incubator for 4 days. The mechanical properties of the speci-
mens, such as modulus of rupture (MOR) and modulus of elasticity (MOE), were
confirmed using a compression machine branded Shimadzu according to ASTM
D-143 (1996). The loading capacity of the Shimadzu Universal Testing Machine
was 300kN, and the crosshead speed was 10 mm/min. The MOE and MOR were
measured using the compression test and were calculated using the following
Eqs. (2) and (3), respectively.

MOE ¼ L3m
4bd2

ð2Þ

MOR ¼ 1:5PL
bh2

ð3Þ

Table 1 Preparation of monomer system at different ratio

Volume of styrene (mL) Volume of methyl methacrylate (mL) Amount of nanoclay (g)

20 80 5

30 70 5

40 60 5

50 50 5
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2.4.3 Thermogravimetric Analysis (TGA)

The finely ground sample was used to run TGA which was started by weighing and
exposing it to a heated chamber in the presence of oxygen. The weight loss of the
sample was measured by the heating the sample which was suspended on a sen-
sitive balance. The weight change of the specimens was recorded as a function of
time at a constant temperature ranging from 20 to 700 °C set in an isothermal TGA.
After setting up, the rate of weight loss as a function of time and temperature could
be measured with the use of a derivative computer. After the data was obtained,
curve levelling and other processes were done to find the precise points of inflec-
tion. The weight loss was increased according to the increases of the temperature.

2.4.4 Scanning Electron Microscopy (SEM)

The SEM specimens were first fixed with Karnovsky’s fixative. The scanning
electron microscope (SEM) (JSM-6710F) was used to examine the interfacial
bonding between the cell wall and monomer which supplied by JEOL Company
Limited, Japan. The specimens were first fixed with Karnovsky’s fixative and then
taken through a graded alcohol dehydration series. Once dehydrated, the specimen
was coated with a thin layer of gold before viewing on the SEM image. The
micrographs were taken at a magnification of 250� and 1500�.

3 Results and Discussion

3.1 Weight Percent Gain (WPG %)

Table 2 shows the values of WPG for both raw wood and WPNCs which were
measured before and after modification while the WPG for WPNCs significantly
increased due to the crosslinking of wood cell OH with ST/MMA. It was noticeable
that the wood’s cell wall react with polymer and increasing the adhesion between
wood cell wall and polymer which results in a higher WPG. According to the
outcomes, 50:50 ST/MMA/clay systems were the highest WPG followed by 40:60,
30:70, and 20:80, respectively

Table 2 Average weight percent gain, WPG (%)

ST/MMA/clay Average weight for
raw (g)

Average weight for
WPNCs (g)

Weight percent gain
(WPG %)

20:80 9.399 11.301 20.24

30:70 8.149 10.928 34.10

40:60 7.805 11.860 51.95

50:50 7.378 11.858 60.72
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3.2 Fourier Transform Infrared Spectroscopy (FT-IR)

The Fig. 2a, b represents the FT-IR spectrum of the raw wood and WPNCs which
showed the ST/MMA/clay peak at certain region and proves that ST/MMA/clay
successfully impregnated the wood specimens. However, the wood-ST/MMA/clay
nanocomposites were produced by the crosslinking reaction with ST/MMA/clay
with hydroxyl groups of the cellulose in the wood’s cell wall. The absorption bands
showed the significant difference in raw wood and WPNCs which was confirmed
by the FT-IR spectroscopic analysis. That was due to the differences in structural
and chemical composition within the raw wood and modified wood specimens
(Islam et al. 2011a, b). The FT-IR spectrum of the raw wood specimens showed the
stretching vibration at absorption bands in the region of 3332.99, 1028.06, and
1730.15 cm−1 for O–H stretching vibration, C–H stretching vibration, and C=O
stretching vibration whereas the FT-IR spectrum WPNCs clearly show that there
was no absorption bands due to O–H stretching vibration. It indicates that after
chemical modification, the OH groups were dramatically reduced. Moreover, the
absorption band at 1109.07 and 1732.08 cm−1 due to C–H stretching vibration and
C=O stretching vibration, respectively. The FT-IR result proved that the OH groups
in the wood specimens were reduced by the blocking of the OH groups for using
the ST/MMA/clay combined monomer mixture (Islam et al. 2010, 2012).

3.3 Mechanical Properties Test

The ST/MMA/clay impregnation on the batai wood was evaluated, and the MOE
and MOR for raw wood and WPNCs are shown in Fig. 3a, b which shows the effect
of ST/MMA/clay on raw wood and WPNCs. Figure 3 shows that when combined
polymer loading was higher, the WPNCs showed the better elasticity compare to
the raw wood whereas the increments in MOR for WPNCs were expressively
greater than that of raw wood. Polymer-impregnated wood yielded higher MOE
compared to raw wood because of the co-polymerization of the wood’s cell wall,
which was in accordance with other research (Adams et al. 1970; Hamdan et al.
2010a, b; Yildiz et al. 2005; Pandey et al. 2010). Wood specimens coupled with
monomers and filled the void spaces which led to the increase in stiffness of
WPNCs. The increments of MOE and MOR for 50:50 ST/MMA/clay systems were
higher followed by 40:60, 30:70, 20:80, and raw wood.
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3.4 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis is a useful analytical technique to investigate the
thermal stability of materials. Thermal stability of wood is a very essential factor in
the manufacture of wood polymer nanocomposites. Figure 4 represents the TGA
curves of raw wood and WPNCs. According to Wielage et al. (1999), both raw
wood and WPNCs showed no degradation up to 160 °C. Thermal stability grad-
ually decreases where the decomposition takes place after 160 °C. From Fig. 4, the
weight loss of raw wood started at 248.08 °C and ended at 379.89 °C. For WPNCs,
the weight loss range was from 274.45 °C until 431.6 °C. It was clearly showed
within Fig. 4 that raw wood had lower starting and ending degradation temperature
compared to WPNCs. This was because WPNCs had well monomer impregnation
where the residue of WPNCs ended the degradation at a higher temperature.
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Besides, the thermal stability of WPNCs is higher due to the crosslinking reaction
with cellulose OH groups. New chemical bonding between styrene and methyl
methacrylate with the aid of benzoyl peroxide and nanoclay was formed that
improved the chemical bond strength within the WPNCs which reduced the
retardation of the WPNCs (Ramiah 1976; Wielage et al. 1999). Overall, the 50:50
ST/MMA/clay monomer systems showed better thermal stability followed by
40:60, 30:70, 20:80, and raw wood. The TGA result proved that WPNCs have
better thermal stability compared to raw wood, as reflected in the mechanical
properties.

3.5 Scanning Electron Microscopy (SEM) Analysis

The Scanning Electron Microscopy showed the morphology of the interaction of
wood cell wall and polymer. The morphology of the fracture surface displays the
phase information for WPNCs and raw wood as shown in Fig. 5a, b. From Fig. 5a,
the surface morphology of raw wood showed no interfacial bonding between the
filler and the matrix. On the other hand, WPNCs indicated enhanced interfacial
adhesion between the wood cell wall and the monomer matrix. This was highly due
to the ST/MMA/clay crosslinking with wood cell (Rahman et al. 2010a, b, c).
Therefore, it can be concluded that the better interfacial bonding between the wood
cell wall and the matrix can be observed in WPNCs as reflected in the enhancement
of the mechanical properties of the WPNCs.
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4 Conclusion

In this study, ST/MMA/Nanoclay was impregnated into the raw wood to produce
WPNCs. The wood specimens impregnated with ST/MMA/clay were fabricated to
improve the thermal, mechanical, and morphological properties by reducing the
number of hydroxyl groups in the wood cell wall. From the weight percent gain
(WPG), 50:50 ST/MMA/clay WPNCs showed the highest value among all the
samples fabricated. From the FT-IR analysis, it was confirmed that the coupling
reaction occurred in wood with cellulose due to C–H stretching vibration and C=O
stretching vibration, respectively. Both MOE and MOR were higher for WPNCs
than the raw wood. Thermogravimetric Analysis (TGA) proved that WPNCs had

Fig. 5 a SEM for raw wood
specimens, b SEM for
WPNCs
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higher decomposition temperature with exothermic peaks increased after impreg-
nation. WPNCs showed smoother surface texture compared to raw wood through
SEM analysis.
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Oxidation of Wood Species by Sodium
Metaperiodate and Impregnation
with Phenyl Hydrazine

M.R. Rahman

Abstract A large variety of tropical wood species has been found in Malaysia,
especially the Borneo state of Sarawak. The nominated fresh wood species, namely
Artocarpus Elasticus, Artocarpus Rigidus, Xylopia spp., Koompassia Malaccensis,
and Eugenia spp. were chemically modified with sodium metaperiodate for man-
ufacturing them into plasticized wood (PW). Prepared plasticized wood models
were analysed using Fourier Transform Infrared Spectroscopy, Scanning Electron
Microscopy and mechanical testing [modulus of elasticity (MOE), modulus of
rupture (MOR), static Young’s modulus (Es)], decay resistance and water absorp-
tion. MOE and MOR were calculated using the compression parallel to grain test
and the natural laboratory decay test, respectively. PW showed the higher MOE,
MOR, Es and lower water content compared to raw one whereas modified wood
showed higher resistance to decay exposure. Eugenia spp. had highest resistance
compared to the others.

Keywords Mechanical properties � Decay resistance � Chemical treatment �
Plasticized wood

1 Introduction

Sodium metaperiodate were used on the selected wood species, namely Artocarpus
Elasticus, Artocarpus Rigidus, Xylopia spp., Koompassia Malaccensis, and
Eugenia spp. for manufacturing the wood polymer nanocomposite (WPNC).
Further, the phenyl hydrazine was introduced in the WPC to produce them into
subordinate wood polymer nanocomposites also called post-treated WPNC
(PTWPNC). The mechanical properties of the final products are influencing by the
chemical treatment and post-treatment. Dynamic mechanical thermal analysis
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(DMTA) and free-free flexural vibrational testing were carried out to measure the
storage modulus (E′) and the dynamic Young’s modulus (Ed), respectively. The
mechanical test three point bending used to calculate the MOE and MOR.
Compression parallel to grain test and the natural laboratory decay test were con-
ducted to measure the static Young’s modulus (Es) and decay resistance, respec-
tively. According to the literature, different wood species showed the different
elastic properties, i.e., stiffness (Ed), storage modulus (E′), MOE, Es of the
nanocomposite. Raw wood showed lower E′ compare to the WPNC and PTWPNC,
whereas the glass transition temperature (Tg) of WPNC and PTWPNC is much
lower than that of raw wood. WPNC and PTWPNC showed higher MOE, MOR,
and Es compare to those of raw wood while lower water content and high resistance
to decay exposure are appeared with Eugenia spp. which having the highest
resistance compared to the others species.

From the free-free vibration and other testing, authors would like to quickly
draw conclusion about the value of the nanocomposite material based on their
stiffness (Ed) of the PTWPNC compared to the respective WPNC and raw woods.
Fourier Transform Infrared (FT-IR) Spectroscopy and Scanning Electron
Microscopy (SEM) were used to characterize the WPNC and PTWPNC. The car-
bonyl stretching at 1635 cm−1 could be observed by FT-IR spectroscopic analysis.
Due to the oxidation reaction, the increased absorption band near 1718 and
1604 cm−1 are appeared for carbonyl aldehyde of dialdehyde cellulose and
2,3-diphenylhydrozo cellulose which represent the WPNC and PTWPNC,
respectively.

The physical, mechanical, thermal, and biological properties were enhanced to
using these chemicals beside the moderately minor disadvantages are found to
utilize these types of chemicals, such as changes relative to the natural color.
However, the wood product and other wood nanocomposites, due to wood com-
ponents being enveloped in the entire the wood cell wall WPNC and PTWPNC are
subjected to fungal and termite attacks. Previous studies have shown that most of
the fungi penetrate the material through a check related with scratches in the wood
whereas 43.6% of wood crossties were removed from track due to decay (Russel
1986). Many studies have been carried out on the decay resistance of wood and
WPNCs and more efforts have been made to develop the decay resistance of WPNC
with zinc borate and other chemicals (Verhey et al. 2001; Khavkine et al. 2000).
The hydrophilic nature is the major disadvantage of using these species to utilize in
the interior and exterior uses because of their consequent deformation of the
product. In order to overcome this problem, all species were chemically modified
with sodium metaperiodate and phenyl hydrazine. The objectives of this work were
to compare the rate of decay of untreated wood, WPNC and PTWPNC crossties
against the brown and white-rot decay fungi and to obtain improved mechanical
and thermal properties.
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2 Experimental

2.1 Materials

Various tropical wood species were chosen for this study, namely Artocarpus
Elasticus, Artocarpus Rigidus, Koompassia Malaccensis, and Eugenia spp. Among
the wood species Xylopia spp. was hardwood and remains species was the soft-
wood. Chemicals used to treat the wood were H2SO4, NaIO4, and phenyl hydrazine
(Merck, Germany).

2.2 Specimen Preparation

The three bolts of 1.2 m long were cut into each tree. Each bolt was quartersawn to
produce planks of 4 cm thickness and subsequently conditioned to air-dry in a room
with relative humidity of 60% and ambient temperature of around 25 °C for one
month prior to testing. The planks were ripped and machined to 340 mm
(L) � 20 mm (T) � 10 mm (R) for free-free vibration test, 300 mm (L) � 20 mm
(T) � 20 mm (R) for three point bending test, 100 mm (L) � 25 mm (T) � 25 mm
(R) for compression parallel to grain test 9 mm (L) � 25 mm (T) � 25 mm (R) for
decay resistant test and 10 mm (L) � 2 mm (R) � 7.5 mm (T) specimens for
dynamic mechanical thermal analysis. Sodium periodate used as an oxidizing agent
to oxidize the raw wood using an autoclave in order to convert them into wood
polymer nanocomposites. Temperature and pressure used were 120 °C and 85 kPa,
respectively. Manufactured WPNC was impregnated with phenyl hydrazine to
produce PTWPNC using a vacuum chamber at 25 °C and 60 cm Hg.

2.3 Microstructural Characterizations

2.3.1 Fourier Transform Infrared Spectroscopy (FT-IR)

The aim of the analysis was to determine the functional group of the specimens.
Shimadzu Fourier Transform Infrared Spectroscopy (FT-IR) 81001
Spectrophotometer was used to record the infrared spectra of the raw woods and
WPNC. The transmittance range of the scan was 4000–370 cm−1.

2.3.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy used to determine the morphology of the specimens.
A graded alcohol was used for dehydration of sample series and then fixed with
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Karnovsky’s fixative. Once dehydrated, the specimen was coated with thin layer of
gold before viewed on the SEM. Various magnification of the micrographs are
taken and presented in the results and discussions section.

2.3.3 Dynamic Mechanical Thermal Analysis (DMTA)

The storage modulus (log E′) and loss tangent (tan d) of the raw woods, WPNC and
PTWPNC were characterized by dynamical mechanical thermal analysis (DMTA)
to evaluate the effect of temperature on raw woods, WPNC, and PTWPNC. DMTA
is a mechanical test which interact woods molecules with mechanical stress while
all molecular relaxation process are detected using this technique. A Perkin Elmer
dynamic mechanical thermal analyzer (PE-DMTA) was used at 10 Hz fre-
quency, �4 strains and 2 °C min−1 temperature rise. The rectangular specimens
with moisture content around 15% were tested using dual-cantilever bending mode
on a standard bending head. Liquid nitrogen used in the chamber to thermal scan at
2 °C min−1 with various frequencies ranging from −100 to 200 °C. The specimen
surroundings humidity was 65% RH. The graph of tan d versus T was showed the
determination of the Tg.

2.3.4 Free-Free Flexural Vibration Testing

The free-free flexural vibration testing system was developed by Hearmon in 1965.
He used standard specimen which was supported by threads at its nodal point of
specific mode. Electromagnet transducer and electromagnet drive were used in this
study to face the iron plate whereas the electromagnet transducer was connected to
a recorder and an oscilloscope. The iron plate used at one end of specimen which
attracting the electromagnet driver and served with alternating current that excites
the vibration. The vibration produces sound that travels through the sample and
detected by a microphone. Sound level meter was used to get the response which is
connected to the microphone and increases the amplitude of sound and transforms
the analog signal into digital signal. Then the signal is transferred to the PICO
oscilloscope and personal computer. The frequency is varied until a maximum
response is detected while the maximum level is called resonant frequency. The
dynamic Young’s modulus (Ed) was calculated from the resonant frequency by
using the Eqs. (1) and (2) (Fig. 1):

E0 ¼ 4p2f 2l4Aq

I mnð Þ4 ð1Þ

I ¼ bd3

12
ð2Þ
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where

d Beam depth,
b Beam width,
l Beam length,
f Natural frequency of the specimen,
q Density,
A Cross-sectional area and
n = 1 Is the first mode of vibration where m1 = 4.730.

2.3.5 Determination of MOE and MOR Using Three Point Bending
Test

MOE and MOR were carried out according to ASTM D-143 (2006) and the length,
width, and thickness of the specimens were measured. A loading capacity of 300
kN was used for the three point bending test which having the crosshead speed of
2 mm/min. The machine was supplied by Shimadzu Corporation, Japan and name
of the machine is “A Shimadzu Universal Testing Machine.” The MOE and MOR
were calculated using Eqs. (3) and (4), respectively.

MOE ¼ L3m
4bd3

ð3Þ

MOR ¼ 1:5PL

bh2
ð4Þ

where

L Span length of sample, 180 mm,

Specimen 

Data 
Acquisition
Analyzer

Signal 
Generator

    Chamber

Iron
Plate

Electromagnetic 
Driver

Microphone

Thread AAFig. 1 Schematic diagram of
free-free vibrational testing
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b Width of sample, 20 mm,
d Thickness of sample, 20 mm,
m Slope of the tangent to the initial line of the force displacement curve,
P The maximum breaking load, and
h Depth of the beam.

2.3.6 Determination of Static Young’s Modulus (Es) Using
Compression Parallel to Grain Test

According to ASTM D143-52, standard specimens were used to conduct the
compression parallel to grain test. The uniaxial compression test was performed to
determine the static Young’s modulus of Es. A Shimadzu Universal Testing
Machine having a loading capacity of 300 kN was used for the test with the
crosshead speed of 2 mm/min and static Young’s modulus, Es was calculated using
Eq. (5).

E ¼ Stress
Strain

E ¼ F=A
DL=L

where

F Force,
A Cross-sectional area,
DL Displacement, and
L Length of sample.

F ¼ EA
L

� DL

m ¼ EA
L

) E ¼ EA
L

ð5Þ

2.3.7 Laboratory Fungal Decay Resistance Test

According to the ASTM D2017 (1967), the standard method of accelerated labo-
ratory test of natural decay resistance of wood was carried out by using different
fungi. Based on the ASTM Standard D2017, decay resistance is classified using the

86 Oxidation of Wood Species by Sodium Metaperiodate and …



scale described such as highly resistant heartwood experiences (0–10)% weight
loss, resistant wood (11–24)% weight loss, moderately resistant wood (25–44%)
weight loss, and non-resistant wood experiences weight loss greater than 45%.

Dark container maintained at 20 ± 1 °C and a relative humidity of 65 ± 4%
were used for the air dried specimens and after conditioning to constant weight then
they were weighed accurately in the laboratory. There are two types of fungi,
white-rot (polyporous versicolor L.ex. Fr.) with ATCC No. 12679 and brown-rot
(postia placenta (Fr.) Cke. with ATCC No. 11538 were used to evaluate the effi-
ciency of sodium metaperiodate against the decay while the reference blocks were
made of sweet gum. There were eight replications for each specimen used for the
test and it is terminated after 14 weeks when the reference blocks obtained a weight
loss of 60%. After 14 weeks, the mycelium was brushed off and test specimens
were air dried and again conditioned to constant weight and it recorded for each
specimen. The rate of decay was calculated the difference in specimens weights
before and after the decay.

2.3.8 Water Uptake

Rectangular specimens were prepared the followed dimensions of 39 mm (L) �
10 mm (T) �4 mm (R) for the measure the water absorption characteristics of the
raw wood and WPNC. A Denver Instron balance was used for weight measurement
of oven dried specimens at 105 °C and cooled in a desiccator which containing
silica gel. The dried and weighted specimens were immersed in distilled water
according to ASTM D570-99 (2002). Both hot and cold water were used for
immersion and hot water immersion test was conducted only for 2 h, while the
duration of the cold water immersion was 24 h. The final weight of the specimens
was taken after the excess water on the surface of the specimens was removed using
a soft cloth. The increase in the weight of the specimens was calculated using the
following Eq. (6).

Water Uptake %ð Þ ¼ Final weight� Original weight
Original weight

� 100 ð6Þ

3 Results and Discussion

3.1 Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR spectrum for the raw wood, WPNC, and PTWPNC were showed in
Fig. 2a–c, respectively. However, absorption band of carbonyl stretching at
1635 cm−1 was observed for raw wood which shown in Fig. 2a. The increased
absorption band near 1718 cm−1 was shown due to the WPNC and PTWPNC
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whereas the absorption band 1604 cm−1 represent the carbonyl aldehyde of
dialdehyde cellulose which is formed by the oxidation of wood fiber as shown in
Fig. 3. After post-treatment (PTWPNC) the changes of the microstructure are less
significant as also being shown by the less drastic increase of E′ in PTWPNC.

3.2 Storage Modulus (log E′) and Loss Tangent (tan d)
of Raw Wood, WPNC, and PTWPNC

DMTA was applied to study the viscoelastic behavior of the wood and their
nanocomposites. The viscoelastic properties of the raw wood, WPNC, and
PTWPNC were shown in the Fig. 4a–e whereas the E′ of the WPNC and PTWPNC
has been improved considerably over that of the raw wood. The increase in E′
values in the total temperature range is much less as compared with WPNC but the
initial enhancement of E′ was observed for the PTWPNC as compared to the raw
wood for Artocarpus Elasticus and Artocarpus rigidus. E′ values Xylopia
spp. (hardwood) were higher for the PTWPNC compared with WPNC which was
due to the poor interphase interaction of the hydrophilic hydroxyl group in cellulose
in Xylopia spp. and the cured hydrophobic polymer matrix lead to poor mechanical
properties of the resulting WPNC showed in Fig. 4e. The E′ was increased three
times from the raw wood upon post-treatment with phenyl hydrazine that is almost
comparable and similar to the Eugennia spp. which indicating that this species is

WPNC 

PTWPNC 

(a) (b)

(c)

Fig. 2 a FT-IR spectrum for the raw, b FT-IR spectrum for WPNC, c FT-IR spectrum for
PTWPNC
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considered similar to hard wood (Fig. 4d). The E′ values increase with the
PTWPNC up to two times and eventually decrease to the same value with WPNC at
200 °C whereas the higher E′ values for PTWPNC could reflect the crosslinking or
chain scission (increase in crystallinity) caused by the treatment as seen in the
FT-IR results.

The higher tan d value of raw wood was observed in Fig. 5a–e which is com-
pared to the WPNC and PTWPNC (as seen in Fig. 4a, e) while the loss tangent is
related to the loss of energy i.e., to viscous behavior (irreversible deformation). Due
to the crosslinking reaction between wood cell and polymer, the result from the
treatment showed the lower tan d value in WPNC and PTWPNC which can
probably be attributed to higher polymer content and implies higher elastic
recovering.

Assuming that the Tg is the temperature where tan d is maximum, the raw wood
showed a transition in the range −50 °C. This peak was attributed to the relaxation
which has properties of the glass-rubber transition. A secondary relaxation occurs
60–70 and 80–110 °C which can be described as vibration and reorientation motion
within the crystal (Bikiaris et al. 1999). The relaxation occurs at broader ranges for
the WPNC which had similar relaxation temperatures but it can be attributed to
crosslinking and branching caused by the treatment. The post-treatment increases
the polymer chain mobility to increase the secondary relaxation caused a great shift
in the relaxation to a higher temperature for the post-treatment to PTWPNC.). In
general, the post-treatment caused a shift of the tan d to a higher temperature which
indicating that there was an increase in the relaxation temperature but interpreted as
relaxation of the constrained molecules with reduced mobility close to crystallites
(Bikiaris et al. 1999). During the dynamic analysis the buckle cell walls and the
amorphous polymers exert a certain restorative force in rubbery state.

1200C,   

Fig. 3 Oxidation of raw wood fiber specimens with sodium metaperiodate and phenyl hydrazine
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3.3 Dynamic Young’s Modulus of Raw Wood, WPNC,
and PTWPNC

The free-free flexural vibration test was conducted to measure the stiffness of the
raw wood, WPNC, and PTWPNC which are shown in Fig. 6a–e. The Young’s
modulus of all species moderately increases by sodium metaperiodate chemical
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Fig. 4 a E′ versus temperature for Artocarpus Elasticus raw wood, WPNC and PTWPNC, b E′
versus temperature for Artocarpus rigidus raw wood, WPNC and PTWPNC, c E′ versus
temperature for Koompasia Malacennis raw wood, WPNC and PTWPNC, d E′ versus temperature
for Eugennia spp. raw wood, WPNC and PTWPNC, e E′ versus temperature for Xylopia spp. raw
wood, WPNC and PTWPNC
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modification whereas the storage modulus is significantly affected by the chemical
modification (see Fig. 6a–e) but the elastic properties showed significant changes
only in Artocarpus Elasticus. The Young’s modulus for all species was enhanced
upon further phenyl hydrazine treatment.
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Fig. 5 a Tan d versus temperature for Artocarpus Elasticus raw wood, WPNC and PTWPNC,
b Tan d versus temperature for Artocarpus rigidus raw wood, WPNC and PTWPNC, c Tan d
versus temperature for Koompasia Malacennis raw wood, WPNC and PTWPNC, d Tan d versus
temperature for Eugennia spp. raw wood, WPNC and PTWPNC, e Tan d versus temperature for
Xylopia spp. raw wood, WPNC and PTWPNC
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3.4 MOE and MOR Measurement

The difference of the MOE and MOR for raw wood, WPNC, and PTWPNC is
shown in Tables 1 and 2 as well as Figs. 7 and 8 which is, namely Artocarpus
Elasticus, Artocarpus Rigidus, Xylopia spp., Koompassia Malaccensis and Eugenia
spp. respectively. The MOE and MOR of the raw wood, WPNC, and PTWPNC
were investigated which was treated by the sodium metaperiodate and phenyl
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Fig. 6 a Ed of Artocarpus Elasticus raw wood, WPNC and PTWPNC, b Ed of Artocarpus rigidus
raw wood, WPNC and PTWPNC, c Ed of Koompasia Malacennis raw wood, WPNC and
PTWPNC, d Ed of Eugennia spp. raw wood, WPNC and PTWPNC, e Ed of Xylopia spp. raw
wood, WPNC and PTWPNC
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hydrazine. Eugenia spp. showed highest MOE followed by Artocarpus Rigidus,
Artocarpus Elasticus, Xylopia spp. and Koompassia Malaccensis, due to the
crosslinking reaction between wood cell wall and the chemicals while Koompassia
Malaccensis showed lowest increment because of its high density. Higher MOE
was observed for WPNC and PTWPNC compared to the untreated wood because of
the chemical modification, which is in accordance with other researchers (Adams
et al. 1970; Ates et al. 2009; Mankowshi and Morrell 2000; Yildiz et al. 2005).
Eugenia spp. showed significantly different MOE compare to raw wood which
shown in the Table 1. This is due to the sodium metaperiodate reacted with the
cellulose in wood cells, which converted single bonds into double bonds whereas it
was stronger than single bonds and change the structure of wood cells. However, on

Table 1 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Modulus of elasticity t-test groupingb

Raw wood (Artocarpus Elasticus) 6.48 ± 0.52 A

WPNC (Artocarpus Elasticus) 12.44 ± 0.99 B

Raw wood (Artocarpus Rigidus) 5.13 ± 0.38 C

WPNC (Artocarpus Rigidus) 9.56 ± 1.97 D

Raw wood (Xylopia spp.) 6.71 ± 0.34 E

WPNC (Xylopia spp.) 9.23 ± 1.81 E

Raw wood (Koompassia Malaccensis) 15.68 ± 1.11 F

WPNC (Koompassia Malaccensis) 16.75 ± 0.96 F

Raw wood (Eugenia spp.) 9.25 ± 0.37 G

WPNC (Eugenia spp.) 13.16 ± 0.41 H
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%

Table 2 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Modulus of elasticity t-test groupingb

Raw wood (Artocarpus Elasticus) 76.17 ± 3.01 A

WPNC (Artocarpus Elasticus) 83.92 ± 4.20 B

Raw wood (Artocarpus Rigidus) 33.02 ± 3.63 C

WPNC (Artocarpus Rigidus) 73.05 ± 9.26 D

Raw wood (Xylopia spp.) 45.91 ± 1.36 E

WPNC (Xylopia spp.) 80.35 ± 9.01 E

Raw wood (Koompassia Malaccensis) 122.20 ± 15.49 F

WPNC (Koompassia Malaccensis) 125.98 ± 6.77 F

Raw wood (Eugenia spp.) 46.10 ± 3.62 G

WPNC (Eugenia spp.) 72.8 ± 4.60 H
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%
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Koompassia Malaccensis, there was no significant effect of chemical treatment
because of its hardness.

According to Adams et al. (1970), the chemical treatment enhances MOR which
shown in Table 2. The MOR of the WPNC and PTWPNC was significantly dif-
ferent from untreated wood whereas Eugenia spp. wood polymer nanocomposites
were higher than MOR followed by Artocarpus Rigidus, Artocarpus Elasticus,
Xylopia spp. and Koompassia Malaccensis, respectively. On the other hand, the
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chemical treatment does not reflect the WPNC and PTWPNC of Koompassia
Malaccensis, however, MOR of WPNC and PTWPNC was slightly higher than
those of untreated one.

3.5 Static Young’s Modulus (E) Measurement

Static Young’s modulus (E) measurement was measured by the compression par-
allel to grain test. Figure 9 and Table 3 show that summarized values of the
compressive strength of 10 repetitions but there was significant difference between
untreated wood, WPNC, and PTWPNC due to the impact of chemical modification.
The highest E value was observed in Artocarpus Elasticus, followed by Artocarpus
Rigidus, Eugenia spp., Xylopia spp. and Koompassia Malaccensis whereas incre-
ment of E was very minimal for and Koompassia Malaccensis because the chemical
modification does not work on this species. The increase of E in WPNC and
PTWPNC compared to untreated wood was also reported by different researchers
(Ates et al. 2009; Autio and Miettinen 1970; Singha and Thakur 2009). The
chemical modification of untreated wood puts a coating on the walls which thickens
them, thus greatly increasing their lateral stability.

3.6 Fungal Decay Resistance Test

Decay resistance test was carried out to determine the sustainability of the WPNC
and PTWPNC. Figures 10 and 11 are representing the weight loss due to fungal
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attack for raw wood and WPNC. The decay fungi, namely polyporous versicolor
and postia placenta affect the raw wood, WPNC, and PTWPNC whereas the WPNC
and PTWPNC of Eugenia spp. were less affected by polyporous versicolor decay
fungi compared to Artocarpus Elasticus, Koompassia Malaccensis, Xylopia spp.,
and Artocarpus Rigidus, respectively. From the results, it also showed that raw
wood species were non-resistant to decay exposure. However, the weight losses
decreased both fungi for all wood species due to the sodium metaperiodate and
phenyl hydrazine enhanced the decay resistance while the WPNC and PTWPNC of

Table 3 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Static Young’s modulus t-test groupingb

Raw wood (Artocarpus Elasticus) 1.36 ± 0.23 A

WPNC (Artocarpus Elasticus) 2.43 ± 0.51 B

Raw wood (Artocarpus Rigidus) 1.88 ± 0.58 C

WPNC (Artocarpus Rigidus) 3.14 ± 1.11 D

Raw wood (Xylopia spp.) 1.57 ± 0.39 E

WPNC (Xylopia spp.) 3.48 ± 0.37 E

Raw wood (Koompassia Malaccensis) 2.05 ± 0.18 F

WPNC (Koompassia Malaccensis) 3.19 ± 0.31 F

Raw wood (Eugenia spp.) 1.67 ± 0.60 G

WPNC (Eugenia spp.) 3.16 ± 0.75 H
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%

0

10

20

30

40

50

60

70

Arto
ca

rp
us

 E
las

tic
us

Arto
ca

rp
us

 R
igi

du
s

Xylo
pia

 S
pp

Koo
m

pa
ss

ia 
M

ala
cc

en
sis

 

Eug
en

ia 
Spp

W
ei

g
h

t 
lo

ss
, %

Raw wood 
WPNC 
PTWPNC 

Fig. 10 Weight losses of
untreated wood, WPNC and
PTWPNC after exposure to
the decay fungus polyporous
versicolor (White-rot fungus)
for 12 weeks

96 Oxidation of Wood Species by Sodium Metaperiodate and …



Eugenia spp. were highly resistant to white-rot fungi decay exposure followed by
Artocarpus Elasticus, Koompassia Malaccensis, Xylopia spp., and Artocarpus
Rigidus. Moreover, Brown-rot fungi decay moderately attacks the WPNC and
PTWPNC of Eugenia spp., Xylopia spp., Artocarpus Rigidus, Koompassia
Malaccensis and Artocarpus Elasticus, respectively. It is recommended that
selected chemicals are highly effective on the decay resistance test compare with
other chemicals modifications (Yalinkilic et al. 1998).

3.7 Water Uptake

Water absorption study investigates the dimensional stability of the manufacturing
raw wood, WPNC, and PTWPNC. Water absorption properties of raw wood,
WPNC, and PTWPNC of cold and hot water immersion are shown in Figs. 12 and
13, respectively. The water uptake significantly decreases for WPNC and PTWPNC
compared with untreated ones whereas WPNC and PTWPNC of Eugenia spp. had
the least water absorption, followed by Xylopia spp., Artocarpus Elasticus,
Artocarpus Rigidus, and Koompassia Malaccensis, respectively. This is due to the
chemical reaction with wood cell and cellulose contains hydroxyl groups which had
lower water content for WPNC and PTWPNC compared to the untreated ones. The
number of hydroxyl groups in the raw wood increased the water absorption.
However, the hydroxyl groups in wood specimens react with sodium metaperiodate
and phenyl hydrazine and thus reduced the water absorption nature for WPNC and
PTWPNC (Cai et al. 2008).
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3.8 Scanning Electron Microscopy (SEM) Analysis

The SEM micrograph shows the effect of chemical modification on wood cell wall
which shown in Fig. 14a, b, respectively. According to Fig. 14a, tropical softwood is
suitable to convert into the wood polymer nanocomposites because selective chem-
ical impact on this species that show the smooth surface texture. During the chemical
modification, raw hardwood (Xylopia spp.) is less affected due to their strong cell
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wall bonded with cellulose hemicellulose and lignin. However, further post-treatment
had some impact on the microstructure which drastically change the surface mor-
phology and enhance the strength of PTWPNC as seen in the E′ values (Fig. 14b).
These findings confirm the small increment of E′ values in WPNC.

4 Conclusion

It could be recommended and concluded that the post-treatment enhances the E′, Ed,
MOE, MOR, and Es for all the selected tropical wood species. Sodium metaperio-
date with nanoclay successfully convert raw softwood to WPNC which increase the

Raw WPNC 

PTWPNC

(a)

Fig. 14 a SEM micrograph for typical softwood (Artocarpus Rigidus), b SEM micrograph for
typical hardwood (Xylopia spp.)
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E′ values of all WPNCs except Xylopia spp. because this species was consistently
larger than raw wood. For all species, phenyl hydrazine successfully converts WPNC
to PTWPNC upon post-treatments which further increase the E’ values of all
PTWPNCs including Xylopia spp. because this species react with phenyl hydrazine
and further improve the E value of its WPNC. The phenyl hydrazine had significantly
raised the value of the Ed for PTWPNC whereas the sodium metaperiodate slightly
improve the Ed values of raw wood. However, the hardwood viscoelastic properties
and stiffness are less affected by the sodium metaperiodate which confirms by similar
Ed and E′ for hardwood (Xylopia spp.). All selected tropical wood species exhibited
the properties of glass (high modulus) at low temperatures and rubber (low modulus)
at higher temperatures while the glass transition temperature of raw wood species
ranged from −50 to 70 °C. Sodium metaperiodate modified WPNC showed the
higher glass transition temperature and it was further increase when treated with and

Raw WPNC 

PTWPNC

(b)

Fig. 14 (continued)
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phenyl hydrazine. PTWPNC and WPNC yielded higher MOE, MOR and Es value
compared to the untreated ones. The less water absorption showed the PTWPNC
compared to the WPNC and raw wood, respectively. The decay exposure of
PTWPNC was less than those of WPNC and untreated wood. The authors recom-
mended that above mentioned selected chemical modification of the Eugenia
spp. WPNC and PTWPNC had the optimum set of decay properties in comparison
with other fabricated nanocomposites.
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Characterization of N,N-Dimethylacetamide
Impregnated Wood Polymer
Nanocomposites (WPNCs)

M.R. Rahman

Abstract Raw wood was impregnated with N,N-dimethylacetamide to form fab-
ricated wood polymer nanocomposites (WPNCs). FT-IR spectra showed enhanced
absorption at 1419 and then 1267 cm−1 which confirmed the occurrence of a
modification reaction. TGA data of the fabricated WPNCs indicated a better ther-
mal stability compared to the raw wood. The dynamic Young’s modulus of the
WPNCs was significantly increased compared to raw wood. Through impregnation,
SEM micrographs showed porous cells of raw wood was fully filled with the
polymer, which led to the better stability of WPNCs. XRD analysis indicated that
the crystallinity of WPNCs increased due to the increment in the stiffness as well as
the thermal stability of WPNCs.

Keywords Stiffness �Modulus of elasticity (MOE) �Modulus of rupture (MOR) �
Wood polymer nanocomposites (WPNCs)

1 Introduction

In the previous research, mercerization is one of the most conventional treatment
methods for natural fibers. This method helps to modify its surface properties so
that it can be successfully implemented in composite formation (Gassan et al.
1999). Based on the literature on the alkali treatment toward many natural fibers,
the main aim of this process is to remove the hemicelluloses. However, the rate of
removal of hemicellulose is depending on the concentration of the alkali used as
well as the time and temperature of treatment. On the other hand, the rate of
polymer impregnation is depending on the density of wood. The introduction of the
polymer into the raw wood increased the density of the wood by filling the voids.
This helps to improve the thermal and mechanical strength of wood as well as the
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chemical bonding of the basic macromolecules within the wood. The chemical
bonding can be generally achieved by any reactive group on the removal of
hydroxyl groups from the wood.

However, there is no work reported on tropical wood impregnated with N,N-
dimethylacetamide polymer. This chapter presented the selected raw tropical wood
species, namely Artocarpus elasticus, Artocarpus rigidus, Xylopia spp.,
Koompassia malaccensis and Eugenia spp., were impregnated with the aid of
sodium hydroxide. Continuously, all sodium hydroxide mercerized raw woods
were impregnated with N,N-dimethylacetamide after a week. This study was
investigated and the outcomes were expected. The expected FT-IR showed the
enhanced absorption at 1419 cm−1 (–C–/CH3) and the 1267 cm−1 (–N–/CH3)
stretching band. This stretching band confirmed the polymerization reaction. TGA
results were expected that WPNCs showed better thermal stability in comparison
with the raw wood. DSC results were expected that the decomposition temperature
of WPNCs provided a higher thermal stability compared to raw wood. Dynamic
Young’s modulus of WPNCs was expected to be significantly increased compared
with the raw wood. Besides, the MOE and MOR were expected to perform better
than raw wood. The Young’s modulus of Xylopia spp., Artocarpus rigidus, and
Eugenia spp. were expected to be significantly different between raw wood and
WPNCs. In addition, SEM was expected to show the fully filled porous cells on the
fabricated WPNCs which gave better stability of WPNCs. The increase in the
stiffness and the thermal stability of WPNCs were expected to be increased due to
the crystallinity of WPNCs as indicated by XRD analysis.

2 Materials and Methods

2.1 Materials

Five wood species were collected. The collected wood was divided into softwood
and hardwood. The softwoods that were used, namely Eugenia spp., Artocarpus
rigidus, Artocarpus elasticus, and Xylopia spp., while the hardwood chosen was
Koompassia malaccensis. For chemicals, NaOH and N,N-Dimethylacetamid
(Merck, Germany) were chosen to be used to treat the wood species. All the purity
grade of the chemicals were 99%.

2.2 Manufacturing of Wood Polymer Nanocomposites

Raw wood samples were soaked into 1M sodium hydroxide solution using an
autoclave for 5 h. The temperature and pressure used were 120 °C and 85 kPa,
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respectively. For WPNCs, raw wood was impregnated with N,N-dimethylacetamide
using a vacuum chamber at 25 °C and 60 cm Hg.

2.3 Microstructural Characterizations

2.3.1 Fourier Transform Infrared Spectroscopy (FT-IR)

Both raw wood and WPNCs fabricated were undergoing FT-IR where the infrared
spectra were recorded on a Shimadzu Fourier Transform Infrared Spectroscopy
(FT-IR) 81001 Spectrophotometer. The transmittance range of the scan was
4000–370 cm−1 for all samples.

2.3.2 X-ray Diffraction (XRD)

XRD analysis for raw wood and WPNCs were performed with a Rigaku diffrac-
tometer (Cu Ka radiation, k = 0.1546 nm). This equipment was running at 40 kV
and 30 mA. An accepted experimental procedure for the determination of degree of
crystallinity was applicable to this material where most of the X-ray scattering
curves were resolvable into crystalline and amorphous scattering regions.

2.3.3 Thermogravimetric Analysis (TGA)

TGA measurements of raw wood and WPNCs were carried out with about 5–10 mg
of samples at heating rate of 10°C/min in a nitrogen atmosphere using a
Thermogravimetric Analyzer (TA Instrument SDT Q600). All the samples were
subjected to TGA in high purity nitrogen under a constant flow rate of 5 ml/min. The
temperature range for the thermal decomposition of each sample occurred was from
30 to 200 °C. The weight loss and temperature of all the samples were determined
and analyzed to determine the thermal degradation rate (% weight loss/min), initial
degradation temperature, and residual weight at 200 °C. According to the Broido
(1969), the activation energy was calculated based on the Eq. (1).

k ¼ Ae
�Ea
RT ð1Þ

2.3.4 Differential Scanning Calorimetric (DSC)

All DSC measurements were carried out on a DSC Q10 (TA instrument) thermal
system, using a sealed aluminum capsule. Each test specimen was weighed to about
3–3.5 mg, and all the samples were held at a single heating rate of 10 °C/min with
scanning temperature from 30 to 200 °C. Each of the data reported represented an
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average of five runs. Melting endotherm was determined which represented the inte-
gration of the area under the peak to assess the quantitative reproducibility. The crys-
tallinity was determined and measured dynamically by integrating the peak area of a
DSC curve.

2.3.5 Scanning Electron Microscopy (SEM)

Both raw wood and WPNCs were first fixed with Karnovsky’s fixative. After that
the samples were taken through a graded alcohol dehydration series. Once dehy-
drated, the specimen was coated with thin layer of gold before viewed on the SEM.
The micrographs were taken at a magnification of 150, as presented in the results
and discussions section.

2.3.6 Free-Free Flexural Vibration Testing

The free-free flexural vibration testing system was developed. The threads were
used to support the specimen at its nodal point of specific mode. The iron plate was
facing toward the electromagnet transducer and electromagnet drive where the
electromagnet transducer was connected to a recorder and an oscilloscope. Besides,
an electromagnet driver with the introduction of alternating current excited the
vibration by attracting the iron plate at one end of specimen. The vibration pro-
duced sound that travels through the sample and detected by a microphone where
the response of the microphone was connected to a sound level meter. The
amplitude of sound was increased through the sound level meter, and the sound was
transformed from analog signal to digital signal. All the detected signals were
transferred to the PICO oscilloscope and personal computer. The frequency was
varied until a maximum response was detected. The maximum frequency was
named as resonant frequency. Dynamic Young’s modulus (Ed) was calculated from
the resonant frequency by using the Eqs. (2) and (3):

E0 ¼ 4p2f 2l4Aq

I mnð Þ4 ð2Þ

I ¼ bd3

12
ð3Þ

where

d beam depth,
b beam width,
l beam length,
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f natural frequency of the specimen,
q density,
A cross-sectional area, and

n = 1 is the first mode of vibration where m1 = 4.730.

2.3.7 Three-Point Bending Test for MOE and MOR

The length, width, and thickness of all raw wood and WPNCs were measured.
Three-point bending test was carried out using Shimadzu Universal Testing
Machine with loading capacity of 300 kN and crosshead speed of 2 mm/min. MOE
and MOR were carried out according to ASTM D-143 (2006). The MOE and MOR
were calculated using Eqs. (4) and (5), respectively.

MOE ¼ L3m
4bd3

ð4Þ

MOR ¼ 1:5PL
bh2

ð5Þ

where

L span length of sample, 180 mm,
b width of sample, 20 mm,
d thickness of sample, 20 mm,
m slope of the tangent to the initial line of the force displacement curve,
P the maximum breaking load, and
h depth of the beam.

2.3.8 Compression Parallel to Grain Test for Static Young’s Modulus
(Es)

All the samples undergo compression parallel to grain test based on the test stan-
dard, namely ASTM D143-52. Static Young’s modulus, Es, was the only test
determined using the uniaxial compression test. All the testing was carried out using
Shimadzu Universal Testing Machine with loading capacity of 300kN and cross-
head speed of 2 mm/min. Static Young’s modulus, Es was calculated using Eq. (6).

E ¼ Stress
Strain

E ¼ F=A
DL=L
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where

F force,
A cross-sectional area,
DL displacement, and
L length of sample.

F ¼ EA
L

� DL

m ¼ EA
L

) E ¼ EA
L

ð6Þ

3 Results and Discussion

3.1 Fourier Transform Infrared Spectroscopy (FT-IR)

Figure 1 showed the FT-IR spectra of raw wood and WPNCs. The spectrum of the
raw wood showed the basic structure of all wood samples into three regions. The
first region was at 4000–3300 cm−1 was attributed to strong broad OH stretching
while the second region was attributed to C–H stretching in methyl and methylene
groups at 3000–2800 cm−1. The third region located from 1000 to 1750 cm−1

which was attributed to a strong broad superposition with sharp and discrete
absorptions in the region (Owen et al. 1989). There were few peaks to detect for
hemicellulose and lignin. The peaks at 1508 and 1600 cm−1 were caused by lignin.
For lignin, it could be detected at peak of 1734 cm−1. According to Owen et al.
(1989), the C=O stretch in non-conjugated ketones, carbonyls, and in ester groups
was investigated. Moreover, the region between 1800 and 1100 cm−1 was com-
pared with the bands assigned to the main components from wood such as cellu-
lose, hemicelluloses, and lignin. From Fig. 1, it was clearly detected that both raw
wood and WPNCs showed different infrared spectra and location. The reaction
between raw wood and N,N-dimethylacetamide was well defined and was shown in
Fig. 2.

The peak at 3424 cm−1 was attributed to the intensity of –OH absorption band.
This peak was greatly reduced on WPNCs after the impregnation of N,N-dime-
thylacetamide into raw wood. However, the peak at 1734 cm−1 was clearly
observed in raw wood which represented the higher xylan content in raw wood. For
polymerized wood, this peak was clearly shifted to 1570 cm−1 due to the stronger
carbonyl bands within the polymerized wood. In addition, the absorption at 1419
and 1267 cm−1 was attributed to –C–/CH3 and –N–/CH3 stretching band which
confirmed the polymerization reaction.
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3.2 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) was used to determine and investigate the
thermal stability of wood. TGA is a very important parameter in the production of
WPNCs. According to Wielage et al. (1999), wood acted as a filler material to
improve mechanical strength in plastics that were processed at temperature below
200 °C. Through the TGA results, raw wood undergone dehydration process where
there was 5–8% of absorbed water was removed. From the literature, it had been
established that there was no degradation up to 160 °C (Wielage et al. 1999).
Above this temperature, thermal stability of WPNCs on different species gradually
decreased and the decomposition took place. Both Fig. 3a–e and Table 1 repre-
sented the TGA curves obtained by the dynamic scans for raw wood and WPNCs.
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The TGA curves of raw wood and WPNCs indicated that water started at 10 °C
till 150 °C for both raw and WPNCs. N,N-dimethylacetamide was well impreg-
nated into WPNCs to improve the thermal stability of wood. Besides, the evidence
that the initial and final decomposition temperature (Ti, Tf) of all WPNCs was
higher than raw wood. Therefore, the activation energy was calculated which could
be helpful in reaching conclusions on the thermal stability of WPNCs. From the
analysis, higher activation energy represented higher thermal stability.
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Fig. 3 a TGA curve of Artocarpus elasticus raw wood and WPNCs, b TGA curve of Artocarpus
rigidus raw wood and WPNCs, c TGA curve of Xylopia spp. raw wood and WPNCs, d TGA curve
of Koompassia malaccensis raw wood and WPNCs, e TGA curve of Eugenia spp. raw wood and
WPNCs
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Arrhenius equation was used to measure the TGA thermograms of all raw wood
and WPNCs based on Broido’s research (1973) as shown in Eq. (1). The activation
energy could be obtained from the plotting of ln k versus 1/T. The linear plots were
shown in Fig. 4a–e where the value for activation energy was tabulated in Table 1.
The activation energy of WPNCs was higher compared with raw wood on different
types of wood species.

3.3 Differential Scanning Calorimetry (DSC)

Thermogravimetric Analysis was carried out to determine thermal analysis as well
as to determine the moisture content and volatile components presented in WPNCs.
According to Herrera-France and Aguilar-Vega (1997), the properties of WPNCs
were deteriorated due to the moisture content and volatile components that reduced
the application of WPNCs. Through DSC analysis, raw wood and WPNCs were
investigated and the results were analyzed. The thermal behavior of raw wood and
WPNCs was determined and analyzed. In addition, DSC analysis also enabled the
chemical activity within the raw wood and WPNCs over the temperature.

The DSC curves of raw wood and WPNCs were presented in Fig. 5a–e. Besides,
Table 2 presented the enthalpy, and exotherm peaks were analyzed. Both raw wood
and WPNCs showed a broad endotherm observed in the temperature range
approximately 50–161 °C for all species. During this temperature range, water
molecules were presented within the fibers. Based on the first decomposition
temperature, WPNCs provided a higher value than the raw wood which defined the

Table 1 Thermal characteristics of raw wood and WPNCs

Sample Ti
(°C)

Tm
(°C)

Tf
(°C)

Wi

(%)
Wm

(%)
Wf

(%)
Activation
energy, Ea

(J/K)

Artocarpus
elasticus

Raw
wood

201 332 419 98.96 64.73 32.67 33.11

WPNCs 210 269 622 97.89 77.16 38.17 73.49

Artocarpus rigidus Raw
wood

211 340 388 99.67 56.45 30.63 25.79

WPNCs 215 277 537 98.16 63.46 33.68 34.99

Xylopia spp. Raw
wood

212 341 420 98.78 56.15 29.85 27.04

WPNCs 225 285 630 98.38 64.35 41.16 30.14

Koompassia
malaccensis

Raw
wood

212 355 403 98.99 57.91 30.00 16.12

WPNCs 213 301 576 98.06 59.94 22.51 41.34

Eugenia spp. Raw
wood

214 340 443 99.77 60.32 27.51 19.17

WPNCs 218 285 521 98.48 70.68 44.35 28.68
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higher thermal stability within WPNCs. This was due to the bond between the
functional groups within N,N-dimethylacetamide and the wood carboxyl. Based on
the research work by Akita and Kase (1967), lignin degraded at a temperature
around 200 °C within the cellulose fibers while the other polysaccharides such as
cellulose performed thermal degradation at higher temperature. Thus, the second
endothermic peaks which were higher than 200 °C, represented the decomposition
temperatures of the cellulose in the wood fibers. There were two main decompo-
sitions namely the first thermal decomposition and second thermal decomposition.
In addition, alkali and silane treatment increased the thermal stability of WPNCs
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Fig. 4 a Temperature dependency of the decomposition rate of the Artocarpus elasticus raw
wood and WPNCs, b Temperature dependency of the decomposition rate of the Artocarpus
rigidus raw wood and WPNCs, c Temperature dependency of the decomposition rate of the
Xylopia spp. raw wood and WPNCs, d Temperature dependency of the decomposition rate of the
Koompassia malaccensis raw wood and WPNCs, e Temperature dependency of the decomposition
rate of the Eugenia spp. raw wood and WPNCs
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Fig. 5 a DSC thermographs of the Artocarpus elasticus raw wood and WPNCs, b DSC
thermographs of the Artocarpus rigidus raw wood and WPNCs, c DSC thermographs of the
Koompasia malacennis raw wood and WPNCs, d DSC thermographs of the Xylopia spp. raw
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(Sreekala et al. 1997). Table 2 showed the crystallization enthalpy (DHc) of all
WPNCs higher than raw wood that indicated that WPNCs were more crystalline
compared with raw wood, as reflected in the XRD results.

3.4 Dynamic Young’s Modulus

Free-free flexural vibration testing system provided the stiffness of the raw wood
and WPNCs as shown in Fig. 6. From this characterization, ten specimens were
used for each wood species to ensure the accuracy of the results. The
N,N-dimethylacetamide impregnation increased the Young’s modulus of WPNCs
on different wood species. Activation energy was significantly affected by the
polymerization for WPNCs as shown in Table 1. However, only WPNCs
Artocarpus elasticus showed significant changes in the elastic properties among all
the WPNCs as well as raw wood.

Table 2 Crystallization enthalpy and exotherm peaks of raw wood and WPNCs

Species Crystallization enthalpy
DHc (J/gm)

1st exotherm peaks (°C)

Raw wood WPNCs Raw wood WPNCs

Artocarpus elasticus 232.10 238.64 151.78 161.21

Artocarpus rigidus 248.64 474.16 135.60 161.22

Koompasia malacennis 192.86 194.20 154.01 154.87

Xylopia spp. 252.31 323.00 145.30 151.78

Eugennia spp. 248.20 288.78 158.05 161.24

0

5

10

15

20

25

30

Arto
ca

rpu
s E

las
tic

us 

Arto
ca

rpu
s R

igi
du

s

Xylo
pia

 Sp
p 

Koo
mpa

ssi
a M

ala
cce

nsi
s. 

Eug
en

ia 
Spp

Y
ou

ng
's

 m
od

ul
us

 (G
Pa

) Raw Wood
WPC

Fig. 6 Ed of raw wood and
WPNCs for all species

114 Characterization of N,N-Dimethylacetamide Impregnated Wood Polymer …



3.5 MOE and MOR Measurement

Tables 3 and 4 as well as Figs. 7 and 8 showed MOE and MOR results for raw
wood and WPNCs on different types of wood species through the impregnation of
N,N-dimethylacetamide. WPNCs on Artocarpus elasticus and Artocarpus rigidus
showed higher MOE values while WPNCs on Eugenia spp., Xylopia spp., and
Koompassia malaccensis showed moderate MOE values, respectively. From Fig. 7,
it was clearly shown that WPNCs yielded higher MOE compared to the raw wood
due to the N,N-dimethylacetamide impregnation, which was agreed by other
research (Adams et al. 1970; Yildiz et al. 2005).

Table 3 showed that the increment of MOE on Artocarpus elasticus, Artocarpus
rigidus, and Eugenia spp. were significantly higher than raw wood. However, the

Table 3 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Modulus of elasticity t-test groupingb

Raw wood (Artocarpus elasticus) 6.48 ± 0.52 A

WPNCs (Artocarpus elasticus) 12.44 ± 0.99 B

Raw wood (Artocarpus rigidus) 5.13 ± 0.38 C

WPNCs (Artocarpus rigidus) 9.56 ± 1.97 D

Raw wood (Xylopia spp.) 6.71 ± 0.34 E

WPNCs (Xylopia spp.) 9.23 ± 1.81 E

Raw wood (Koompassia malaccensis) 15.68 ± 1.11 F

WPNCs (Koompassia malaccensis) 16.75 ± 0.96 F

Raw wood (Eugenia spp.) 9.25 ± 0.37 G

WPNCs (Eugenia spp.) 13.16 ± 0.41 H
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%

Table 4 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Modulus of elasticity t-test groupingb

Raw wood (Artocarpus elasticus) 76.17 ± 3.01 A

WPNCs (Artocarpus elasticus) 83.92 ± 4.20 B

Raw wood (Artocarpus rigidus) 33.02 ± 3.63 C

WPNCs (Artocarpus rigidus) 73.05 ± 9.26 D

Raw wood (Xylopia spp.) 45.91 ± 1.36 E

WPNCs (Xylopia spp.) 80.35 ± 9.01 E

Raw wood (Koompassia malaccensis) 122.20 ± 15.49 F

WPNCs (Koompassia malaccensis) 125.98 ± 6.77 F

Raw wood (Eugenia spp.) 46.10 ± 3.62 G

WPNCs (Eugenia spp.) 72.8 ± 4.60 H
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%
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only hardwood Koompassia malaccensis as well as softwood Xylopia spp. showed
less significant effect on the impregnation of N,N-dimethylacetamide as they had
better hardness in origin form.

In this study, sodium hydroxide reacted with the cellulose in wood cells. This
reaction reduced the water molecules from the raw wood to fabricate better
WPNCs. N,N-Dimethylacetamid impregnation on raw wood managed to fill the
void spaces completely to increase its stiffness.

MOR of WPNCs were increased with the impregnation of N,N-dimethylaceta-
mide in agreement with previous research (Adams et al. 1970). Besides, MOR of
WPNCs on Artocarpus rigidus, Xylopia spp., and Eugenia spp. were significantly
improved as tabulated in Table 4. Figure 8 showed that MOR for Artocarpus
rigidus was the highest while Xylopia spp., Eugenia spp., Artocarpus elasticus, and
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Koompassia malaccensis showed moderate MOR values. Both raw wood and
WPNCs hardwood Koompassia malaccensis showed almost similar values which
indicated that N,N-dimethylacetamide impregnation was not effective on hardwood
which proven the statement on our previous work (Rahman et al. 2010).

3.6 Static Young’s Modulus (E)

Figure 9 showed the static Young’s modulus was determined from 10 repetitions.
WPNCs on Xylopia spp. showed the highest increment of E value, followed by
Artocarpus rigidus, Eugenia spp., Artocarpus elasticus, and Koompassia malac-
censis, respectively. The increment of Young’s modulus for WPNCs on Xylopia
spp., Artocarpus rigidus, and Eugenia spp. was significantly higher than raw wood.
The increment of E in WPNCs was also reported by different researchers (Autio
et al. 1970; Hamdan et al. 2010). With the introduction of N,N-dimethylacetamide
into WPNCs, it acted as plasticizer on the cell walls through thickening which
gradually improved the lateral stability (Table 5).

3.7 X-ray Diffraction (XRD)

Figures 10 and 11 showed the X-ray diffraction patterns of raw wood and WPNCs.
The patterns of raw wood exhibited only one well-defined 2h peak at 22.0° as
shown in Fig. 10, which was due to cellulose (Yi et al. 2010). On the other hand,
WPNCs exhibited four broad 2h peaks at 42.08°, 43.68°, 49.23°, and 72.67°. All
these peaks were observed due to the introduction of polymer into raw wood that
caused polymerization. According to the report of Yi et al. (2010), chemical
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Fig. 10 X-ray diffraction of
raw wood fiber

WPNC

Fig. 11 X-ray diffraction of
WPNCs

Table 5 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Static young’s modulus t-test groupingb

Raw wood (Artocarpus elasticus) 1.36 ± 0.23 A

WPNCs (Artocarpus elasticus) 2.43 ± 0.51 B

Raw wood (Artocarpus rigidus) 1.88 ± 0.58 C

WPNCs (Artocarpus rigidus) 3.14 ± 1.11 D

Raw wood (Xylopia spp.) 1.57 ± 0.39 E

WPNCs (Xylopia spp.) 3.48 ± 0.37 E

Raw wood (Koompassia malaccensis) 2.05 ± 0.18 F

WPNCs (Koompassia malaccensis) 3.19 ± 0.31 F

Raw wood (Eugenia spp.) 1.67 ± 0.60 G

WPNCs (Eugenia spp.) 3.16 ± 0.75 H
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%
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modification of lignocellulosic materials greatly affected their crystallinity. The
impregnation process started with the reagent reacted with the chain ended on
the surface of crystallites. This occurred as the polymers could not diffuse into the
crystalline region. This resulted in the opening of some of the hydrogen-bonded
cellulose chains. Through this, it was significantly proved that the impregnation of
N,N-dimethylacetamide into raw wood helped to increase the crystallinity of
WPNCs, by an drastic removal of the fibers’ amorphous constituents.

3.8 Scanning Electron Microscopy (SEM)

SEM micrograph for the raw wood and WPNCs were clearly presented in Fig. 12.
Figure 12a showed the SEM micrograph of raw wood on Artocarpus rigidus while
Fig. 12b showed the SEM micrograph of WPNCs. The changes between Fig. 12a,

Fig. 12 SEM micrograph of
raw wood (a) and WPNCs (b)
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b were dramatic which proved the changes after the impregnation process. The
dramatic changes on the surface morphology would led to the drastic increase of
activation energy as well as the final decomposition temperature of WPNC after
polymerization as shown in Fig. 3a–e and Table 1. The surface morphology proved
that raw wood consisted of many void spaces within the wood cell wall itself.
However, all the void spaces were fully covered by N,N-diemthylacetamide through
impregnation process. At the same time, waxy substances were removed from
fabricated WPNCs which was confirmed by our previous work (Rahman et al.
2010).

4 Conclusion

The present study was to investigate the introduction of N,N-dimethylacetamide
into raw wood. FT-IR spectra indicated the reaction between organic N,N-
Dimethylacetamid and raw wood through impregnation. The absorption band at
1419 cm−1 which represented –C–/CH3 and 1267 cm−1 was attributed to –N–/CH3

stretching bands confirmed the polymerization reaction. This polymerization of N,
N-dimethylacetamide with raw wood improved WPNCs thermally over certain
temperature range compared to raw wood. Therefore, WPNCs showed higher
thermal stability among all the samples prepared. Through mechanical testing, the
stiffness, MOE, and MOR of the WPNCs was significantly increased compared
with raw wood on Artocarpus elasticus, Artocarpus rigidus, and Eugenia spp.,
respectively. In addition, the Young’s modulus of Xylopia spp., Artocarpus rigidus,
and Eugenia spp. was significantly different compared to raw wood and other
WPNCs. X-ray diffraction patterns indicated WPNCs were more crystalline com-
pared with raw wood.
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Mechanical and Thermal Characterization
of Urea-Formaldehyde Impregnated Wood
Polymer Nanocomposites (WPNCs)

M.R. Rahman

Abstract In this study, urea-formaldehyde resin wood polymer nanocomposites
(WPNCs) were investigated. All the WPNCs undergo characterizations. The FT-IR
spectra confirmed the impregnation of organic urea-formaldehyde into the raw
wood. Besides, WPNCs were generally more thermally stable over temperature
compared to the raw wood due to the introduction of urea-formaldehyde into the
raw wood. From mechanical testing, WPNCs showed higher MOE and MOR for
Eugenia spp. and Xylopia spp., respectively. Besides, WPNCs on Eugenia
spp. showed higher Young’s modulus compared to raw wood and other WPNCs.
From the X-ray diffraction patterns, the crystallinity of WPNCs increased with the
introduction of urea-formaldehyde resin into raw wood. The SEM micrograph of
WPNCs clearly proved that the void space was fully filled with urea-formaldehyde
resins and most of the waxy substance was removed. Therefore,
urea-formaldehyde-impregnated WPNCs showed significantly effective on Eugenia
spp., continued by Xylopia spp. and Artocarpus elasticus wood species.

Keywords Differential scanning calorimetry � Thermal stability � Impregnation �
Wood polymer nanocomposites (WPNCs)

1 Introduction

With the advantage of the fibrous nature of wood, wood has been one of the most
appropriate and versatile raw materials for various applications. However, the
application of wood can be widely applied with some modifications. Polymeric
material is one of the materials especially those obtained from renewable resources,
namely natural fibers. This material has gained much attention and attraction from
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both researchers and industrialists during the last few years due to environment
concerns. Chemical compositions of the wood are highly affected by the properties
of the wood fibers. However, all these chemical compositions of the fibers depend
on different factors. Few factors, namely geographic location, climate, plant part,
and soil conditions are significantly affected by the chemical compositions of wood.
In addition, the carbohydrate portion of fiber consists of cellulose and hemicellu-
loses, and lignocellulosic fibers. From this wood fiber, the percentage of cellulose is
the highest which makes them the most abundant natural polymer. Cellulose is
usually responsible for the strength of natural fibers. This was due to the specific
properties such as high degree of polymerization and linear orientation. Since the
past decade, various industries such as the automotive, construction, and packaging
industries have shown their great interest in the development of new biocomposites
materials.

Borneo Island is one of the regions that is full of natural rainforest. However,
this precious wealth of nature is not being exploited for better end products. From
the various types of natural wood species, Eugenia spp., Artocarpus rigidus,
Artocarpus elasticus and Xylopia spp., and the Koompassia malaccensis are
selected as they have high potential to be used as a reinforcing material in WPNCs.

Therefore, this study was carried out to fabricate WPNCs through the impreg-
nation of urea-formaldehyde resin into five selective wood species as mentioned
above. All the WPNCs undergo various characterizations. The expected outcome of
this study was the enhanced absorption peak at 1648 cm-1 (O=N–), C–H absorption
at 1319 cm−1 and –C–O– stretching band at 1262 cm−1 through FT-IR confirmed
the impregnation. Besides, the investigation on TGA and DSC was expected to
show that WPNCs had better thermal stability compare to raw wood. Dynamic
Young’s modulus was expected to prove that WPNCs had higher MOE and MOR
value as well as the static Young’s modulus. XRD analysis was expected to show
higher crystallinity of WPNCs. Moreover, expected outcome from SEM analysis
was to show the porous cells of raw wood filled by the urea-formaldehyde as
reflected in thermal and mechanical properties.

2 Materials and Methods

2.1 Materials

There were five wood species were collected for this study which was classified as
softwood and hardwood. The wood species were used in this study,
namely Eugenia spp., Artocarpus rigidus, Artocarpus elasticus, Xylopia spp., and
Koompassia malaccensis respectively. For impregnation, chemicals, namely
sodium hydroxide and urea-formaldehyde (Marck, Germany), were used as
received. The purity grade of the chemicals was 99%.
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2.2 Manufacturing of Wood Polymer Nanocomposites

All the wood samples were oven dried for 24 h and continuously soaked in sodium
hydroxide solution for 5 h. The soaking temperature used was 100 °C. Oven-dried
wood samples were impregnated with urea-formaldehyde resin to form WPNCs by
undergoing a vacuum chamber at 25 °C and 60 cm Hg.

2.3 Microstructural Characterizations

The fabricated WPNCs were characterization using the Fourier Transform Infrared
Spectroscopy (FT-IR), X-ray diffraction (XRD), Thermogravimetric Analysis
(TGA), differential scanning calorimetric testing (DSC), Scanning Electron
Microscopy analysis (SEM), free-free flexural vibration testing, three-point bending
test, and compression parallel to grain testing.

3 Result and Discussion

3.1 FT-IR

Fourier Transform Infrared Spectroscopy (FT-IR) spectra of raw wood and WPNCs
were shown in Fig. 1. The basic structure for most of the wood samples was OH
stretching at 4000–3300 cm−1 and C–H stretching in methyl and methylene groups
at 3000–2800 cm−1. Besides, Owen and Thomas (1989) showed that strong broad
superposition with sharp and discrete absorptions could be observed in the region
from 1750 to 1000 cm−1. The absorption band at 1508 cm−1 was detected due to
the degradation of lignin while the absorption located at 1734 cm−1 was caused by
hemicelluloses. C=O stretch in non-conjugated ketones, carbonyls, and ester groups
were clearly proven through Fig. 1. In addition, the region between 1800 and
1100 cm−1 was assigned to the main components from wood, namely cellulose,
hemicelluloses, and lignin.

Both absorbance values and shapes of the bands as well as their location showed
clear difference as shown in Fig. 1. The less xylan content in softwood was evi-
denced by a carbonyl band at 1734 cm−1 especially for chemically modified wood.
The peak at 1734 cm−1 was clearly this being shifted to a lower wave number value
at 1648 cm−1. Through the enhanced absorption peak at 1648 cm−1 that was rep-
resenting O=N– groups, C–H absorption at 1319 cm−1 and –C–O– stretching band
at 1262 cm−1, this confirmed the impregnation of urea-formaldehyde into raw wood
to improve the properties of WPNCs.
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3.2 TGA

Through Thermogravimetric Analysis (TGA), one of the common behaviors that
the raw wood sample undergo was dehydration process, where approximately 5–
8% of adsorbed water was removed. Based on the research work of Wielage et al.
(1999), there was no degradation up to 160 °C. However, the thermal stability
above this temperature gradually decreased as the thermal decomposition took
place. The thermogravimetric curves for raw wood and WPNCs were obtained by
dynamic scans and presented in Fig. 2a–e.

To ensure all the fabricated WPNCs performed well in many applications, thermal
stability is a very important parameter to be investigated. There were few major
chemical components, namely cellulose, hemicellulose, lignin, and extractives where
all these components degraded at different temperatures. This was because different
wood composition degraded at different temperatures, and thus, different degradation
profiles were performed. Cellulose, as major percentage in the wood materials, was
highly crystalline that created cellulose to become more thermally stable. On the other
hand, the minor percentage, namely hemicelluloses and lignin were amorphous and
these components started to degrade before cellulose (Autio and Miettinen 1970).
This proved that hemicelluloses and lignin were the least thermally stable wood
components, due to the presence of acetyl groups (Bourgois et al. 1989).

From Table 1, it is showed that WPNCs had higher decomposition temperature
with lower weight loss rate compared to raw wood. In addition, WPNCs had higher
activation energy compared to raw wood. It could be summarized that WPNCs
were more thermally stable than raw wood in all selective wood species.
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Fig. 1 IR spectrum of a raw wood and b WPNCs

126 Mechanical and Thermal Characterization of Urea-Formaldehyde …



3.3 DSC

Moisture content and volatile components contained within the raw wood and
WPNCs were determined and investigated through differential scanning calorimetry
(DSC). These two factors were important as the raw wood would deteriorate and
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Fig. 2 a TGA curve of Artocarpus elasticus raw wood and WPNCs, b TGA curve of Artocarpus
rigidus raw wood and WPNCs, c TGA curve of Xylopia spp. raw wood and WPNCs, d TGA curve
of Koompassia malaccensis raw wood and WPNCs, e TGA curve of Eugenia spp. raw wood and
WPNCs
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affect the great properties achieved (Herrera et al. 1997). DSC was carried out to
determine the thermal behavior of the raw wood and fabricated WPNCs. In addi-
tion, DSC analysis also enabled the chemical impregnation to be clearly identified
which could be carried out in the raw wood and WPNCs with the increment in
temperature.

Figure 3a–e shows the DSC curves of raw wood and WPNCs. Besides, the
enthalpy and exotherm peaks were shown in Table 2. From Fig. 3, there was a
broad endotherm in the temperature range around 40–150 °C in both raw wood and
WPNCs for the five selective wood species-indicated water molecules were pre-
sented within the wood fibers. Cellulose fibers especially lignin degraded rapidly at
the temperature about 200 °C while the other polysaccharides especially on cel-
lulose degraded at higher temperature (Akita and Kase 1967). Moreover, the
temperature at 200 °C and above produced tar with scientific name 1, 6 anhydro-b-
D-glucopyranose combined with polymeric materials (Peters and Still 1979).
Therefore, the second endothermic peaks of all raw wood and WPNCs increased
more than 200 °C temperature. This was due to the decomposition temperatures of
the cellulose in the wood fibers. From Fig. 3, it was clearly observed that WPNCs
showed a higher endothermic heat flow compared to the raw wood with exceptional
on Koompasia malacennis and Eugennia spp. based on the first decomposition
temperature. Sreekala et al. (1997) reported that thermal stability of WPNCs could
be greatly enhanced due to the alkali and silane treatment. Table 2 showed that the
crystallization enthalpy (DHc) of WPNCs was two times higher compared with raw
wood, which could be reflected in the XRD results. From this, it could be concluded
that WPNCs were thermally more stable than raw wood on some of the selective
wood species.

Table 1 Thermal characteristics of raw wood and WPNCs

Sample Ti (°C) Tm (°C) Tf (°C) WTi

(%)
WTm

(%)
WTf

(%)
Activation
Energy, Ea

(J/K)

Artocarpus
elasticus

Raw 201 300 419 98.96 64.73 32.67 33.11

WPNCs 214 356 616 93.89 47.16 34.81 36.08

Artocarpus
rigidus

Raw 211 310 388 99.67 56.45 30.63 25.79

WPNCs 237 332 553 90.61 52.46 31.18 32.28

Xylopia spp. Raw 212 321 420 98.78 56.15 25.85 27.04

WPNCs 245 332 632 90.87 55.56 28.16 31.98

Koompassia
malaccensis

Raw 212 355 403 98.99 57.91 30.00 16.12

WPNCs 237 363 545 93.28 52.08 31.51 20.23

Eugenia spp. Raw 214 340 443 99.77 60.32 27.51 19.17

WPNCs 237 348 521 92.08 55.68 35.15 22.56

Tm Temperature corresponding to the maximum rate of mass loss
Ti Temperature corresponding to the beginning of the decomposition
Tf Temperature corresponding to the ending of the decomposition
WTi, WTm, and WTf Mass loss at Ti, Tm, and Tf
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Fig. 3 a DSC thermographs of the Artocarpus elasticus raw wood and WPNCs, b DSC
thermographs of the Artocarpus rigidus raw wood and WPNCs, c DSC thermographs of the
Koompasia malacennis raw wood and WPNCs, d DSC thermographs of the Xylopia spp. raw
wood and WPNCs, e DSC thermographs of the Eugennia spp. raw wood and WPNCs

Table 2 Crystallization enthalpy and exotherm peaks of raw wood and WPNC

Species Crystallization enthalpy
DHc (J/gm)

1st Exotherm peaks (°C)

Raw wood WPNC Raw wood WPNC

Artocarpus elasticus 126.39 233.10 151.78 145.35

Artocarpus rigidus 124.91 248.64 135.60 139.04

Koompasia malacennis 192.86 224.60 147.85 151.67

Xylopia spp. 192.29 323.00 145.30 151.78

Eugennia spp. 231.27 290.78 158.05 164.32
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3.4 Dynamic Young’s Modulus Measurement

Figure 4 presented the dynamic Young’s modulus of raw wood and WPNC through
free-free flexural vibration testing system. All the results were based on ten
specimens that were used for each wood species prepared. Through
urea-formaldehyde impregnation, Young’s modulus of WPNCs was increased
which was according to the other researcher (Hamdan et al. 2010). Besides,
Young’s modulus of WPNCs on Artocarpus elasticus, Artocarpus rigidus, and
Eugenia spp. was significantly higher than raw wood. On the other hand, Young’s
modulus of Koompassia malaccensis and Xylopia spp. was slightly higher among
all the wood species due to their hardness. From Table 1, the activation energy was
greatly increased due to the urea-formaldehyde impregnation. However, only
WPNCs on Artocarpus elasticus, Artocarpus rigidus, and Eugenia spp., respec-
tively, showed significant changes in elastic properties.

3.5 MOE and MOR Measurement

Both modulus of elasticity (MOE) and modulus of rupture (MOR) of raw wood and
WPNCs were shown in Tables 3 and 4 as well as Figs. 5 and 6, respectively. MOE
and MOR were investigated on the impregnation of urea-formaldehyde resin on the
selective wood species. WPNCs on Eugenia spp. and Artocarpus elasticus were
highest followed by, Artocarpus rigidus, Xylopia spp., and Koompassia malac-
censis, respectively. WPNCs yielded higher MOE mainly due to the impregnation
of resin into raw wood, which was in accordance with other researchers (Adams
et al. 1970; Yildiz et al. 2005).

Table 3 summarized the MOE of raw wood and WPNCs. The result showed that
WPNCs on Artocarpus elasticus, Eugenia spp., and Xylopia spp. were significantly
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higher compared to raw wood. However, WPNCs on Koompassia malaccensis
(hardwood) showed no significant effect due to its hardness.

Sodium hydroxide reacted with the cellulose in wood cells by reducing the water
molecules from the raw wood. Wood cell walls plasticized with urea-formaldehyde
resin to fill the void space in the raw wood to increase its stiffness during the
impregnation process. With this, the MOE of all WPNCs was higher than raw wood
as shown in Fig. 5.

Besides MOE, MOR of WPNCs especially on Eugenia spp. was significantly
increased after the impregnation of urea-formaldehyde resin. Figure 6 shows that all
the WPNCs showed higher MOR compared to raw wood which agreed with pre-
vious research (Adams et al. 1970). Table 4 indicates that the MOR of raw wood
and WPNCs on Xylopia spp. and Eugenia spp. were significantly different. The

Table 3 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Modulus of elasticity t-test groupingb

Raw wood (Artocarpus elasticus) 6.48 ± 0.52 A

WPNCs (Artocarpus elasticus) 11.66 ± 0.60 B

Raw wood (Artocarpus rigidus) 5.13 ± 0.38 C

WPNCs (Artocarpus rigidus) 10.53 ± 2.60 D

Raw wood (Xylopia spp.) 6.71 ± 0.34 E

WPNCs (Xylopia spp.) 11.83 ± 0.67 E

Raw wood (Koompassia malaccensis) 15.68 ± 1.11 F

WPNCs (Koompassia malaccensis) 19.58 ± 2.58 F

Raw wood (Eugenia spp.) 9.25 ± 0.37 G

WPNCs (Eugenia spp.) 20.70 ± 0.83 H
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%

Table 4 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Modulus of elasticity t-test groupingb

Raw wood (Artocarpus elasticus) 76.17 ± 3.01 A

WPNCs (Artocarpus elasticus) 85.09 ± 3.44 A

Raw wood (Artocarpus rigidus) 33.02 ± 3.63 B

WPNCs (Artocarpus rigidus) 53.42 ± 11.72 B

Raw wood (Xylopia spp.) 45.91 ± 1.36 C

WPNCs (Xylopia spp.) 88.11 ± 3.78 D

Raw wood (Koompassia malaccensis) 122.20 ± 15.49 E

WPNCs (Koompassia malaccensis) 125.43 ± 24.36 E

Raw wood (Eugenia spp.) 46.10 ± 3.62 F

WPNCs (Eugenia spp.) 107.78 ± 13.44 G
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%
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increment of MOR for WPNCs on Eugenia spp. was the highest followed by
Xylopia spp., Artocarpus rigidus, Artocarpus elasticus, and Koompassia malac-
censis, respectively. However, the value on raw wood and WPNCs for Koompassia
malaccensis (hardwood) was almost similar which proved that the impregnation of
urea-formaldehyde resin into hardwood was not effective as confirmed by our
previous work (Rahman et al. 2010).
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3.6 Static Young’s Modulus (E) Measurement

Figure 7 shows the static Young’s modulus of raw wood and WPNCs which were
determined from 10 repetitions. WPNCs of Eugenia spp. followed by Artocarpus
rigidus, Artocarpus elasticus, Xylopia spp., and Koompassia malaccensis,
respectively showed the highest increment of E value. Besides, Table 5 shows
Young’s modulus of WPNCs for Eugenia spp. was significantly different from raw
wood. Rahman et al. (2010) proved that WPNCs showed higher increment of E in
WPNCs compared to raw wood. This characterization confirmed that the intro-
duction of urea-formaldehyde resin plasticized on the wood cell walls as well as
greatly increased their lateral stability.
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Table 5 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Static Young’s modulus t-test groupingb

Raw wood (Artocarpus elasticus) 1.36 ± 0.23 A

WPNCs (Artocarpus elasticus) 2.01 ± 0.37 A

Raw wood (Artocarpus rigidus) 1.88 ± 0.58 B

WPNCs (Artocarpus rigidus) 1.07 ± 0.07 B

Raw wood (Xylopia spp.) 1.57 ± 0.39 C

WPNCs (Xylopia spp.) 2.19 ± 0.25 C

Raw wood (Koompassia malaccensis) 2.05 ± 0.18 D

WPNCs (Koompassia malaccensis) 2.60 ± 0.49 D

Raw wood (Eugenia spp.) 1.67 ± 0.60 E

WPNCs (Eugenia spp.) 4.06 ± 0.79 E
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%
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3.7 XRD Analysis

Figure 8 shows the X-ray diffraction patterns of raw wood and WPNCs. From
Fig. 8, raw wood only showed one well-defined 2h peak at 22.0° which was
corresponded to cellulose (Stamm 1964). On the other hand, WPNCs exhibited five
broad 2h peaks at 43.67°, 49.14°, 50.97°, 72.59°, and 75.73°. All these peaks were
due to the incorporation of urea-formaldehyde resin into raw wood through
impregnation. According to Stamm (1964), the crystallinity of WPNCs was greatly
affected by the chemical modification of lignocellulosic materials. The
urea-formaldehyde resin firstly reacted with the chain ended on the surface of
crystallites. This occurred because the resins could not diffuse into the crystalline
region which resulted in the opening of some of the hydrogen-bonded cellulose
chains. From this, it showed that the mercerization removed the raw wood fiber’s
amorphous constituents upon impregnation of resin which increased the crys-
tallinity of WPNCs.

3.8 SEM

SEM micrographs of raw wood and WPNCs were analyzed as shown in Fig. 9.
Figure 9a shows the surface morphology of raw wood which consisted of many
small void space. From Fig. 9b, the introduction of urea-formaldehyde resin into
raw wood filled all the void space. This showed that the impregnation of
urea-formaldehyde resin into raw wood increased the activation energy, crystal-
lization enthalpy, and final decomposition temperature. Besides, WPNCs showed
smooth surfaces with the waxy substance removed from the raw wood which was
confirmed by our previous work (Rahman et al. 2010).
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4 Conclusion

In this study, urea-formaldehyde resin WPNCs were fabricated and investigated
through different characterizations. From FT-IR spectra, the impregnation of
organic urea-formaldehyde resin into raw wood enhanced few peaks at 1648 cm−1

(O=N–), C–H absorption at 1319 cm−1 and –C–O– stretching band at 1262 cm−1.
These peaks confirmed the impregnation of WPNCs. Besides, WPNCs were more
thermally stable over temperature range compared to raw wood through the well
impregnation of urea-formaldehyde resin WPNCs. In addition, WPNCs showed
higher MOE, MOR and stiffness of the WPNC were significantly increased com-
pared to raw wood on Eugenia spp. and Xylopia spp., respectively. Besides,
Young’s modulus of Eugenia spp. was significantly higher for WPNCs. The X-ray
diffraction patterns confirmed that the crystallinity of WPNCs was increased with
polymer resin loading. From SEM micrograph, the surface morphology of WPNCs
was smooth as the void space was filled by urea-formaldehyde resin to remove the
waxy substance. It could be proven that urea-formaldehyde resin was significantly
effective on Eugenia spp., continued with Xylopia spp. and Artocarpus elasticus
wood species, respectively.
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Fig. 9 Scanning Electron Microscopy of a raw wood and b WPNC
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Characterization of Epoxy/Nanoclay
Wood Polymer Nanocomposites (WPNCs)

M.R. Rahman

Abstract From the present work, the fabrication of epoxy/MMT wood polymer
nanocomposites (WPNCs) was investigated. From FT-IR characterization, it confirmed
the C–O stretch of C–O–H in starch at 1232 and 1182 cm−1 as well as the C–O stretch
of C–O–C in starch at 1029 cm−1 with the decreasing wave number. This proved that
raw wood was well impregnated by epoxy/MMT. In addition, Thermogravimetric
Analysis (TGA) proved that WPNCs were more thermally stable over temperature
compared to raw wood due to the high impact of montmorillonite (MMT) on wood.
The stiffness, modulus of elasticity (MOE), and modulus of rupture (MOR) were
significantly increased on WPNCs of Eugenia spp., Xylopia spp., Artocarpus Rigidus,
and Artocarpus Elasticus compared with raw wood. From X-ray diffraction patterns,
the addition of epoxy/MMT improved the crystallinity of WPNCs at the amorphous
region. SEM analysis showed that the void space in raw wood was fully filled with
epoxy/MMT, and the waxy substances were removed. It could be concluded that
epoxy/MMT was significantly effective on Eugenia spp., followed by Xylopia spp.,
Artocarpus Rigidus, and Artocarpus Elasticus, respectively.

Keywords Mechanical properties � XRD � SEM �Wood polymer nanocomposites
(WPNCs)

1 Introduction

One of the common polymers that are widely applied in the material yield is the
epoxy resins. According to the previous research, this resin can be used as
impregnating materials, adhesives, or matrices for nanocomposites (Alexandre and
Dubois 2000; Basara et al. 2005; Becker et al. 2002; Chen and Yang 2002; Chen
et al. 2004; Evans and Canfer 2000; Kong and Park 2003; Nigam et al. 2004; Ueki
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et al. 2005). Epoxy resins are highly used as they are good electric insulators,
having good chemical resistance but low shrinkage during cure. Besides, they have
good thermal characteristics and simple processing stage. However, one major
problem with the introduction of epoxy resins on engineering applications due to
their low stiffness and strength when compared with metals (Basara et al. 2005). To
ensure the drawback of pure epoxy resin to be offset, a good method to overcome
this drawback is to incorporate reinforcing fillers. One of the common reinforcing
fillers is montmorillonite (MMT). MMT has large aspect ratio and multiscale
structure which can be improve properties of epoxy resins especially on gas barrier
and thermomechanical properties (Becker et al. 2002; Chen and Yang 2002;
Lebaron et al. 1999).

Based on the previous research work, MMT was introduced to effectively
improve the properties of epoxy resins (Chen et al. 2004; Park and Jana 2003; Ray
and Okamoto 2003). Besides, Nigam et al. (2004) investigated the epoxy related
WPNCs were prepared and the tensile strength could be increased by 20%.
Moreover, the addition of 0.5 wt% cloisite 30B improved the impact strength of an
epoxy resin up to 137% (Basara et al. 2005). Through the improvement on epoxy
resins, all the epoxy related WPNCs were developed in space industry and
superconductive technologies (Evans and Canfer 2000). From the research carried
out by Lam et al. (2005), the study proved that epoxy related WPNCs were suc-
cessfully applied that greatly depended on their superior performances at extreme
low temperature (such as liquid nitrogen and liquid helium temperature), particu-
larly for reusable launch vehicles. In addition, MMT could be added to effectively
improved the properties of epoxy resins at room temperature (Chen and Yang 2002;
Chen et al. 2004; Evans and Canfer 2000; Lam et al. 2005; Nigam et al. 2004; Ray
and Okamoto 2003).

It was clearly showed that the introduction of epoxy/MMT into raw wood helped
to improve the properties of WPNCs. These WPNCs were undergo different
characterizations to ensure the safety of the applications at the elevated temperature
especially on the thermal and mechanical properties. Based on the previous liter-
ature, no work has been reported on the physical, thermal, and mechanical prop-
erties of epoxy/MMT impregnated WPNCs. In this present study, the aim is to
investigate the physical, mechanical, and thermal properties of epoxy/MMT
impregnated WPNCs as well as the effect same polymer resin with nanofiller into
different types of wood species.

2 Materials and Methods

2.1 Materials

In this present study, there were five wood species were collected and used. There
were two types of wood used namely softwood and hardwood. The softwoods

138 Characterization of Epoxy/Nanoclay Wood Polymer Nanocomposites …



namely Eugenia spp., Artocarpus Rigidus, Artocarpus Elasticus and Xylopia
spp. while the hardwood namely Koompassia Malaccensis was used. For chemi-
cals, sodium hydroxide (NaOH) and N,N-Dimethylacetamid (Merck, Germany)
were used to treat the raw wood. The purity grade of the chemicals were 99%.

2.2 Preparation of Solution Through Impregnation

In this study, clay powders were used as received and the average particle size was
8 lm. 1% layered aluminosilicate nanofiller was introduced into the epoxy resin at
a mixing speed of 2050 rpm for 20 min to form impregnation solutions to be well
impregnated the different raw wood species.

2.3 Manufacturing of Wood Polymer Nanocomposites

All the raw woods were oven dried at 103 °C for 24 h until it reached constant
weight. They were then placed into an impregnation chamber with no contact
between samples and fully covered by epoxy/MMT resin mixtures. The mixture
was evacuated for 30 min up to 60 mmHg where compressed air was applied to the
system and maintained for 30 min at 0.52 MPa then released. The excess chemicals
were wiped off from the samples. All the prepared specimens were weighted after
dried under air circulation for 24 h, continued with oven drying at 90 °C for 24 h.
The excess polymer was then removed from the surface of dried WPNCs samples.
The resulting WPNCs were characterized through Fourier Transform Infrared
Spectroscopy (FT-IR) analysis, X-ray diffraction (XRD) analysis,
Thermogravimetric Analysis (TGA), Scanning Electron Microscopy analysis
(SEM), free-free flexural vibration testing, three-point bending test, and compres-
sion parallel to grain testing.

3 Result and Discussion

3.1 Fourier Transform Infrared Spectroscopy (FT-IR)
Analysis

Figure 1 showed the FT-IR spectra of raw wood and WPNCs on five different wood
species. There were two main parts of the spectra namely the OH stretching
vibrations in the range of 4000–2700 cm−1 and fingerprint region in the range of
1800–400 cm−1. The peak at 4000–3300 cm−1 represented the strong band OH
stretching while C–H stretching in methyl and methylene groups was observed in
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the range of 3000–2800 cm−1. In addition, within the peak range of 1750–
1000 cm−1, a strong broad superposition with sharp and discrete absorptions were
investigated (Owen and Thomas 1989). The absorption band at 1508 cm−1 was due
to lignin degradation while the absorption band located at 1735 cm−1 was caused
by hemicelluloses. Based on Owen and Thomas (1989), the C=O stretch occurred
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in non-conjugated ketones, carbonyls, and ester groups. For the peak region
between 1800 and 1100 cm−1, this was attributed to the main components from
wood which were cellulose, hemicelluloses, and lignin. Less xylan content in
softwood was proven by a carbonyl band at 1735 cm−1. The peak for epoxy/MMT
modified wood was shifted to a lower wave number value which was 1508 cm−1.
On the other hand, the introduction of epoxy/MMT decreased wave number at 1232
and 1182 cm−1 that attributed to C–O stretch of C–O–H in starch and at 1029 cm−1

that attributed to C–O stretch of C–O–C in starch which confirmed the
impregnation.

3.2 Thermogravimetric Analysis (TGA)

Figure 2a–e showed the TGA curves of both raw wood and WPNCs. The general
thermal decomposition of cellulose and hemicellulose started at 180 °C. In addi-
tion, the maximum value of mass loss rate was obtained at 280 °C which increased
significantly over the temperature. Figure 2a–e and Table 1 showed that the raw
wood started the thermal decomposition on Artocarpus Elasticus, Artocarpus
Rigidus, Xylopia spp., Koompassia Malaccensis and Eugenia spp., respectively, at
201, 211, 212, 212, and 214 °C. However, WPNCs on Artocarpus Elasticus
spp. started the decomposition the earliest at 216 °C, continued with WPNCs on
Artocarpus Rigidus at 240 °C, Xylopia spp. at 247 °C, Koompassia Malaccensis at
237 °C, and Eugenia spp. at 244 °C, respectively. At the end of the thermal
degradation, all the WPNCs showed higher decomposition temperature compared
to the raw wood. Besides, all the WPNCs showed higher activation energy com-
pared to raw wood, which was well reflected on the mechanical properties and this
behavior had been reported by Varhegyi et al. (1997). From TGA result, it was
clearly summarized that WPNCs performed better in thermal stability than raw
wood.

3.3 Dynamic Young’s Modulus Measurement

Dynamic Young’s modulus of raw wood and WPNCs were investigated through
free-free flexural vibration testing system as shown in Fig. 3. This analysis was
carried out based on ten replicates for each species. It was clearly proven that the
introduction of epoxy/MMT improved the Young’s modulus, which satisfied the
statement from our others previous work (Hamdan et al. 2010). From Fig. 3,
Young’s modulus of WPNCs on Eugenia spp., Xylopia spp., Artocarpus Rigidus,
and Artocarpus Elasticus, was significantly higher compared to raw wood.
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However, Young’s modulus of WPNCs on Koompassia Malaccensis was slightly
higher among all the wood species due to their hardness cell wall density. From this
analysis, the activation energy was greatly affected by the introduction of nanofiller
MMT through impregnation as shown in Table 1. This concluded that WPNCs on
Eugenia spp., Xylopia spp., Artocarpus Rigidus, and Artocarpus Elasticus,
respectively, showed significant changes in elastic properties.

-40
-20

0
20
40
60
80

100
120

0 200 400 600 800 1000
Temperature (oC)

W
ei

gh
t (

%
)

Raw Wood WPNC

0 200 400 600 800 1000
Temperature (oC)

Raw Wood WPNC

0 200 400 600 800 1000
Temperature (oC)

Raw Wood WPNC

0 200 400 600 800 1000
Temperature (oC)

Raw Wood WPNC

Raw Wood WPNC

0 200 400 600 800 1000

0

20

40

60

80

100

120

W
ei

gh
t (

%
)

0

20

40

60

80

100

120

W
ei

gh
t (

%
)

0

20

40

60

80

100

120

W
ei

gh
t (

%
)

0

20

40

60

80

100

120

W
ei

gh
t (

%
)

Temperature (oC)

(a)

(b)

(c)

(d)

(e)

Fig. 2 a TGA curve of Artocarpus Elasticus raw wood and WPNCs, b TGA curve of Artocarpus
Rigidus raw wood and WPNCs, c TGA curve of Xylopia spp. raw wood and WPNCs, d TGA
curve of Koompassia Malaccensis raw wood and WPNCs, e TGA curve of Eugenia spp. raw
wood and WPNCs
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3.4 Modulus of Elasticity (MOE) and Modulus of Rupture
(MOR) Measurement

MOE and MOR for both raw wood and WPNCs were shown in Tables 2 and 3 as
well as Figs. 4 and 5, respectively. Through this test, the impregnation of
epoxy/MMT on five selective wood species was investigated. From Fig. 2, it was

Table 1 Thermal characteristics of raw wood and WPNCs

Sample Ti
(°C)

Tm
(°C)

Tf
(°C)

WTi

(%)
WTm

(%)
WTf

(%)
Activation energy,
Ea (J/K)

Artocarpus
Elasticus

Raw 201 300 419 98.96 64.73 32.67 33.11

WPNCs 216 352 624 94.87 45.26 35.81 37.05

Artocarpus
Rigidus

Raw 211 310 388 99.67 56.45 30.63 25.79

WPNCs 240 326 557 91.65 51.36 32.18 33.56

Xylopia spp. Raw 212 321 420 98.78 56.15 25.85 27.04

WPNCs 247 328 636 93.89 54.46 29.16 33.89

Koompassia
Malaccensis

Raw 212 355 403 98.99 57.91 30.00 16.12

WPNCs 237 359 545 96.24 53.08 33.51 22.16

Eugenia spp. Raw 214 340 443 99.77 60.32 27.51 19.17

WPNCs 244 340 526 95.18 53.58 36.15 22.87

Tm temperature corresponding to the maximum rate of mass loss
Ti temperature corresponding to the beginning of the decomposition
Tf temperature corresponding to the ending of the decomposition
WTi, WTm, and WTf mass loss at Ti, Tm, and Tf
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significant that MOE of WPNCs on Eugenia spp. and Xylopia spp. was the highest.
For WPNCs on Artocarpus Rigidus, Artocarpus Elasticus, and Koompassia
Malaccensis spp., the MOE values were slightly lower. Cai et al. (2008) proved that
WPNCs performed higher MOE than raw wood as MMT was well reacted with the
wood cell wall.

MOE of WPNCs on Eugenia spp., Xylopia spp., Artocarpus Elasticus, and
Artocarpus Rigidus was significantly higher compared with raw wood. On the other
hand, WPNCs on Koompassia Malaccensis (hardwood) showed no significant
effect of epoxy/MMT impregnation. However, the MOE was slightly higher than
the value of our previous work (Rahman et al. 2010).

Epoxy/MMT plasticized on the cellulose and hemicellulose in wood cells which
managed to reduce the water molecules from the wood specimens. This was due to
the impregnation of MMT that reacted as a binder which filled the void space in the

Table 2 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Modulus of elasticity t-test groupingb

Raw wood (Artocarpus Elasticus) 6.48 ± 0.52 A

WPNCs (Artocarpus Elasticus) 11.78 ± 0.52 B

Raw wood (Artocarpus Rigidus) 5.13 ± 0.38 C

WPNCs (Artocarpus Rigidus) 11.51 ± 2.24 D

Raw wood (Xylopia spp.) 6.71 ± 0.34 E

WPNCs (Xylopia spp.) 13.34 ± 0.62 F

Raw wood (Koompassia Malaccensis) 15.68 ± 1.11 G

WPNCs (Koompassia Malaccensis) 19.45 ± 2.60 G

Raw wood (Eugenia spp.) 9.25 ± 0.37 H

WPNCs (Eugenia spp.) 23.83 ± 0.78 I
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%

Table 3 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Modulus of rupture t-test groupingb

Raw wood (Artocarpus Elasticus) 76.17 ± 3.01 A

WPNCs (Artocarpus Elasticus) 87.53 ± 2.43 B

Raw wood (Artocarpus Rigidus) 33.02 ± 3.63 C

WPNCs (Artocarpus Rigidus) 68.63 ± 9.27 D

Raw wood (Xylopia spp.) 45.91 ± 1.36 E

WPNCs (Xylopia spp.) 90.46 ± 2.31 F

Raw wood (Koompassia Malaccensis) 122.20 ± 15.49 G

WPNCs (Koompassia Malaccensis) 128.32 ± 21.71 G

Raw wood (Eugenia spp.) 46.10 ± 3.62 H

WPNCs (Eugenia spp.) 108.15 ± 11.61 I
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%
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wood specimens to increase it stiffness. Therefore, MOE of all WPNCs was higher
than that of raw wood as shown in Fig. 4.

Besides MOE, WPNCs showed higher MOR on Eugenia spp. due to the well
impregnation of epoxy/MMT impregnation as shown in Fig. 5. Based on the pre-
vious research, MOR of WPNCs improved with the incorporation of suitable filler
into the wood cell wall (Cai et al. 2007, 2008). All the MOR values with standard
deviation was well tabulated in Table 3. Both raw wood and WPNCs on Xylopia
spp., Artocarpus Rigidus, Artocarpus Elasticus, and Eugenia spp. showed different
values due to the presence of epoxy/MMT. WPNCs on Xylopia spp., Artocarpus
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Rigidus, Artocarpus Elasticus, and Koompassia Malaccensis, respectively, per-
formed better than raw wood. However, WPNCs on Koompassia Malaccensis
(hardwood) was the highest among all the samples prepared.

3.5 Static Young’s Modulus (E) Measurement

This measurement was carried out based on the 10 replicates and the result was
presented in Fig. 6. Eugenia spp. WPNCs showed the highest increment on static
Young’s modulus (E) continued by Artocarpus Rigidus, Artocarpus Elasticus,
Xylopia spp., and Koompassia Malaccensis WPNCs, respectively. Besides, the sig-
nificant difference of static Young’s modulus on raw wood was clearly summarized
in Table 4. The increment of E in WPNCs was supported by the research work of Cai
et al. 2007, 2008 and Rahman et al. 2010. Epoxy/MMT was introduced not only
plasticized on the wood cell wall, it also helped to improve their lateral stability.

3.6 X-ray Diffraction (XRD) Analysis

X-ray diffraction results for both raw wood and WPNCs were presented in Fig. 7.
Both raw wood and WPNCs showed diffraction peaks. The 2h angles of raw wood
were detected at 17°, 22.5°, and 35°. According to Mulinari et al. (2010), all these
2h angles were corresponded to the cellulose crystallographic planes I101, I002,
and I040, respectively. From Fig. 7, it was clearly detected the position of these
peaks did not change as the structure of cellulose did not change compared to raw
wood. On the other hand, six broad 2h peaks were observed at 42.09°, 43.70°,
49.16°, 50.86°, 72.82°, and 75.72°, respectively, which confirmed the crystallinity
of WPNCs in amorphous region.
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All the peaks detected from Fig. 7 were attributed to modification on the raw
wood with the incorporation of epoxy/MMT polymer. Polymerization occurred
when epoxy/MMT polymer was well introduced into the lumen of wood cell. This
formed strong crosslinking bonds between the groups of polymer and the surface
hydroxyl (OH) groups of wood species.

3.7 Scanning Electron Microscopy (SEM) Analysis

Figure 8 showed the surface morphology of raw wood as well as the WPNCs were
observed through SEM. Besides, the fracture surfaces of the notched bending
samples were clearly investigated through SEM images as shown in Fig. 8a. This
showed that raw wood was not homogeneous aggregated and this prevented the
surface morphology to be rough and uneven. On the other hand, for WPNCs, the

Table 4 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Static Young’s modulus t-test groupingb

Raw wood (Artocarpus Elasticus) 1.36 ± 0.23 A

WPNCs (Artocarpus Elasticus) 2.02 ± 0.35 A

Raw wood (Artocarpus Rigidus) 1.26 ± 0.04 B

WPNCs (Artocarpus Rigidus) 1.79 ± 0.56 B

Raw wood (Xylopia spp.) 1.57 ± 0.39 C

WPNCs (Xylopia spp.) 2.17 ± 0.26 C

Raw wood (Koompassia Malaccensis) 2.05 ± 0.18 D

WPNCs (Koompassia Malaccensis) 2.50 ± 0.46 D

Raw wood (Eugenia spp.) 1.67 ± 0.60 E

WPNCs (Eugenia spp.) 4.13 ± 0.78 F
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%
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surface was smooth and compacted with homogenous materials as shown in
Fig. 8b. This was due to the well impregnation of epoxy/MMT into the wood cell
and created the plasticization on the cell wall (Rahman et al. 2010).

This analysis summarized that the introduction of epoxy and MMT aided to
reduce the aggregation of MMT particles within the cell wall that created high
impact on the stiffness of WPNCs.

4 Conclusion

The present work investigated epoxy/MMT WPNCs. All the samples undergo dif-
ferent characterizations to ensure the WPNCs fabricated performed better than raw
wood. From FT-IR spectra, the decrement of wave number at 1232 and 1182 cm−1

was ascribed to C–O stretch of C–O–H in starch while the peak at 1029 cm−1 was
ascribed to C–O stretch of C–O–C in starch. Through these peaks, it confirmed the
impregnation of epoxy/MMT into raw wood sample. Besides, WPNCs showed
higher thermal stability compared to raw wood through Thermogravimetric Analysis
(TGA). The MOE, MOR, Young’s modulus, and stiffness of WPNCs were signifi-
cantly increased for all the five types of wood species namely Eugenia spp., Xylopia
spp., Artocarpus Rigidus and Artocarpus Elasticus, respectively, compared to raw
wood. The crystallinity of WPNCs were significantly increased at the amorphous
region through X-ray diffraction patterns due to epoxy/MMT loading. From SEM
analysis, WPNCs showed smooth surface as the void was fully filled by the
epoxy/MMT and at the same time, the waxy substace was removed. This study
summarized that the introduction of epoxy/MMT into raw wood improved its
properties especially on Eugenia spp. followed by Xylopia spp., Artocarpus Rigidus
and Artocarpus Elasticus wood species, respectively.

Fig. 8 Scanning Electron Microscopy of a Raw wood and b WPNCs
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Influence of Nanoclay/Phenol
Formaldehyde Resin on Wood Polymer
Nanocomposites

M.R. Rahman

Abstract In this study, the introduction of nanofiller into phenol formaldehyde
matrix formed wood polymer nanocomposites (WPNCs). FT-IR results showed that
the addition of nanoclay into phenol formaldehyde (PF) formed H-bonding inter-
action with hydroxyl groups by reducing the wave number of the peak. The
Thermogravimetric Analysis (TGA) results showed that WPNCs were ther-
mally stable compared to the raw ones. The MOE and MOR of WPNCs were
significantly improved for Eugenia spp., Xylopia spp., Artocarpus Rigidus, and
Artocarpus Elasticus respectively. The Young’s modulus of WPNCs on Eugenia
spp. was significantly higher compared to raw wood. From X-ray diffraction results,
WPNCs showed improved crystallinity at the amorphous region due to the polymer
loading. SEM micrograph of WPNCs showed that void space was filled with the
polymer, and the waxy substance was removed. All the nanofiller/phenol
formaldehyde was significantly effective on Eugenia spp. followed by Xylopia
spp., Artocarpus Rigidus, and Artocarpus Elasticus wood species, respectively.

Keywords Mechanical properties � Thermal stability � Chemical treatment �
WPNCs

1 Introduction

In the past, most of the organic or inorganic fillers have been used as reinforcements
in polymers. In the recent years, nanoparticles are widely used that acted as rein-
forcements and gain most of the attention in manufacturing polymeric nanocom-
posites. Through experimental results, polymeric nanocomposites show better
variations in their properties based on the research works carried out by Adebhar
et al. (2001), Kinloch et al. (2003), and Yasmin et al. (2003). However, there are
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few reports on the unfavorable effect due to nanoparticle inclusions (Haggenmueller
et al. 2006; Zilg et al. 1999, 2000). Nanofillers are well known, unique, and well
dispersing particles that can be widely applied in many applications. However, this
filler is still lacking especially the large surface of nanoparticles that caused
agglomeration of particles that reduced the interactions among particles.

The nanocomposites were produced through different processing methods such
as shear mixing (Yasmin et al. 2003), mechanical mixing (Shah et al. 2004), in situ
polymerization (Haggenmueller et al. 2006), and impregnation. Through the
research works, the mechanical properties of WPNCs were fabricated via
the impregnated method. However, some exceptions such as the properties of the
resulting nanocomposites tended to go down after reaching the maximum at a
particle loading when its nanofiller reached about 3–5 wt% or less (Choi et al. 2005;
Rodgers et al. 2005; Zheng et al. 2005).

There are several studies that have been reported on silica/epoxy nanocompos-
ites fabricated with the introduction of organosilicasol (colloidal silica in organic
solvent) (Adebhar et al. 2001; Kinloch et al. 2003; Uddin and Sun 2008). Besides,
Uddin and Sun obtained 40% improvement in matrix compressive modulus through
the incorporation of 15wt% silica nanoparticle loading. Glass fiber nanocomposites
gained 60–80% in longitudinal compressive strength for different fiber volume
fractions using this nanoparticle-enhanced matrix. In addition, fracture behavior of
an epoxy adhesive with the inclusion of both silica nanoparticles and rubber
nanocomposites was greatly improved (Kinloch et al. 2003). The present study was
to fabricate WPNCs with the addition of nanoclay/phenol formaldehyde resin,
which functioned as a reinforcement matrix.

2 Materials and Methods

2.1 Materials

For this study, five wood species were collected which varied of softwoods and
hardwoods. The softwoods used, namely Eugenia spp., Artocarpus Rigidus,
Artocarpus Elasticus and Xylopia spp., while the hardwood, namely Koompassia
Malaccensis, were used. Besides, chemicals that used throughout the study for
impregnation of all the wood species were Nanoclays Nanomer® 1.30E, mont-
morillonite (MMT) (Southern Clay Products, Inc. USA), and phenol formaldehyde
resin (PF) (Marck, Germany). The purity grade of the chemicals was 99%.

2.2 Impregnation Solutions Preparation

The clay powder that used throughout the research work was used as received and
the average particle size was 8 lm. 1% layered aluminosilicate nanofiller was
introduced into the low viscosity phenol formaldehyde resin to form impregnation
solutions at a mixing speed of 2050 rpm for 20 min.
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2.3 Fabrication of Wood Polymer Nanocomposites
(WPNCs)

All the samples were oven dried to constant weight at 103 °C for 24 h. After dried,
all the samples were placed into an impregnation chamber where the samples had
no contact between samples. Besides, all the samples were covered completely by
nanoclay/phenol formaldehyde mixtures. The system was evacuated to 60 mmHg
for 30 min. Continuously, compressed air was applied to the system and maintained
at 0.52 MPa for 30 min then gradually release the compressed air. All the excess
chemicals were wiped off the samples. After that, the samples were weighted and
dried for 24 h by air circulation, continued with oven drying at 90 °C for 24 h. Any
excess polymer on the surface of the resulting WPNCs was then removed. All the
fabricated WPNCs were characterization using the FT-IR spectroscopy analysis,
X-ray diffraction (XRD) analysis, Thermogravimetric Analysis (TGA), Scanning
Electron Microscopy analysis (SEM), free-free flexural vibration testing, three-point
bending test, and compression parallel to grain testing.

3 Result and Discussion

3.1 Fourier Transform Infrared Spectroscopy Analysis

Figure 1 showed the FT-IR spectra of raw wood and WPNCs. It was clearly
detected that the spectra were separated in two regions, namely the –OH stretching
vibrations in the range of 4000–2700 cm−1 region as well as fingerprint region in
the range of 1800–400 cm−1 region. From Fig. 1, the strong band OH stretching
was detected at the peak range of 4000–3300 cm−1 while C–H stretching in methyl
and methylene groups was detected at the peak range of 3000–2800 cm−1. Besides,
according to Owen et al. (1989), strong broad superposition with sharp and discrete
absorptions was detected in the region from 1750 to 1000 cm−1. Lignin peak could
be clearly detected at 1508 cm−1, and the absorption located at 1735 cm−1 was
caused by hemicelluloses. All the peaks detected previous indicated the C=O
stretch in non-conjugated ketones, carbonyls, and ester groups (Owen et al. 1989).
In addition, the main components from wood: cellulose, hemicelluloses, and lignin
could be detected in the region between 1800 and 1100 cm−1. It was clear to show
the difference in the infrared spectra with different absorbance values and shapes of
the bands together with their location. Moreover, the peak at 1735 cm−1 was shifted
to 1591 cm−1 for modified wood which confirmed less xylan content in softwood.
The impregnation of nanoclay and phenol formaldehyde into raw wood could be
proven through C–O stretch of C–O–H in starch at 1317 cm−1 and 1222 cm−1 and
C–O stretch of C–O–C in starch at 1027 cm−1. This was because nanoclay/phenol
formaldehyde acted as plasticizer, which formed H-bonding interaction with the
hydroxyl groups.
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Fig. 1 a IR spectrum of raw wood, b IR spectrum of WPNCs
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3.2 Thermogravimetric Analysis

Figure 2a–e showed the thermogravimetric curves of raw wood and WPNCs Fig. 2
presented the general thermal decomposition of cellulose and hemicellulose that
started at 180 °C. The increment of mass loss rate corresponded to the temperature
and the maximum value could be obtained at about 280 °C. The thermal decom-
position started at 201, 211, 212, 212, and 214 °C for raw wood species, namely
Artocarpus Elasticus, Artocarpus Rigidus, Xylopia spp., Koompassia Malaccensis,
and Eugenia spp., respectively, through Fig. 2a–e and Table 1. The beginning of
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Fig. 2 a TGA curve of Artocarpus Elasticus raw wood and WPNCs, b TGA curve of Artocarpus
Rigidus raw wood and WPNCs, c TGA curve of Xylopia spp. raw wood and WPNCs, d TGA
curve of Koompassia Malaccensis raw wood and WPNCs, e TGA curve of Eugenia spp. raw
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decomposition of the WPNCs started at 218, 242, 249, 239, and 246 °C, respec-
tively. From the Fig. 2, the initial mass loss and the end of thermal decomposition
of WPNCs were higher compared to raw wood. Through the calculation using
Arrhenius equation, activation energy that was calculated determined was higher on
WPNCs compared to raw wood. This behavior had been reported by other author
(Varhegyi et al. 1997). From TGA results, it was clearly showed that the WPNCs
were higher thermally stable compared to raw wood.

3.3 Dynamic Young’s Modulus Measurement

Figure 3 showed that the dynamic Young’s modulus of the raw wood and WPNCs
tested through free-free flexural vibration testing system. This test was carried out
with ten specimens for all the species. The incorporation of nanofiller with phenol
formaldehyde increased the Young’s modulus for all the wood species, in accordance
with other researchers’ previous work (Hamdan et al. 2010). After monomer
impregnation, the Young’s modulus of WPNCs on Eugenia spp., Xylopia spp.,
Artocarpus Rigidus, and Artocarpus Elasticus was significantly higher compared to
raw one. On the other hand, the WPNCs on Koompassia Malaccensis showed higher
Young’s modulus due to their hardness cell wall density. All the WPNCs showed
increment in activation energy due to the nanofiller effect on the all wood species that
were greatly affected by the monomer impregnation as shown in Table 1. In addition,
elastic properties on WPNCs showed significant changes in Eugenia spp., Xylopia
spp., Artocarpus Rigidus, and Artocarpus Elasticus, respectively.

Table 1 Thermal characteristics of raw wood and WPNCs

Sample Ti
(°C)

Tm
(°C)

Tf
(°C)

WTi

(%)
WTm

(%)
WTf

(%)
Activation
Energy,
Ea (J/°K)

Artocarpus
Elasticus

Raw 201 300 419 98.96 64.73 32.67 33.11

WPNCs 218 353 626 93.89 47.16 34.81 38.05

Artocarpus Rigidus Raw 211 310 388 99.67 56.45 30.63 25.79

WPNCs 242 328 559 90.61 52.46 31.18 34.16

Xylopia spp. Raw 212 321 420 98.78 56.15 25.85 27.04

WPNCs 249 329 638 90.87 55.56 28.16 34.19

Koompassia
Malaccensis

Raw 212 355 403 98.99 57.91 30.00 16.12

WPNCs 239 360 547 93.28 52.08 31.51 21.26

Eugenia spp. Raw 214 340 443 99.77 60.32 27.51 19.17

WPNCs 246 341 527 92.08 55.68 35.15 23.67

Tm Temperature corresponding to the maximum rate of mass loss
Ti Temperature corresponding to the beginning of the decomposition
Tf Temperature corresponding to the ending of the decomposition
WTi, WTm and WTf Mass loss at Ti, Tm and Tf
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3.4 Modulus of Elasticity and Modulus of Rupture
Measurement

The modulus of elasticity (MOE) and modulus of rupture (MOR) of raw wood and
WPNCs are shown in Tables 2 and 3 as well as Figs. 4 and 5, respectively. The
impregnation of nanofiller/phenol formaldehyde on the raw wood was investigated.
Higher MOE of WPNCs on Eugenia spp. and Xylopia spp. was highest continued
by Artocarpus Rigidus, Artocarpus Elasticus, and Koompassia Malaccensis,
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Table 2 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Modulus of elasticity t-test groupingb

Raw wood (Artocarpus Elasticus) 6.48 ± 0.52 A

WPNCs (Artocarpus Elasticus) 12.87 ± 0.55 B

Raw wood (Artocarpus Rigidus) 5.13 ± 0.38 C

WPNCs (Artocarpus Rigidus) 12.00 ± 2.34 D

Raw wood (Xylopia spp.) 6.71 ± 0.34 E

WPNCs (Xylopia spp.) 14.44 ± 0.51 F

Raw wood (Koompassia Malaccensis) 15.68 ± 1.11 G

WPNCs (Koompassia Malaccensis) 20.77 ± 2.30 G

Raw wood (Eugenia spp.) 9.25 ± 0.37 H

WPNCs (Eugenia spp.) 24.93 ± 0.88 I
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%
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respectively. From this test, WPNCs yielded higher MOE compared to the raw
wood as nanofiller had high impact on wood species which was in accordance with
other researchers (Cai et al. 2007, 2008).

Table 2 showed that the MOE of the Eugenia spp., Xylopia spp., Artocarpus
Elasticus, and Artocarpus Rigidus was significantly higher compared to raw wood.
On the other hand, Koompassia Malaccensis (hardwood) WPNCs showed slight
increment on MOE compared to our previous chapter although there was no sig-
nificant effect of polymer impregnation.

The incorporation of phenol formaldehyde aided to plasticize on the cellulose
and hemicellulose in wood cells by reducing the water molecules from the wood
specimens. Figure 4 showed that the combination of nanoclay and phenol

Table 3 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Modulus of rupture t-test groupingb

Raw wood (Artocarpus Elasticus) 76.17 ± 3.01 A

WPNCs (Artocarpus Elasticus) 88.53 ± 2.86 B

Raw wood (Artocarpus Rigidus) 33.02 ± 3.63 C

WPNCs (Artocarpus Rigidus) 69.42 ± 9.67 D

Raw wood (Xylopia spp.) 45.91 ± 1.36 E

WPNCs (Xylopia spp.) 91.36 ± 2.41 F

Raw wood (Koompassia Malaccensis) 122.20 ± 15.49 G

WPNCs (Koompassia Malaccensis) 130.22 ± 24.91 G

Raw wood (Eugenia spp.) 46.10 ± 3.62 H

WPNCs (Eugenia spp.) 110.11 ± 12.91 I
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%
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formaldehyde acted as a binder which filled the void space in the wood specimens
and gradually improved its stiffness. Due to this factor, the MOE of all WPNCs was
higher than that of raw wood.

Introduction of nanofiller with phenol formaldehyde through impregnation into
the wood improved the MOR of WPNCs on Eugenia spp. This improvement was
clearly investigated and proven by previous researchers (Cai et al. 2007, 2008).
Besides, MOR was significantly varied on Xylopia spp., Artocarpus Rigidus,
Artocarpus Elasticus, and Eugenia spp. for both raw wood and WPNCs. From
Table 3, it was clearly detected that the growth of MOR for Eugenia spp. was
highest, continued by Xylopia spp., Artocarpus Rigidus, Artocarpus Elasticus, and
Koompassia Malaccensis, respectively. The Koompassia Malaccensis (hardwood)
of WPNCs was higher than compared to raw one.

3.5 Static Young’s Modulus Measurement

Figure 6 showed the static Young’s modulus which was determined from 10 rep-
etitions. The highest increment of E value was observed in Eugenia spp. continued
by Artocarpus Rigidus, Artocarpus Elasticus, Xylopia spp., and Koompassia
Malaccensis, respectively. WPNCs showed higher increment of E for Eugenia
spp. compared to raw wood as shown in Table 4 (Cai et al. 2007, 2008; Rahman
et al. 2010). From this test, it was clearly proven that the nanofiller/phenol
formaldehyde not only plasticized on the wood cell walls, but it was also deeply
increasing their lateral stability.
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3.6 X-ray Diffraction Analysis

X-ray diffraction tests for raw wood and WPNCs are shown in Fig. 7. Raw wood
and WPNCs showed diffraction peaks at 17°, 22.5°, and 35°. According to Mulinari
et al. (2010), the different angles detected were corresponded to the cellulose
crystallographic planes I101, I002, and I040, respectively. The structure of cellulose
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Table 4 t-test analysis of raw wood and wood polymer nanocompositesa

Treatment Static Young’s modulus t-test groupingb

Raw wood (Artocarpus Elasticus) 1.36 ± 0.23 A

WPNCs (Artocarpus Elasticus) 2.12 ± 0.37 A

Raw wood (Artocarpus Rigidus) 1.26 ± 0.04 B

WPNCs (Artocarpus Rigidus) 1.88 ± 0.58 B

Raw wood (Xylopia spp.) 1.57 ± 0.39 C

WPNCs (Xylopia spp.) 2.37 ± 0.24 C

Raw wood (Koompassia Malaccensis) 2.05 ± 0.18 D

WPNCs (Koompassia Malaccensis) 2.70 ± 0.48 D

Raw wood (Eugenia spp.) 1.67 ± 0.60 E

WPNCs (Eugenia spp.) 4.23 ± 0.79 F
aEach value is the average of 10 specimens
bThe same letters are not significantly different at a = 5%
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did not change when compared to raw wood due to the position of these peaks did
not change. From this analysis, WPNCs exhibited another five broad 2h peaks at
43.74°, 49.21°, 51.13°, 55.65°, and 72.87° due to polymerization that increased in
amorphous region.

Nanofiller was introduced into the raw wood and modified with phenol
formaldehyde polymer due to the well impregnation within the wood cell lumen.
The surface hydroxyl groups of woods were well attached to the end of polymer
groups through crosslinking reaction. However, according to Wu et al. (2004), from
X-ray diffraction, a quasi-crystalline form was generated which may not represent
an increase in the crystallinity of cellulose.
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3.7 Scanning Electron Microscopy Analysis

Figure 8 showed the scanning electron micrographs (SEM) of raw wood and
WPNCs. From Fig. 8a, SEM micrographs showed that raw wood surfaces were
uneven layer with many voids. On the other hand, treated wood surfaces were
smooth as shown in Fig. 8b. The smooth surface of treated wood was shown which
due to the good penetration of the polymers into the cell wall as well as the vessels
of the wood (Rahman et al. 2010). Under pulse-dipping pressure, the chemical
could be immerged in the wood fiber and other vertical cells. Continuously, these
chemical particles were distributed discontinuously in the wood cell. From this
analysis, it was clearly indicated that the polymer was impregnated into cell wall
and cell cavities of wood to improve the surface morphology of the treated wood.

4 Conclusion

This study investigated the synthesis of nanofiller/phenol formaldehyde WPNCs.
From FT-IR results, the peak at 1317 and 1027 cm−1 was significantly decreased
which were attributed to C–O stretch of C–O–H as well as C–O stretch of C–O–C
in starch which proved the impregnation of nanoclay/PF wood sample with more
H-bonding interaction with the hydroxyl groups. Besides, WPNCs were more
thermally stable over temperature compared to the raw ones due to the introduction
of nanofiller on wood species. The stiffness of the WPNCs was significantly
increased. WPNCs showed higher MOE and MOR Eugenia spp., Xylopia spp.,
Artocarpus Rigidus, and Artocarpus Elasticus, respectively, among all the samples.
The Young’s modulus of Eugenia spp. of WPNCs was significantly different with

Fig. 8 Scanning Electron Microscopy of a Raw Wood and b WPNCs
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raw wood. The crystallinity of WPNCs increased at the amorphous region due to
the monomer loading through X-ray diffraction test. From SEM micrographs, the
void space was filled by the polymer as well as the removal of the waxy substance
on WPNCs. This proved that nanofiller/phenol formaldehyde was significantly
effective on Eugenia spp. followed by Xylopia spp., Artocarpus Rigidus, and
Artocarpus Elasticus wood species, respectively.
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Clay Dispersed Styrene-co-glycidyl
Methacrylate Impregnated Kumpang
Wood Polymer Nanocomposites: Impact
on Mechanical and Morphological
Properties

M.R. Rahman, S. Hamdan and J.C.H. Lai

Abstract In this study, we evaluate the physical, mechanical, and morphological
properties of a clay dispersed styrene-co-glycidal methacrylate (ST-co-GMA)
impregnated wood polymer nanocomposite (WPNC). The WPNC was character-
ized by Fourier Transform Infrared Spectroscopy (FT-IR), Scanning Electron
Microscopy (SEM), 3-point bending, and free-vibration testing. The FT-IR results
showed that the absorbance at 1730 cm−1 was increased for ST-co-
GMA-clay-WPNC compared with other nanocomposites and the raw material.
The SEM results showed that ST-co-GMA-clay-WPNC had a smoother surface
than other nanocomposites and raw wood. The modulus of elasticity (MOE),
modulus of rupture (MOR), and dynamic Young’s moduli (Ed) of WPNCs were
considerably increased compared to wood polymer nanocomposites (WPNCs) and
raw wood. The raw wood exhibited a higher water uptake (WU) than WPNCs.

Keywords ST-co-GMA � Nanoclay � Mechanical properties � Morphological
properties

1 Introduction

Wood has a remarkable value and importance in the world’s economy because of its
mechanical, renewable, sustainable, and eco-friendly characteristics (Zabel and
Morrell 1992). Wood has attracted attention by material researchers for replacing
synthetic plastic materials, which are not renewable or eco-friendly (Bledzki et al.
2007; Mohanty et al. 2002; Rahman et al. 2015). Wood is also used as a material for
musical instruments because of its wide-ranging colors and acoustic properties. The
natural frequency of a wood beam can determine the cracks present in the wood,
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which affects the dynamic behavior of wood (Kam and Lee 1992). Wood is a
natural composite that is composed of cellulose, hemicellulose, and lignin. These
constituents are basically a series of tubular fibers or cells cemented together.
Cellulose is responsible for wood strength because of its linear orientation and high
degree of polymerization. Hemicelluloses and lignin are also closely associated
with cellulose to increase the packing density of the cell wall. Hemicelluloses act as
a coupling agent to bind non-crystalline hydrophilic cellulose and amorphous
hydrophobic lignin. Cellulose, hemicellulose, and lignin are responsible for the
mechanical properties of wood. The macromolecule of cellulose is formed by
covalent bonding, which is resistant to tensile stress. The hydrogen bonds within
the cellulose provide rigidity by transferring stress. The mechanical properties of
wood also depend on temperature, pressure, humidity, pH, chemical adsorption
from the environment, UV radiation, fire, and biological degradation. At high
humidity, wood is dimensionally unstable and susceptible to termite attack because
of its hydrophilic and capillarity properties (Rowell 2006). In low-humidity envi-
ronments, wood desorbs water and undergoes shrinkage. Hygroscopic and
dimensionally unstable properties restrict the use of wood. In outdoor applications,
wood suffers from the photodegradation process as well (Mattos et al. 2014). Wood
also discolors when used indoor as a result of the oxidation of lignin, albeit with
lower intensity (Feist and Hon 1984).

When wood plastic composites (WPCs) first entered the market, the wood
particles were presumed to be completely encapsulated in the plastic, thereby
protecting those from both moisture and microorganism attack (Morrell et al. 2006).
However, this impermeable conception is not completely true. For fast-growing
wood, the mechanical properties, color stability, and durability are not satisfactory
because of its low density and water uptake. To overcome these drawbacks,
modified wood such as WPCs and wood composites are used as wood materi-
als instead of conventional wood material (Cao et al. 2011; Chang and Chang
2001a, b). To decrease the hydrophilicity and fungal attack of wood materials,
various chemical treatments have been introduced, such as acetylation, benzylation,
and silane or maleic anhydride grafting. In all these cases, the chemicals used react
with the –OH group of the cell lumen and cell cavity of wood (Xie et al. 2011). The
use of hydrophobic thermoplastic fillers, without any reaction with wood, also
improves the mechanical performance of wood by filling the cell cavities of wood.
Heat treatment, hydrothermal treatment, oil heat treatment, hot pressing treatment,
and in situ polymerization can also eliminate or decrease the disadvantages of wood
(Islam et al. 2014; Li et al. 2013).

Polymer nanocomposites are polymers (thermoplastics, thermosets, or elas-
tomers) that have been reinforced with small quantities (less than 5% by weight) of
very high aspect ratio (l/t > 300) fillers in its matrix (Hegde 2009). In wood
polymers, the nanocomposite nanofiller used will form an adhesive bond with
wood. The adhesive bonds in wood composites hold elements of the composite
together by their bond strength and transfer stress across the bond line between the
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bonded wood elements. For wood properties such as modulus or thermal and
moisture expansion coefficients, the bond stiffness is more important than bond
strength (Le and Nairn 2014). In wood polymer nanocomposites, the chemically
modified wood is also photostable (Farahani and Taghizadeh 2010; Jebrane et al.
2011; Prakash and Mahadevan 2008).

Eucalyptus grandis, impregnated with styrene and methyl methacrylate mono-
mers, does not exhibit good mechanical performance because of its low perme-
ability for impregnation (Stolf and Lahr 2004). However, wood flour coated with
the hydrophilic–hydrophobic block-copolymer based on styrene and acrylic acid
shows a significant improvement in the ultimate tensile properties of the
nanocomposite (Kosonen et al. 2000). The compatibility between wood and non-
polar polymers such as styrene, ethylene, and vinyl acetate can be improved using
glycidyl methacrylate (GMA) as a compatibilizer (Devi and Maji 2007; Dikobe and
Luyt 2007). The plasticized wood nanocomposite increases the mechanical prop-
erties and decay resistance (Rahman et al. 2010) of wood. Nanoclay, by binding to
hydroxyl groups of wood components, improves the interaction between wood and
thermoplastic polymer.

Montmorillonite (MMT) clay has high Gibbs surface energy, so it is attracted by
the monomer units, and the monomers are thus dispersed inside the galleries of clay
to break the van der Waals gap until equilibrium is reached. In this process, in situ
polymerization reactions occur between the layers with lower polarity, and then, the
dispersed nanoclay particles reach the wood polymer (Bhattacharya and Aadhar
2014; Carroll 1970). Energy is also supplied by charge transfer between the wood
and nanoclay.

With respect to a wood and copolymer macromolecular nanocomposite system,
montmorillonite layers can be dispersed in wood and copolymer in three different
ways. First, the particles of MMT can be dispersed homogeneously in the
copolymer and the macropores of wood, leading to no change in the interlayer
distance. Second, the copolymer macromolecules can enter the silicate layers and
increase the interlayer distance (van der Waals forces exist here). The layers of this
type of MMT will partly stay in the lumen wood and to some extent enter the wood
cell wall. Third, exfoliated MMT can directly enter the wood cell wall and form
chemical bonds with wood at the molecular level (Guangjie et al. 2006). The
copolymer and MMT strengthen the mechanical properties of wood and make the
wood resistant to water uptake and microorganisms (Baysal et al. 2007). Polymer–
clay nanocomposites have emerged as a fascinating field of research because of
their multiple advantages, which include an improvement in mechanical, dimen-
sional, and thermal properties.

The present study investigates the physico-mechanical and thermal properties of
clay dispersed styrene-co-glycidyl methacrylate (St-co-GMA-clay) impregnated
wood polymer nanocomposites (WPNCs). The morphological properties are also
reported in this study.
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2 Experimental

2.1 Materials

Five wood specimens were chosen for this study. These wood specimens were
impregnated by styrene (ST) (A. S. Joshi and Company, Goregaon West, Mumbai),
glycidyl methacrylate (GMA) (Aldrich, USA), and nanoclay (NanomerR1.28E),
modified with 25–30 wt% trimethyl stearyl ammonium (Aldrich, USA). Benzoyl
peroxide (Merck Schuchardt OHG, Germany) was used in the system as a catalyst
to increase the reaction rate by a free radical mechanism.

2.2 Specimen Preparation

A Kumpang tree was cut into three bolts 1.2 m long. Each bolt was quartersawn to
produce planks 4 cm thick. These planks were subsequently conditioned by air
drying in a room with a relative humidity of 60% and ambient temperature of
approximately 25 °C for one month prior to testing. The planks were ripped and
machined to 340 mm (L) � 20 mm (T) � 10 mm (R) for three-point bending and
free-free vibration tests.

2.3 Preparation of Wood Polymer Nanocomposites
(WPNCs)

Table 1 showed that oven-dried specimens were impregnated with 500 mL of
styrene (St), a mixture of 500 mL of styrene with 10 g MMT, a mixture of 500 mL
of styrene with glycidyl methacrylate (1:1 ratio) and 10 gm MMT. The four dif-
ferent solution mixtures were used to impregnate the wood specimens. The wood
specimens were then separately placed in an impregnation vacuum chamber of
75 mm (Hg) for 30 min. In each system, approximately 10 g of benzoyl peroxide
was added as the initiator. These wood nanocomposites were then removed from
the chamber, and the excess chemicals were wiped off. Specimens wrapped with

Table 1 Composition of the
chemicals for raw wood
impregnation

SL Specimen ST (mL) GMA (mL) Clay (gm)

1 Raw wood (RW)

2 RW 500

3 RW 500 500

4 RW 500 10

5 RW 500 500 10
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aluminum foil were placed in an oven for 24 h at 105 °C for polymerization to take
place. Weight percentage gain (WPG) was calculated from Eq. (1).

WPG% ¼ W f �W i

Wi
ð1Þ

where Wf and Wi are the oven-dried weight of the WPNC and raw wood,
respectively.

2.4 Microstructural Characterizations

2.4.1 Determination of Water Uptake

Percentage water uptake (WU) after two weeks at 30 °C was calculated according
to the Eq. (2)

WU% ¼ W2 �W1

W1
�100 ð2Þ

where

W2 Weight of a wood sample, treated and untreated, after two weeks of water
immersion and

W1 Weight of an oven-dried sample.

2.4.2 Fourier Transform Infrared Spectroscopy (FT-IR)

The infrared spectra of all specimens were recorded on a Shimadzu FT-IR 81001
Spectrophotometer (Kyoto, Japan). The transmittance range of the scan used was
4000–600 cm−1.

2.4.3 Modulus of Rupture (MOR), Modulus of Elasticity (MOE),
and Dynamic Young’s Modulus (Ed) Measurements

Three-point bending tests were conducted according to Shimadzu MSC-5/500
universal testing machine (Kyoto, Japan) operating at a crosshead speed of
5 mm/min.

MOR and MOE were calculated using Eqs. (3) and (4).

MOR ¼ 1:5PL

bh2
ð3Þ
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MOE ¼ L3m

4bd3
ð4Þ

where

W Ultimate failure load,
L Span between centers of support,
B Mean width (tangential direction) of the sample,
D Mean thickness (radial direction) of the sample, and
M Slope of the tangent to the initial line of the force displacement curve.

Determination of Ed for all specimens was carried out using a free-free flexural
vibration testing system. The Ed was calculated from the resonant frequency using
Eq. (5).

Ed ¼ 4p2f 2l4Aq

I mnð Þ4 ð5Þ

where

I bd3/12,
D Beam depth, b is the beam width,
L Beam length,
F Natural frequency of the specimen,
q Density,
A Cross-sectional area, and n = 1 is the first mode of vibration, where
m1 4.730.

2.4.4 Scanning Electron Microscopy (SEM)

The interfacial bonding between wood cell and polymer with filler was examined
using a Hitachi (TM 3030) Scanning Electron Microscope (SEM) supplied by
JEOL (Tokyo, Japan). The SEM specimens were sputter-coated with gold prior to
observation. The micrographs were acquired at a magnification of 1500�.

3 Results and Discussion

3.1 Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR spectra of various samples were presented in Fig. 1. The peak from 4000
to 3000 cm−1 corresponds to stretching vibration of H-bonds in –OH groups, and
C–H stretching in methyl and methylene groups range from 3000 to 2800 cm−1
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(Hamdan et al. 2011). The peak intensity near 1505 cm−1 (for aromatic double
bonds) was higher for ST impregnated wood than for raw wood. This was due to
the increase in the concentration of aromatic groups in the ST-WPC specimens.
The IR spectra of ST-WPC samples exhibited a peak intensity above 3000 cm−1 for
the –OH group that was lower than that of raw wood because of the removal of
free-bound water from the wood lumen by ST. The peak intensity of the –OH group
for ST-co-GMA impregnated wood was lower than that of ST impregnated wood
because of the covalent bond formed between the –OH of wood and the glycidyl
group of GMA. This could be attributed to the fact that ST-co-GMA performs better
as filler than ST alone. In the case of the ST-co-GMA-clay-WPNC, for wave
numbers above 3000 cm−1, the peak intensity did not decrease compared with raw
wood. The peak intensity above 3000 cm−1 increased with the clay ST-co-GMA
polymer system, which removed fewer –OH groups from cellulose, hemicellulose,
and water in the wood lumen. The –OH group of montmorillonite in the
nanocomposite indicated absorption peak near 840 cm−1 for the Mg–Al–OH
linkage (Sposito 1983). The absorption peak near 905 cm−1 was more intense in the
ST-co-GMA-clay-WPNC system than the other ones. The peak intensity near
1730 cm−1 increased because of the increase in carbonyl group content in the
nanocomposite compared with the raw wood. Because of the addition of mont-
morillonite in the ST-co-GMA-clay-WPNC system, the carbonyl peak intensity was
higher than that in the ST-co-GMA system. This occurred because of the copoly-
merization between ST and GMA for the exfoliation of montmorillonite in the
wood. The reaction scheme was shown in Fig. 2.

Fig. 1 FT-IR spectra of a ST-co-GMA-WPC, b ST-co-GMA-clay-WPNC, c ST-clay-WPNC,
d ST-WPC and e RW
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3.2 Modulus of Rupture (MOR), Modulus of Elasticity
(MOE) and Dynamic Young’s Modulus (Ed)
Measurements

The MOE, MOR, and Ed analyses of the raw wood and four different WPNC
materials were given in Fig. 3.

As shown in Fig. 3, the nanocomposites exhibited higher MOE and MOR than
the raw wood because of the presence of filler that exerted Van der Waals force and
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formed covalent bonds with the wood cell wall. In the ST-WPC, there existed only
Van der Waals force between wood and ST, so it had lower MOE and MOR
compared with ST-clay-WPNC and ST-clay-WPNC specimens. The clay particles
had high surface area and possessed charges that form dipole bonds as well as Van
der Waals forces with the wood cell wall. The MOE and MOR values were the
highest for ST-co-GMA-clay-WPNC among these five nanocomposites. The epoxy
group of GMA formed a covalent bond with the –OH group of wood and the vinyl
group reacted with styrene by a free radical mechanism. Thus, the polymers and the
wood cell walls achieved a sufficiently strong chemical bonding strength (Rahman
et al. 2015; Hamdan et al. 2010, 2012). Also, MMT intercalated in the ST-co-GMA
and a maximum number of MMT exfoliated in the St-co-GMA that had filled the
wood cavities and thus increased the MOE and MOR of wood. On the other hand,
in the ST-clay impregnated WPNCs showed intercalation rather than the exfolia-
tion. Therefore, the MOE and MOR of ST-co-GMA-clay impregnated WPNCs
were higher than that of ST-clay impregnated WPNC.

Among the nanocomposites, the highest Ed was observed for the
ST-co-GMA-clay-WPNC, followed by ST-co-GMA-WPC, ST-WPC and
ST-clay-WPNC. This was due to an increase in the density and shear force in the
wood nanocomposites (Rahman et al. 2010). In the presence of shear force, the free
energy increases and the molecules continuously oscillate from equilibrium (Toh
1979). The shear force was considered to vary sinusoidally with time. The styrene
monomer could not directly react with wood cell wall components, whereas ST-co-
GMA reacted with cell wall components to produce the covalent bond. The large
clay particles entered the wood, which increased the Van der Waals forces in the
nanocomposite to increase shear stress.

3.3 Weight Percentage Gain (WPG) and
Water Uptake (WU)

Both WPG and WU values were shown in Fig. 4. It is clear that ST-co-
GMA-clay-WPNC showed higher WPG% compared with the other nanocompos-
ites. This was due to the presence of epoxy groups, which form covalent bonds with
the –OH group of wood. The vinyl group present reacted with styrene by a free
radical mechanism which exfoliated MMT in the ST-co-GMA monomer system
that filled the wood cavities. ST-co-GMA-clay-WPNC had higher exfoliation,
whereas ST-clay-WPNC showed intercalation.

The water absorption of various samples was illustrated in Fig. 4. The raw wood
sample exhibited a higher percentage of water absorption compared with the
modified WPNCs. This was expected because ST, ST-clay, ST-co-GMA, and ST-
co-GMA-clay had reduced pore size on the surface of the wood (Rahman et al.
2010). The void area on the wood surface facilitates water penetration into the
wood cell wall with hydrophilic hydroxyl groups. ST-GMA-treated samples
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absorbed less water than ST-treated samples because more void areas were present
in ST-WPC compared with ST-co-GMA-WPC, which was also reflected in the
SEM analysis. Similar results had been reported for rubber wood samples (Devi and
Maji 2007). It was also apparent that ST-clay-WPNC had the lowest (28.84%)
water absorption among all the samples.

3.4 Scanning Electron Microscopy (SEM)

The morphological properties were shown in Fig. 5. It was observed that the lumen
and tracheids of wood were filled up by the solid polymers by in situ polymer-
ization. In Fig. 5d, e, the wood surfaces were smoother than the ST-WPC surface
because the glycidyl group from GMA formed a covalent bond with wood (–OH).
However, ST could not react with wood cell wall components, whereas only Van
der Waals forces were observed in ST-WPC. The poor interaction between the
polymer and wood implied a more brittle nanocomposite (Li et al. 2011). The MMT
was unexfoliated in the ST-clay monomer system, whereas exfoliated in ST-co-
GMA, which shown in Fig. 5d (Xu et al. 2013). The ST-co-GMA polymers with
MMT not only filled up the lumen of the wood cell, but also intimately contacted
the wood cell walls to produce ST-co-GMA-WPNC. Therefore, it was concluded
that there were strong interactions between the polymers and wood cell walls, as
shown in Fig. 5d, e.
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4 Conclusion

Kumpang wood was successfully impregnated by clay dispersed styrene-co-gly-
cidyl methacrylate (St-co-GMA-clay) which was proved by FT-IR analysis.
WPNCs had the highest MOE, MOR, and Ed values, followed by WPCs and RW.
ST-co-GMA-clay-WPNC specimens showed the highest WPG, followed by
ST-clay, ST-co-GMA, and ST. ST-clay-WPCs had lower water uptake than ST-co-
GMA-clay-WPNC, ST-co GMA-WPCs, ST-WPCs, and raw wood. The SEM
morphology showed that ST-co-GMA-clay-WPNC had a smoother surface than
ST-clay-WPCs, ST-co-GMA-WPCs, ST-WPCs, and raw wood.
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Fig. 5 SEM micrographs of a RW, b ST-WPC, c ST-co-GMA-WPC, d ST-clay-WPNC, and
e ST-co-GMA-clay-WPNC
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Physico-mechanical, Morphological,
and Thermal Properties of Clay Dispersed
Styrene-co-Maleic Acid Impregnated
Wood Polymer Nanocomposites

M.R. Rahman, S. Hamdan and J.C.H. Lai

Abstract In this study, we evaluate the physical, mechanical, and morphological
properties of a clay dispersed styrene-co-glycidyl methacrylate (ST-co-GMA)
impregnated wood polymer nanocomposite (WPNC). The WPNC was character-
ized by Fourier Transform Infrared Spectroscopy (FT-IR), Scanning Electron
Microscopy (SEM), 3-point bending, and free-vibration testing. The FT-IR results
showed that the absorbance at 1730 cm−1 was increased for ST-co-
GMA-clay-WPNC compared with other nanocomposites and the raw material.
The SEM results showed that ST-co-GMA-clay-WPNC had a smoother surface
than other nanocomposites and raw wood. The modulus of elasticity (MOE),
modulus of rupture (MOR), and dynamic Young’s moduli (Ed) of WPNCs were
considerably increased compared to wood polymer nanocomposites (WPNCs) and
raw wood. The raw wood exhibited a higher water uptake (WU) than WPNCs.

Keywords ST-co-GMA � Nanoclay � Mechanical properties � Morphological
properties

1 Introduction

From the beginning of human history to till now, wood has been used to make
shelters, boats, wheels, tools, and weapons. When the earliest humans made the first
wooden wheel and it was used to carry loads, the conquering of science and
civilization of human being has been started. Nowadays, the use of wood is
increasing as structural materials, because wood achieves high strength-to-weight
with its cellulose, hemicellulose, and lignin (Kretschmann 2010; Malkapuram et al.
2008). For sustainable development, wood is better over the non-renewable syn-
thetic materials, because wood is renewable, available, and it contributes less
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greenhouse gas emission than non-renewable materials. However, wood compo-
nents can be degraded easily by microorganism attack and heat flow (Kamei et al.
2012; Rath et al. 2003). At low humidity environment, wood desorbs water to
shrinkage. In outdoor applications, wood suffers from the photo degradation pro-
cess. Wood in presence of UV-radiation changes its color by its lignin degradation
(Pandey 2005). The high amount of hydroxyl groups may lead to poor dimensional
stability. Due to the disadvantages of wood, the applications of wood are limited.
Therefore, wood modification is needed to improve the weakness of wood and
strengthen the properties of wood.

Impregnation of wood with polymer is one of the techniques to improve the
wood properties. Generally, better compatibility between wood and polymer shows
better mechanical and thermal properties of wood polymer composites (WPCs)
(Fan et al. 2012; Ndiaye and Tidjani 2012). Wood impregnated with copolymers of
polar and nonpolar characteristics such as styrene-co-glycidyl methacrylate (GMA),
polyether-b-amide, glycidyl methacrylate-co-ethylene glycol dimethacrylate, allyl
glycidyl ether-co-methyl methacrylate, and methacrylate-co-hexamethylene diiso-
cyanate showed enhancement in dimensional stability, elevated thermostability, and
biodegradable properties but the mechanical properties of wood are not showing
any significant improvement (Devi and Maji 2007; Islam et al. 2012; Kartal et al.
2004; Lia et al. 2013; Sliwa et al. 2012). To increase the chemical bonding of wood,
various chemical treatments have been introduced, such as acetyl, methyl
methacrylate, and methacrylic anhydride grafting (Hill et al. 2001; Pawar et al.
2013; Xiao et al. 2012). Highly alkali or acid treatment of wood decreases the
hydrophilicity and fungal attack but yield lower mechanical property than its raw
wood due the to removal of lignin.

Recently, nanotechnological modification of wood with the mixture of copoly-
mer and MMT has been proven to be very effective means of improving the
essential properties of wood (Cai et al. 2008; Hazarika et al. 2015). Nanoclay by
hydroxyl group improves the interaction between wood and thermoplastic com-
posite polymer. Organic polymer with organically modified layered silicate
(OMLS) impregnated wood demonstrates significant mechanical improvement
barrier, fire resistance, thermal and environmental stability, solvent uptake, and rate
of biodegradability, relative to an unmodified polymer resin impregnated wood
(Alexandre and Dubois 2000; Zhao et al. 2006). The strong interfacial interactions
among wood cell wall, filler polymer, and OMLS improve these properties com-
pared to conventional composites (Chen et al. 2002). Nanoclay (� 5 wt%) incor-
porated wood shows better thermal and mechanical properties than that of
conventional polymer impregnated wood due to proper dispersion in wood cell
wall. For these reasons, wood polymer nanocomposites are less in weight than
conventional composites and are used as a competitive with other materials for
specific applications. In situ polymerization, suitable filler monomers insert into the
silicate galleries and subsequent polymerization (Haraguchi et al. 2005; Jeon and
Baek 2010; Usuki et al. 1993). Many studies have been carried out on physical and
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mechanical properties of wood and WPC (Rowell 2006). Polypropylene matrix
with fiber and clay composite increases thermal and mechanical properties by
decreasing the pore volume size of the system (Rahman et al. 2014).

Wood has been impregnated with polyethylene-co-maleic anhydride to improve
the mechanical, thermal, and biodegradable properties (Bodîrlǎu and Teacǎ 2009).
–COOH group of polymerized maleic acid suggests that it may react with the
hydroxyl group of wood to enhance the material properties of the composite. In
addition, ST-co-Mal plastics are recyclable from automobile parts (Simonsen et al.
1997). Little work, however, has been devoted to tropical wood species.

Although the research development in the WPCs on various wood has been
increasing, there is no comprehensive work has been done on wood polymer
composites of Kumpang. The importance of wood modification and the preparation
of the WPCs due to the sustainable applications of wood material for the society.

In this study, Kumpang wood was impregnated with styrene or a mixture of
styrene with clay or a mixture of styrene and maleic acid, or a mixture of styrene,
maleic acid, and clay or to improve its physical, mechanical, and thermal properties.
The prepared WPCs, WPNCs, and raw wood were characterized and compared
among them.

2 Experimental

2.1 Materials

Defect-free and straight-grained Kumpang wood (RW) was obtained from Forestry
Department, Sarawak, Malaysia. The chemicals used to produce WPCs and WPNs
were styrene (ST), maleic acid (Mal), benzoyl peroxide, and nanoclay (Nanomer®

1.28E) which was modified with 25–30 wt% trimethyl stearyl ammonium. ST was
supplied by A.S. Joshi and Company, Goregaon West, Mumbai, India while Mal
and benzoyl peroxide was supplied by Merck Schuchardt OHG, Germany.
Nanoclay (Nanomer® I.28E) was supplied by Aldrich, USA.

2.2 Specimen Preparation

A Kumpang tree was cut into three bolts that were 1.2 m in length. Each bolt was
sawn into quarters in order to produce planks that were 4 cm thick. These planks
were subsequently conditioned by air drying in a room with a relative humidity of
60% and ambient temperature of approximately 25 °C for one month prior to
testing. The planks were ripped and machined to 340 mm (L) � 20 mm
(T) � 10 mm (R) for three-point bending and free-free vibration tests.
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2.3 Preparation of Wood Polymer Nanocomposites
(WPNCs)

Oven-dried raw wood samples were impregnated with either one monomer or
mixture of monomers with MMT (Table 1). To impregnate the raw wood,
according to the chemical compositions of Table 1, the raw wood samples and
chemicals were placed in a vacuum chamber with 75 mm (Hg) for 30 min. For each
monomer(s) impregnation, approximately 10 g of benzoyl peroxide was added to
initiate polymerization, and five replicate wood polymer composites were prepared.
These wood composites were then removed from the chamber, and the excess
chemicals were removed. Specimens were wrapped with aluminum foil and placed
into a 105 °C oven for 24 h for polymerization to take place.

2.4 Microstructural Characterizations

2.4.1 Determination of Weight Percentage Gain (WPG)

Weight percentage gain (WPG) was calculated using the following equation:

WPG ð%Þ ¼ Wf �Wið Þ=Wi½ � � 100 ð1Þ

where Wf and Wi are the oven-dried weight of the WPC (or the WPNC) and the raw
wood, respectively.

2.4.2 Determination of Water Uptake (WU)

The water uptake (WU) was calculated using the following equation:

WU ð% ) ¼ W2�W1ð Þ=W1½ � � 100 ð2Þ

where W2 is the weight of treated (or untreated control) wood samples after two
weeks of water immersion, and W1 is the weight the oven-dried sample,
respectively.

Table 1 Composition of the chemicals for the raw wood (RW) impregnation

Specimen ST (mL) Mal (g) Clay (g) Initiator (BP) (g) Name of prepared composites

Raw wood 500 – – 10 ST-WPC

Raw wood 500 15 – 10 ST-co-Mal-WPC

Raw wood 500 – 10 10 ST-clay-WPNC

Raw wood 500 15 10 10 ST-co-Mal-clay-WPNC
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2.4.3 Fourier Transform Infrared Spectroscopy (FT-IR)

The infrared spectra of all specimens were recorded on a Shimadzu FT-IR 81001
Spectrophotometer (Shimadzu; Kyoto, Japan). The wave number range of the scan
used was 4000–600 cm−1.

2.4.4 X-ray Diffraction (XRD) Analysis

XRD analysis for raw wood and wood polymer nanocomposites was performed
with a Rigaku diffractometer (RGS Corp. Sdn. Bhd.; Selangor, Malaysia) operating
with CuKa radiation, the wavelength of 0.154 nm, 40 kV and 30 mA. The crys-
tallinity index (CIXRD) was calculated using the following height ratio of diffraction
peaks:

CIXRDð%Þ¼ I002 � Iam
I002

ð3Þ

where I002 is the maximum intensity of the peak at 2h at about 22º, and Iam is the
minimum intensity above baseline at 2h at about 30°, which corresponds to crys-
talline and amorphous parts, respectively. The d-spacing between the [002] lattice
planes (d002) of the sample was calculated using the Bragg equation:

d002¼ nk
2 sin h

ð4Þ

where n refers to the integer wavelength number (n = 1), h refers to the maximum
diffraction angle, and k is the X-ray wavelength (0.154 nm).

2.4.5 Scanning Electron Microscopy (SEM)

Fractured surfaces were examined to investigate the interfacial bonding between
wood cell and polymer with filler. These surfaces were imaged using a Hitachi
TM3030 Scanning Electron Microscope (SEM) supplied by JEOL (Tokyo, Japan).
The SEM specimens were sputter coated with gold prior to observation. The
micrographs were acquired at a magnification of 1500.

2.4.6 Modulus of Rupture (MOR), Modulus of Elasticity (MOE),
and Dynamic Young’s Modulus (Ed) Measurements

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
modulus of rupture (MOR) and modulus of elasticity (MOE) were calculated using:

2 Experimental 183



MOR ¼ 1:5LW=bd2 ð5Þ

MOE ¼ L2m=4bd3 ð6Þ

where W is the ultimate failure load, L is the span 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.

Determinations of the dynamic Young’s modulus, Ed, for all specimens were
carried out using a free-free flexural vibration testing system. The Ed was calculated
from the resonant frequency using the following equation,

Ed ¼ 4P2f 2l4Aq
Im4

n
ð7Þ

where I is the second moment of area of the beam’s cross section (which is equal to
bd3/12), d is the beam’s depth, b is the beam’s width, l is the beam’s length, fn is the
beam’s natural frequency at the nth flexural mode, q is the beam’s density, A is the
beam’s cross-sectional area, and mn is a frequency factor which is related to the
free-free beam vibration at the nth flexural mode. The value of mn at the first mode
(n = 1) is 4.730 (i.e., m1 = 4.730).

2.4.7 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) measurements were performed on 5–10 mg
samples at a heating rate of 10 °C/min in a nitrogen atmosphere using a thermo-
gravimetric analyzer (Model SDT Q600, TA Instruments; Selangor, Malaysia).
Thermal decomposition of each sample occurred in a programmed temperature
range of 30–600 °C under a constant nitrogen flow rate of 5 mL/min. The con-
tinuous weight loss and temperature were recorded and analyzed.

2.4.8 Differential Scanning Calorimetric Testing (DSC)

The differential scanning calorimetry (DSC) is used to measure and characterize the
thermal properties of materials. DSC revealed the amount of material with high
thermal stability. DSC measures the energy required to obtain the same temperature
rise in each holder. When a transition such as melting, degradation, or crystal-
lization i.e., an endothermic or exothermic reaction occurs, the change in power
needed to keep the sample at the same temperature as the reference pan is recorded
as a peak.

All differential scanning calorimetry (DSC) measurements were made on a DSC
Q10 (TA instrument) thermal system, using a sealed aluminum capsule. Each test
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specimen was weighed to about 3–3.5 mg and was held at a single heating rate of
10 °C/min and scanning temperature from 30 to 450 °C. Each of the data reported
represents an average of three runs. To assess the quantitative reproducibility, an
integration of the area under the peak yields the melting endotherm.

3 Results and Discussion

3.1 FT-IR

The FT-IR spectra of raw wood and various WPCs and WPNs are presented in
Fig. 1. A broad absorption peak 4000–3000 cm−1 and the peak 2950–2800 cm−1

assigned to stretch vibration of H-bonds in –OH groups and stretching vibrations of
C–H of methyl and methylene groups, respectively (Popescu et al. 2013; Rahman
et al. 2011). The broad peak at 2950 cm−1 of raw wood and St-WPC shifted to
2890 cm−1 with a narrower and sharper shape for St-co-Mal-WPC and St-co-
Mal-clay-WPNC. This observation indicated that the wood and Mal or wood and
Mal with modified nanoclay have a natural compatibility, and the molecular chains

Fig. 1 FT-IR spectra of a Raw wood, b ST-WPC, c ST-clay-WPNC, d ST-co-Mal-clay-WPNC,
and e ST-co-Mal-WPC
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could interact with each other. ST impregnated WPC showed a higher peak
intensity at 1505 cm−1 (which corresponded for aromatic double bonds) than that of
raw wood. This demonstration proved that the raw wood was impregnated by ST.
The intensity of the –OH group above 3000 cm−1 for ST–WPC was lower than that
of raw wood. This was due to removal of free-bound water from the wood lumen by
styrene. ST-co-Mal and ST-co-Mal-clay impregnated wood showed a lower peak
intensity of –OH group above 3000 cm−1 and a higher peak intensity of –CO group
at 1730 cm−1 when compared to ST-WPC. This is due to formation of covalent
bond between the –OH of wood and the –OH group of maleic acid (Kim et al.
2007; Schwanninger et al. 2004). This can be attributed to the fact that ST-co-Mal
created a network with raw wood (which was reflected in mechanical properties).
The charge of Al3+ polarized the p-electrons of aromatic rings of wood and styrene.
Consequently, C–H bending intensity at 750 cm−1 increased for ST-co-
Mal-clay-WPNC and St-clay-WPNC when compared to ST-WPC (Yao et al. 2013).
The peak 698 cm−1 is characteristic stretching vibrations of Al–O–Si and
out-of-plane bending of OH of wood (Kondo and Sawatari 1996; Parker and Frost
1996). Thus, the intensity of this band was higher for WPNCs than WPCs and raw
wood. These are the prove of impregnation of raw wood with clay and Maleic acid

3.1.1 X-ray Diffraction (XRD) Analysis

X-ray diffractograms of raw wood, WPCs, and WPNCs are shown in Fig. 2. The
diffraction pattern of raw wood, WPCs, and WPNCs exhibited amorphous peaks.
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The raw wood, WPCs, and WPNCs showed [002] crystalline plane and [040]
crystalline plane, when the values of 2h were around 22.4°, and 35.5°, respectively
(Chen et al. 2016; Wada et al. 2004). Crystallinity index (CIXRD) was determined at
[002] plan which is shown in Table 2. The CIXRD for ST-co-Mal-WPC and ST-co-
Mal-clay-WPNC was higher than raw wood and other composite. Because ST-co-
Mal network created bond with the –OH groups of wood and restricted the
movement of amorphous chains of wood (Victor et al. 2013). In ST-WPC, styrene
restricts the movement of amorphous chains of wood without bonding with wood.
The CIXRD of ST-clay-WPNC was lower than the other composites due to clay
particles entering into crystalized region of cellulose. The d-spacing of [002] of
WPCs and WPNCs plane increased when compared to raw wood. This was due to
the 2h values of WPCs and WPNCs were decreased compared to raw wood. The
increment of d-spacing indicated that the wood sample was successfully impreg-
nated by polymer (Chen et al. 2016). Among these WPCs and WPNCs, the
increment of d-spacing was the highest for ST-clay-WPNC. Because exfoliated clay
particles entered between crystalline planes (Liu et al. 2016). Though Mal reduced
the –OH of raw wood, the CIXRD of ST-co-Mal-WPC, and ST-co-Mal-clay-WPNC
increased compared to raw woods due to the reduction of amorphous movement of
wood molecules by clay and styrene. Among the composites, there was no addi-
tional peak with respect to raw wood. This was due to clay particles were exfoliated
in the nanocomposites. The ST and Mal were not arranged in the composites.

3.2 Scanning Electron Microscopy (SEM)

The morphological properties of RW, ST-WPC, ST-co-Mal-WPC, ST-clay-WPNC
and ST-co-Mal-clay-WPNC were shown in Fig. 3. It was observed that the lumen
and tracheids of wood were filled up by the polymers and nanoclay. In Fig. 6, the
surfaces of ST-clay-WPNC, and ST-co-Mal-clay-WPNC are smoother than that of
raw wood, ST-WPC, and ST-co-MAL-WPC. This was due to nanoclay was
exfoliated by ST, Mal, and wood cell wall to fill the cavities of raw wood (Xu et al.
2015). ST-co-MAL-WPC had smother surface than ST-WPC surface because the
first one not only extracts the Van der Waals forces among them but also there was
a covalent bond between wood maleic acid. ST could not react with wood cell wall
components, only Van der Waals forces were created in ST-WPC. The poor

Table 2 Crystallinity index CIXRD and D-spacing as obtained by XRD analysis

Sample CIXRD (%) 2h (002) D-spacing (002) nm

Raw 66.59 22.6967 0.3913

ST-WPC 72.5 22.3667 0.3970

ST-co-Mal-WPC 73.52 22.3667 0.3970

ST-clay-WPNC 71.89 21.7067 0.4089

ST-co-Mal-clay-WPNC 73.03 22.2017 0.4000
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interaction between the polymer and wood implied a more brittle composite (Li
et al. 2011). Therefore, it was concluded that there were strong interactions among
Mal, ST, nanoclay, and wood cell walls, as shown in Fig. 3e.

3.3 MOR, MOE, and Ed

The MOE, MOR, and Ed analyzes of (the average values of five samples of each
kind) raw wood and four different types of composite are given in Fig. 4. As shown
in Fig. 4, the composites exhibited higher MOE and MOR than the raw wood
because wood components sheared the stress with fillers. ST-WPC showed better

Fig. 3 SEM micrographs of a RW, b ST-WPC, c ST-co-Mal-WPC, d ST-clay-WPNC; and e ST-
co-Mal-clay-WPNC
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mechanical properties than that of raw wood due to the presence of moisture in the
cell wall of raw wood served as plasticizer and thus lowered the strength and
modulus of wood (Hazarika et al. 2015). ST-clay-WPNC showed better MOE and
MOR when compared to ST–WPC. This was due to in ST–WPC, polystyrene
without any charge extracted only a weak Van der Waals force between wood and
ST. Nanoclay particles exfoliated in ST-clay-WPNC, had high surface area, pos-
sessed charges that formed dipole bonds with the wood cell; organic part of
modified clay extracted Van der Waals forces with wood cell wall and styrene
(Chowdary and Niranjan 2015).

The MOE and MOR values were the highest for ST-co-Mal-clay-WPNC among
these four composites. This was due to –COOH groups and alkenes group of maleic
acid created covalent bonds with the –OH group of wood and with vinyl group of
styrene, respectively. The p-electrons of aromatic groups of styrene and lignin were
induced by Al3+ of nanoclay, and the high surface area of the nanoclay in the
composite resulted in a higher degree of interaction of the polymer chains with the
nanoclay. Thus, the polymers and the wood cell walls achieved a sufficiently strong
chemical bonding strength (Rahman et al. 2014). The MOE and MOR values of ST-
co-Mal-WPC were lower than that of ST-co-Mal-clay-WPNC; without organically
modified clay the compatibility between wood molecules and ST-co-Mal was not
good.

Prepared composites showed higher amount of Ed than raw wood. This was due
to an increase in the density and shear force in the wood composite (Greil et al.
1998; Lopes et al. 2000). The shear force is considered to vary sinusoidally with
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time. In the presence of shear force, the free energy increases, and the molecules
continuously oscillate from equilibrium and thus increased Ed (Liu et al. 2016; Toh
1979). Among the composites, the highest was observed for the ST-co-
Mal-clay-WPNC, followed by ST-co-Mal-WPC, ST-WPC, and ST-clay-WPNC.
ST-co-Mal reacts with cell wall components to produce the covalent bond, whereas
styrene monomer cannot react with wood cell wall components (Wolfenden and
Kinzy 1997). The large clay particles enter the wood, which increase the Van der
Waals forces in the composite to increase shear stress.

3.4 Weight Percentage Gain (WPG) and Water Uptake
(WU)

Both WPG and WU values are shown in Fig. 5. It was clear that ST-co-clay-WPNC
showed higher WPG when compared to the ST-co-Mal-clay-WPNC. This was due
to the high polar maleic acid was first priority in the mixture of ST, Mal, and
modified nanoclay to fill the polar raw wood cavity when compared to nonpolar
styrene and organically modified clay. WPG of raw wood by the impregnation with
ST-co-Mal-clay is higher than by the impregnation with ST-co-Mal. This was due
to nonpolar styrene and polar maleic acid. Besides, the molecular weight of nan-
oclay is higher than that of Mal.
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The water absorption of various samples is illustrated in Fig. 5. The raw wood
sample exhibited a higher percentage of water absorption compared with the WPCs.
This was expected because the pore volume on raw wood surface was reduced by
ST, ST-clay, ST-co-Mal, and ST-co-Mal-clay (Rahman et al. 2010). The wood cell
wall with hydrophilic hydroxyl groups facilitates water penetration into the void
areas of wood. Styrene-Mal-treated wood absorbed higher water than
styrene-treated wood because ST-co-Mal has polar carbonyl group. ST-clay-WPNC
absorbed less water than ST-co-Mal-WPC. This was due to styrene and clay
modified with trimethyl stearyl ammonium are both hydrophobic.

3.5 Thermogravimetric Analysis (TGA)

Thermogravimetric analyzes of raw wood, WPC, and WPNC are shown in Fig. 6,
and the corresponding thermal characteristic are given in Table 3. Figure 6 shows
that raw wood and ST-WPC exhibited two stages of thermal degradation and
decomposition. However, ST-co-Mal-WPC, ST-clay-WPNC, and ST-co-
Mal-clay-WPNC exhibited three stages of thermal degradation and decomposition.

The first stage of weight loss occurred at 70–110 °C and was attributed to
absorbed moisture evaporation from all the samples (Liu et al. 2013). The initial
weight loss of the samples below 110 °C was the lowest for ST-clay-WPNC fol-
lowed by, ST-co-Mal-WPC, ST-co-Mal-clay-WPNC, ST-WPC, and RW. This was
attributed to the reaction between –COOH of Mal and the –OH groups of wood cell
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wall reduced the hydrophilicity of wood polymer composite; the surface modified
MMT filled the fiber walls and wood cavities.

The second stage of thermal decomposition of raw wood and ST-WPC occurred
at 127–425 °C. Styrene did not covalently bonded with wood, so there were no
appreciable differences in thermal properties. On the other hand, the second-step
decomposition rate (at 129–390 °C) of ST-co-Mal-clay-WPNC was lower than that
of ST-co-Mal-WPC, ST-clay-WPNC, and raw wood, respectively. This was due to
the –COOH group of Mal created a covalent bond with –OH group of wood; the
compatibility of clay with lignin of wood and ST-co-Mal was higher than that of
ST-co-Mal with lignin of wood. The covalent bond is thermally more stable than
dipole bond. Well-distributed MMT layers could prevent the passage of volatile
decomposition product throughout the composite during TGA (García et al. 2009;
Sanchez-Jimenez et al. 2012).

In the third stage of decomposition of ST-co-Mal-WPC, ST-clay-WPNC, and
ST-co-Mal-clay-WPNC started at 392–500 °C. This was due to the thermal
decomposition of the wood-polymer structure, which produced combustible gases
like carbon monoxide, hydrogen, and methane, along with carbon dioxide. In this
third thermal degradation stage, the cellulose and lignin were degraded (Kim et al.
2006; Yang et al. 2007). The weight loss rate of ST-co-Mal-WPC was higher than
ST-co-Mal-clay-WPC and ST-clay-WPNC. This was attributed that nanoclay did
not decompose in this temperature range. The final residual weights
ST-clay-WPNC were significantly less than the raw wood, which was due to the
dehydroxylation of the aluminosilicate (Xie et al. 2001).

Table 3 Results for Tg analysis for raw wood and prepared composites

Sample name Number
of
transition

Transition temperature Weight loss at
corresponding
transition (%)

Residual weight
(%) at last stage
transition

Ti Tm Tf

RW 1st
2nd

37.80
127.58

80.36
354.51

121.70
425.59

7.30
67.65

24.81

ST-WPC 1st
2nd

43.04
205.27

80.04
353.07

134.33
425.21

7.30
67.46

24.59

ST-co-
Mal-WPC

1st
2nd
3rd

40.00
189.00
407.00

79
362
433

127.00
404.00
545.00

5.20
54.00
24.00

15.00

ST-clay-WPNC 1st
2nd
3rd

43.70
129.65
396.34

74.15
343.83
434.27

112.22
387.42
494.34

4.83
45.92
31.03

15.22

ST-co-
Mal-clay-WPNC

1st
2nd
3rd

37.00
139.00
414.00

79
359
437

131.00
408.00
559.00

6.30
54.00
22.70

14.00

Ti Onset temperature
Tm Temperature corresponding to the maximum rate of mass loss; and Tf End temperature
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3.6 Differential Scanning Calorimetry (DSC)

Figure 7 showed the DSC curves of the raw wood, WPCs, and WPNCs. In the
DSC graph, the raw wood exhibit three distinctly separated endothermic peaks at
120–160, 160–200, and 370–410 °C, corresponding to amorphous, paracrystalline,
and crystalline phases respectively. The amorphous and paracrystalline components
started early to decompose by heat whereas the crystalline components were
attacked at the last stage. The molecular movement of raw wood, WPCs, and
WPNCs is more in its non-crystalline in comparison to that in the crystalline
part. The motion of the macromolecules chain in the composite is rigid. This change
in movement has been attributed to the intramolecular and intermolecular hydrogen
bonding.

The firs endothermic peak at 120–160 °C showed for amorphous movement and
expulsion of absorbed water from the raw wood and wood composites. The peak
area of wood composites is lower than that of raw wood. The filler restricted the
amorphous movement and reduced the void area of raw wood. Thus, the WPCs and
WPNCs contained less water than the raw wood. The first endothermic peak of ST-
co-MA-WPC shifted to higher temperature than the raw wood, because unreacted –

COOH group held the water molecule more tightly than that of raw wood.
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The paracrystalline endothermic stability of raw wood and ST-WPC is samilar,
whereas the paracrystalline enthlphy of raw wood is higher than ST-WPC. This was
due to ST did not created any bond with wood molecule but restricted the
paracrystalline movement to increase the crystallinity of ST-WPC. ST-clay-WPNC
and ST-co-MA-clay-WPNC showed higher paracrystalline enthalphy among all the
composites; cations of nanoclay created an induced dipole bond with the aromatic
group of wood and styrene. The paracrystalline dissociation enthalpy of ST-co-MA
is lower than raw wood due to the disruption of paracrystalline lattice by ST-co-
MA. The paracrystalline endothermic temperature of ST-co-MA shifted to higher
temperature compared to raw wood. This observation proved that ST-co-MA cre-
ated a bond with wood, which reflected in FT-IR result.

In the third endothermic peak at 370–410 °C, ST-co-MA-WPC,
ST-clay-WPNC, and ST-co-MA-clay-WPNC showed the higher enthalpy to dis-
sociate their crystallinity when compared to raw wood because some amorphous
region of raw wood converted to crystalline region by ST-co-MA, ST-clay, and ST-
co-MA-clay. Amorphous property of lignin and styrene decreased to increase their
crystallinity because the cations of nanoclay induced p electron of lignin and
styrene. Between 330 and 400 °C, ST-WPC showed an exothermic peak due to
dissociation polystyrene.

4 Conclusion

By studying FT-IR, XRD, and SEM it is concluded that wood was impregnated by
a monomer or a mixture of monomer with nanoclay. The modulus of elasticity
(MOE), modulus of rupture (MOR), and dynamic Young’s moduli (Ed) of WPCs
and WPCs were higher than that of raw wood. The raw wood exhibited a higher
water uptake (WU) than WPNCs and WPCs. Between 129 and 390 °C, the thermal
decomposition rate of ST-co-Mal-clay-WPNC was lower than that of other wood
polymer composites and raw wood.
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Preparation and Characterizations
of Clay-Dispersed Styrene-co-Ethylene
Glycol Dimethacrylate-Impregnated Wood
Polymer Nanocomposites

M.R. Rahman, S. Hamdan and J.C.H. Lai

Abstract In this study, physico-mechanical, thermal, and morphological properties
of wood polymer nanocomposites (WPNCs) of styrene-co-ethylene glycol
dimethacrylate with clay (ST-co-EGDMA-clay) and styrene with clay (ST-clay)
wood polymer composite (WPC) of styrene-co-ethylene glycol dimethacrylate
(ST-co-EGDMA) and styrene (ST) were investigated. The WPNC was character-
ized by Fourier Transform Infrared Spectroscopy (FT-IR), X-ray diffraction (XRD),
Scanning Electron Microscopy (SEM), 3-point bending and free-free vibration
testing, and thermogravimatric analysis (TGA). The FT-IR results showed that the
absorbance at 1730 cm−1 increased for ST-co-EGDMA-clay-WPNC and
ST-co-EGDMA-WPC compared to other composites and the raw wood. The XRD
result revealed that the d-spacing of ST-clay-WPNC, ST-co-EGDMA-WPC,
ST-WPC, and ST-co-EGDMA-clay-WPNC was higher than the raw wood.
The SEM results showed that ST-co-EGDMA-clay-WPNC and ST-clay-WPNC
had a smoother surface compared to the other composites and raw wood. The
modulus of elasticity (MOE), modulus of rupture (MOR), and dynamic Young’s
moduli (Ed) of ST-co-EGDMA-clay-WPNC were higher than those of
ST-co-EGDMA-WPC, ST-clay-WPNC, ST-WPCs, and raw wood, respectively.
The raw wood exhibited a higher water uptake (WU) compared to WPNCs and
WPCs. ST-co-EGDMA-WPC was more thermally stable, compared to other
composites and raw wood.
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1 Introduction

For sustainable development, wood is more favorable than synthetic polymer
because wood is renewable whereas synthetic polymer will be run out. Growing
environmental awareness and new rules and regulations are forcing industries to
seek more eco-friendly materials for their products (Nuthong et al. 2013).
Regarding the problem from the greenhouse gas effect, tree acts as sinks to diminish
CO2 which produces by burning of synthetic polymer and the natural polymer.
Wood is used for the construction of the building, transportation, and sports
instrument, music instrument due to its excellent specific strength and high specific
modulus, biodegradability, and low density (Xie et al. 2013). It also reduces the
price of the material and energy consumption when compared to glass material
(Malkapuram et al. 2008). The main drawbacks of wood are dimensional unstable,
and susceptible to microorganism attack for taking water from the environment by
its hydrophilic –OH and void cavities (Hill and Papadopoulos 2001; Rautkari et al.
2013). At low-humidity environment, wood desorbs water to shrinkage. Oxidation
of wood lignin disclosures wood materials when uses in outdoor application
(Srinivas and Pandey 2012). However, the consumption of wood has been
increasing every year. Wood scientists have been emphasizing to convert the
low-quality fast growing raw wood to a value-added wood composite by polymer
impregnation (Thybring 2013). Wood composites are prepared by occurring reac-
tion between –OH group of wood and reagent functional groups which have the
ability for responding of the fiber structures and changing their composition.

As a result, modified wood reduces the moisture absorption and decreases the
attacking of microorganism. Both, wood and synthetic polymer, have polar and
nonpolar properties. These properties increase incompatibility between them (Ray
and Bousmina 2005). It is also reported that the thermoplastic polymers in the
presence of crosslinker emphasize the enhancement in dimensional stability,
superior mechanical strength, and elevated thermostability (Nachtigall et al. 2007;
Nourbakhsh et al. 2008). Vinyl monomer in the presence of a free radical initiator
turns into the polymer (Murinov et al. 2013). In the presence of crosslinker, the
polymerization rate of the vinyl monomer is very high (Jiang et al. 2012). Polymer
from this process is superior to condensation reaction to impregnate the wood
because to occur this reaction no acid or base, which degrades the wood polymer, is
used (Dong et al. 2015). Physical properties of vinyl-type polymer change in a
range from soft rubber to hard, brittle solid, which depends on the types of
monomer that form the polymer backbone such as styrene, ethylene, and acrylates
(Trey et al. 2012; Ding et al. 2008). Wood flour coated with the hydrophilic–
hydrophobic block copolymer based on styrene and acrylic acid shows significant
improvement in the ultimate tensile properties of composite (Kosonen et al. 2000).
The compatibility between wood and nonpolar polymer, like styrene, ethylene,
vinyl acetate, can be improved using ethyl glycol dimethyl methacrylate (EGDMA)
(Dong et al. 2015).
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In situ polymerization thermoplastic monomer with nanoclay entering into raw
wood cavities enhanced wood’s mechanical properties and decay resistance (Cai
et al. 2008; Rahman et al. 2014; Saba et al. 2014; Wenhua Lu 2008). An organic
polymer with organically modified layered silicate (OMLS)-impregnated wood
demonstrates significant mechanical improvement, barrier, fire resistance, thermal
and environmental stability, solvent uptake, and rate of biodegradability, relative to
an unmodified polymer resin-impregnated wood (Alamri et al. 2012; Hazarika et al.
2014; Leszczyńska et al. 2007). Recent researchers have found that commercial
organoclay could be used to make wood nanocomposites, which possess excellent
mechanical strength and low coefficient of thermal expansion with relatively low
cost and ease of fabrication. The thermal stability of wood composite depends on its
fire retardant chemicals and chemical modification of wood cell wall (Lin et al.
2008). The fire retardant chemicals such as montmorillonite, phosphoric acid, boric
acid Al(OH)3 and Mg(OH)2, TiO2, Sb2O3, alumino-silicates, vermiculite, perlite
produce char and water which reduce the effective heat of combustion to increase
the thermal stability (Ahmed Hared et al. 2007; Griffin 2011; Liang et al. 2015;
Chang et al. 2012; Qu et al. 2011). Silicates play an important role in wood
composite to produce silicon carbide compound which creates a barrier, during the
heat flow (Xu et al. 2015). Chemically modified and nanofiller-impregnated wood
enhanced mechanical and thermal properties (Liodakis et al. 2003).

In this study, ST-co-EGDMA was synthesized in the presence of nanoclay or
without nanoclay by in situ polymerization into raw wood. The prepared com-
posites were characterized by physico-mechanical and thermal analysis. The mor-
phological properties were also reported.

2 Experimental

2.1 Materials

Defect-free and straight-grained Kumpang raw wood (RW) was obtained from
Forestry Department, Sarawak. The chemicals used to produce WPCs were styrene
(ST), ethylene glycol dimethacrylate (EGDMA), benzoyl peroxide, and nanoclay
(Nanomer® 1.28E). Styrene was supplied by A.S. Joshi and Company, Goregaon
West, Mumbai, India. Ethylene glycol dimethacrylate (EGDMA) and benzoyl
peroxide were supplied by Merck Schuchardt OHG, Germany. Nanoclay
(Nanomer® 1.28E) that had been modified with 25–30 wt% trimethyl stearyl
ammonium was supplied by Sigma-Aldrich (USA).
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2.2 Specimen Preparation

The tree was cut into three bolts with 1.2 m long. Each bolt was quartersawn to
produce planks of 4 cm thick. These planks were subsequently conditioned by
air-drying in a room with a relative humidity of 60% and ambient temperature of
approximately 25 °C for one month prior to testing. The planks were ripped and
machined to 340 mm (L) � 20 mm (T) � 10 mm (R) for three-point bending and
free-free vibration tests.

2.3 Preparation of Wood Polymer Nanocomposites
(WPNCs)

Oven-dried specimens were impregnated with either one monomer with nanoclay
or mixture of monomers with nanoclay, which is shown in Table 1. The wood
specimens were placed separately into an impregnation vacuum chamber (75 mm
Hg) for 30 min. For each monomer(s) impregnation, approximately 10 g of benzoyl
peroxide was added to initiate polymerization. These wood composites were then
removed from the chamber, and the excess chemicals were removed. Specimens
were wrapped with aluminum foil and placed into a 105 °C oven for 24 h for
polymerization to take place.

2.4 Microstructural Characterizations

2.4.1 Determination of Weight Percentage Gain (WPG)

Weight percentage gain (WPG) was calculated using the following equation:

WPG %ð Þ ¼ Wf � Wi
� �

=Wi
� ��100 ð1Þ

whereWf andWi are the oven-dried weight of the WPC (or the WPNC) and the raw
wood, respectively.

Table 1 Composition of the
chemicals for the raw wood
(RW) impregnation

Specimen ST (mL) EDGMA (g) Clay (g)

Raw wood 500 – –

Raw wood 500 500 –

Raw wood 500 – 10

Raw wood 500 500 10
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2.4.2 Determination of Water Uptake (WU)

The water uptake (WU) was calculated using the following equation:

WU %ð Þ ¼ W2�W1ð Þ=W1½ ��100 ð2Þ

where W2 is the weight of the treated (or untreated control) wood samples after two
weeks of water immersion and W1 is the weight of the oven-dried sample,
respectively.

2.4.3 Fourier Transform Infrared Spectroscopy (FT-IR)

The infrared spectra of all specimens were recorded on a Shimadzu FT-IR 81001
Spectrophotometer (Shimadzu; Kyoto, Japan). The wave number range of the scan
used was 4000–600 cm−1.

2.4.4 X-Ray Diffraction (XRD) Analysis

XRD analysis for raw wood and wood polymer nanocomposites was performed
with a Rigaku diffractometer (RGS Corp. Sdn. Bhd.; Selangor, Malaysia) operating
with CuKa radiation, wavelength of 0.154 nm, 40 kV, and 30 mA. The crys-
tallinity index (CIXRD) was calculated using the following height ratio of diffraction
peaks:

CIXRD ð%Þ¼ I002 � Iam
I002

ð3Þ

where I002 is the maximum intensity of the peak at 2h at about 22° and Iam is the
minimum intensity above baseline at 2h at about 30°, which corresponds to crys-
talline and amorphous parts, respectively. The d-spacing between the [002] lattice
planes (d002) of the sample was calculated using the Bragg equation:

d002 ¼ nk
2 sin h

ð4Þ

where n refers to the integer wavelength number (n = 1), h refers to the maximum
diffraction angle, and k is the X-ray wavelength (0.154 nm).

2.4.5 Scanning Electron Microscopy (SEM)

Fractured surfaces were examined to investigate the interfacial bonding between
wood cell and polymer with filler. These surfaces were imaged using a Hitachi
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TM3030 Scanning Electron Microscope (SEM) supplied by JEOL (Tokyo, Japan).
The SEM specimens were sputter-coated with gold prior to observation. The
micrographs were acquired at a magnification of 1500.

2.4.6 Modulus of Rupture (MOR), Modulus of Elasticity (MOE),
and Dynamic Young’s Modulus (Ed) Measurements

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
modulus of rupture (MOR) and modulus of elasticity (MOE) were calculated using
the following formulae:

MOR ¼ 1:5 LW=bd2 ð5Þ

MOE ¼ L2m=4bd3 ð6Þ

where W is the ultimate failure load, L is the span 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.

Determinations of the dynamic Young’s modulus, Ed, for all specimens were
carried out using a free-free flexural vibration testing system. The Ed was calculated
from the resonant frequency using the following equation,

Ed ¼ 4P2f 2l4Aq

Im4
n

ð7Þ

where I is the second moment of area of the beam’s cross section (which is equal to
bd3/12), d is the beam’s depth, b is the beam’s width, l is the beam’s length, fn is the
beam’s natural frequency at the nth flexural mode, q is the beam’s density, A is the
beam’s cross-sectional area, and mn is a frequency factor which is related to the
free-free beam vibration at the nth flexural mode. The value of mn at the first mode
(n = 1) is 4.730 (i.e., m1 = 4.730).

2.4.7 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) measurements were performed on 5–10 mg
samples at a heating rate of 10 °C/min in a nitrogen atmosphere using a thermo-
gravimetric analyzer (Model SDT Q600, TA Instruments; Selangor, Malaysia).
Thermal decomposition of each sample occurred in a programmed temperature
range of 30 to 600 °C under a constant nitrogen flow rate of 5 mL/min. The
continuous weight loss and temperature were recorded and analyzed.
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2.4.8 Differential Scanning Calorimetric Testing (DSC)

The differential scanning calorimetry (DSC) is used to measure and characterize the
thermal properties of materials. DSC revealed the amount of material with high
thermal stability. DSC measures the energy required to obtain the same temperature
rise in each holder. When a transition such as melting, degradation, or crystal-
lization, i.e., an endothermic or exothermic reaction occurs, the change in power
needed to keep the sample at the same temperature as the reference pan is recorded
as a peak.

All differential scanning calorimetry (DSC) measurements were made on a DSC
Q10 (TA instrument) thermal system, using a sealed aluminum capsule. Each test
specimen was weighed to about 3–3.5 mg and was held at a single heating rate of
10 °C/min and scanning temperature from 30 to 450 °C. Each of the data reported
represents an average of three runs. To assess the quantitative reproducibility, an
integration of the area under the peak yields the melting endotherm.

3 Results and Discussion

3.1 FT-IR

The FT-IR spectra of RW and raw wood impregnated with ST, or ST-co-EGDMA, or
ST-clay, or ST-co-EGDMA-clay are shown in Fig. 1. The peaks from 4000 to
3000 cm−1 and from 2900 to 2800 cm−1 correspond to stretching vibration of H-bonds
in –OH groups and stretching vibration of C–H in methyl and methylene groups,
respectively (Rahman et al. 2015). The peak intensity near 1505 cm−1 (for aromatic
double bonds) was higher for ST-impregnated WPC compared to raw wood. This was
due to the increasing double bond. The IR spectra of ST-WPC exhibited a peak
intensity above 3000 cm−1 for the –OH group that was lower than that of raw wood.
The ST plasticized within the wood lumens to displace the free-bound water contained
in the wood matrix. The peak intensity of the –OH group for ST-co-EGDMA and
ST-co-EGDMA with clay-impregnated wood was lower than that of ST-impregnated
wood. This was due to the creation of covalent between –OH group of wood and –

COOH group of hydrolyzed EGDMA, which is shown in Fig. 2. This can be attributed
that ST-co-EGDMA performs better polymer than ST alone. The characteristic peak at
698 cm−1 was bending vibrations of Mg3OH, and out-of-plane vibration for Fe–O.
However, the vibration of Al–O–Si was out-of-plane whereas the hydrolyzed EGDMA
showed the bending of –OH at 2900–3500 cm−1 (Kondo and Sawatari 1996;
Madejova 2003). Thus, the intensity of this band is higher for WPNCs and
ST-co-EGDMA-WPC than ST-WPC and raw wood. C-H bending vibration at
750 cm−1 increased for ST-clay-WPNC compared to other composites due to polar-
ization capacity of Al3+ to p electron of styrene (Yao et al. 2013). The peak intensity
near 1730 cm−1 of ST-co-EGDMA-clay-WPC and ST-co-EGDMA-clay-WPNC
increased compared to raw wood, ST-WPC, and ST-clay-WPNC.
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3.2 X-Ray Diffraction (XRD) Analysis

X-ray diffractograms of raw wood, WPCs, and WPNCs are shown in Fig. 3. The
diffraction pattern of WPCs, WPNCs, and raw wood exhibited a broad amorphous
region. The values of 2h were around 22.4° for raw wood, WPCs, and WPNCs
assigned to the [002] crystalline plane. However, the values of 2h = 35° shown as
[040] plane and crystallinity index CIXRD ware determined at [002] plane which is
shown in Table 2 (Chen et al. 2016; Wada et al. 2004). The crystallinity of
ST-WPC and ST-clay-WPNC increased compared to ST-co-EGDMA-clay-WPNC,

Fig. 1 FT-IR spectra of a raw wood, b ST-WPC, c ST-clay-WPNC,
d ST-co-EGDMA-clay-WPNC, and e ST-co-EGDMA-WPC
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ST-co-EGDMA-WPC, and raw wood. This is due to ST-co-EGDMA was amor-
phous and reduced the –OH group from cellulose. This explains the crystallinity
index decreasing for crosslinked composites (Mattos et al. 2015). Among them, the
CIXRD was the highest for ST-WPC because styrene does not react with the OH
group. It restricts the movement of amorphous chains (Agubra et al. 2013). The
values of 2h for WPCs and WPNCs decreased compared to raw wood, whereas the
d-spacing of [002] plane is increased. The increment of d-spacing indicated that the
wood sample was successfully impregnated by the polymer (Ramos-Filho et al.
2005). Although some –OH groups were reduced by EGDMA, the CIXRD of all
composites increased compared to the raw wood. This is due to the reduction of
amorphous movement. Among the composites, there was no additional peak with
respect to raw wood.

3.3 Scanning Electron Microscopy (SEM)

The scanning electron micrographs of raw wood, WPCs, and WPNCs are shown in
Fig. 4a–d. It was observed that the lumen and tracheids of wood had been filled by
the solid polymers by in situ polymerization. Figures 4d and 6e show smoother
surfaces compared to surfaces as shown in Fig. 6c–d. This is due to the void spaces
of raw wood filled by the intercalated or exfoliated MMT and formed the composite
systems, which reflected in the XRD analysis (Chen and Baird 2012). However,
Fig. 4a shows that there was unfilled cell wall and pore volume, whereas ST-WPC
partially filled cell wall and pore volume (Fig. 4b). On the other hand,
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ST-co-EGDMA moderately filled the cell walls and pores, as shown in Fig. 4c.
Styrene and ST-co-EGDMA could not fill the maximum number of void spaces of
raw wood compared to ST-clay and ST-co-EGDMA-clay. The poor interaction

Table 2 Crystallinity index CIXRD and d-spacing as obtained by XRD analysis

Sample CIXRD (%) d-spacing (002) nm 2h (002)

Raw 66.59 0.3913 22.6967

ST-WPC 72.5 0.3970 22.3667

ST-co-EGDMA-WPC 66.89 0.398 22.3007

ST-clay-WPNC 71.89 0.4089 21.7067

ST-co-EGDMA-clay-WPNC 66.73 0.394 22.5647

Fig. 4 SEM micrographs of a RW; b ST-WPC; c ST-co-EGDMA-WPC; d ST-clay-WPNC; and
e ST-co-EGDMA-clay-WPNC
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between the polymer and wood implied a more brittle composite. Therefore, it was
concluded that there were strong interactions among the polymers, nanoclay, and
wood cell walls, as shown in Fig. 4d and e.

3.4 Modulus of Rupture (MOR), Modulus of Elasticity
(MOE), and Dynamic Young’s Modulus (Ed)
Measurements

The results of MOE, MOR, and Ed analyses of the raw wood, WPNCs, and WPCs
are shown in Fig. 5. In Fig. 5, the composites exhibited higher MOE and MOR
than the raw wood. This was due to the fillers exert adhesive forces with the wood
cell wall. The MOE and MOR values were the highest for
ST-co-EGDMA-clay-WPNC followed by ST-co-EGDMA-WPC, ST-clay-WPNC,
ST-WPC, and RW, respectively. This is due to the –COOH group of hydrolyzed
EGDMA formed a covalent bond with the –OH group of wood, and the vinyl group
of EGDMA reacted with styrene by a free radical mechanism. Also, nanoclay
exfoliated into wood cavities and ST-co-EGDMA. Thus, the polymers and the
wood cell walls achieved a sufficiently strong chemical bonding strength (Lai et al.
2015; Tabari et al. 2011). ST-WPCs showed lower MOE and MOR compared to
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ST-clay-WPNCs. This was expected because the compatibility of styrene with
wood cell wall was less compared to the compatibility of modified nanoclay with
wood cell wall. Modified nanoclay with high surface area had polar and nonpolar
properties whereas styrene had only nonpolar property.

Among the composites, the highest Ed was observed for the
ST-co-EGDMA-clay-WPNC, followed by ST-co-EGDMA-WPC, ST-WPC, and
ST-clay-WPNC. This is due to an increase in the density and shear force in the
wood composite (Rahman et al. 2010). In the presence of shear force, the free
energy increases and the molecules continuously oscillate from equilibrium (Toh
1979). The shear force is considered to vary sinusoidally with time. The styrene
monomer cannot directly react with wood cell wall components, whereas
ST-co-EGDMA reacts with cell wall components to produce the covalent bond.
The clay particles enter into the wood, which increases the Van der Waals forces in
the composite to increase shear stress.

3.5 Weight Percentage Gain (WPG) and Water Uptake
(WU)

Both WPG and WU values are shown in Fig. 6. It is clear that
ST-co-EGDMA-clay-WPNC showed higher WPG% compared to the other com-
posites. This is due to EGDMA created covalent bonds with the –OH group of
wood and vinyl group of styrene. This formation energy might help to break the
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gallery of clay which entered into wood cell wall and wood cavities. ST-WPC and
ST-clay-WPNC showed lower WPG compared to ST-co-EGDMA-WPC and
ST-co-EGDMA-clay-WPNC. This is due to the attraction of wood with the mixture
of styrene and EDGMA had stronger than that of wood with the mixture of ST and
clay.

The water absorption of prepared samples is illustrated in Fig. 6. The raw wood
exhibited a higher percentage of water absorption compared to the WPCs and
WPNCs. This was expected because ST, ST-clay, ST-co-EGDMA, and
ST-co-EGDMA-clay had reduced pore size on the surface of the wood (Jinshu et al.
2007). The void area on the wood surface facilitates water penetration into the
wood cell wall with hydrophilic hydroxyl groups. Styrene with EGDMA-treated
samples absorbed less water compared to styrene-treated samples. Because
ST-WPCs had more void areas compared to ST-co-EGDMA-WPCs, which is also
reflected in the SEM analysis. Similar results have been reported for rubber wood
samples (Devi and Maji 2007). It is also apparent that ST-clay-WPNC had the
lowest (28.84%) water absorption among all the composites and raw wood. This is
due to styrene and MMT modified with alkyl group are hydrophobic.
ST-co-EGDMA-clay-WPNC had the higher hydrophilicity than the ST-clay-WPNC
due to the containing of carbonyl group in ST-co-EGDMA-clay.

3.6 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis of raw wood, WPC, and WPNC is shown in Fig. 7
and the corresponding thermal characteristics are given in Table 3. The thermal
stability of RW, ST-WPC, ST-co-EGDMA-WPC, ST-clay-WPNC, and
ST-co-EGDMA-clay-WPNC was carried out using TGA. Figure 7 shows that raw
wood and ST-WPC showed two-step thermal degradation and decomposition.
ST-co-EGDMA-WPC, ST-clay-WPNC, and ST-co-EGDMA-clay-WPNC showed
three-step thermal degradation and decomposition.

The first-step weight loss occurred at 70–110 °C due to evaporation of absorbed
moisture from RW, WPCs, and WPNCs (Zhao et al. 2014). The initial weight loss
below 110 °C was the lowest for ST-clay-WPNC, compared to
ST-co-EGDMA-clay-WPNC, ST-co-EGDMA-WPC, ST-WPC and RW, respec-
tively. This is due to hydrophobic styrene and modified clay filled the cavity of
wood cell wall.

The second-stage thermal decomposition of raw wood and ST-WPC occurred at
127–425 °C. In this region, there was no appreciable difference because styrene did
not create any chemical bond with wood. Generally, the existence of inorganic
materials in polymer matrix enhances the thermal stability of the nanocomposite
(Srinivasulu et al. 2013). On the contrary, at 129–404 °C the thermal stability of
ST-co-EGDMA-WPC was higher than that of ST-co-EGDMA-clay-WPNC,
ST-clay-WPNC. This is due to the formation energy of ST-co-EGDMA-WPC was
higher than the formation energy ST-co-EGDMA-clay-WPNC and
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Table 3 Results for TG analysis for raw wood and prepared composites

Sample name Number
of
transition

Transition
temperature

Weight loss at
corresponding
transition (%)

Residual
weight (%) at
last stage
transition

Ti Tm Tf

RW 1st 37 80 122 7.30 24.81

2nd 127 354 426 67.65

ST-WPC 1st 43 80 134 7.30 24.59

2nd 205 353 425 67.46

ST-co-EDGMA-WPC 1st 40 77 120 4.74 1308

2nd 240 378 392 43.41

3rd 395 430 526 36.13

ST-clay-WPNC 1st 43 74 112 4.83 15.22

2nd 129 344 387 45.92

3rd 396 434 494 31.03

ST-co-EDGMA-clay-WPNC 1st 40 78 144 5.25 13.05

2nd 168 357 405 51.14

3rd 407 431 529 29.43

Ti onset temperature
Tm temperature corresponding to the maximum rate of mass loss; and
Tf end temperature
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ST-clay-WPNC. In the third-step decomposition of ST-co-EGDMA-WPC,
ST-clay-WPNC, and ST-co-EGDMA-clay-WPNC started at 395–529 °C. This is
due to breaking of the wood polymer structure which produces carbon dioxide and
tars. In the third stage, cellulose and lignin were degraded (Kim et al. 2006; Yang
et al. 2007). However, the temperature is in the range of 395 to 529 °C and the
weight loss rate of ST-co-EGDMA-WPC and ST-co-EGDMA-clay-WPNC was
higher than that of ST-clay-WPNC. This was due to the breaking of bond between
wood and EGDMA to produce volatile CO2 gas. At 525–600 °C, the final weights
of ST-co-EGDMA-clay-WPNC and ST-clay-WPNC were significantly less than the
raw wood due to the dehydroxylation of the aluminosilicate (Assaedi et al. 2016;
Xie et al. 2001). It was also cleared that in this region the dehydroxylation of the
aluminosilicate of ST-co-EGDMA-clay-WPNC was lower than that of
ST-clay-WPNC because ST-clay-WPNC had more clay than that of
ST-co-EGDMA-clay-WPNC.

3.7 Differential Scanning Calorimetry (DSC)

Figure 8 shows the DSC curves of the raw wood, WPCs, and WPNCs. The raw
wood exhibited three separated endothermic peak ranges 120–160 °C, 160–200 °C,
and 370–410 °C, corresponding to amorphous, paracrystalline, and crystalline
phases, respectively (Mahato et al. 2013; Mattos et al. 2015). The amorphous and
paracrystalline components are first affected by heat, whereas the crystalline
components are attacked at the last stage. The molecular movement of wood is
more in its non-crystalline in comparison with that in the crystalline part (Bao et al.
2003). The motion of the polymer chain is rigid. So it can be attributed that the
intramolecular hydrogen bonding and intermolecular hydrogen bonding change the
internal movement of wood.

The first endothermic peak which corresponds to amorphous movement and
expulsion of absorbed water from the raw wood and wood composites. The peak
area of raw wood in this region is higher than that of wood composites. This is due
to the fillers restricted the amorphous movement and reduced the amount of water
absorption.

The thermal stability of second endothermic region of paracrystalline phase of
raw wood and ST-WPC is similar, whereas the paracrystalline enthalpy of raw
wood is higher than ST-WPC. This is due to ST did not create any bond with wood
molecule but only filled the wood cavities to restrict the paracrystalline movement.
ST-clay-WPNC showed higher paracrystalline enthalpy among all the composites
because some amorphous region of raw wood and ST converted to paracrystalline
and crystalline regions. This conversion was created by cations of nanoclay, which
induced a dipole bond with the aromatic group of wood and styrene. The
paracrystalline endothermic peak of ST-co-EGDMA-WPC completely disappeared;
however, that peak for ST-co-EGDMA-clay-WPN partially disappeared, respec-
tively. This is due to the disruption of paracrystalline lattice by ST-co-EGDMA.
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The third endothermic peak of ST-co-EGDMA-WPC and
ST-co-GMA-clay-WPNC showed the higher enthalpy for breaking of crystallinity
region when compared to raw wood and ST-clay-WPNC. This is due to
ST-co-EGDMA and ST-co-GMA-clay entered into amorphous, and paracrystalline
region of raw wood to convert the crystalline region (Mehrotra et al. 2010;
Phetkaew et al. 2009). Between 360 and 400 °C, ST-WPC showed an exothermic
peak due to dissociation polystyrene. ST-clay-WPNC showed a higher bond
breaking enthalpy of crystalline region than that of raw wood. The cations of
nanoclay induced p electron of lignin and styrene, thus increased the crystallinity of
this region (Chand et al. 1987; Zhu et al. 2004). The temperature between 330 and
400 °C, ST-WPC showed an exothermic due to dissociation polystyrene.

4 Conclusion

Kumpang wood was successfully impregnated by ST, ST-co-EGDMA, ST-clay,
and ST-co-EGDMA-clay, which was proved by FT-IR and XRD analysis.
The SEM results showed that ST-co-EGDMA-clay-WPNC and ST-clay-WPNC
had a smoother surface compared to the other composites and raw wood. The
modulus of elasticity (MOE), modulus of rupture (MOR), and dynamic Young’s
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moduli (Ed) were the highest for ST-co-EGDMA-clay-WPNC followed by
ST-co-EGDMA-WPC, ST-clay-WPNC, ST-WPC, and raw wood. The raw wood
exhibited a higher water uptake (WU) compared to WPNCs and WPCs. Between
120 and 400 °C, ST-co-EGDMA-WPC was more thermally compared to the other
composites and raw wood.
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Physico-Mechanical, Thermal,
and Morphological Properties
of Styrene-co-3-(Trimethoxysilyl)Propyl
Methacrylate with Clay Impregnated
Wood Polymer Nanocomposites

M.R. Rahman, S. Hamdan and J.C.H. Lai

Abstract In this study, the physico-mechanical, thermal, and morphological
properties of styrene-co-3-(trimethoxysilyl)propyl methacrylate (ST-co-SPMA)
with clay impregnated wood polymer nanocomposites (WPNCs) were investigated.
The WPNCs were characterized by Fourier Transform Infrared Spectroscopy
(FT-IR), X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), 3-point
bending and free-vibration testing, and Thermogravimetric Analysis (TGA). The
FT-IR results showed that the absorbance intensity at 698 cm−1 was higher for
ST-co-MSPM-clay-WPNC and ST-clay-WPNC when compared to styrene wood
polymer composite (ST-WPC), ST-co-MSPA-WPC, and raw wood. The XRD
result revealed that the d-spacing of WPNCs and WPCs was higher than that of raw
wood. The SEM results showed that ST-co-MSPM-clay-WPNC had smoother
surfaces when compared to other nanocomposites and raw wood. The modulus of
elasticity (MOE), modulus of rupture (MOR), dynamic Young’s moduli (Ed), and
thermal stability of ST-co-MSPM-clay-WPNC were considerably higher when
compared to wood polymer nanocomposites (WPNCs) and raw wood.

Keywords Wood fibers � Nanocomposites � Mechanical properties � Thermal
properties

1 Introduction

For sustainable development, wood is more favorable than synthetic polymer
because of its renewability. Wood is used worldwide due to its advantages such as
its availability, excellent specific strength, high specific modulus, ability to be
recycled, and aesthetics properties. Wood has lower costs compared to other
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materials, such as glass, which have higher energy consumption to produce them
(Donnell et al. 2004; Ku et al. 2011). Increased carbon dioxide gas emissions have
been proposed to be attributing to global climate change by burning of fossil fuel.
Natural forests, which contain various types of wood species, can reduce the carbon
dioxide in the atmosphere. The main drawbacks of wood as a building material are
its dimensional instability and its susceptibility to attack by microorganisms (Fengel
and Wegener 1989; Mattos et al. 2014; Rowell 2006). At low humidity, wood
desorbs water, which results in its shrinkage. In outdoor applications, wood suffers
from photo degradation. Wood also becomes discolored when it is used indoor,
which is attributed to lignin oxidation (Feist and Hon 1984).

In the past decades, in order to overcome the drawbacks of wood, wood com-
posites were prepared with different thermoplastic polymers in the presence of a
crosslinker. These wood composites have enhanced in dimensional stability,
superior mechanical strength, and higher thermal stability (Banks and Lawther
1994; Kumar 1994; Rowell 2014). Wood composites are prepared by various
chemical reactions, which involve the reactions between wood hydroxyl groups
(–OH) and functional groups of filler, which have the ability to change their
structures and compositions. As a result, modified wood absorbs less moisture and
is less prone to attack by microorganisms. Both wood and synthetic polymers have
polar and nonpolar properties, which lead to an excellent enhancement incompat-
ibility between the wood and synthetic polymer (Ray and Bousmina 2005).

Eucalyptus grandis when impregnated with styrene and methyl methacrylate
does not exhibit good mechanical performance because permeability of these
chemical into that wood is low (Stolf and Lahr 2004). Wood flour coated with
hydrophilic–hydrophobic block copolymers of styrene and acrylic acid appreciably
enhanced the ultimate tensile properties of the composite (Kosonen et al. 2000).
The compatibility between wood and 3-(trimethoxysilyl)propyl methacrylate can be
improved (Lu et al. 2013; Rangel-Vázquez and Leal-García 2010). Plasticized
wood composites have higher mechanical properties and decay resistance (Rahman
et al. 2015).

Clay can act as a plasticizer to reduce the pore volume and improve the thermal
properties of wood composites. The polar parts of nanoclay form dipole bonds with
the walls of the wood fibers, whereas the nonpolar parts of nanoclay interact with
thermoplastic resin of the composite. Wood impregnated with a mixture of organic
monomer and organically modified layered silicate (OML) demonstrates significant
mechanical improvement, fire resistance, thermal stability, solvent uptake, and rate
of biodegradability. Monomers can easily enter into wood cell wall and clay gal-
leries for subsequent polymerization (Gaboune et al. 2006; Kojima et al. 2011;
Usuki et al. 1993). A few weight percent of OML (i.e., � 5 wt%) when properly
disperse throughout the low-density polymer can create a strong interfacial inter-
action with the resin through the high surface area of the OMLS. For these reasons,
wood polymer nanocomposites are lightweight compared to conventional com-
posites, which make them competitive with other materials for specific applications.
The unmodified polymer resin does not exhibit strong interfacial interactions with
the walls of the wood fibers (Chen et al. 2002; Ray and Okamoto 2003).
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In the Thermogravimetric Analysis, heat flow can reduce or increase heat pro-
duction. The thermal stability of wood composites depends upon the fire retardant
chemicals used and the chemical modifications to the fiber walls of the wood (Islam
et al. 2013). Fire retardant chemicals in wood composites produce char and water
when subjected to Thermogravimetric Analysis, which reduces the effective heat of
combustion and increases the thermal stability of the composites (Levan and Tran
1990; Yunchu et al. 2000). Phosphoric acid is one of the most commonly used fire
retardants used to reduce the amount of volatiles generated and to increase the
amount of residual char produced during heating (Baysal 2011). Al(OH)3 and Mg
(OH)2 are used as heat retardants for their endothermic and dehydration properties
(García et al. 2009). Silicates play an important role in wood composite to produce
silicate carbide compounds, which create a barrier to heat flow (Lu and Hamerton
2002; Xu et al. 2015). Montmorillonite clays, TiO2, Sb2O3, alumino-silicates,
vermiculite, perlite, and organoclays are used as heat retardants to increase the
thermal stability of wood (Zhang and Horrocks 2003; Chang and Li 2011).
Chemically modified wood along with nanofiller enhances the mechanical and
thermal properties (Liodakis et al. 2003).

The present study evaluates the effect of clay dispersed styrene-co-3-(trimethox-
ysilyl)propyl methacrylate on the physico-mechanical and thermal properties of
wood. The morphological properties of the wood nanocomposites are also reported.

2 Experimental

2.1 Materials

Five replicate wood specimens were chosen for each series. To prepare the wood
polymer nanocomposites, styrene (ST) was supplied by A.S. Joshi and Company
(Goregaon West, Mumbai, India). 3-(trimethoxysilyl)propyl methacrylate (MSPM)
and montmorillonite (MMT) nanoclay (Nanomer® I.28E)modified with 25–30 wt%
trimethylstearylammonium were supplied by Aldrich (Sigma-Aldrich, St. Louis,
MO, USA). Benzoyl peroxide (BP) was supplied by Merck (Merck
Schuchardt OHG, Hohenbrunn, Germany) which was used as a free radical catalyst
to induce polymerization of monomers.

2.2 Specimen Preparation

A Kumpang tree was cut into three bolts that were 1.2 m in length. Each bolt was
sawn into quarters in order to produce planks that were 4 cm thick. These planks
were subsequently conditioned by air drying in a room with a relative humidity of
60% and ambient temperature of approximately 25 °C for one month prior to
testing. The planks were ripped and machined to 340 mm (L) � 20 mm
(T) � 10 mm (R) for three-point bending and free-free-vibration tests.
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2.3 Preparation of Wood Polymer Nanocomposites

Oven-dried specimens were impregnated with either one monomer or mixture of
monomers with MMT (Table 1). The wood specimens were placed separately into
an impregnation vacuum chamber (75 mm Hg) for 30 min. For each monomer(s)
impregnation, approximately, 10 g of benzoyl peroxide was added to initiate
polymerization. These wood nanocomposites were then removed from the chamber,
and the excess chemicals were removed. Specimens were wrapped with aluminum
foil and placed into a 105 °C oven for 24 h for polymerization to take place.

2.4 Characterizations

2.4.1 Determination of Weight Percentage Gain (WPG)

Weight percentage gain (WPG) was calculated using the following equation:

WPG %ð Þ ¼ Wf � Wi
� �

=Wi
� �� 100 ð1Þ

where Wf and Wi are the oven-dried weight of the WPC (or the WPNC) and the raw
wood, respectively.

2.4.2 Determination of Water Uptake (WU)

The water uptake (WU) was calculated using the following equation:

WU %ð Þ ¼ W2�W1ð Þ=W1½ � � 100 ð2Þ

where W2 is the weight of treated (or untreated control) wood samples after two
weeks of water immersion, and W1 is the weight the oven-dried sample, respectively.

Table 1 Composition of the chemicals for the raw wood (RW) impregnation

Specimen Volume of
ST (mL)

Volume of
MSPM (mL)

Amount of
clay (g)

Amount of
initiator (BP) (g)

Name of prepared
nanocomposites

Raw wood 500 – – 10 ST-WPC

Raw wood 500 200 – 10 ST-co-MSPA-WPC

Raw wood 500 – 10 10 ST-clay-WPNC

Raw wood 500 200 10 10 ST-co-MSPM-clay-WPNC
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2.4.3 Fourier Transform Infrared Spectroscopy (FT-IR)

The infrared spectra of all specimens were recorded on a Shimadzu FT-IR 81,001
Spectrophotometer (Shimadzu, Kyoto, Japan). The wave number range of the scan
used was 4000–600 cm−1.

2.4.4 X-ray Diffraction (XRD) Analysis

XRD analysis for raw wood and wood polymer nanocomposites was performed
with a Rigaku diffractometer (RGS Corp. Sdn. Bhd., Selangor, Malaysia) operating
with CuK radiation, wavelength of 0.154 nm, 40 kV, and 30 mA. The crystallinity
index (CIXRD) was calculated using the following height ratio of diffraction peaks:

CIXRD ð%Þ ¼ I002 � Iam
I002

ð3Þ

where I002 is the maximum intensity of the peak at 2h at about 22°, and Iam is the
minimum intensity above baseline at 2h at about 30°, which corresponds to crys-
talline and amorphous parts, respectively. The d-spacing between the [002] lattice
planes (d002) of the sample was calculated using the Bragg equation:

d002 ¼ nk
2 sin h

ð4Þ

where k is the X-ray wavelength (0.154 nm).

2.4.5 Scanning Electron Microscopy (SEM)

Fractured surfaces were examined to investigate the interfacial bonding between
wood cell and polymer with filler. These surfaces were imaged using a Hitachi
TM3030 Scanning Electron Microscope (SEM) supplied by JEOL (Tokyo, Japan).
The SEM specimens were sputter coated with gold prior to observation. The
micrographs were acquired at a magnification of 1500.

2.4.6 Modulus of Rupture (MOR), Modulus of Elasticity (MOE),
and Dynamic Young’s Modulus (Ed) Measurements

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
modulus of rupture (MOR) and modulus of elasticity (MOE) were calculated using
Eqs. (5) and (6).
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MOR ¼ 1:5LW
bd2

ð5Þ

MOE ¼ Lsm
4bds

ð6Þ

where

W ultimate failure load,
L span between centers of support,
b mean width (tangential direction) of the sample,
d mean thickness (radial direction) of the sample, and
m slope of the tangent to the initial line of the force displacement curve.

Determinations of the dynamic Young’s modulus, Ed, for all specimens were
carried out using a free-free flexural vibration testing system. The Ed was calculated
from the resonant frequency using Eq. (7).

Ed ¼ 4p2f 2l4Aq

I(mnÞ4
ð7Þ

where

I second moment of area of the beam’s cross section (which is equal to bd3/12),
d beam’s depth, b is the beam’s width,
l beam’s length, fn is the beam’s natural frequency at the nth flexural mode,
q beam’s density,
A beam’s cross-sectional area, and
mn constant related to the free-free beam vibration at the nth flexural mode. The

value of mn at the first mode (n = 1) is 4.730 (i.e., m1 = 4.730).

2.4.7 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) measurements were performed on 5–10 mg
samples at a heating rate of 10 °C/min in a nitrogen atmosphere using a
Thermogravimetric Analyzer (Model SDT Q600, TA Instruments, Selangor,
Malaysia). Thermal decomposition of each sample occurred in a programmed
temperature range of 30–600 °C under a constant nitrogen flow rate of 5 mL/min.
The continuous weight loss and temperature were recorded and analyzed.
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3 Results and Discussion

3.1 Fourier Transform Infrared Spectroscopy (FT-IR)
Analysis

The FT-IR spectra of various nanocomposites and raw wood are presented in Fig. 1.
The peak at 4000–3000 cm−1 corresponded to stretching vibration of H-bonds in
–OH groups, whereas C–H stretching in methyl and methylene groups occurred at
3000–2800 cm−1 (Rahman et al. 2011). The peak near 1505 cm−1 (which corre-
sponded to aromatic double bonds) had higher intensity for ST-impregnated WPC
when compared to raw wood. This was due to the increased amount of aromatic
double bonds from the styrene. The IR spectra of the ST-impregnated WPC exhibited
lower peak intensity above 3000 cm−1 than that of raw wood (which corresponded to
–OH groups). The ST plasticized within the wood lumens to displace the free-bound
water contained in the wood matrix. The intensity of the –OH group peak for the
ST-co-MSPM impregnated wood was lower than that of the ST-impregnated wood.
This observation is ascribed to the formation of covalent bonds between the –OH
groups of the wood and the partially hydrolyzed ether groups of the MSPM (i.e.,
silylation with MSPM). This can be attributed that ST-co-MSPM-WPC will show
better mechanical performance than that of ST-WPC. ST-co-MSPM-clay-WPNC
showed lower peak intensity at 3500–3000 cm−1 when compared to
ST-co-MSPM-WPC. This was attributed to the removal of free water. The peak
intensity at 698 cm−1 was assigned to the stretching vibrations of Al–O–Si of the clay
and to out-of-plane bending of –OH groups of the wood (Catauroa et al. 2015; Kondo
1996; Parker and Frost 1996). Thus, the intensity of this band was higher for WPNCs
when compared to WPCs and raw wood. The C-H bending vibration peak at
750 cm−1 had higher intensity for ST-co-MSPM-clay-WPNC and ST-clay-WPNC
when compared to ST-WPC and ST-co-MSPM-WPC. This was attributed to the
polarization capacity of Al3+ cations to p-electrons of styrene (Yao et al. 2013).
Among the nanocomposites, the peak at 819 cm−1 was visible in
ST-co-MSPM-clay-WPNC and ST-co-MSPM-WPC. This peak is assigned to the
vibration of Si–O–C and Mg–Al–OH groups (Karesoja et al. 2009; Lu et al. 2013).
The peak intensity of the carbonyl group at 1730 cm−1 indicated that MSPM was
impregnated into the wood. The reaction scheme is shown in Fig. 2.

3.2 X-ray Diffraction (XRD) Analysis

X-ray diffractograms of raw wood, WPCs, and WPNCs are shown in Fig. 3. The
diffraction patterns of raw wood, WPCs, and WPNCs indicated that these materials
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contained amorphous cellulose content. The values of 2h at ca. 22.4° for WPCs and
WPNCs were assigned to the [002] crystalline plane. However, the values of 2h at
36° were assigned to the [040] plane. The intensities of these two diffraction peaks
were used to calculate the crystallinity index (CIXRD) in Table 2 according to
Eq. (3) (Chen et al. 2016; Wada et al. 2004). The CIXRD was the highest for
ST-WPC because ST entered into amorphous region of wood and reduced the
amorphous movement of wood molecule (Agubra et al. 2013). The CIXRD of
ST-clay-WPNC was higher than ST-co-MSPM-clay-WPNC due to the removal of
–OH groups from cellulose when it reacted with hydrolyzed MSPM. The organically

Fig. 1 FT-IR spectra of a raw wood, b ST-WPC, c ST-co-MSPA-WPC, d ST-clay-WPNC, and
e ST-co-MSPM-clay-WPNC
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Fig. 2 Schematic of the reactions involved between MSPM and wood during impregnation and
polymerization (BP denotes benzyl peroxide)
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modified clay particle entered into amorphous region of the wood component.
X-ray diffractograms of nanocomposites did not show extra peak when compared
with raw wood. This can be concluded that the interaction among wood, styrene,
ST-co-MSPM, and clay broke the clay gallery.

The values of 2h for WPCs and WPNCs were lower when compared to raw
wood, whereas the d-spacing of [002] plane was higher (Table 2). The increment of
d-spacing indicated that the wood sample was successfully impregnated by the
polymer (Chen et al. 2016). Although the –OH groups of wood had reacted with
MSPM, the CIXRD of all the nanocomposites was higher than that of the raw
wood. This was due to the reduction of amorphous cellulose region.

0

1000

2000

3000

4000

5000

6000

0 10 20 30 40 50 60 70 80

In
te

ns
it

y 

Two Theta

raw

ST-WPC

ST-co-MSPM-WPC

ST-clay-WPNC

ST-co-MSPM-clay-WPNC

Fig. 3 X-ray diffraction (XRD) diffractograms of a RW, b ST-WPC, c ST-co-MSPM-WPC,
d ST-clay-WPNC, and e ST-co-MSPM-clay-WPNC

Table 2 Crystallinity index (CIxrd) and d002 as obtained by XRD analysis

Sample CIXRD (%) 2h [002] (°) d002 (nm)

RW 66.59 22.6967 0.3913

ST-WPC 72.50 22.3667 0.3970

ST-co-MSPM-WPC 71.52 22.4657 0.3952

ST-clay-WPNC 71.89 21.7067 0.4089

ST-co-MSPM-clay-WPNC 66.81 22.3667 0.3970
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3.3 Scanning Electron Microscopy (SEM)

The morphological properties raw wood, ST-WPC, ST-co-MSPA-WPC,
ST-clay-WPC, and ST-co-MSPM-clay-WPNC are shown in Fig. 4. The lumens
and tracheids of the wood fibers were filled by the polymer by in situ polymer-
ization of the monomers. In Fig. 4d, e, the ST-clay-WPC and
ST-co-MSPM-clay-WPNC surfaces were smoother than the ST-WPC surface
(Fig. 4b). This was due to the clay particles acting as filler material to bridge the
void volumes between the wood fiber pores and the polymer (Xu et al. 2013).
ST-co-MSPM formed covalent bonds with the wood fiber walls that filled the

Fig. 4 SEM micrographs of a RW, b ST-WPC, c ST-co-MSPM-WPC, d ST-clay-WPNC, and
e ST-co-MSPM-clay-WPNC
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wood’s void spaces when compared to the raw wood. The better interaction
between filler and wood implied a more rigid composite (Li et al. 2011), which is
reflected in composite’s mechanical properties.

3.4 MOR, MOE, and Ed

The MOE, MOR, and Ed analyses of the raw wood, ST-WPC, ST-co-MSPA-WPC,
ST-clay-WPC, and ST-co-MSPM-clay-WPNC are shown in Fig. 5. The wood
polymer nanocomposites exhibited higher MOE and MOR when compared to the
raw wood. The filler exerted adhesive force as well as formed covalent bonds with
the wood’s fiber walls. In the ST–WPC composite, there were only adhesive forces
between the wood and the ST, which had lower MOE and MOR when compared to
the ST-co-MSPM-WPC, ST-clay-WPNC, and ST-co-MSPM-clay-WPNCs. The
WPNCs showed higher MOE and MOR when compared to raw wood due to the
clay particles, which had high surface area and possessed ionic charges that create
dipole bonds. However, when the clay particles enter the pores and voids of the
wood fiber walls, they improve the shearing resistance of the nanocomposites.
The MOE and MOR values were the highest for ST-co-MSPM-clay-WPNC among
the nanocomposites. The hydroxysilyl group of the hydrolyzed MSPM can form a
covalent bond with the –OH group of wood (via silylation reaction), and the vinyl
group of MSPM can react with styrene by a free radical mechanism during poly-
merization. Thus, the enthalpy of these reactions broke the clay galleries for
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exfoliation (Yao et al. 2013). The manufactured nanocomposites had sufficiently
strong covalent bonding strength, which enhanced the MOR and MOE for WPNC
(Rahman et al. 2015; Rashmi et al. 2011).

Ed of all the WPNCs was higher than the raw wood. This was due to the higher
density and shear resistance for all the wood polymer nanocomposites (Rahman
et al. 2010a, b). In the presence of shear force, the free energy increases and the
molecules continuously oscillate from equilibrium (Toh 1979). The shear force is
considered to vary sinusoidally with time. ST-co-MSPM-WPC showed higher Ed
when compared to ST-WPC, which was due to covalent crosslinking between
wood, styrene, and MSPM (Ismail et al. 2002). The interaction between raw wood
and clay extracts the adhesive forces to increase shear stress. Among these
nanocomposites, the highest Ed was observed for ST-co-MSPM-clay-WPNC. This
could be attributed to the increased interaction between wood, ST-co-MSPM, and
clay, which reduced the mobility of the intercalated polymer chains (Rashmi et al.
2011).

3.5 Weight Percentage Gain (WPG) and Water Uptake
(WU)

Both WPG and WU values are shown in Fig. 6. It was clear that
ST-co-MSPM-clay-WPNC showed higher WPG when compared to the other
nanocomposites. This was due to the formation energy of ST-co-MSPM broke the
clay particles to enter into wood cavities and its cell wall. Thus,
ST-co-MSPM-clay-WPNC had higher WPG, followed by ST-co-MSPM-WPC,
ST-clay-WPNC, and ST-WPC.

The water absorption of the various wood polymer nanocomposites and raw
wood are illustrated in Fig. 6. The raw wood absorbed a higher percentage of water
when compared to WPNCs and WPCs. This was due to ST, MSPM, and clay
interacts with the wood fiber walls greatly to reduce pore size and pore volume
(Hamdan et al. 2010). The void area of ST-co-MSPM impregnated WPC increased
the water penetration into the wood fiber walls through the hydrophilic hydroxyl
groups of wood when compared to the only styrene impregnated WPC. It is also
observed that the ST-clay-WPNC had the lowest water absorption (28.84%) among
the nanocomposites due to hydrophobic modifications of the clay filler.

3.6 Thermogravimetric Analysis (TGA)

Thermogravimetric Analyses of raw wood, WPC, and WPNC are shown in Fig. 7,
and the corresponding thermal characteristic is given in Table 3. Figure 7 shows
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that raw wood and ST-WPC exhibited two stages of thermal degradation and
decomposition.

The first stage of weight loss occurred at 70–110 °C and was attributed to
absorbed moisture evaporation from all the samples (Liu et al. 2013). The initial
weight loss of the samples below 110 °C was the lowest for
ST-co-MSPM-clay-WPNC, followed by ST-clay-WPNC, ST-co-MSPM-WPC,
ST-WPC, and RW. This was attributed to the reaction of hydrolyzed MSPM with
the –OH groups of wood fiber wall and with the surface modified MMT filler within
the fiber walls.
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The second stage of thermal decomposition of raw wood and ST-WPC occurred
at 127–425 °C. In this region, there were no appreciable differences in thermal
properties, which were because the styrene did not covalently bond with wood. On
the other hand, the second-step decomposition at 129–282 °C of
ST-co-MSPM-clay-WPNC was higher than ST-clay-WPNC, ST-co-MSPM-WPC,
ST-WPC, and raw wood. This was due to both exfoliated MMT and ST-co-MSPM
had polar and nonpolar properties, and this polar–polar and nonpolar–nonpolar
interaction reduced the surface energy of that elements. Well-distributed MMT
layers could prevent the passage of volatile decomposition product throughout the
composite during TGA. Thus, the addition of MMT improved the thermal stability
for the second decomposition stage of the nanocomposites (García et al. 2009;
Sanchez-Jimenez et al. 2012).

In the third stage of decomposition of ST-co-MSPM-WPC, ST-clay-WPNC and
ST-co-MSPM-clay-WPNC started at 392–573 °C. This was due to the thermal
decomposition of the wood polymer structure, which produced combustible gases
like carbon monoxide, hydrogen, and methane, along with carbon dioxide. In this
third thermal degradation stage, the cellulose and lignin were degraded (Kim et al.
2006; Yang et al. 2007). The weight loss rate of ST-co-MSPM-WPC and ST-
co-MSPM-clay-WPC was higher than ST-clay-WPNC. This was attributed to the
thermal decomposition of the Si–O–CH3 group to produce volatile carbon dioxide
gas. The final residual weights of ST-co-MSPM-clay-WPNC and ST-clay-WPNC
were significantly less than the raw wood and ST-co-MSPM-WPC, which was due
to the dehydroxylation of the aluminosilicate (Xie et al. 2001). However, the final
residual weight of the ST-co-MSPM-WPC was higher than the ST-co-clay-WPNC
because of Si–O–C bond thermally decomposes above 800 °C (Torrey and Bordia
2008).

4 Conclusion

Kumpang wood was successfully impregnated with clay dispersed styrene-co-3-
(trimethoxysilyl)propyl methacrylate (ST-co-MSPM), which was confirmed by
FT-IR and XRD analyses. The SEM morphology showed that
ST-co-MSPM-clay-WPNCs and ST-clay-WPCs had smoother surfaces when com-
pared to ST-co-MSPM-WPCs, ST-WPCs, and raw wood. WPNCs had the highest
MOE, MOR, and Ed values, followed by WPCs and RW. ST-co-MSPM-clay-WPNC
showed the highest WPG, followed by ST-co-MSPM-WPC, ST-clay-WPNC ,and
ST-WPC. ST-clay-WPNC had lower water uptake than ST-co-MSPM-clay-WPNC,
ST-co-MSPM-WPC, ST-WPC, and raw wood. WPNCs showed better thermal sta-
bility when compared to WPCs and raw wood.
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Acrylonitrile/Butyl
Methacrylate/Halloysite Nanoclay
Impregnated Sindora Wood Polymer
Nanocomposites (WPNCs):
Physico-mechanical, Morphological
and Thermal Properties

M.R. Rahman, J.C.H. Lai and S. Hamdan

Abstract In this study, physical, morphological, mechanical, and thermal prop-
erties of acrylonitrile/butyl methacrylate/halloysite nanoclay wood polymer
nanocomposites (AN-co-BMA-HNC WPNCs) were investigated. AN-co-
BMA-HNC WPNCs were prepared via impregnation method, and the effect of
different ratio between the polymers was subsequently investigated. The properties
of nanocomposites were characterized through weight percent gain, Fourier
Transform Infrared Spectroscopy (FT-IR), Scanning Electron Microscopy (SEM),
three-point flexural test, dynamic mechanical thermal analysis (DMTA),
Thermogravimetric Analysis (TGA), differential scanning calorimetry
(DSC) analysis, and moisture absorption test. The weight percent gain in 50:50 AN-
co-BMA-HNC WPNCs was the highest compared to raw wood (RW) and other
WPNCs. FT-IR results confirmed the polymerization took place in the nanocom-
posites, especially 50:50 AN-co-BMA-HNC WPNCs with reducing hydroxyl
groups. SEM result revealed that the 50:50 AN-co-BMA-HNC WPNCs showed the
best surface morphology among all the samples. Through three-point flexural test,
50:50 AN-co-BMA-HNC WPNCs showed the highest flexural strength and mod-
ulus of elasticity. The results revealed that the storage modulus and loss modulus of
AN-co-BMA-HNC WPNCs were higher while the tan d of AN-co-BMA-HNC
WPNCs was lower compared to RW. AN-co-BMA-HNC WPNCs exhibited the
higher thermal stability through TGA and DSC analysis. 50:50 AN-co-BMA-HNC
WPNCs exhibited significantly lower moisture absorption compared to RW.
Overall, this study proved that the ratio 50:50 AN-co-BMA was the most suitable to
be introduced in the RW.
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1 Introduction

Wood has been used as a raw material in many technical and artistic applications
(Vorreiter 1949). Wood fiber is widely used as fillers due to their low cost and
abundant in production (Bodirlau et al. 2009).

In recent years, wood-based renewable composites especially wood polymer
nanocomposites (WPNCs) have gained much attention from both scientific and
commercial application. This is because the wood-based composites are light in
weight, eco-friendly, and low cost. Besides, wood fibers are considered as one of
the alternatives to glass or carbon fibers due to their environmental friendliness,
biodegradability as well as lower in cost (Ashori 2008). WPNCs are materials
which are composed of lignocellulosic fibers and thermoplastic polymers in varying
percentages (Stark and Matuana 2007). WPNCs offer interesting improvement in
various properties. Besides, the introduction of wood fiber which acts as reinforcing
fillers in WPNCs showed great advantages such as high specific strength and better
toughness (Pakeyangkoon and Ploydee 2013).

However, the application of wood fiber in composite materials is limited due to
the hydroxyl groups inside the wood that leads to poor compatibility with the
hydrophobic polymer matrix (Kallakas et al. 2015). With poor compatibility, the
properties of the WPNCs could not be enhanced. In order to ensure the WPNCs can
be well fabricated, impregnation of wood can be applied to alter the structure and at
the same time improve the interfacial adhesion between polymer matrix and wood
fibers. This can lead to the improvement in physical and mechanical properties of
the WPNCs (Tesinova 2011).

Sindora wood is one of the species that are abundantly available in Malaysia. It
is widely applied in the production of furniture, agriculture implements, and heavy
construction (Smitinand and Larsen 1984). However, the research of the WPNCs on
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 matrix 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 quantity
(Kobayashi et al. 2002). Clay usually acted as filler for WPNCs. It helps to produce
a smooth surface finishing, lower water absorption as well as improving mechanical
properties (Mekhemer et al. 2006).

The addition of silica into in situ emulsion polymerization acrylonitrile-methyl
methacrylate copolymer improved thermal properties of the WPNCs (Bao et al.
2013). Poly(acrylonitrile-co-methyl methacrylate) copolymer undergo precipitation
polymerization technique which had significantly improved the thermal stability as
well as better surface morphology of the nanoparticles (Mohy Eldin et al. 2014).
The presence of nanoclay had improved the modulus of elasticity of
acrylonitrile-butadiene-styrene (ABS) nanocomposites through melt compounding
(Singh and Ghosh 2014).
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The presence of different clay loadings through in situ polymerization into poly
(styrene-co-butyl methacrylate) copolymer matrix had greatly improved the thermal
properties (Siddiqui et al. 2013). The addition of surface modified natural mont-
morillonite improved the mixing between the clay and poly(n-butylacrylate) matrix
through in situ polymerization and thermal properties of the nanocomposites
(Herrera-Alonso et al. 2010).

However, there is no detailed work on the combination of special polymer
matrix, such as acrylonitrile-co-butyl methacrylate-halloysite nanoclay (AN-co-
BMA-HNC) and wood fiber produce a WPNC. Therefore, the aim of this present
study is to fabricate AN-co-BMA-HNC WPNCs via impregnation method and to
investigate the effect of different ratios of the polymer matrix on physical,
mechanical, morphological, and thermal properties of WPNCs.

TGA analysis of Pour et al. (2015) showed that the incorporation of graphene
particles enhanced the thermal stability of melt extruded polycarbonate/acrylonitrile
butadiene styrene (ABS) nanocomposites in the ratio of 70/30 wt%. With the
addition of silica into in situ acrylonitrile/methyl methacrylate copolymer, the pore
diameter and total pore volume increased during nitrogen adsorption–desorption.
Besides, the SEM analysis of this nanocomposite showed disordered mesopores
due to the templating effect of silica nanoparticles (Bao et al. 2013).

2 Experimental

2.1 Materials

Defect-free and straight-grained Sindora glabra wood (RW) was obtained from
Lundu, Sarawak, Malaysia. Both control and modified wood samples were obtained
from the same timber and machined at the same time with a dimension of
30 cm � 2 cm � 1 cm. The chemicals used to produce WPNCs were acrylonitrile
(AN), butyl methacrylate (BMA), benzoyl peroxide, and halloysite nanoclay (HN).
Acrylonitrile and halloysite nanoclay were supplied by Sigma Aldrich (USA) while
butyl methacrylate and benzoyl peroxide were supplied by Merck Millipore (USA).
Halloysite nanoclay was nanopowder with the diameter of 30–70 nm, and length
was in between 1 and 3 lm.

2.2 Preparation of Acrylonitrile/Butyl
Methacrylate/Halloysite Nanoclay Wood Polymer
Nanocomposites (AN-co-BMA-HNC WPNCs)

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

2.3 Impregnation of AN-co-BMA-HNC WPNCs

Four wood samples prepared according to ASTM D1037 were weighed using an
electronic balance. The samples were then placed in the vacuum chamber (box).
The mixtures were poured into the vacuum box with pressure of 0.1 bar for 60 min.
After impregnation, the excessive solution was removed from the wood samples
with tissue paper. Wood samples were wrapped with aluminum foil and kept in an
oven at 100 °C for 24 h for polymerization and formed wood polymer nanocom-
posites (WPNCs). After polymerization, the aluminum foil was removed and
WPNCs were dried at 105 °C until constant weight was obtained. The weight
percent gain (WPG) of all the WPNCs were then measured using Eq. (1),

WPG ¼ W f �Wo

Wo
�100% ð1Þ

where

W f over-dried weight after modification of the WPNCs,
Wo over-dried weight before modification of the WPNCs.

2.4 Microstructural Characterizations

2.4.1 Fourier Transform Infrared Spectroscopy (FT-IR)

The infrared spectra of the WPNCs were recorded on a Shimadzu IRAffinity-1. The
technique used was attenuated total reflection (ATR). The spectral resolution of this
equipment is 12000 spectra. The transmittance range of the scan was 4000–600 cm−1.

Table 1 Preparation of polymer system at different ratio

Volume of
acrylonitrile
(AN) (mL)

Volume of butyl
methacrylate
(BMA) (mL)

Amount of halloysite
nanoclay (HNC) (g)

Amount of
benzoyl peroxide
(g)

0 200 2 5

100 100 2 5

140 60 2 5

200 0 2 5
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2.4.2 Scanning Electron Microscopy (SEM)

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

2.4.3 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) supplied by
Shimadzu Corporation, Japan. Dimensions of flexural test specimen were 80 mm
(length) � 30 mm (width) � 10 mm (thickness). Flexural tests were conducted
following ASTM D 7900-00 at a crosshead speed of 10 mm/min. Four specimens
of each composition were tested and the average values were reported. The flexural
strength Qfsð Þ and modulus of elasticity Emð Þ were calculated using Eqs. (2) and
(3).

Qfs ¼
3PL

2bd2
ð2Þ

where

P maximum load on the load-deflection curve,
L support span, 63.7 mm,
b width of beam tested, 10 mm,
d thickness of beam, 4 mm.

Em ¼ L3m

4bd3
ð3Þ

where

L support span, 63.7 mm,
m slope of the tangent to the initial straight-line portion of the load-deflection

curve, N/mm of deflection,
b width of beam tested, 10 mm,
d thickness of beam, 4 mm.
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2.4.4 Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal analysis was applied to study the effect of the tem-
perature on the storage modulus logE0ð Þ and loss tangent tan dð Þ of AN-co-
BMA-HNC WPNCs. It is a mechanical test that allowed molecules in woods to
interact with mechanical stress. This test was carried out using Perkin Elmer
dynamic mechanical thermal analyzer (PE-DMTA) supplied by Perkin Elmer, with
frequency of 10 Hz, strain of �4, and temperature rise of 2 °C min−1. The rect-
angular specimens with moisture content around 15% were tested using a
dual-cantilever bending mode on a standard bending head. The chamber sur-
rounding the specimen at 65% RH was cooled by liquid nitrogen. The system
provided a simple thermal scan at 2 °C min−1 with various temperatures ranging
from 0 to 200 °C. Tg was determined from the graph of tan d versus T.

2.4.5 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) measurements were carried out on 5–10 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) supplied by TA
Instruments. AN-co-BMA-HNC WPNCs were subjected to TGA in high-purity
nitrogen under a constant flow rate of 5 mL/min. Thermal decomposition of each
sample occurred in a programmed temperature range of 30–700 °C. The continuous
weight loss and temperature were recorded and analyzed.

2.4.6 Differential Scanning Calorimetry (DSC) Analysis

AN-co-BMA-HNC WPNCs were analyzed using a Perkin Elmer thermal analyzer.
All the measurements were made under a N2 flow (30 mL/min), keeping a constant
heating rate of 10 °C/min.

2.4.7 Moisture Absorption Test

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

Moisture absorbed percentage, Wab (%)

W ab ¼ Ww �Wd

Wd
�100 ð4Þ
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where

W ab absorbed weight,
Ww weight of wet WPNCs,
Wd weight of dry WPNCs.

3 Results and Discussion

3.1 Weight Percent Gain (WPG %)

The values of WPG for RW and AN-co-BMA-HNC WPNCs were measured before
and after modification, as given in Table 2. Results indicated that WPG signifi-
cantly increased due to the ratios of AN-co-BMA-HNC that reacted well with the
hydroxyl groups in wood fiber (Rahman et al. 2013). Besides, AN-co-BMA-HNC
polymer matrix aids in removing the impurities from the wood fiber surfaces, which
enhanced the adhesion between wood fibers and polymer matrix, resulting 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.

3.2 Fourier Transform Infrared Spectroscopy (FT-IR)

Figure 1 showed the infrared spectra of RW and AN-co-BMA-HNC WPNCs. From
Fig. 1, RW showed the highest peak intensity at 3300 cm−1 compared to WPNCs.
This peak was related to the hydroxyl groups stretching vibration in wood fiber

Table 2 Average weight percent gain, WPG (%) of RW and different ratio of AN-co-BMA-HNC
WPNCs

Samples Average weight before
impregnation (g)

Average weight after
impregnation (g)

Weight percent
gain, 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
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(Han et al. 2010). The appearance of a specific peak at 2240 cm−1 was observed in
all WPNCs, which were associated with the –CN groups stretching vibration of
acrylonitrile. The peak at about 2360 cm−1 was clearly observed which was
attributed to the carbon dioxide absorption band. The high-intensity peak at
1745 cm−1 was detected in both RW and WPNCs due to the carboxyl groups in the
C=O stretching vibration (Han et al. 2010). The peak at 1200 cm−1 was clearly
shown in Fig. 1 that was associated with C–O stretching vibration in all the sam-
ples. Overall, it could be concluded that the AN-co-BMA-HNC was well intro-
duced into the RW by reducing the hydroxyl groups as well as forming stronger
chemical bonds between the polymer matrix and wood fiber. Besides, 50:50 AN-
co-BMA-HNC was the optimum ratio to be impregnated to enhance the RW. The
reaction scheme of AN-co-BMA-HNC with wood fiber was shown in Fig. 2.

Fig. 1 FT-IR spectra of 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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3.3 Scanning Electron Microscopy (SEM) Analysis

The surface morphology of RW and AN-co-BMA-HNC WPNCs were investigated
by Scanning Electron Microscopy (SEM) as shown in Fig. 3a–e. Figure 3a showed
that the surface of RW contained a large number of void spaces which represented
the unfilled cell wall and pore volume that absorbed moisture as reflected in
moisture absorption test (Sultan et al. 2016). AN-HNC WPNCs showed rough and
non-uniform wood surface as the AN-HNC partially filled the void spaces as
presented in Fig. 3b. The void spaces of RW filled up on the impregnation of 50:50
AN-co-BMA-HNC, and 70:30 AN-co-BMA-HNC provided smoother wood sur-
faces as shown in Fig. 3c, d. The addition of halloysite nanoclay enhanced the
impregnation of AN-co-BMA polymer matrix into the empty pits and capillaries of
wood fiber (Hazarika and Maji 2014). Figure 3e confirmed the impregnation of
BMA-HNC into RW. However, there were small void spaces detected due to the
poor interaction between the polymer matrix and wood fiber (Li et al. 2011).
Halloysite nanoclay crosslinked with all the polymer matrix to improve the inter-
action between polymer matrix and wood fiber (Sekharnath et al. 2015). Therefore,
50:50 AN-co-BMA-HNC and 70:30 AN-co-BMA-HNC showed better surface
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morphology which proved the stronger interaction between polymer matrix and
wood fiber as well as the compatibility of polymer matrix impregnation to be
applied in RW, as reflected in thermal and mechanical properties.

3.4 Three-Point Flexural Test

Figure 4 showed flexural properties of RW and AN-co-BMA-HNC WPNCs.
A significant increment was observed when the AN-co-BMA-HNC was impreg-
nated into the RW. This was due to the greater intercalation between the wood fiber
and polymer matrix (Abdul Khalil et al. 2014). The value of flexural strength of
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 well impregnation of AN-co-BMA-HNC reduced the formation
of void on the wood surface that enhanced the stress transfer between the polymer
matrix and fiber (Moodley 2007). With reduction of void formation, the effective
cross-section area of the wood to interact with polymer matrix was greatly
improved, which resulted in enhanced flexural strength of WPNCs compared to
RW.

Modulus of elasticity of RW and AN-co-BMA-HNC WPNCs was presented in
Fig. 5. It showed that optimum modulus of elasticity could be achieved at 50:50
AN-co-BMA-HNC. This was due to the well intercalation between AN-co-
BMA-HNC and wood fiber that led to sufficient load transfer and enhanced the
modulus of elasticity of WPNCs compared to RW (Kuan et al. 2004). Besides,
small particle of AN-co-BMA-HNC had higher surface area, uniform surface
structure, and good dispersion provided better adhesion strength to transfer stresses
and reduced elastic deformation from AN-co-BMA-HNC to wood fiber (Zhang
et al. 1993). Therefore, it was clearly showed that 50:50 AN-co-BMA-HNC
WPNCs had higher flexural strength and modulus of elasticity compared to RW and
other WPNCs.

3.5 Dynamic Mechanical Thermal Analysis (DMTA)

The dynamic mechanical thermal analysis (DMTA) properties such as storage
modulus (E′), loss modulus (E″), and loss tangent tan dð Þ were recorded over
temperature from 30–200 °C as shown in Figs. 6, 7 and 8. The damping property is
represented by the tan d associated to the molecular motions and the bonding
between the interface of the polymer matrix and wood fiber (Parshaei and
Hosseinzadeh 2016).

The storage modulus of the RW and WPNCs were presented in Fig. 6. WPNCs
especially 50:50 AN-co-BMA-HNC WPNCs were about 58% higher than RW. The
storage modulus of WPNCs increased with the addition of polymer matrix which
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Fig. 3 SEM micrographs of 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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improved the stiffness of the WPNCs (Parshaei and Hosseinzadeh 2016). The
existence of strong interaction between the polymer matrix and wood fiber
improved the storage modulus of WPNCs.

Figure 7 showed that 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 (Parshaei and
Hosseinzadeh 2016). Thus, larger viscous dissipation occurs easier which enhanced
the impregnation into the wood fiber and thus improved the interface of AN-co-
BMA-HNC and wood fiber.

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

3.6 Thermogravimetric Analysis (TGA)

The thermal stability of RW and AN-co-BMA-HNCWPNCs were carried out using
TGA. There were three-step weight losses in AN-co-BMA-HNC WPNCs. The first
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step degradation, namely vaporization of moisture occurred up to 250 °C. This
degradation occurred due to the changes of HCN and NH3 (Bahrami et al. 2003).
Second step degradation occurred between 250 and 400 °C due to the cyclization
and oxidation reactions as well as the formation of ladder polymer structure in the
polyacrylonitrile molecules (Gupta et al. 1995). The last step degradation started at
400–600 °C which was related to the residues of RW and WPNCs.

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

Figure 9 showed that AN-co-BMA-HNC WPNCs had higher weight percent
loss compared to RW. This was due to the effect of acrylate group that interrupted
the nitrile sequence along the acrylonitrile which aided in forming a new chemical
bond with butyl methacrylate and halloysite nanoclay (Md Jamil et al. 2014). This
bond which was linked together impregnated into wood fiber to enhance the chain
mobility of the WPNCs, and thus improved the thermal stability of WPNCs.

Table 3 showed the activation energy of AN-co-BMA-HNC WPNCs using
Arrhenius equation (Chanmal and Jog 2008). It was found that the activation energy
of AN-co-BMA-HNC WPNCs was significantly higher than RW and other
WPNCs. The improved thermal stability of AN-co-BMA-HNC WPNCs was
attributed to the clay acted as compatibilizer that retarded the motion of polymer
chain (Benlikaya et al. 2009).
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Overall, the thermal stability of AN-co-BMA-HNC WPNCs was higher due to
the optimum ratio of AN-co-BMA-HNC. The impregnation of AN-co-BMA-HNC
into wood fiber successfully improved thermal stability of AN-co-BMA-HNC
WPNCs, as reflected in other results.
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Table 3 Activation energy of RW and different ratio of AN-co-BMA-HNC WPNCs determined
by Arrhenius equation

Samples RW AN-HNC
WPNCs

50:50 AN-co-
BMA-HNC
WPNCs

70:30 AN-co-
BMA-HNC
WPNCs

BMA-HNC
WPNCs

T i
�Cð Þa 84.0 96.0 97.0 97.0 96.0

Tm
�Cð Þb 360.0 362.0 366.0 366.0 364.0

T f
�Cð Þc 456.0 474.0 486.0 486.0 474.0

WTi %ð Þd 96.3 94.5 94.7 94.3 94.3

WTm
�Cð Þe 51.1 54.6 55.1 54.8 54.6

WTf
�Cð Þf 13.1 18.8 26.9 22.9 18.9

Activation
energy, Ea

(kJ/mol)

1120.9 1607.6 2021.1 1631.9 1613.2

aTemperature corresponding to the beginning of decomposition
bTemperature corresponding to the maximum rate of mass loss
cTemperature corresponding to the end of decomposition
dMass loss at temperature corresponding to the beginning of decomposition
eMass loss at temperature corresponding to the maximum rate of mass loss
fMass loss at temperature corresponding to the end of decomposition
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3.7 Differential Scanning Calorimetry (DSC) Analysis

The thermal behavior of the RW and AN-co-BMA-HNC WPNCs were determined
using DSC analysis. DSC identifies the chemical activity occurring in the wood
fiber as the temperature increased (Hamdan et al. 2010). Differential scanning
analysis curves of RW and AN-co-BMA-HNC WPNCs are shown in Fig. 10. The
exotherm peaks and enthalpy were shown in Table 4. Both RW and AN-co-
BMA-HNC WPNCs showed broad endotherm between 120 and 160 °C which was
associated with the existence of moisture in the wood. This confirmed that WPNCs
were thermally stable compared to RW. Another peak at 210 °C proved the
degradation of wood fiber (Akita and Kase 1967).

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

3.8 Moisture Absorption Analysis

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

4 Conclusion

From the present study, RW was impregnated with AN-co-BMA-HNC to produce
WPNCs. It is concluded that the physical, mechanical, morphological, and thermal
properties of AN-co-BMA-HNC WPNCs were greatly improved compared to the

Table 4 DSC of RW and different ratio of AN-co-BMA-HNC WPNCs

Samples Exotherm peaks (°C) Crystallization enthalpy (J/g)

RW 139.33 7.64

AN-HNC WPNCs 145.81 21.40

50:50 AN-co-BMA-HNC WPNCs 158.98 59.59

70:30 AN-co-BMA-HNC WPNCs 204.74 42.67

BMA-HNC WPNCs 201.40 41.23
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RW. 50:50 AN-co-BMA-HNC WPNCs showed the highest weight percent gain
with the least hydroxyl group in FT-IR. 50:50 AN-co-BMA-HNC WPNCs pro-
vided smoother morphology among all the samples. 50:50 AN-co-BMA-HNC
WPNCs showed the highest flexural strength and modulus of elasticity. The storage
modulus and loss modulus of AN-co-BMA-HNC WPNCs improved greatly with
lower tan d compared to RW. 50:50 AN-co-BMA-HNC WPNCs exhibited higher
thermal stability with significantly lower moisture absorption. This has proved that
the ratio 50:50 AN-co-BMA was the most suitable to be introduced in the RW to
form WPNCs.
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Studies on the Physical, Mechanical,
Thermal and Morphological Properties
of Impregnated Furfuryl Alcohol-co-
Glycidyl Methacrylate/Nanoclay Wood
Polymer Nanocomposites

M.R. Rahman, J.C.H. Lai and S. Hamdan

Abstract In this study, physical, morphological, mechanical, and thermal prop-
erties of furfuryl alcohol/glycidyl methacrylate/halloysite nanoclay wood polymer
nanocomposites (FA-co-GMA-HNC WPNCs) were investigated. FA-co-
GMA-HNC WPNCs were prepared via impregnation method, and the effect of
different ratio between the polymers was subsequently investigated. The properties
of nanocomposites were characterized using Fourier Transform Infrared
Spectroscopy (FT-IR), Scanning Electron Microscopy (SEM), three-point flexural
test, dynamic mechanical thermal analysis (DMTA), Thermogravimetric Analysis
(TGA), differential Scanning calorimetry (DSC) analysis, and moisture absorption
test. The weight percent gain for 50:50 FA-co-GMA-HNC WPNCs was the highest
compared to raw wood (RW) and other WPNCs. FT-IR results confirmed the
polymerization took place in the nanocomposites especially 50:50 FA-co-
GMA-HNC WPNCs with reducing hydroxyl groups. SEM result revealed that the
50:50 FA-co-GMA-HNC WPNCs showed the best surface morphology among all
the compositions. Besides, 50:50 FA-co-GMA-HNC WPNCs showed the highest
flexural strength and modulus of elasticity. The DMA results revealed that the
storage modulus and loss modulus of FA-co-GMA-HNC WPNCs were higher
while the tan d of FA-co-GMA-HNC WPNCs was lower compared to RW. FA-co-
GMA-HNC WPNCs exhibited the higher thermal stability through TGA and DSC
analysis. 50:50 FA-co-GMA-HNC WPNCs exhibited significantly lower moisture
absorption compared to RW. From the analysis, 50:50 FA-co-GMA showed the
best compatibility with RW among all the compositions.
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1 Introduction

Wood is one of the natural resources that are important to be used in many
applications such as fuels, furniture as well as raw materials for energy (Li et al.
2011). Wood is abundant in quantity, renewable, environmental-friendly and has
outstanding mechanical properties (Li 2011). Wood consists of cell walls that are
composed of biopolymer mainly cellulose, hemicellulose and lignin. The high
strength-to-weight ratio of cellular wood provided it to be widely used as structural
materials. However, wood components can be degraded easily due to microor-
ganism attack (Fuller et al. 1997). Besides, the high amount of hydroxyl groups
may lead to poor dimensional stability. Due to the disadvantages of wood, the
applications on wood usage are limited. Therefore, wood modification is needed to
improve the weakness of wood and strengthen the properties of wood.

One of the techniques used to enhance the wood properties is the fabrication of
wood polymer nanocomposites (WPNCs) through impregnation. In general, the
introduction of wood into polymer matrix improves the mechanical properties of
the wood as well as the reducing the moisture attacks compared to raw wood
(Baysal et al. 2007). The physical properties could be enhanced when the suitable
polymer matrix is impregnated into the wood by strengthening the hydrophilic
wood and hydrophobic polymer matrix (Wechsler et al. 2008).

Sindora wood is one of the species that are abundantly available in Borneo
Island especially Sarawak. It is widely applied in the production of furniture,
agriculture implements, and heave construction. However, there is limited usage of
the wood due to the poor physical properties (Smitinand and Larsen 1984).

Furfuryl alcohol (FA) can be obtained by in situ polymerization that acted as a
solvent of cellulose acetate butyrate and improved mechanical and thermal prop-
erties of the flax fiber nanocomposites (Toriz et al. 2003). Glycidyl methacrylate
(GMA) is a monomer that retains its reactivity and the epoxy ring in the final
products. GMA is widely used in biodegradable polymers such as polystyrene and
polyethylene to improve the interactions between the polymer matrices (Kunita
et al. 2006).

Clay is widely used as a crosslinking agent with polymer matrix in the fabri-
cation of WPNCs. However, clay is not compatible with all types of polymers and it
tends to agglomerate which leads to poor physical properties (Bouhelal et al. 2007).

From the previous research, it showed that the intercalation of molecules of salt
in the clay layers as well as the well intercalation between the furfuryl alcohol and
organically modified clay improved the thermal and mechanical properties of the
nanocomposites by direct in situ polymerization (Kherroub et al. 2015).
Montmorillonite nanoclays acted as matrix modifier in furfuryl alcohol nanocom-
posites through in situ polymerization had enhanced the thermal performance
compared to the pure furfuryl alcohol (Pranger et al. 2012). Poly(furfuryl alcohol)/
silica hybrid material had improved both mechanical and thermal stability due to
the less molecular mobility compared to the unfilled matrix (Guigo et al. 2009).
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The research in WPNCs has been increasing lately. However, there is no
comprehensive work has been done on Sindora wood WPNCs. On the considera-
tion of importance of wood modification and the preparation of the WPNCs, this
article presents the detailed preparation and the characterizations of all the fabri-
cated WPNCs as well as the raw wood (RW).

2 Experimental

2.1 Materials

Defect-free and straight-grained Sindora wood (RW) was obtained from Sematan
Sarawak, Malaysia. Both control and modified wood samples were obtained from the
same timber andmachined at the same timewith a dimension of 30 cm� 2 cm� 1 cm.
The chemicals used to produce WPNCs were furfuryl alcohol (FA), glycidyl
methacrylate (GMA), benzoyl peroxide and halloysite nanoclay (HN). Halloysite
nanoclay was supplied by Sigma-Aldrich (USA). Furfuryl alcohol, glycidyl
methacrylate, and benzoyl peroxide were supplied by Merck Millipore (USA).
Halloysite nanoclay was nanopowder with the diameter of 30–70 nm and length
between 1 and 3 lm.

2.2 Preparation of Furfuryl Alcohol/Glycidyl
Methacrylate/Halloysite Nanoclay Wood
Nanocomposites (WPNCs) (FA-co-GMA-HNC WPNCs)

The polymer system was prepared using FA-co-GMA-HNC in the presence of
benzoyl peroxide. Benzoyl peroxide acted as an initiator to influence the reaction
between furfuryl alcohol and glycidyl methacrylate. Furfuryl alcohol, glycidyl
methacrylate, and halloysite nanoclay were mixed with different ratios as shown in
Table 1. The mixture was covered with aluminum foil and placed in autoclave for
15 min to complete the reaction.

Table 1 Preparation of polymer system at different ratio

Volume of furfuryl
alcohol (FA) (mL)

Volume of glycidyl
methacrylate
(GMA) (mL)

Amount of
halloysite clay
(HNC) (g)

Amount of
benzoyl peroxide
(g)

0 200 2 5

100 100 2 5

140 60 2 5

200 0 2 5
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2.3 Impregnation of FA-co-GMA-HNC WPNCs

Five wood samples prepared according to ASTM D1037 were weighed using an
electronic balance. The samples were then placed in the vacuum chamber. The
mixtures were poured into the vacuum oven. The vacuum oven was operated in the
pressure of 0.1 bar for 60 min. After impregnation, the excessive solution was
removed from the wood samples with tissue paper. Wood samples were wrapped
with aluminum foil and kept in an oven at 100 �C for 24 h for polymerization. After
polymerization, the aluminum foil was removed and WPNCs were dried at 105 �C
until constant weight was obtained. The weight percent gain (WPG) of all the
WPNCs was then measured using Eq. (1),

WPG ¼ W f �Wo

Wo
� 100% ð1Þ

where W f is oven-dried weight after modification of the WPNCs and Wo is
oven-dried weight before modification of the WPNCs.

2.4 Microstructural Characterizations

2.4.1 Fourier Transform Infrared Spectroscopy (FT-IR)

The infrared spectra of the nanocomposite were recorded on a Shimadzu
IRAffinity-1. The technique used was Attenuated Total Reflection (ATR). The
spectral resolution of this equipment is 12,000 spectra. The transmittance range of
the scan was 4000–600 cm−1.

2.4.2 Scanning Electron Microscopy (SEM)

The interfacial bonding between the furfuryl alcohol, glycidyl methacrylate, and
halloysite nanoclay was examined using a Scanning Electron Microscope
(SEM) (JSM-6710F) supplied by JEOL Company Limited, Japan. The middle part
of all the FA-co-GMA-HNC WPNCs was extracted in the dimension of 5 mm �
5 mm � 5 mm (length � width � height). The accelerating voltage of this
instrument was 15 kV. The specimens were first fixed with Karnovsky’s fixative
and then take through a graded alcohol dehydration series. Once dehydrated, the
specimen was coated with a thin layer of gold before being viewed microscopically.
The micrographs were taken at magnifications ranging from 500 to 1000.
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2.4.3 Three-Point Flexural Test

The static flexural tests of the FA-co-GMA-HNC WPNCs were carried out using
AG-X Plus Series Precision Universal Testers (300 kN Floor Model) supplied by
Shimadzu Corporation, Japan. Dimensions of flexural test specimen were 80 mm
(length) � 30 mm (width) � 10 mm (thickness). Flexural tests were conducted
following ASTM D 7900-00 at a crosshead speed of 10 mm/min. Five specimens
of each sample were tested and the average values were reported. The flexural
strength (Qfs) and modulus of elasticity (Em) were calculated using Eqs. (2) and (3).

Qfs ¼
3PL

2bd2
ð2Þ

where P is maximum load on the load-deflection curve; L is support span, 63.7 mm;
b is width of beam tested, 10 mm; and d is thickness of beam, 4 mm.

Em ¼ L3m

4bd3
ð3Þ

where m is slope of the tangent to the initial straight-line portion of the
load-deflection curve, N/mm of deflection.

2.4.4 Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal analysis measures the effect of temperature on the
storage modulus (logE0) and loss tangent (tan d) of FA-co-GMA-HNC WPNCs. It
is a mechanical test that allowed molecules in woods to interact with mechanical
stress. This test was carried out using Perkin Elmer dynamic mechanical thermal
analyzer (PE-DMTA) with frequency of 10 Hz, strain of �4 and temperature rise of
2 �Cmin�1. The rectangular specimens were tested using a dual-cantilever bending
mode on a standard bending head. The chamber surrounding the specimen at 65%
RH was cooled by liquid nitrogen. The system provided a simple thermal scan at
2 �Cmin�1 with temperatures ranging from 0 to 200 �C. Tg was determined from
the graph of tan d versus T.

2.4.5 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) measurements were carried out on 5–10 mg of
FA-co-GMA-HNC WPNCs at a heating rate of 10 �C/min in a nitrogen atmosphere
using a Thermogravimetric Analyzer (TA Instrument SDT Q600). FA-co-
GMA-HNC WPNCs were subjected to TGA in high purity nitrogen under a
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constant flow rate of 5 mL/min. Thermal decomposition of each sample occurred in
a programmed temperature range of 0–700 �C. The continuous weight loss and
temperature were recorded and analyzed.

2.4.6 Differential Scanning Calorimetry (DSC) Analysis

FA-co-GMA-HNC WPNCs were analyzed using a Perkin Elmer thermal analyzer.
All the measurements were made under a nitrogen flow (30 mL/min), keeping a
constant heating rate of 10 �C=min and using an aluminum crucible with a pinhole.

2.4.7 Moisture Absorption Test

Moisture absorption was carried out using electronic moisture balance
(MOC-120H) supplied by Shimadzu Corporation, Kyoto, Japan at 110 �C for 3 h.
Dry wood samples (dried at 25 �C) were immersed in distilled water. FA-co-
GMA-HNC WPNCs were removed and placed on the pan and weighted. The heater
lid had been closed firmly. The moisture absorbed percentage Wab was calculated
by using Eq. (4),

Moisture absorbed percentage, Wab (%)

W ab ¼ Ww �Wd

Wd
�100 ð4Þ

where W ab is absorbed weight, Ww is weight of wet WPNCs, and Wd is weight of
dry WPNCs.

3 Results and Discussion

3.1 Weight Percent Gain (WPG %)

The weight percent gain (WPG) for RW and FA-co-GMA-HNC WPNCs is shown
in Table 2. Values of WPG showed significant changes over the time. It was
observed that WPG of WPNCs was higher than RW. Among all the nanocom-
posites, 50:50 FA-co-GMA-HNC WPNCs showed the highest weight percent gain
that showed the impregnation of polymer matrix was higher than RW and other
WPNCs (Dong et al. 2012).
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3.2 Fourier Transform Infrared Spectroscopy (FT-IR)

Figure 1 showed the FT-IR spectra of RW and FA-co-GMA-HNC WPNCs over the
4000–600 cm−1 wave number range. The absorption peak at 3400 cm−1 was clearly
detected for RW, FA-HNC, and GMA-HNC WPNCs as the peak was attributed to
the stretching vibration of hydroxyl groups. The peaks at 1730 and 1600 cm−1 were
attributed to C=O stretching vibration due to the ring opening of furan of furfuryl
alcohol and C=O aromatic skeletal vibration of lignin, respectively (Ahmad et al.
2013). Another peak observed in Fig. 1 at 1250 cm−1 was associated with the C–O
stretching vibration (Pandey 1999). The C=C stretching vibration of WPNCs at
1630 cm−1 was more significant compared to RW due to the chemical bond formed
between FA and GMA (Qin et al. 2013). In addition, the smooth spectrum of 50:50
FA-co-GMA-HNC WPNCs showed the well reacted of GMA monomer with FA-
co-HNC. The IR spectra of 50:50 FA-co-GMA-HNC and 70:30 FA-co-GMA-HNC
WPNCs were similar due to the low amount of halloysite nanoclay particle
impregnation. This confirmed that FA-co-BMA was successfully polymerized in
the presence of halloysite nanoclay and well impregnated into RW (Dong et al.
2014). The reaction scheme was shown in Fig. 2.

3.3 Scanning Electron Microscopy (SEM) Analysis

The SEM micrographs of RW and FA-co-GMA-HNC WPNCs were shown in
Fig. 3a–e. Figure 3a indicated that there was non-uniform size of void spaces in
RW. The polymer matrix (FA-HNC) was successfully impregnated into wood cell
wall which is shown in Fig. 3b. However, the clusters were formed and caused
agglomeration at the wood surface of FA-HNC WPNCs (Dong et al. 2014). The
impregnation of 50:50 FA-co-GMA-HNC and 70:30 FA-co-GMA-HNC showed

Table 2 Average weight percent gain, WPG (%) of RW and different ratio of FA-co-GMA-HNC
WPNCs

Samples Average weight before
impregnation (g)

Average weight after
impregnation (g)

Weight percent
gain, WPG (%)

RW 70.756 71.023 0.376

FA-HNC WPNCs 58.703 61.967 5.267

50:50 FA-co-
GMA-HNC
WPNCs

55.005 77.688 29.198

70:30 FA-co-
GMA-HNC
WPNCs

59.131 59.750 15.224

GMA-HNC
WPNCs

54.600 55.861 2.257
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uniform surfaces by improving the adhesion of polymer matrix to the wood cell
wall. The strong wood fiber–polymer matrix adhesion reduced the wood fiber
agglomeration as shown in Fig. 3c–d (Viet Cao et al. 2011). From Fig. 3e, the
surface morphology of GMA-HNC WPNCs was disoriented with the presence of
agglomeration due to poor adhesion between polymer matrix and wood fiber. In
addition, halloysite nanoclay acted as compatibilizer to enhance the fiber–matrix
interfacial bonding (Xue and Zhao 2008). The improved interfacial adhesion was
clearly reflected in both three-point flexural test as well as dynamic mechanical
thermal analysis that proved the compatibility of FA-co-GMA-HNC into RW.

3.4 Three-Point Flexural Test

Figure 4 summarized the flexural strength of RW and FA-co-GMA-HNC WPNCs.
WPNCs showed higher flexural strength and modulus of elasticity compared to

Fig. 1 FT-IR spectra of a RW, b FA-HNC WPNCs, c 50:50 FA-co-GMA-HNC WPNCs, d 70:30
FA-co-GMA-HNC WPNCs and e GMA-HNC WPNCs
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RW. This was due to the formation of chemical bond. Strong interfacial bonding
between the FA-co-GMA-HNC and wood fiber led to better adhesion and enhanced
the bond strength, thus improved the flexural strength of WPNCs. In addition, the
uniform distribution of stress from the FA-co-GMA-HNC to wood fiber was
stronger enough for maximum orientation and hence optimum value of WPNCs
was 50:50 FA-co-GMA-HNC WPNCs (Singha and Thakur 2008).

It was observed from Fig. 5 that the modulus of elasticity of FA-co-GMA-HNC
WPNCs was approximately 21% higher than RW. This was due to the reinforce-
ment of the FA-co-GMA-HNC with wood fiber that reduced the deformation in
length of all WPNCs (Kabir et al. 2010). Besides, the spaces between RW were
fully filled by the incorporation of FA-co-GMA-HNC molecules. Besides, the
impregnation process improved the interfacial bonding between FA-co-GMA-HNC
and wood fiber.
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Fig. 2 Proposed schematic reaction diagram
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Fig. 3 SEM micrographs of a RW, b FA-HNC WPNCs, c 50:50 FA-co-GMA-HNC WPNCs,
d 70:30 FA-co-GMA-HNC WPNCs and e GMA-HNC WPNCs
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3.5 Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal analysis (DMTA) was carried out to determine the
viscoelastic behavior of RW and FA-co-GMA-HNC WPNCs as shown in Figs. 6, 7
and 8. The storage modulus of WPNCs was improved gradually compared to RW
as shown in Fig. 6. This showed that strong interfacial bonding between the
FA-co-GMA-HNC restricted the free molecular movement inside the WPNCs
(Pothan et al. 2010).

Figure 7 showed that 50:50 FA-co-GMA-HNC WPNCs had the highest loss
modulus compared with other WPNCs and RW. The polymer chains beyond the
tightly bound chains were not restricted as the tightly bound chains at the interface.
Thus, the loss modulus value of WPNCs over temperature was higher than RW. At
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the interface, the viscous dissipation occurred in WPNCs than RW, which resulted
in a higher loss modulus value (Parshaei and Hosseinzadeh 2016).

The damping variation (tan d) was shown in Fig. 8. Damping variation included
the efficient energy loss for molecular rearrangement and internal friction in
WPNCs (Liew et al. 2016). WPNCs showed lower tan d that proved the high elastic
recovery. This was due to the crosslinking of FA, GMA, and HNC that were
effectively impregnated into the wood fiber, and the polymer matrix acted as
plasticizers due to their nonpolar and high molecular weight (Hamdan et al. 2010).

Therefore, 50:50 FA-co-GMA-HNC exhibited strong interaction with wood
fiber which reduced the mobility of the molecular chains at the interface, and thus,
damping variation reduced significantly.
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3.6 Thermogravimetric Analysis (TGA)

Thermal stability and degradation temperature of RW and FA-co-GMA-HNC
WPNCs were studied by TGA. The result was shown in Fig. 9. In Fig. 9, there
were three distinct zones of thermal degradation observed. The first step was
associated to the moisture evaporation, occurred at about 70 to 80 �C. The second
step degradation occurred at about 250 to 400 �C. This step was associated to a
significant weight loss in the thermal decomposition process due to the degradation
of fiber (Saw and Datta 2009). The last step corresponded to the final thermal
degradation, which started at 400 �C and ended at 600 �C. This step occurred due to
the saturation of rings, rupture of lignin C–C bonds as well as the structural rear-
rangements (Rials and Glasser 1984).

0

10

20

30

40

50

60

70

80

90

100

0 200 400 600 800

W
ei

gh
t P

er
ce

nt
 L

os
s (

%
)

Temperature (ºC)

RW

FA-HNC WPNCs

50:50 FA-co-GMA-
HNC WPNCs
70:30 FA-co-GMA-
HNC WPNCs
GMA-HNC WPNCs

Fig. 9 TGA curves of RW
and different ratio of FA-co-
GMA-HNC WPNCs

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0 50 100 150 200 250
ta

n 
D

Temperature (ºC)

RW
FA-HNC WPNCs
50:50 FA-co-GMA-HNC WPNCs
70:30 FA-co-GMA-HNC WPNCs
GMA-HNC WPNCs

Fig. 8 Tangent d versus
temperature of RW and
different ratio of FA-co-
GMA-HNC WPNCs

3 Results and Discussion 269



Figure 9 showed weight loss about 45.2, 44.5, 40.3, 40.5, and 42.5 wt% at the
second step degradation for RW, FA-HNC, 50:50 FA-co-GMA-HNC, 70:30 FA-
co-GMA-HNC, and GMA-HNC WPNCs. The last step degradation of RW,
FA-HNC, 50:50 FA-co-GMA-HNC, 70:30 FA-co-GMA-HNC, and GMA-HNC
WPNCs was 13.1, 18.8, 27.5, 23.6, and 19.0 wt%. 50:50 FA-co-GMA-HNC
WPNCs showed the highest weight percent loss due to the crosslinking of glycidyl
group and terminal double bond in GMA with the hydroxyl group of wood fiber as
well as the high compatibility of furfuryl alcohol and halloysite nanoclay (Hazarika
and Maji 2013; Kakiuchi 1964).

Table 3 showed the thermal characteristics such as initial temperature (Ti),
maximum rate loss temperature (Tm), and final decomposition temperature (Tf) as
well as the activation energy. The activation energy could be helpful in reaching
conclusions about the thermal stability of RW and Fa-co-GMA-HNC WPNCs.
Arrhenius equation was used to determine the activation energy. The higher acti-
vation energy implied higher thermal stability. 50:50 FA-co-GMA-HNC WPNCs
showed the best thermal stability among all the composition. Therefore, it could be
concluded that the thermal stability of RW was greatly improved by the impreg-
nation of FA-co-GMA-HNC.

3.7 Differential Scanning Calorimetry (DSC) Analysis

The thermal stability of RW and FA-co-GMA-HNC WPNCs was characterized by
DSC analysis as shown in Fig. 10. The bond dissociation enthalpy and exotherm
peaks were summarized in Table 4.

Table 3 Activation energy of RW and different ratio of FA-co-GMA-HNC WPNCs determined
by Arrhenius equation

Samples T i
�Cð Þa

Tm
�Cð Þb

T f
�Cð Þc

WTi

%ð Þd
WTm
�Cð Þe

WTf
�Cð Þf

Activation
energy,
Ea (kJ/mol)

RW 84.0 360.0 456.0 96.3 51.1 13.1 1120.9

FA-HNC WPNCs 78.0 360.0 468.0 96.1 51.6 18.8 1399.3

50:50 FA-co-
GMA-HNC WPNCs

84.0 366.0 474.0 95.4 55.1 27.5 2050.7

70:30 FA-co-
GMA-HNC WPNCs

84.0 366.0 468.0 95.4 54.9 23.6 1883.0

GMA-HNC WPNCs 78.0 366.0 468.0 96.1 53.6 19.0 1333.4
aTemperature corresponding to the beginning of decomposition
bTemperature corresponding to the maximum rate of mass loss
cTemperature corresponding to the end of decomposition
dMass loss at temperature corresponding to the beginning of decomposition
eMass loss at temperature corresponding to the maximum rate of mass loss
fMass loss at temperature corresponding to the end of decomposition
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The significant decomposition of RW and WPNCs was divided into two stages.
The first stage indicated the presence of moisture in the wood while the second
stage confirmed the decomposition of wood fiber that started at about 200 �C
(Aydemir et al. 2011). From Fig. 10 and Table 4, the first decomposition temper-
ature of all WPNCs exhibited a higher value compared to RW which proved that
the WPNCs were more thermally stable (Lee et al. 2006). WPNCs showed higher
bond dissociation enthalpy than RW. This was due to the well interaction between
the wood fiber and polymer matrix. As the impregnation of FA-co-GMA-HNC into

Fig. 10 DSC curves of a RW, b FA-HNC WPNCs, c 50:50 FA-co-GMA-HNC WPNCs, d 70:30
FA-co-GMA-HNC WPNCs and e GMA-HNC WPNCs

Table 4 DSC of RW and different ratio of FA-co-GMA-HNC WPNCs

Samples Endotherm peaks (°C) Bond dissociation enthalpy (J/g)

RW 139.33 7.64

FA-HNC WPNCs 196.00 19.51

50:50 FA-co-GMA-HNC WPNCs 178.54 85.13

70:30 FA-co-GMA-HNC WPNCs 185.82 57.87

GMA-HNC WPNCs 187.77 14.07
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the wood fiber interfered with bond dissociation, it showed that the increase of
crystal size of fiber increased the bond dissociation enthalpy (Hamdan et al. 2010).

Overall, WPNCs especially 50:50 FA-co-GMA-HNC WPNCs had the highest
thermal stability, as reflected in TGA results.

3.8 Moisture Absorption Analysis

Figure 11 showed the percentage of moisture absorbed in RW and FA-co-
GMA-HNC WPNCs. It was observed that WPNCs exhibited lower water absorp-
tion compared to RW. This confirmed that the impregnation of FA-co-GMA-HNC
into wood fiber decreased the moisture absorption in WPNCs. The hydrophilic
character of the fibers was significantly reduced by the introduction of polymer
matrix on the fiber surface that broke down the hydroxyl bonds in the moisture
(Mulinari et al. 2010). Therefore, 50:50 FA-co-GMA-HNC WPNCs showed the
lowest absorption compared to other WPNCs as well as RW, as confirmed in
three-point bending as surface morphology.
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4 Conclusion

In this study, RW was impregnated with FA-co-GMA-HNC to produce WPNCs. It
is concluded that the physical, mechanical, morphological, and thermal properties
of FA-co-GMA-HNC WPNCs were greatly improved compared to the RW. 50:50
FA-co-GMA-HNC WPNCs showed the highest weight percent gain with the least
hydroxyl group in FT-IR analysis. 50:50 FA-co-GMA-HNC WPNCs provided
smoother morphology among all the compositions. 50:50 FA-co-GMA-HNC
WPNCs showed the highest flexural strength and modulus of elasticity. The storage
modulus and loss modulus of FA-co-GMA-HNC WPNCs were improved greatly
with lower tan d compared to RW. 50:50 FA-co-GMA-HNC WPNCs exhibited
higher thermal stability with significantly lower moisture absorption. This has
proved that the ratio 50:50 FA-co-GMA was the most suitable to be introduced in
the RW to form WPNCs.
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Nanoclay Dispersed Furfuryl
Alcohol-co-Ethyl Methacrylate Wood
Polymer Nanocomposites: The
Enhancement on Physico-mechanical
and Thermal Properties

M.R. Rahman, J.C.H. Lai and S. Hamdan

Abstract In this study, physical, morphological, mechanical, and thermal prop-
erties of furfuryl alcohol/glycidyl methacrylate/halloysite nanoclay wood polymer
nanocomposites (FA-co-EHMA-HNC WPNCs) were investigated. FA-co-
EHMA-HNC WPNCs were prepared via impregnation method, and the effect of
different ratio between the polymers was subsequently investigated. The properties
of nanocomposites were characterized by weight percent gain, Fourier Transform
Infrared Spectroscopy (FT-IR), Scanning Electron Microscopy (SEM), three-point
flexural test, dynamic mechanical thermal analysis (DMTA), Thermogravimetric
Analysis (TGA), differential scanning calorimetry (DSC) analysis, and moisture
absorption test. The weight percent gain in 50:50 FA-co-EHMA-HNC WPNCs was
the highest compared to raw wood (RW) and other WPNCs. FT-IR results con-
firmed the polymerization took place in the nanocomposites especially 50:50 FA-
co-EHMA-HNC WPNCs with reducing hydroxyl groups. SEM result revealed that
the 50:50 FA-co-EHMA-HNCWPNCs among all the nanocomposites. Through the
three-point flexural test, 50:50 FA-co-EHMA-HNC WPNCs showed the highest
flexural strength and modulus of elasticity. The results revealed that the storage
modulus and loss modulus of FA-co-EHMA-HNC WPNCs were higher while the
tan d of FA-co-EHMA-HNC WNPCs was lower compared to RW. FA-co-
EHMA-HNC WPNCs exhibited the higher thermal stability through TGA and DSC
analysis. 50:50 FA-co-EHMA-HNC WPNCs exhibited significantly lower moisture
absorption compared to RW. Overall, this study proved that the ratio 50:50 FA-co-
EHMA was the most suitable to be introduced in the RW.
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1 Introduction

The rapid growing on the demand for resources leads to the importance of making
sustainable and efficient resource utilization is proportionally growing (Brown et al.
2011). The constituents of wood include lignin with hemicelluloses that acted as soft
polymer matrix and lignocellulosic fibers that acted as rigid cellulosic microfibrils as
reinforcement (Rong et al. 2001). Wood fiber is known to be the most broadly used
as composite materials reinforcement. However, wood is a hygroscopic materials that
will adsorb surrounding moisture (Rose 2002). Besides, wood is an organic materials
that will be easily deteriorated as well as fungi attack (Rose 2002). Therefore, the
introduction of wood fibers in polymer matrix to form wood polymer nanocomposites
(WPNCs) has been widely used in many applications.

WPNCs are thermoplastic polymers which have attracted both research and
industrialists due to their environmental friendliness (Markarian 2005). WPNCs
product shows good durability in wet environments due to the hydrophobic poly-
mer matrix that allowed them to substitute wood in outdoor applications (Cheung
et al. 2009). WPNCs product can be manufactured easily and rapidly using forming
techniques that are typical of thermoplastic polymers (Zini and Scandola 2011). The
growing usage of renewable resources helps to encounter various environmental
problems due to the climate change and biodiversity threats (Lenzen et al. 2012).

Furfuryl alcohol (FA) is a derived renewable monomer which was added into
sisal whiskers had improved the mechanical and thermal properties of the
nanocomposites compared to pure FA (Ahmad et al. 2013). Besides, the incorpo-
ration of modified clay-furfuryl alcohol into wood exhibited better mechanical
properties and lower water uptake of the nanocomposites compared to RW
(Hazarika and Maji 2013).

2-ethylhexyl methacrylate (EHMA) is a monomer of gelling nature that usually
applied in biomedical applications (Karlsson and Gatenholm 1996; Ende and
Peppas 1997). The past research showed that the combination of poly(EHMA) and
methyl methacrylate was introduced into wood cellulose to improve the functional
properties for biomedical applications (Sharma and Chauhan 2009).

Clay acts as crosslinking agent had enhanced the morphological, tensile, and
flexural properties of the WPNCs (Hazarika and Maji 2014). Freeze-dried FA-clay
nanocomposites enhanced the mechanical properties and thermal stability (Wang
et al. 2016).

There is very little research work that has been reported on FA-based WPNCs
and EHMA-based WPNCs especially with the combination of FA and EHMA in
WPNCs. Therefore, the aim of this present study is to fabricate FA-co-
EHMA-HNC WPNCs via impregnation technique and to investigate the effect of
different ratios of the polymer matrix on physical, mechanical, morphological, and
thermal properties of wood polymer nanocomposites.
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2 Experimental

2.1 Materials

Defect-free and straight-grained Sindora glabra wood was obtained from Forest
Farm, Sarawak. Both control and modified wood samples were obtained from the
same timber and machined at the same time with a dimension of 30 cm � 2 cm �
1 cm. The chemicals used to produce WPNCs were furfuryl alcohol (FA),
2-ethylhexyl methacrylate (EHMA), benzoyl peroxide, and halloysite nanoclay
(HN). Halloysite nanoclay was supplied by Sigma Aldrich (USA) while furfuryl
alcohol, 2-ethylhexyl methacrylate, and benzoyl peroxide were supplied by Merck
Millipore (USA). Halloysite nanoclay was nanopowder with the diameter of
30–70 nm and length was in between 1 and 3 lm.

2.2 Methods

2.2.1 Preparation of Furfuryl Alcohol/2-Ethylhexyl
Methacrylate/Halloysite Nanoclay Wood Polymer
Nanocomposites (FA-co-EHMA-HNC WPNCs)

The polymer system was prepared using FA-co-EHMA-HNC in the presence of
benzoyl peroxide. Benzoyl peroxide acted as an initiator to influence the reaction
between furfuryl alcohol and 2-ethylhexyl methacrylate. Furfuryl alcohol,
2-ethylhexyl methacrylate, and halloysite nanoclay were mixed with different ratios
as shown in Table 1. The mixtures were covered with aluminum foil and undergo
autoclave for 15 min to complete the reaction.

2.2.2 Impregnation of Wood Specimens with FA-co-EHMA-HNC

Four wood samples prepared according to ASTM D1037 were weighed using an
electronic balance. The samples were then placed in the vacuum drying chamber.

Table 1 Preparation of polymer system at different ratio

Volume of furfuryl
alcohol (FA) (mL)

Volume of 2-ethylhexyl
methacrylate (EHMA)
(mL)

Amount of
halloysite clay
(HNC) (g)

Amount of
benzoyl
peroxide (g)

0 200 2 5

100 100 2 5

140 60 2 5

200 0 2 5
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The mixtures were poured into the vacuum drying oven with pressure of 0.1 bar for
60 min. After impregnation, the excessive solution was removed from the wood
samples with tissue paper. Wood samples removed were wrapped with aluminum
foil, and it was kept in an oven at 100 �C for 24 h for polymerization and formed
wood polymer nanocomposites (WPNCs). After polymerization, the aluminum foil
was removed, and WPNCs were dried at 105 �C until constant weight was obtained.
The weight percent gain (WPG) of all the WPNCs was then measure using Eq. (1),

WPG ¼ W f �Wo

Wo
� 100% ð1Þ

where W f is oven-dried weight after modification of the WPNCs and Wo is
oven-dried weight before modification of the WPNCs.

2.3 Microstructural Characterizations

2.3.1 Fourier Transform Infrared Spectroscopy (FT-IR)

The infrared spectra of the wood polymer nanocomposite were recorded on a
Shimadzu IRAffinity-1. The technique used was Attenuated Total Reflection
(ATR). The spectral resolution of this equipment is 12,000 spectra. The transmit-
tance range of the scan was 4000–600 cm−1.

2.3.2 Scanning Electron Microscopy (SEM)

The furfuryl alcohol, 2-ethylhexyl methacrylate, and halloysite nanoclay were
examined using a Scanning Electron Microscope (SEM) (JSM-6710F) supplied by
JEOL Company Limited, Japan. The middle part of all the FA/EHMA/HN WPNCs
was extracted in the dimension of 5 mm � 5 mm � 5 mm (length � width �
height). The accelerating voltage of this instrument was 15 kV. The specimens
were first fixed with Karnovsky’s fixative and then take through a graded alcohol
dehydration series. Once dehydrated, the specimen was coated with a thin layer of
gold before being viewed microscopically. The micrographs were taken at mag-
nifications ranging from 500 to 1000.

2.3.3 Three-Point Flexural Test

The static flexural tests of the FA-co-EHMA-HNC WPNCs were carried out using
AG-X Plus Series Precision Universal Testers (300 kN Floor Model) supplied by
Shimadzu Corporation, Japan by only changing the attachment. Dimensions of
flexural test specimen were 80 mm (length) � 30 mm (width) � 10 mm
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(thickness). Flexural tests were conducted following ASTM D 7900-00 at a
crosshead speed of 10 mm/min. Four specimens of each composition were tested,
and the average values were reported. The-load displacement curves were obtained
from the instrument, which could be recalled after the completion of test. The
flexural strength (Qfs) and modulus of elasticity (Em) were calculated using Eqs. (2)
and (3).

Qfs ¼
3PL

2bd2
ð2Þ

where P is maximum load on the load-deflection curve, L is support span, 63.7 mm,
b is width of beam tested, 10 mm, and d is thickness of beam, 4 mm.

Em ¼ L3m

4bd3
ð3Þ

where m is slope of the tangent to the initial straight-line portion of the
load-deflection curve, N/mm of deflection.

2.3.4 Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal analysis was applied to study the effect of the tem-
perature on the storage modulus (logE0) and loss tangent (tan d) of FA-co-
EHMA-HNC WPNCs. It is a mechanical test that allowed molecules in woods to
interact with mechanical stress. This test was carried out using Perkin Elmer
dynamic mechanical thermal analyser (PE-DMTA) supplied by Perkin Elmer, the
USAwith frequency of 10 Hz, strain of �4 and temperature rise of 2 �Cmin�1. The
rectangular specimens with moisture content around 15% were tested using a
dual-cantilever bending mode on a standard bending head. The chamber sur-
rounding the specimen at 65% RH was cooled by liquid nitrogen, and the system
provided a simple thermal scan at 2 �Cmin�1 with various temperatures ranging
from 0 to 200 �C. Tg was determined from the graph of tan d versus T.

2.3.5 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) measurements were carried out on 5–10 mg of
FA-co-EHMA-HNC WPNCs at a heating rate of 10 �C/min in a nitrogen atmo-
sphere using a Thermogravimetric Analyzer (TA Instrument SDT Q600) supplied
by TA Instruments, the USA. FA-co-EHMA-HNC WPNCs were subjected to TGA
in high purity nitrogen under a constant flow rate of 5 mL/min. Thermal decom-
position of each sample occurred in a programmed temperature range of 0–700 �C.
The continuous weight loss and temperature were recorded and analyzed.
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2.3.6 Differential Scanning Calorimetry (DSC) Analysis

FA-co-EHMA-HNC WPNCs were analyzed using a Perkin Elmer thermal analyser.
All the measurements were made under an N2 flow (30 mL/min), keeping a con-
stant heating rate of 10 �C/min and using an alumina crucible with a pinhole.

2.3.7 Moisture Absorption Test

Moisture absorption was carried out by using electronic moisture balance
(MOC-120H) supplied by Shimadzu Corporation, Kyoto, Japan at 110 �C for 3 h.
Dry wood samples (dried at 25 �C) were immersed in distilled water. FA-co-
EHMA-HNC WPNCs were removed and were placed on the pan and weighted.
The heater lid had been closed firmly, and the display was switched from a display
of the weight to a percentage display and the measuring time was also displayed.
The moisture absorbed, Wab was calculated by using Eq. (4),

Moisture absorbed percentage, Wab (%)

W ab ¼ Ww �Wd

Wd
� 100 ð4Þ

where W ab is absorbed weight, Ww is weight of wet WPNCs and Wd is weight of
dry WPNCs.

3 Results and Discussion

3.1 Weight Percent Gain (WPG %)

The weight percent gain of RW and FA-co-EHMA-HNC WPNCs is shown in
Table 2. The WPG values of RW, FA-HNC, 50:50 FA-co-EHMA-HNC, 70:30 FA-
co-EHMA-HNC, and EHMA-HNC WPNCs were 0.376, 5.267, 28.655, 25.132,
and 12.959%, respectively. It was due to the types of polymer matrix characteristics
which impregnated into the wood (Islam et al. 2012). Therefore, it confirmed that
the impregnation of FA-co-EHMA-HNC WPNCs improved the mechanical and
thermal properties.

3.2 Fourier Transform Infrared Spectroscopy (FT-IR)

The formation of new chemical bonds between furfuryl alcohol, 2-ethylhexyl
methacrylate, clay, and wood fiber of FA-co-EHMA-HNC WPNCs and RW is
shown in Fig. 1. RW had specific IR spectra such as 3400, 2900, and 1735 cm−1
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which were attributed to the –OH, C–H, and C=O stretching vibrations, respec-
tively. All these absorption bands were significant due to the hydroxyl group in
fiber and carbonyl group of acetyl ester in fiber (Ismail et al. 2002). However, the
IR spectrum at 3400 cm−1 significantly reduced when the polymer matrix was well
impregnated into the raw wood especially at 50:50 FA-co-EHMA-HNC and 70:30
FA-co-EHMA-HNC WPNCs. IR peak at 1735 cm−1 was shifted toward 1730 cm−1

in WPNCs due to the fracture of ester carbonyl bonds in the fiber in the impreg-
nation system (Mohd Idrus et al. 2011). In addition, the peak intensity at around
1350 cm−1 that attributed to C–O–H stretching vibration was reduced in WPNCs

Table 2 Average weight percent gain, WPG (%) of RW and different ratio of FA-co-
EHMA-HNC WPNCs

Samples Average weight before
impregnation (g)

Average weight after
impregnation (g)

Weight percent
gain, WPG (%)

RW 70.756 71.023 0.376

FA-HNC WPNCs 58.703 61.967 5.267

50:50 FA-co-
EHMA-HNC
WPNCs

43.079 60.381 28.655

70:30 FA-co-
EHMA-HNC
WPNCs

48.479 64.753 25.132

EHMA-HNC
WPNCs

46.810 53.779 12.959

Fig. 1 FT-IR spectra of a RW b FA-HNC WPNCs c 50:50 FA-co-EHMA-HNC WPNCs d 70:30
FA-co-EHMA-HNC WPNCs e EHMA-HNC WPNCs
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due to good chemical bond formation between the polymer matrix and hydroxyl
group in fiber. Therefore, it could be concluded that RW was well impregnated with
FA-co-EHMA-HNC that reduced the hydroxyl groups in the wood cell. The
reaction scheme is shown in Fig. 2.

3.3 Scanning Electron Microscopy (SEM) Analysis

Scanning Electron Microscopy (SEM) was carried out to examine the compatibility
between the wood cell wall and the polymer matrix. Figure 3a–e showed the sur-
face morphology of RW and FA-co-EHMA-HNC WPNCs. Significant difference
was observed in all the samples as the interfacial bonding of wood cell-polymer
matrix was different. Figure 3a clearly showed the void spaces inside RW. The void
spaces detected due to the weak fiber-fiber interaction in the wood that would
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Fig. 2 Proposed schematic reaction diagram
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Fig. 3 SEM micrographs of a RW b FA-HNC WPNCs c 50:50 FA-co-EHMA-HNC WPNCs
d 70:30 FA-co-EHMA-HNC WPNCs e EHMA-HNC WPNCs
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reduce the mechanical and thermal properties. With the impregnation of FA-HNC
into RW, the void spaces were filled up by the polymer matrix. However, the
surface was not uniform due to the weak interfacial bonding between FA-HNC and
wood fiber. Figure 3c showed smooth and uniform surface of 50:50 FA-co-
EHMA-HNC WPNCs (Rahman et al. 2015). The strong interfacial bond between
the wood fiber and FA-co-EHMA-HNC was formed that reduced the hydroxyl
groups in the wood fiber (Liew et al. 2016). The surface in Fig. 3d was fully
covered due to the impregnation of 70:30 FA-co-EHMA-HNC. However, the
surface was not as smooth as Fig. 3c due to the different of ratio that led to different
reorganization of the polymer matrix chains (Ndiaye and Tidjani 2014). Figure 3e
showed the non-uniform surface with some void spaces. This could be due to the
poor adhesion of EHMA-HNC into wood cell wall (Sheshmani et al. 2010).
Therefore, the SEM results confirmed the improvement of interfacial bonding
between polymer matrix and wood fiber especially FA-co-EHMA-HNC WPNCs by
impregnation method, which contributed to better mechanical and thermal
properties.

3.4 Three-Point Flexural Test

The mechanical properties of RW and WPNCs are shown in Figs. 4 and 5,
respectively. The flexural strength increased with the incorporation of different
ratios of polymer matrix. Flexural strength of WPNCs increased about 8–20%
compared to the RW. This was due to the less agglomeration of the polymer matrix
at the surface of the WPNCs (Ismail et al. 2001). Besides, hydrogen bonding
between FA-co-EHMA-HNC and hydroxyl groups from RW was formed led to
better adhesion at fiber-matrix interface and thus improved the flexural strength of
WPNCs. Low flexural strength was detected in RW due to the abundant hydroxyl
groups on the surface (Lu et al. 2005).
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The modulus of elasticity of RW and FA-co-EHMA-HNC WPNCs is presented
in Fig. 5. WPNCs showed higher modulus of elasticity compared to RW due to the
better interactions between the polymer matrix and wood cell wall. Besides, the
impregnation of FA-co-EHMA-HNC into RW increased the modulus of elasticity
due to the inclusion of rigid matrix particles in the RW. The better interfacial
bonding of WPNCs reduced the interfacial stress concentration that led to better
modulus of elasticity (Cao et al. 2011). Therefore, 50:50 FA-co-EHMA-HNC
WPNCs showed the highest flexural strength and modulus of elasticity compared to
other WPNCs and RW.

3.5 Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal analysis (DMTA) was carried out to study the storage
modulus (E′), loss modulus (E″), and damping behavior (tan d).

There were three observed stages, namely glassy region, transition region, and
rubbery region (Komadan et al. 2007). Figure 6 showed the storage modulus of RW
and FA-co-EHMA-HNC WPNCs decreased over the temperature. The value of
storage modulus represented the stiffness of the WPNCs. It was significant that
changes in the storage modulus were less around glass transition region due to the
semi-crystalline nature of FA-co-EHMA-HNC. The crystallinity of both RW and
WPNCs reduced as storage modulus decreased with increase in temperature and
finally leveled off at high temperature. The polymer matrix component was greatly
affected the storage modulus over temperature (Quintens et al. 1990).

The loss modulus peak associated with the maximum heat dissipation per unit
deformation (Komadan et al. 2007). The peak in Fig. 7 represented the glass
transition temperature. Figure 7 showed that the loss modulus of RW and WPNCs
increased over temperature. RW had the lowest loss modulus in the rubbery stage.
There was only one curve shown for all the WPNCs which indicated the miscibility
of the polymer matrix (Varughese et al. 1988).
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Figure 8 showed the variation of damping behavior (tan d) over temperature for
RW and WPNCs. The damping was the highest when the samples were in transition
region. Both glassy and rubbery region showed low tan d as the molecular
movement was either in frozen stage or free to move around (Komadan et al. 2007).
WPNCs had lower damping variation compared to RW due to the rubbery nature of
WPNCs. Besides, the removal of stress on RW caused more permanent deformation
and thus produced higher tan d values.

Overall, storage modulus and loss modulus increased with reduction in damping
behavior of WPNCs due to the significant changes in the molecular motion in the
transition region.
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3.6 Thermogravimetric Analysis (TGA)

The TGA curves of RW, FA-HNC, 50:50 FA-co-EHMA-HNC, 70:30 FA-co-
EHMA-HNC, EHMA-HNC WPNCs were shown in Fig. 9. TGA curves showed
that the decomposition of RW and FA-co-EHMA-HNC WPNCs occurred in three
stages. First stage occurred within the temperature range of 0–200 �C. The second
stage of thermal degradation started at 200 �C and ended at 350 �C. Fiber was
decomposed at this stage. The third stage was occurred at the temperature range of
350–450 �C that associated to the decomposition wood cell wall (Hasnan et al.
2016). From Fig. 9, the weight loss percentage of thermal degradation was lower
for all the WPNCs, compared to RW below 400 �C. However, the weight loss of
WPNCs was much higher than RW at the temperature range of 400–600 �C. This
indicated that the WPNCs had higher thermal stability than RW due to the better
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interfacial adhesion of FA-co-EHMA-HNC in the wood cell wall. Besides, the
polymer matrix-cell wall interaction was significantly stronger compared to the
fiber-fiber interaction (Hasnan et al. 2016).

Table 3 showed the thermal characteristics such as initial temperature (Ti),
maximum rate loss temperature (Tm), and final decomposition temperature (Tf) as
well as the activation energy. Arrhenius equation was used to determine the acti-
vation energy (Chanmal and Jog 2008). The higher activation energy implied
higher thermal stability. It was found that the activation energy of 50:50 FA-co-
EHMA-HNC WPNCs was significantly higher followed by 70:30 FA-co-
EHMA-HNC, EHMA-HNC, FA-HNC WPNCs, and RW. The impregnation of FA-
co-EHMA-HNC increased the thermal stability because the particles of polymer
matrix filled the void appeared in wood cell wall and provided better surface of
WPNCs (Kumari 2008). Therefore, impregnated wood performed better thermal
stability than RW.

3.7 Differential Scanning Calorimetry (DSC) Analysis

The DSC thermograms of RW and WPNCs with different ratios were shown in
Fig. 10. DSC analysis was carried out to determine the thermal behavior of the RW
and WPNCs. Besides, the chemical activity occurring within the RW and WPNCs

Table 3 Activation energy of RW and different ratio of FA-co-EHMA-HNC WPNCs determined
by Arrhenius equation

Samples T i
�Cð Þa Tm

�Cð Þb T f
�Cð Þc WTi %ð Þd WTm

�Cð Þe WTf
�Cð Þf Activation

energy, Ea

(kJ/mol)

RW 84.0 360.0 456.0 96.3 51.1 13.1 1120.9

FA-HNC
WPNCs

78.0 360.0 468.0 96.1 51.6 18.8 1399.9

50:50 FA-co-
EHMA-HNC
WPNCs

78.0 360.0 486.0 96.4 57.3 22.9 2211.9

70:30 FA-co-
EHMA-HNC
WPNCs

78.0 360.0 480.0 96.2 53.0 23.1 2021.6

EHMA-HNC
WPNCs

78.0 360.0 468.0 96.1 51.7 21.9 1701.0

aTemperature corresponding to the beginning of decomposition
bTemperature corresponding to the maximum rate of mass loss
cTemperature corresponding to the end of decomposition
dMass loss at temperature corresponding to the beginning of decomposition
eMass loss at temperature corresponding to the maximum rate of mass loss
fMass loss at temperature corresponding to the end of decomposition
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could be identified. The result showed that chemical reaction changes over tem-
perature. However, the properties could be affected due to the moisture content in
the wood (Tay et al. 2016). There were two significant stages of thermal decom-
position occurred between 50 and 200 �C.

From Fig. 10, it was clearly detected that broad endotherm was observed in the
temperature range of 50–200 �C due to the presence of water molecules in the wood
cell wall. At the temperature at above 200 �C, it was clearly indicated the decom-
position of cellulose in the wood cell wall (Akita and Kase 1967).

All the first endotherm peaks were detected at about 60 �C. The second endo-
therm peak of RW, FA-HNC, 50:50 FA-co-EHMA-HNC, 0:30 FA-co-
EHMA-HNC, and EHMA-HNC WPNCs occurred at 210, 190, 160, 160, and
150 �C. From the second decomposition temperature, it was significantly indicated
that the WPNCs were more thermally stable compared to RW. Both RW and
WPNCs differed widely as the wood cell wall at the second stage as wood cell wall
contained large amount of hemicellulose that could be decomposed at about 170 �C.
From Table 4, WPNCs showed higher bond dissociation enthalpy that proved the
higher crystallinity of the WPNCs compared with the RW due to the well
impregnation of polymer matrix into wood cell wall (Sulaiman et al. 2013). Overall,
WPNCs especially 50:50 FA-co-EHMA-HNC WPNCs had the highest thermal
stability, as reflected in TGA results.

Fig. 10 DSC curves of a RW b FA-HNC WPNCs c 50:50 FA-co-EHMA-HNC WPNCs d 70:30
FA-co-EHMA-HNC WPNCs e EHMA-HNC WPNCs
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3.8 Moisture Absorption Analysis

The moisture absorption of RW and FA-co-EHMA-HNC WPNCs as a function of
heating time is shown in Fig. 11. This was very clear that the moisture absorption
decreased as different types of polymer matrix was introduced into RW as RW was
highly hydrophilic in nature. Incorporation of FA-co-EHMA-HNC polymer matrix
into wood fiber decreased the rate of moisture sorption ability by breaking hydrogen
bond of moisture to form new chemical bonds between the free hydrogen molecules
and the polymer matrix (Cao et al. 2011). As the polymer matrix introduced, the
number of hydrogen bonds between the moisture greatly reduced. Impregnation of
polymer matrix content in RW filled up most of the voids leading lower moisture
accumulating at the interface between the wood fiber and the polymer matrix (Jacob
et al. 2005). Therefore, WPNCs especially 50:50 FA-co-EHMA-HNC WPNCs
showed the lowest moisture absorption percentage among the WPNCs and RW.

Table 4 DSC of RW and different ratio of FA-co-EHMA-HNC WPNCs

Samples Endotherm peaks (°C) Bond dissociation enthalpy (J/g)

RW 139.33 7.64

FA-HNC WPNCs 196.00 19.51

50:50 FA-co-EHMA-HNC
WPNCs

183.18 83.17

70:30 FA-co-EHMA-HNC
WPNCs

192.16 61.98

EHMA-HNC WPNCs 191.86 55.30
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4 Conclusion

From the present study, RW was impregnated with FA-co-EHMA-HNC to produce
WPNCs. It is concluded that the physical, mechanical, morphological, and thermal
properties of FA-co-EHMA-HNC WPNCs were greatly improved compared to the
RW. 50:50 FA-co-EHMA-HNC WPNCs showed the highest weight percent gain
with the least hydroxyl group in FT-IR. Besides, 50:50 FA-co-EHMA-HNC
WPNCs provided smoother morphology among all the samples. 50:50 FA-co-
EHMA-HNC WPNCs showed the highest flexural strength and modulus of elas-
ticity. The storage modulus and loss modulus of FA-co-EHMA-HNC WPNCs were
improved greatly with lower tan d compared to RW. 50:50 FA-co-EHMA-HNC
WPNCs exhibited the higher thermal stability with significantly lower moisture
absorption. This has proved that the ratio 50:50 FA-co-EHMA was the most
suitable to be introduced in the RW to form WPNCs.
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Sustainable Application of Various
Monomer/Clay Dispersed Wood
Polymer Nanocomposites

M.R. Rahman, S. Hamdan and J.C.H. Lai

Abstract The goal of this study was to evaluate the decay resistance of different
ratio of ST/MMA/clay monomer system impregnated batai wood polymer
nanocomposites (WPNCs) against Trametes versicolor (white-rot) and Chaetomium
globosum (soft rot) fungi. Besides, Kumpang wood was impregnated by styrene,
3-(trimethoxysilyl) propyl methacrylate (MSPMA), ethylene glycol dimethacrylate
(EGDMA), maleic acid (MA), glycidyl methacrylate (GMA), and nanoclay.
Overall, both fungi very lightly attacked to the 50:50:5 ST/MMA/clay monomers
impregnated WPNCs. 50:50:5 ST/MMA/clay monomer impregnated WPNCs
greatly enhance the decay resistance against the both fungi. For Kumpang wood,
the raw wood was well impregnated and improved the decay resistance toward
Trametes versicolor and Coniphora puteana. Therefore, it is recommended that
50:50:5 ST/MMA/clay monomers impregnated WPNCs as well as ST-co-
MSPA-WPC, ST-clay-WPNC, ST-co-MA-WPC, and ST-co-GMA-WPCs are
technically suitable for exterior use where both moisture and favorable conditions
for fungi development are present. Besides, WPCs at pH8 and pH9 showed higher
decay resistance toward Coniphora puteana and Trametes versicolor, respectively.

Keywords Styrene � Clay � Trametes versicolor � Chaetomium globosum �
Coniphora puteana

1 Introduction

Wood is a three-dimensional natural material, polymeric composite that is made of
cellulose, hemicellulose, and lignin. It is a remarkable material of great value and
importance in the world’s economy (Zabel and Morrell 1992). According to
Boryniec and Przygocki (1999), nanocomposites can be defined as a group of
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materials with a combination of various raw materials that generate a great possi-
bility to obtain the selected desired properties. Nowadays, wood polymer
nanocomposites (WPNCs) are frequently used especially in construction industry.
Those are composite materials based on polymer as a warp and various wood
fractions could be the fillers.

Wood polymer nanocomposites (WPNCs) bring more advantages than solid
wood. According to Wu et al. (2012), the new generation wood-based nanocom-
posites usually offer enhanced long-term durability for structural purposes that have
been specially constructed with natural wood products. Most of the WPNCs offer
some inherent technical advantages over conventional nanocomposites, such as
lower costs, lower weight, and less energy used in their production (Clemons 2002;
Lu et al. 2000; Rahman et al. 2013). All these technical advantages which can be
grouped together would qualify them to be called sustainable and “environmentally
friendly” or “green”. Besides, WPNCs can be manufactured in a variety of colors,
shapes, and sizes, and also different surface textures. Usually WPNCs do not
require painting or other finishes, and they normally will not wrap or rot like
wood does.

Although there are a lot of advantages, WPNCs are not maintenance-free, and
they can be degraded in outdoor environments. The most important point is the
wood in the WPNCs can still be attacked by termites, rot, and mold fungi (Laks
et al. 2000; Verhey et al. 2001). Fungi act as decomposers in the forest and play an
important role in the ecosystem. Wood cell wall components are usually attacked
by different kinds of fungi with differences in behavior. There are three major
groups of decay fungi, the white-rot, brown-rot and soft rot fungi. White-rot fungi
have the ability to degrade lignin (Pointing et al. 2003). Therefore, white-rot fungi
have been used as biological agents in pretreatment to degrade the lignin and
disrupt the crystalline structure of cellulose. The term soft rot was first coined by
Savoy (1954) to describe a type of wood decay initiated by fungi imperfect and
ascomycetes in moist and aquatic environment. Soft decay is divided into two
groups, type 1 and type 2, where type 1 results in the development of cavities in the
secondary walls of wood fibers (primarily the S2 layer), and type 2 results in the
erosion of the wood cell wall outward from the cell lumen. Wood extractives, and
to lesser extent lignin, naturally retard fungal attack in wood (Eaton and Hale 1993).
Decay fungi and termites cause wood biodeterioration and biodegradation (Zabel
and Morrell 1992).

For this reason, chemical modification and hinders penetration of low molecular
weight diffusible polymers are required for against the fungal degradation into the
wood cell wall (Hill et al. 2005; Papadopoulos and Hill 2002). In order to reduce
wood deterioration, chemical treatment is one of the most effective ways to induce
dimensional stability, UV resistance, and biological resistance in wood (Chang and
Chang 2001a, b; Evans et al. 2000; Hill 2006; Plakette et al. 1996; Rowell 1983,
2005, 2006; Williams 2005). Chemical agents are commonly employed to control
wood degradation caused by stain and decay fungi. Phenol-formaldehyde (PF) resin
provided more resistance to fungal degradation than urea-formaldehyde (UF) resin
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due to its high pH and the presence of non-condensed phenols (Schmidt et al.
1978). According to Cao et al. (2011), wood fungal and insect resistance had
improved by thermal treatment. Boric acid, ammonium hydroxide, alkoxysilanes,
and immobilize copper impregnated wood increased the resistance against decay
fungi (Feci et al. 2009; Hien and Li 2012; Reinsch et al. 2002; Solar et al. 2005;
Terziev et al. 2009).

The styrene (ST), methyl methacrylate (MMA), and butyl acrylate (BA) were
used to synthesize a polyacrylic emulsion by core-shell emulsion polymerization
that played an important role in the water-resistant ability of the fiber-based
materials (Chen and Wu 2014). Styrene-butadiene lattices are widely used as
binders in pigmented coatings for the paper and board industry (Piltonen et al.
2013). Poly (methyl methacrylate)-functionalized grapheme/polyurethane
(MG-PU) dielectric elastomer nanocomposites were synthesized and used as con-
ducting filler (Chen et al. 2014). According to our previous research, we found that
the ST and MMA ratio need to be concerned as different ratio of ST and MMA will
produce different types of polymers which might affect the wood impregnation and
the quality of wood polymer nanocomposites (Rahman et al. 2013).

Besides, 3-(trimethoxysilyl)propyl methacrylate (MSPA) acted as coupling
agent was bonded onto colloidal silica to be introduced into the polyester-based
waterborne polyurethane hybrid films led to a significant improvement in thermal
decomposition temperature as well as mechanical properties (Lin et al. 2012).
Multiresponsive polymer composite microspheres with core-shell structure which
synthesized in water by precipitation polymerization were modified with MSPA
which improved the glass transition temperature (Cai et al. 2007). MSPA was used
to modified the wood species which had improved the mechanical properties of the
wood composites (Rangel-Vazquez and Leal-Garcia 2010). In addition, graft
copolymerization of MSPA onto styrene-butadiene-styrene (SBS) triblock
copolymer improved both adhesive property as well as the tensile strengths due to
strong Si-O-Si bonding between SBS-g-MSPA (Lee and Chen 2015).

Ethylene glycol dimethacrylate (EGDMA) improved the interpenetrating poly-
mer network (IPN) in the presence of exfoliated clay as well as the mechanical
properties of IPN (Esmaeil et al. 2014). EGDMA crosslinker was introduced into a
wood cell wall and block the water uptake as well as enhanced the ultimate strength
(Duanmu et al. 2007). A polymer-impregnated wood composite with the intro-
duction of GMA/EGDMA in the ratio of 2:1 had significantly improved mechanical
properties and durability relative to raw wood (Dong et al. 2015).

Maleic anhydride (MA)-grafted polypropylene was introduced into bamboo
powder/polypropylene foamed composites showed significant improvement in
mechanical properties and water resistance (Zhou et al. 2013). Moreover, MA was
combined with glycidyl methacrylate/methyl methacrylate (GMA/MMA) through
graft copolymerization and was introduced into the wood cell wall to improve the
compatibility between polymer and wood cell wall which improve the decay
resistance of the resultant composite (Li et al. 2011a, b). MA was employed as
compatibilizer to improve the adhesion between polyethylene matrix and bamboo
fibers (Eze et al. 2013).
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In addition, glycidyl methacrylate (GMA) functioned as the crosslinking
monomer to be combined with styrene to be impregnated into the wood has greatly
improved the water uptake percentage as well as the modulus of elasticity and
modulus of rupture. The thermal properties of ST-GMA/wood composites were
enhanced significantly compared to raw wood or styrene-treated composites (Devi
and Maji 2007). ST-co-GMA impregnated wood polymer nanocomposites (WPNC)
carried out by Sultan et al. (2016) showed that the WPNC was improved physically,
mechanically, and morphologically. In situ polymerization of ST-GMA into poplar
wood showed strong crosslinking reaction between the wood and polymers due to
the presence of both terminal double bond and the epoxy group of GMA (He et al.
2014).

Nanoclay plays an important role in the monomer mixture in the composite
system. It is used as a reinforcing material in polymer–clay nanocomposites, and it
exhibited substantial improvement in many physical properties including
mechanical properties, thermal resistance, ionic conductivity, and flame resistance
(Pinnavaia and Beall 2000; Rahman et al. 2010). The ratio of ST to MMA is
important to differentiate the monomer systems prepared and to investigate the
effect of the impregnation of higher loading of styrene with lower loading of methyl
methacrylate on the batai wood. Clay was kept at certain level as the amount of clay
will effect on the mechanical properties.

However, the application of chemical fungicides has become limited in order to
meet the requirement for low pesticide residues in products and to increasing
problems associated with resistance to the active principles (Mommaerts et al.
2008). Based on our previous work, we have set up the condition that is not excited
the pesticide limit (Rahman et al. 2013).

Thus, the aim of present study is to prepare the combined monomer system such
as 20:80:5, 30:70:5, 40:60:5, and 50:50:5 ST/MMA/clay, respectively, to impreg-
nate batai wood specimen and investigate the decay resistance. Besides, this study
also works on tropical wood impregnation and chemical modification concurrently
with styrene-co-3-(trimethoxysilyl) propyl methacrylate, styrene-co-ethylene glycol
dimethacrylate, styrene-co-maleic acid impregnated, styrene-co-glycidyl methacry-
late as well as 4-methyl catechol at different pH levels of NaOH to evaluate the decay
resistance toward fungi.

2 Experimental

2.1 Materials

The batai wood (local name) species were collected for this study. The dimensions
of the wood specimen were 9 mm (L-longitudinal) � 25 mm (T-tangential) �
25 mm (R-radial). The chemicals used to produce WPNCs were styrene (ST),
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methyl methacrylate (MMA), benzoyl peroxide, and Nanoclay Nanomer 1.31PS
were supplied by Merck, Germany, and Sigma-Aldrich, respectively. Catalog
number of the clay was 682632-500G. It was montmorillonite clay surface modified
with 15–35 wt% octadecylamine and 0.5–5 wt% aminopropyl-triethoxysilane. The
bulk density of the clay was 200–500 kg/m3, and average particle size was around
20 lm.

Defect-free and straight-grained Kumpang raw wood (RW) was obtained from
Forestry Department, Sarawak, Malaysia. The chemicals used to produce WPCs
and WPNCs were styrene (ST), 3-(trimethoxysilyl) propyl methacrylate (MSPMA),
ethylene glycol dimethacrylate (EGDMA), maleic acid (MA), glycidyl methacrylate
(GMA), 4-methyl catechol (C), nanoclay (Nanomer®1.28E), ethanol, benzoyl
peroxide and sodium hydroxide. Styrene was supplied by A. S. Joshi and Company,
Goregaon West, Mumbai, India. Ethylene glycol dimethacrylate (EGDMA),
sodium hydroxide, and benzoyl peroxide were supplied by Merck
Schuchardt OHG, Germany. 3-(trimethoxysilyl) propyl methacrylate, 4-methyl
catechol, glycidyl methacrylate, ethanol, and Nanoclay (NanomerR1.28E) that had
been modified with 25–30 wt% trimethyl stearyl ammonium were supplied by
Sigma-Aldrich (USA). Benzoyl peroxide (BP) was used as a free radical catalyst to
induce polymerization of monomers. Ethanol was used as a solvent for 4-methyl
catechol. Sodium hydroxide acted as a catalyst for polymerization of 4-methyl
catechol. In this study, all chemicals were of analytical grade.

2.2 Preparation of ST-co-MMM-Nanoclay

The monomer system was prepared using ST/MMA/nanoclay in the presence
of benzoyl peroxide. Benzoyl peroxide acts as an initiator to influence the
reaction between styrene and methyl methacrylate. Two grams of benzoyl
peroxide and 5 g of nanoclay were added into each monomer system. The
mixtures were covered with aluminum foil and put in an autoclave for 15 min
to complete the reaction. Styrene-co-Methyl Methacrylate with nanoclay
monomer system was mixed with different ratios as shown in Table 1. The
reaction scheme of the Styrene-co-Methyl Methacrylate with nanoclay cross-
linker had shown Fig. 1.

Table 1 Preparation of monomer system at different ratio

Volume of styrene (mL) Volume of methyl methacrylate (mL) Amount of nanoclay (g)

20 80 5

30 70 5

40 60 5

50 50 5
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2.3 Impregnation of Wood Specimens
with ST-co-MMM-Nanoclay

The specimens were immersed into different monomer systems and were subjected
to a vacuum process for 1 h. After 1 h, the samples were taken out and covered
with aluminum foil for 48 h at 70 �C to carry out the polymerization with wood cell
wall and produce wood polymer nanocomposites (WPNCs). After 48 h, the
WPNCs were taken out of the oven and the unreacted chemicals were removed. The
coupling reaction between wood cell wall and Styrene-co-Methyl Methacrylate is
shown in Fig. 2.

2.4 Specimen Preparation

A Kumpang tree was cut into three bolts that were 1.2 m in length. Each bolt was
sawn into quarters in order to produce planks that were 4 cm thick. These planks
were subsequently conditioned by air drying in a room with a relative humidity of
60% and ambient temperature of approximately 25 °C for one month prior to

Fig. 1 Reaction scheme for synthesis of ST/MMA/nanoclay crosslinker

Fig. 2 Coupling reaction of wood with ST/MMA/nanoclay
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testing. The planks were ripped and machined to 340 mm (L) � 20 mm (T) �
10 mm (R) for three-point bending and free-free vibration tests.

2.5 Preparation of Different WPNCs and WPCs

In this study, for preparation of different types of five WPNCs and nine WPCs,
oven-dried raw wood samples have been impregnated with either one monomer, or
a mixture of styrene with one monomer, or a mixture of styrene with clay or a
mixture of styrene with clay and a monomer. The compositions of the mixtures for
impregnation of wood are described in Tables 2 and 3. The impregnation of the raw
wood by this mixture or a single monomer was completed in a vacuum chamber
(75 mm Hg) for 30 min. These impregnated wood samples were then removed
from the chamber, and the excess chemicals were removed. Specimens were
wrapped with aluminum foil and placed into a 105 °C oven for 24 h for poly-
merization to take place. In each impregnation, ten replicate samples were
produced.

2.6 Decay Tests for Wood Specimens
with ST-co-MMM-Nanoclay

Samples were packed in an argon atmosphere and sterilized by irradiation (2.5
Mrad.) prior to decay testes, using the methods described in DD ENV 12038:1996.
Laboratory pure strains of the brown-rot fungi Chaetomium globosum and white-rot
fungi Trametes versicolor were used, grown on malt agar. Blocks were planted on
sterile specimen supports placed on the cultures of the test fungus actively growing
on 5% malt agar in 500 ml capacity jars. An additional set of sterile control samples
were used to assess operational control losses. The closed jars were incubated for
16 weeks at 22 ± 1 °C and 75 ± 5% relative humidity to evaluate the efficacy of
the treatments. After incubation, the samples were removed from the jars, cleaned,
weighted, conditioned to weight as above and re-weighed. A weight loss (WL) was
expressed as a percentage of the initial weight of the sample. Weight losses from
sterile controls were subtracted from the decay results to give corrected data.

2.7 Laboratory Fungal Decay Resistance Test
for WPCs and WPNC

The decay resistance test was carried out using the Standard Method of Accelerated
Laboratory test of natural decay resistance of wood ASTM D2017 (2001). Decay
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resistance was classified using the scale described in ASTM Standard D2017 where
highly resistant heartwood experiences (0–10)% weight loss, resistant wood (11–
24)% weight loss, moderately resistant wood (25–44)% weight loss, and nonre-
sistant wood experiences weight loss greater than 45%.

Table 2 The composition of materials for the manufacturing of WPCs and WPNCs

Name of the prepared
WPCs/WPNCs

Amount of the corresponding materials Matrix

ST
(mL)

MSPM
(mL)

EGDMA
(mL)

MA
(g)

Clay
(g)

ST-WPC (ST impregnated
wood)

1000 – – – – Raw
wood

ST-clay-WPNC (ST with
clay impregnated wood)

1000 – – – 10

ST-co-MSPMA-WPC (ST
with MSPMA impregnated
by)

1000 200 – – –

ST-co-MSPMA-clay-WPNC
(ST with MSPMA and clay
impregnated wood)

1000 200 – – 10

ST-co-EGDMA-WPC (ST
with EGDMA impregnated
wood)

1000 – 500 – –

ST-co-EGDMA-clay-WPNC
(ST with EGDMA and clay
impregnated wood)

1000 – 500 – 10

ST-co-MA-WPC (ST with
MA impregnated wood)

1000 – – 35 –

ST-co-MA-clay-WPNC (ST
with MA and clay
impregnated wood)

1000 – – 35 10

ST-co-GMA-WPC (ST with
GMA impregnated wood)

1000 250 – – –

ST-co-GMA-clay-WPNC
(ST with GMA and clay
impregnated wood)

1000 250 – – 10

10 g BP was used as an initiator in each impregnation

Table 3 Wood impregnation by 4-methyl catechol at different pH levels

pH levels of 5% 4-methyl catechol in 1000 mL methanol Name of prepared composites

8 CWPC at pH 8

9 CWPC at pH 9

10 CWPC at pH 10

11 CWPC at pH 11

CWPC (4-methyl catechol impregnated wood polymer composite)
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The specimens were air dried and after conditioning to constant weight, they
were weighed accurately in the laboratory and transferred into a large totally dark
container maintained at 20 ± 1 °C and a relative humidity of 65 ± 4%. Two types
of fungus, white-rot (Trametes versicolor) and brown-rot (coniphora puteana) were
used to study the decay resistance of WPCs and WPNCs against fungi. There were
six replications for each specimen. The decay test was terminated after 14 weeks.
Mycelium was brushed off and test specimens were air dried and again conditioned
to constant weight. The weight was recorded for each specimen. The difference in
weights of specimens before and after the decay test gave the rate of decay in test
specimen.

3 Results and Discussion

3.1 Decay Test for Wood Specimens
with ST-co-MMM-Nanoclay

Weight loss due to fungal attack for control sample and WPNCs are shown in
Fig. 3. The result revealed that both control and WPNCs were affected by the decay
fungi Trametes versicolor (white-rot) and Chaetomium globosum (brown-rot),
respectively. The control wood samples were highly affected by both fungi compare
with 20:80:5, 30:70:5, 40:60:5, and 50:50:5 (ST-co-MMA/clay) monomer
impregnated WPNCs, respectively. These results indicate that after 12 week
incubation period for both fungi very lightly attack to the 50:50:5 ST-co-MMA/clay
impregnated WPNCs. From Fig. 3, it showed that most of the control and modified
samples were less decay resistance toward Chaetomium globosum fungus compared
to Trametes versicolor fungus. However, 50:50:5 ST/MMA/clay monomer system
impregnated WPNCs showed high resistance toward both the fungi which proved
that the system itself can inhibit fungal growth on agar medium and it was estab-
lished by our previous work that showed the higher thermal stability and
mechanical properties (Rahman et al. 2013; Akbarpour et al. 2013; Sapkota 2011).
The ratio 50:50:5 ST-co-MMA/clay was highly protect the batai softwood species
against the decay fungi due to their complete copolymerization and there was no
excess ST or MMA. Visual examination also proved the decay resistance of the
different monomer systems as shown in Figs. 4 and 5, respectively. A slight
presence of mycelium in the surface of the 40:60:5 and 50:50:5 (ST-co-MMA/clay)
impregnated WPNCs tested samples. Similar observation has also been found by
Rahman et al (2010) in cement-bonded particleboards. From Fig. 4, it showed that
both of the control and 50:50:5 (ST-co-MMA/clay) samples for week 1 to week 12.
It was clearly seen that combined monomer system (ST-co-MMA/clay) impreg-
nated WPNCs showed high resistance against decay fungi compared with control
sample. From Fig. 5, there was an enormous visual difference between Fig. 5b, d. It
showed that control samples were fully attacked by the fungus, whereas the 50:50:5
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ST/MMA/clay monomer systems were slightly attacked by the fungus. Due to the
clay addition, it acts as reinforcement filler for all ratios and enhances not only the
decay resistance but also improves the mechanical and thermal properties (Rahman
et al. 2013).

The result also showed that generally control wood samples were nonresistant
to decay exposure. How, the monomer systems 40:60:5 and 50:50:5 (ST-co-
MMA/clay) enhance the decay resistance and dramatically reduce the weight
losses against the both fungi. From our previous research, it has been proven that
50:50:5 (ST-co-MMA/clay) monomer impregnated WPNCs showed better
mechanical, thermal, and morphological properties compared with 40:60:5,
30:70:5, 20:80:5 ((ST-co-MMA/clay) monomer impregnated WPNCs and control
wood sample, respectively (Rahman et al. 2013). The result also proved that
different ratio of the monomer systems may affect the decay resistance toward the
both fungal attack.

Furthermore, it concludes that the bonding interaction between wood cell wall
and the monomer systems 50:50:5(ST-co-MMA/clay) and 40:60:5(ST-co-
MMA/clay) ratios were strong enough resistant to the attack by both decay
fungi.
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Fig. 3 Weight losses of control wood and WPNCs after exposure to the decay fungus Trametes
versicolor (white-rot) fungus and Chaetomium globosum (brown-rot) for 12 weeks
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3.2 Decay Resistance of Styrene-co-3-(Trimethoxysilyl)
Propyl Methacrylate with Clay Impregnated Wood
Polymer Nanocomposites

Weight loss due to fungal attack for raw wood, WPCs, and WPNC was given in
Table 4. The results showed that raw wood, WPCs, and WPNCs were affected by
the exposure to the decay fungi of Trametes versicolor and Coniphora puteana,
respectively. ST-co-MSPA-WPC was less affected by Trametes versicolor, com-
pared to Coniphora puteana. The results also showed that generally all raw wood
species were low resistant to decay exposure (Rahman et al. 2010). However,
styrene enhanced the decay resistance and decreased the weight losses to the fungi
attack. According to the results, ST-co-MSPA-WPC was the highest resistant
toward Trametes versicolor fungi decay exposure, followed by ST-clay-WPNC,

Fig. 4 Chaetomium globosum fungus exposure petri dish for a control sample (week 1), b control
sample (week 12) c 50:50:5 WPNCs (week 1) and d 50:50:5 WPNCs (week 12)
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ST-co-MSPA-clay-WPNC, ST-WPC, and raw wood. For Coniphora puteana fungi
decay exposure, all the specimens showed moderately resistant with the range of 7–
17%.

Wood treated with different silanes showed improved decay resistance and more
improvement were noticed when the silanes contained larger alkyl group (Donath
et al. 2004). In this study, 1% weight loss observed in ST-co-MSPA modified wood
whereas silane treated wood loss 5% weight at the same fungi attack (Donath
et al. 2004). It may attribute that ST-co-MSPA has antifungal efficiency and this
efficiency decreases in presence of clay. ST impregnated wood showed lower
resistance against fungi due to a barrier of water up taking compared to RW. It
could be concluded that chemical modification was highly effective on the decay
resistance test to improve the raw wood (Yalinkilic et al. 1998).

Fig. 5 Trametes versicolor fungus exposure petri dish for a control sample (week 1), b control
sample (week 12) c 50:50:5 WPNCs (week 1) and d 50:50:5 WPNCs (week 12)
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3.3 Investigation of Decay Resistance Properties of Clay
Dispersed Styrene-co-Ethylene Glycol Dimethacrylate
Impregnated Wood Polymer Nanocomposites

Table 5 showed the weight loss due to fungal attack for raw wood, WPCs, and
WPNC toward the decay fungi of Trametes versicolor and Coniphora puteana,
respectively. All the samples showed higher fungi decay resistance toward the
Coniphora puteana fungi compared to Trametes versicolor fungi. From Table 5,
ST-clay-WPNC showed better fungi resistance toward both the fungi attacks fol-
lowed by ST-co-EGDMA-WPC, ST-co-EGDMA-clay-WPNC, ST-WPC, and RW.
For Coniphora puteana fungi decay exposure, all the specimens showed moder-
ately resistant with the range of 7–17% while the all the specimens showed weight
loss range toward Trametes versicolor fungi from 15–58%.

Among the WPCs and WPNCs, ST-WPC showed the higher deterioration by
fungi because the impregnation of raw wood by ST was lower and the
hydrophilicity of ST-WPC was the highest (Emeydan et al. 2014). The Coniphora
puteana fungi resistance of WPCs and WPNCs were higher due to the effects of
esterification of wood by EGDMA and encapsulation by clay (Doczekalska et al.
2014; Berix 2012). Therefore, it can be concluded that wood esterified by EGDMA
was less effective to resist Trametes versicolor fungi compared to clay loaded
WPNC.

Table 4 t-test analysis for decayed samples for exposing to brown or white fungi

Samples Fungus Weight loss
(%)

t-test
groupinga

Decay resistance according
to ASTM D2017

RW C. putena 13.79 ± 0.01 A Resistant

T. versicolor 58.00 ± 0.00 A1 Nonresistant

ST-WPC C. putena 17.40 ± 0.02 B Resistant

T. versicolor 52.00 ± 0.02 B1 Nonresistant

ST-co-MSPA-WPC C. putena 10.26 ± 0.04 C Highly resistant

T. versicolor 1.80 ± 0.03 C1 Highly resistant

ST-clay-WPNC C. putena 9.20 ± 0.00 D Highly resistant

T. versicolor 15.74 ± 0.06 D1 Resistant

ST-co-
MSPA-clay-WPNC

C. putena 7.30 ± 0.04 E Highly resistant

T. versicolor 25.00 ± 0.03 E1 Moderately resistant
aThe same letters are not significantly different at a = 5%
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3.4 Clay Dispersed Styrene-co-Maleic Acid Impregnated
Wood Polymer Nanocomposites: Impact on Decay
Resistance Properties

The weight loss due to fungal attack for raw wood, WPCs, and WPNC were given
in Table 6. All the specimens were significantly affected by the exposure to the
decay fungi of Trametes versicolor and Coniphora puteana, respectively. ST-co-
MA-WPC and ST-co-MA-clay-WPNC were less affected by Trametes versicolor,
compared to Coniphora puteana among all the specimens. From Table 6, it was
clearly showed that the raw wood was significantly improved by the introduction of
ST, MA, and clay. However, all the specimens showed better decay resistance
toward Coniphora puteana fungi compared to Trametes versicolor fungi. This was
due to some unreacted –COOH groups of MA which have lower resistance against
Trametes versicolor fungi than Coniphora puteana fungi (Oldertroen et al. 2016).
Rubber wood treated with maleic anhydride showed higher weight losses which
were 36.04 and 7.09% against Coriolus versicolor (white-rot fungi) and Polyporus
meliae (brown-rot fungi) compared to ST-co-MA-WPC and ST-co-MA-clay-
WPNC (Nagaveni et al. 2005). Therefore, it could be concluded that the ST-co-
MA-WPC and ST-co-MA-clay-WPNC showed better resistance against white-rot
fungi and brown-rot fungi among all the specimens.

Table 5 t-test analysis for decayed samples for exposing to brown or white fungi

Samples Fungus Weight loss
(%)

t-test
groupinga

Decay resistance
according to
ASTM D2017

RW C. putena 13.79 ± 0.01 A Resistant

T. versicolor 58.00 ± 0.00 A1 Nonresistant

ST-WPC C. putena 17.40 ± 0.02 B Resistant

T. versicolor 52.00 ± 0.02 B1 Nonresistant

ST-co-EGDMA-WPC C. putena 12.11 ± 0.06 C Resistant

T. versicolor 18.00 ± 0.10 C1 Resistant

ST-clay-WPNC C. putena 9.20 ± 0.00 D Highly resistant

T. versicolor 15.74 ± 0.06 D1 Resistant

ST-co-
EGDMA-clay-WPNC

C. putena 7.80 ± 0.03 E Highly resistant

T. versicolor 20.33 ± 0.03 E1 Resistant
aThe same letters are not significantly different at a = 5%
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3.5 Clay Dispersed Styrene-co-Glycidyl Ethacrylate
Impregnated Wood Polymer Nanocomposites: Impact
on Decay Resistance Properties

The results that indicated that the type of fungus and fungal exposure on the
specimens had significant effect on weight loss was given in Table 7. Trametes
versicolor caused a higher weight loss of 58% while Coniphora puteana caused a
higher weight loss of 52% on the raw wood. The great weight loss of raw wood
specimen exposed to Trametes versicolor could indicate a difference in decay
mechanism (Zabihzadeh et al. 2009). This showed that raw wood has lower fungi
decay resistance compared to WPCs and WPNCs (Gupta et al. 2004). Wood
etherified by isopropyl glycidyl ether showed drastic reduction in weight loss due to
fungal decay by white-rot and brown-rot fungi (Chang and Chang 2001a, b). ST-co-
GMA-clay-WPNC showed the highest decay resistance against Coniphora puteana
fungi compared to ST-co-GMA-WPC and ST-clay-WPNC. This was due to the
synergic effect of ST-co-GMA and clay in wood (Li et al. 2011a, b). Besides, the
presence of clay decrease the antifungal efficiency of WPC and WPNC as clay had
low catalytic effect to resist both fungi attacks (Liu et al. 2016). Therefore, it could
be concluded that chemical modification was significantly effective to improve the
raw wood toward fungi attack.

Table 6 t-test analysis for decayed samples for exposing to brown or white fungi

Samples Fungus Weight loss
(%)

t-test
groupinga

Decay resistance
according to ASTM
D2017

RW C. putena 13.79 ± 0.01 A Resistant

T. versicolor 58.00 ± 0.00 A1 Nonresistant

ST-WPC C. putena 17.40 ± 0.02 B Resistant

T. versicolor 52.00 ± 0.02 B1 Nonresistant

ST-co-MA-WPC C. putena 8.70 ± 0.05 C Highly resistant

T. versicolor 1.00 ± 0.10 C1 Highly resistant

ST-clay-WPNC C. putena 9.20 ± 0.00 D Highly resistant

T. versicolor 15.74 ± 0.06 D1 Resistant

ST-co-
MA-clay-WPNC

C. putena 9.10 ± 0.09 D Highly resistant

T. versicolor 5.6 ± 0.04 E1 Highly resistant
aThe same letters are not significantly different at a = 5%
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3.6 Decay Resistance Characterization of Wood Polymer
Composites Impregnated by 4-Methyl Catechol
at Various pH Levels

The weight losses on raw wood and WPCs with different pH were presented in
Table 8. The degree of fungi resistance of WPCs depended on the weight per-
centage gain by the impregnation raw wood with 4-methyl catechol. The results
showed that WPCs at lower pH level (pH8) was less affected by Trametes versi-
color and Coniphora puteana fungi. For Coniphora puteana fungi decay exposure,
WPCs at pH9 showed the highest resistance with the lowest weight loss while

Table 7 t-test analysis for decayed samples for exposing to brown or white fungi

Samples Fungus Weight loss
(%)

t-test
groupinga

Decay resistance
according to ASTM
D2017

RW C. putena 13.79 ± 0.01 A Resistant

T. versicolor 58.00 ± 0.00 A1 Nonresistant

ST-WPC C. putena 17.40 ± 0.02 B Resistant

T. versicolor 52.00 ± 0.02 B1 Nonresistant

ST-co-GMA-WPC C. putena 9.30 ± 0.02 C Highly resistant

T. versicolor 7.17 ± 0.12 C1 Highly resistant

ST-clay-WPNC C. putena 9.20 ± 0.00 D Highly resistant

T. versicolor 15.74 ± 0.06 D1 Resistant

ST-co-
GMA-clay-WPNC

C. putena 7.30 ± 0.04 E Highly resistant

T. versicolor 21.00 ± 0.06 E1 Resistant
aThe same letters are not significantly different at a = 5%

Table 8 t-test analysis for decayed samples for exposing to brown or white fungi

Samples Fungus Weight loss
(%)

t-test
groupinga

Decay resistance according to
ASTM D2017

Raw
wood

C. putena 13.79 ± 0.01 A Resistant

T. versicolor 58.00 ± 0.00 A1 Nonresistant

WPCs at
pH8

C. putena 9.32 ± 0.02 B Highly resistant

T. versicolor 7.80 ± 0.12 B1 Highly resistant

WPCs at
pH9

C. putena 6.50 ± 0.04 C Highly resistant

T. versicolor 12.40 ± 0.05 C1 Resistant

WPCs at
pH10

C. putena 9.29 ± 0.04 D Highly resistant

T. versicolor 14.00 ± 0.06 D1 Resistant

WPCs at
pH11

C. putena 10.00 ± 0.06 E Highly resistant

T. versicolor 17.40± 0.01 E1 Resistant
aThe same letters are not significantly different at a = 5%
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WPCs at pH8 showed the lowest weight loss which indicated the highest fungi
decay resistance toward Trametes versicolor fungi.

All the WPC showed lower weight losses due to the polymerized
4-methylcatechol which created strong covalent bond with the matrix and signifi-
cantly able to resist Trametes versicolor and Coniphora puteana fungi (Billes
2015). It could be concluded that chemical modification was highly effective on the
decay resistance test, as found by previous researchers (Yalinkilic et al. 1998).

4 Conclusion

Trametes versicolor and Chaetomium globosum fungi used in this work were very
lightly attacked to the 50:50:5 (ST-co-MMA/clay) monomer impregnated WPNCs
except others ratio and control wood. 50:50:5 (ST-co-MMA/clay) monomer
impregnated WPNCs greatly enhance the decay resistance against the both fungi. It
is recommended that 50:50:5 (ST-co-MMA/clay) monomers impregnated WPNCs
are technically suitable for exterior use where both moisture and favorable condi-
tion for fungi development are present. Besides, Trametes versicolor and
Coniphora puteana slightly attack WPC and WPNC compared to raw wood due to
the better combination between the matrices with the wood cell. WPCs at pH8
showed better decay resistance toward Coniphora puteana fungi attack while
WPCs at pH9 showed higher decay resistance toward Trametes versicolor fungi
exposure. For this research, it showed that nanoclay was compatible with ST
combined monomer system to improve the quality of the monomer system and also
the crosslinking between the monomers.
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