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ABSTRACT  

Jabon wood (Anthocephalus cadamba sp.) is one of fast-grown species planted in 

Indonesia that has not yet complied with raw material requirements for good quality 

products. This suggests that the properties enhancement of the wood using natural 

and eco-friendly material should be investigated. The main aim of this PhD research 

was to investigate the effect of impregnation using Merbau extractives on the 

enhancement of wood properties of Jabon (Anthocepllus sp.). The specific objectives of 

this research study were:  

1. To explore the properties of Merbau extractives (ME) and Polymerised Merbau

extractives (PME) in relation with its utilisation as impregnating material for Jabon

wood.

2. To explore the characteristics of Jabon wood after densification through two-side

hot pressing.

3. To evaluate the effectiveness of treatment with Merbau extractives on fixing

compressed deformation of Jabon wood after densification.

An exploration and experimental study on the extraction and the polymerisation 

of ME followed by application study of the polymerised Merbau extractives (PME) was 

carried out to investigate the major compound of ME and how it can be polymerisedA 

study  of PME has been conducted on Jabon wood to determine the changes of 

physical, mechanical and chemical properties of treated Jabon wood. The resistance of 

the wood against termites was also examined.  

Results of this study demonstrated that Merbau extractives - after their 

polymerisation into PME - can be considered a promising material for wood 

impregnation application. There was an increment of physical and mechanical 

properties of Jabon wood after the treatment using the PME. The specific gravity was 

significantly increased from 0.39 to 0.85 (PME22) and from 0.31 to 0.74 (PME33); a 

very low Set of Recovery (14.82 %) was obtained and the colour of treated Jabon wood 

was permanently changed. The surface hardness of modified wood samples exhibited 

higher values by 30.54 % (PME22) and 39.89 (PME33). Shear strength increased by 

41.87 and 49.58 % (PME22) and 74.02 and 79.10 % (PME) for radial (T) and tangential 
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(T) sections, respectively. MOE increased by 23.52% (PME22) and by 40.12% (PME33),

MOR values increased by 28.50 and 41.19 % after impregnation with PME22 and 

PME33, respectively. The increment of mechanical properties of treated Jabon wood 

after impregnation treatment using Polymerised Merbau Extractives was confirmed by 

FTIR spectra and crystallinity (XRD) analysis. The improvement has  also occurred on 

the wood biological resistance. With the improvement of Jabon wood properties, the 

utilisation of this species could be extended to high-quality products such as furniture 

and building components. 

DECLARATION 

By this declaration, I certify that: 

(i) The thesis comprises only of my original work towards PhD.

(ii) Due acknowledgement has been made in the text for all other material used.

(iii) The thesis is fewer than 100,000 words in length, exclusive of tables, figures,

bibliographies and appendices.

Signed: __________________ Date:     January  2019 

 Jamaludin Malik 



 
 

iii 
 

PREFACE 

This thesis is comprised of nine chapters of which 3 chapters have been 

published in scientific journals and conference proceedings and 2 chapters are in the 

review process for publishing.    

The first chapter provides an introduction to the study and the second chapter 

includes a review of the relevant literature.  

Chapter III is based on a paper in which the objective was to explore the 

composition of Merbau extractives (ME) and their potential use as an impregnating 

material for Jabon wood.  

Chapter IV is based on the result of Chapter III and it reports on the investigation 

of the characteristics of  Polymerised Merbau Extractives (PME) in regards to its 

potential use for impregnating material using various equipment i.e. FTIR spectra for 

chemical functional change, Differential Scanning Calorimeter (DSC) for thermal 

transition behaviour, thermal analyser for thermogravimetric analysis, X-Ray 

Diffraction (XRD) for crystallinity, IV-meter for molecular weight and a photometer UV-

Vis to determine free formaldehyde. As a result, two selected formulas of the PME 

were recommended.  

Chapter V presents the results of the evaluation of the effect of impregnation of 

Jabon wood with the PME on density increment and the fixation of hot-compressed 

Jabon wood.  

Chapter VI investigates the colour changes and morphology of impregnated 

Jabon wood.   

Chapter VII investigates the effect of the impregnation treatment using Merbau 

extractives and selected Polymerised Merbau Extractives (PME22 and PME33) on 

selected mechanical characteristics of impregnated Jabon wood: hardness, shear and 

bending stiffness/strength (MOE/MOR). 

Chapter VIII is based on a paper that investigates the resistance of the treated 

wood against subterranean and drywood termites.  

Chapter IX provides a synthesis of the PhD thesis and recommendations for 

future research.  
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CHAPTER I. INTRODUCTION 

1.1. Background 

Globally, timber production from plantation forest will increase in the future due 

to a significant expansion of planted forest during the last three decades. In the mid-

1990s, the total area of the forest plantations in the world was approximately 130 

million hectares with the annual rate of expansion 10.5 million (Winjum and 

Schroeder, 1997). In 2000, Food and Agriculture Organization reported that there were 

187 million hectares forest plantations (Carle et al., 2002). It has been projected that 

by 2050 the expansion will reach more than 250 million ha (Silva, 2012).  

Timber from plantation forests includes both slow and fast growth species 

groups. The fast growth plantation species has gradually attracted the attention of 

industries and consumers in many countries. This is because this plantation forest will 

not only supply timber for industries in a shorter cycle than those from natural forest, 

but also the use of the plantation timbers will be in line with the effort to reduce 

pressure on natural forest, thus indirectly assisting in maintaining the sustainability of 

the remaining natural forest. According to The Forest Stewardship Council (Indufor, 

2012), the current world’s extent of fast growing forest plantation is 54.3 million ha in 

which Indonesia contributes 2.5 million ha.  

In Indonesia, timber production from plantations increased significantly during 

the last decade from around 5.92 million m3 in 2001 to 18.56 million m3 in 2010 

(Anonymous, 2001, Anonymous, 2011). The latest data (Anonymous, 2011) shows that 

timber utilisation from the plantation forests was higher than from the natural forests, 

which was reported as only 5.25 million m3. The timber is processed into various 

products such as plywood, particleboard, chip wood, pulp and paper, as well as solid 

wood products such as moulding, flooring and furniture, which are marketed for both 

domestic use and export.  

The development of planted forests with fast growth species will produce timber 

faster and will lead to increased wood supply for Indonesian wood industries such as 

the furniture industry. One of the fast growth species which is currently planted 
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extensively in Indonesia is Jabon (Anthocephalus sp.). According to Mansur and 

Tuheteru (2010), Jabon wood has good economic potential because geographically it 

has a wide range of distributions, it is easy to cultivate, is adaptive to Indonesia’s 

natural condition and is internationally well known.  

Soerianegara and Lemmens (1993) stated that the height of Jabon tree can reach 

45 m with the growth rate of 3 m/year and the free branch height of 30 m. The 

diameter range of the mature tree is around 100 – 160 cm in which the diameter 

growth rate can be 7 cm/year and the volume growth rate of 10 – 26 m3/year. As a 

wood industry material, this species can be harvested at 5 – 10 years old, while for 

pulp industry at 4 – 5 years after planting (Mansur and Tuheteru, 2010). The specific 

gravity of Jabon is 0.42, meaning it falls into the low class of density which is between  

0.19 – 0.49 (Martawijaya et al., 1989). Currently, in Indonesia, Jabon has been used for 

making fruit crates, toys, light construction, plywood, laminated boards, block boards, 

fibre board, particle board and pulp. In terms of its utilisation for furniture, this species 

is known as easy to machine, in particular during planning and drilling (Mansur and 

Tuheteru, 2010). 

Due to the advantages of the species discussed above, it becomes one of the 

favourite species to plant by local communities in Indonesia. There are many small 

business promotions to establish Jabon plantations. Perhutani, a state owned 

Indonesian forest company, has been planted this fast-growing species since 2009 and 

increased the planted area gradually from 165 ha in 2009 to 590 ha in 2011 (Utama, 

2012, Pers. Comm.).  

1.2. Problem statement 

Although Jabon has some advantages as mentioned above, the properties of fast 

grown plantation timbers are frequently not suitable for certain products such as 

furniture and other solid wood products. This is mainly because of the undesired wood 

characteristics i.e. low density, low durability, strength, stiffness and dimensional 

instability. 

To enhance the properties of this species, the timber needs to be modified with 

various treatments. As reported by Kellogg and Wangaard (1969), wood can be easily 
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modified by compressing it to increase its density until the density reaches the value 

desired for a particular wood product.  For furniture application, for example, there 

are standard requirements for various wood properties, including the minimum 

density. According to the Indonesian National Standard (BSN, 1989), timber as the raw 

material for  furniture  has to fulfil the criteria for  physical and mechanical properties 

i.e. the moisture content should not be higher than 15% and the strength and 

durability should be not less than class III values. The standard describes the criteria for 

class III for the strength class as follows: 0.40 - 0.60 specific gravity, 500 –725 KG/cm2 

bending strength, 300 –425 KG/cm2 compression-strength. The standard also requires 

3-years’ service time if the wood is always used in humid conditions (BSN, 1989).  In 

order to meet the criteria for high quality products, the properties and Jabon wood 

need to be enhanced by a modification method most suitable for this species to allow 

it to meet the product performance requirements.  

 

1.3. Objectives  

The main aim of this research was to investigate the effect of impregnation 

treatment using Merbau extractives on the enhancement of wood properties of Jabon 

(Anthocepllus sp.). The specific objectives of this research study were:  

4. To explore the properties of Merbau extractives (ME) and Polymerised Merbau 

Extractives (PME) in relation with its utilisation as impregnating material for Jabon 

wood. 

5. To explore the characteristics of Jabon wood after densification through two-side 

hot pressing.  

6. To evaluate the effectiveness of treatment with Merbau extractives on fixing 

compressed deformation of Jabon wood after densification. 

 

1.4. Significance and limitations of the research 

Research on wood modification through impregnation and densification is still 

relatively limited in Indonesia. Consequently, modified timber products have not been 

yet developed commercially. In line with the increased timber production from 
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plantation forest, research on wood modification has a significant value to both 

science and to commercial sectors. In terms of forestry development, the outcomes of 

this study will potentially provide an alternative raw material for furniture production 

and other high value wood products by using fast-growing timber species. It will also 

provide economic and environmental benefits by utilising the waste from Merbau 

wood processing industry to enhance the properties of young fast-growing timber 

species. 

This study involves an innovative research work which will bring new knowledge 

to wood science and technology by investigating a novel approach to enhancing the 

properties of very young plantation species.  

The scope of the study is limited to an investigation of the allied method of 

densification through compression and impregnation using Merbau wood-extractives 

as a natural substance to fix the compressed deformation. Therefore, wood properties 

enhancement is the focus of this study. 
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CHAPTER II. LITERATURE REVIEW 

 

This Chapter provides a literature review on the following topics related to this 

research study:  

 The properties of Jabon wood. 

 Using Merbau wood extractives for wood modification.  

 Modification methods which can be used to modify wood properties. 

Based on the literature review, research gaps have been identified which were 

then used as the basis for the formulation of research questions for this study.  

2.1 The properties of Jabon wood. 

Taxonomically, Jabon is classified into the family of Rubiaceae and the genus of 

Anthochepalus. There are two main species of Jabon which are planted in Indonesia: 

red Jabon [Anthocephalus macrophyllus (Roxb.) Havil] and white Jabon [Anthochepalus 

cadamba (Roxb) Miq], but white Jabon is more popular. Other species names for white 

Jabon are Neolamarckia cadamba (Roxb.) Bosser, Nauclea cadamba Roxb. Amama 

cadamba (Roxb.) Kuntze, Anthochepalus morindifolius Korth. Nauclea megaphylla S. 

Moore and Anthocephalus chinensis Krisnawati et al. (2011). Besides in Indonesia, 

Jabon is the native species for countries such as China, Sri Lanka, India, Nepal, Laos, 

Myanmar, Thailand and Vietnam. This species has been successfully introduced into 

other countries i.e. South Africa, Puertorico, Suriname, Taiwan and some other 

subtropical countries. In some regions of its natural distribution, Jabon is well known 

as labula (PNG), kelempayan (Malaysia), yemau (Myanmar) and kratun (Thailand) 

(Soerianegara and Lemmens, 1993).  

Currently, Jabon wood is one of the timber species widely grown in Indonesia 

which is planted by both industrial forest plantation companies and by communities 

(Krisnawati et al., 2011; Hidayat, 2012). This species is well known as a fast growing 

species. Advantages and disadvantages of Jabon wood have been described in Chapter 

1.  Due to a low density of this species, the timber needs to be modified to enhance its 

properties.  
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 Limited research studies were carried out on how to improve the properties of 

Jabon wood using different modification methods.  Deka et al. (2002) modified Jabon 

wood grown in India through chemical treatment using an aqueous solution of copper 

ethanolamine (CuEA) with molar ratio equalled 1 : 6 by a dipping method. Then, 

thermal degradation and termite resistance of the modified wood were examined. The 

study showed that the treated wood was more stable and resistant to termite attack 

as well as there was an improvement of strength and stiffness. In Indonesia, a study 

was conducted by Hidayat (2012) on modifying Jabon wood by compressing by 20% of 

its thickness with steaming pre-treatment at 120oC at several levels of time.  The study 

demonstrated that at 20% compression level, the density increased by 11% and MOR 

increased by 35%. The densification treatment has increased the strength class of 

jabon wood from IV to III (0.4 to 0.6) based on the specific gravity. The study did not 

investigate the improvement of dimensional stability. The author suggested that a 

higher density level of the densification would be required for Jabon wood for its use 

in high value wood products. 

2.2. Using Merbau wood extractives for wood modification 

Wood extractives can be defined as a large number of chemical compounds that 

are extractable from wood with various neutral or polar and non-polar solvents 

(Fengel and Wegener, 1983; Umezawa, 2001). The extractives take morphological 

places in the wood structure. For example, resin acids can be found in resin ducts while 

fat and wax are found in parenchyma cells. Phenol is particularly placed in heartwood 

and the bark (Sjöström, 1993).  

The extractives have a specific function in wood. According to Hillis (1987a),  

extractives in heartwood and wound-wood can provide some form of resistance of the 

living tree to destructive agents. Furthermore, the author explained that naturally in 

wood, polyphenols that facultatively colour heartwood, infiltrate the cell wall of a 

regular heartwood, reducing the shrinkage and swelling capacity of the wood and 

increasing its durability and other properties. However, the presence of extractives 

may result in disadvantages of wood processing. They may affect  the pulping process, 
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drying, adhesion, hygroscopicity and acoustic properties of wood (Umezawa, 2001; 

Hillis and Yazaki, 1973). 

Some researchers consider Merbau extractives as a potential problem in wood 

processing which needs to be overcome. Hu et al (2012) showed that heat treatment is 

an efficient technique to overcome discoloration caused by water-soluble extractives 

of Merbau heartwood.  

Instead of the disadvantages of Merbau extractives, some researchers have been 

carrying out studies on the utilisation of this aqueous soluble material and showed 

important results in enhancing some characteristics of wood.  However, research on 

the use of extractives to improve wood properties remains challenging.  The challenge 

is not only related to the type of method which should be used and which extractive 

should be selected for treatment, but also the mechanism of the extractive treatment 

and its effects on the treated wood. In general, Navi and Sandberg (2011) stated that 

the appropriate mechanism of how the extractives can improve timber characteristics 

may be employed by chemical modification through deactivation of the OH-sites 

through acetylation (substitution of the -OH by CH3COO-groups), or formaldehydation 

(fixing of H2CO between two hydroxyls to obtain a strong chemical bond). 

Extractives have the ability to protect wood from photodegradation.  (Chang et 

al., 2010) showed that the protective ability of extractives is due to the presence of 

unsaturated phenolics in the heartwood of both Japanese cedar and Taiwan acacia. 

These phenolic compounds absorb light energy and are consequently degraded in 

themselves. Therefore, the degradation of lignin slows down and accordingly fewer 

light-induced derivatives are formed on wood surfaces after irradiation. 

Royer et al. (2010) investigated the extractives of the tropical wood wallaba 

(Eperua falcate Aubl.) as natural anti-swelling agents.  The study revealed that wood 

samples that were extracted with methanol showed significantly greater swelling 

following rehydration from oven dry to 96% relative humidity than non-extracted 

samples and samples extracted with other solvents. Tohmura (1998) showed that the 

addition of Merbau wood extractives slightly increased the gelatinous rate of the 

phenolic resin.  Santoso et al., (2014) used the liquid of Merbau extract to form wood 
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adhesive by reacting with formaldehyde. The authors found that the performance of 

bio-adhesive applied on three-layer flooring was similar to the synthetic phenolic 

adhesive and that the bio-adhesive could be categorised as the exterior quality type 

low formaldehyde emission adhesive, at 0.22 mg/L which relates to E0 or F**** 

category1. Similar research was also conducted by Santoso et al. (2016) in which the 

extract of Merbau wood was used as the adhesive for glued laminated lumber. The 

study concluded that the preparation of cold-setting structural adhesives from Merbau 

wood extract was possible and applicable for making glued laminated lumber, 

especially for medium-density wood. Better adhesion quality could be obtained by 

increasing resin content of the adhesive. 

2.3. Modification of wood properties  

In this section, various modification treatment methods used to enhance wood 

properties such as porosity and density, dimensional stability, strength and stiffness, 

and durability, have been discussed.  

a. Porosity and density 

The cellular structure of wood provides many unique properties. According to 

Shmulsky et al. (2011), porosity, which can be determined by measuring the density, is 

one of the most important physico-mechanical properties of wood. The porous 

formation is influenced by the growth factors of the tree where the wood is harvested 

and the early wood (juvenile) proportion can explain how fast the tree grows (Jagels, 

2006). Juvenile wood has lower quality than mature wood.  Panshin and De Zeeuw 

(1980) explained that in comparison with the mature wood, the properties of juvenile 

wood  are characterised by a lower density, shorter tracheids or fibres, lower latewood 

percentage, thinner cell walls, smaller tangential cell dimensions, lower cellulose 

content, lower strength, higher longitudinal shrinkage, higher microfibril angle, larger 

cell lumen, more reaction wood, more spiral grain and a higher degree of knottiness. 

The few latewood cells in the juvenile zone and a high proportion of cells with thin wall 

                                                           
1
 E0  or F**** is the lowest level of formaldehyde emission in which the value is in the range of 0.04 – 

0.35 mg/L (JAS, 2003). 
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layers result in a low density and a corresponding low strength in comparison with 

mature wood (Shmulsky et al., 2011). 

For the reason above, the properties of fast grown plantation timbers are 

frequently not suitable for certain products such as furniture and other solid wood 

products, mainly because of the undesired wood characteristics i.e. lower density, 

lower durability, strength, stiffness and dimensional instability. However, wood can be 

modified to be denser with various treatment methods.  

The treatments that can increase specific gravity or density of treated wood are 

impregnation, compression and combination of both. A range of studies has been 

conducted on the density increment of different wood species using different 

methods. 

Impregnation using the mixture of urea, formaldehyde and ammonia can 

increase the basic density of poplar wood (Populus euramericana cv I-214) by 21.62% 

(Wu et al., 2010). Wu et al. (2011a) also impregnated Eucalyptus urophylla using the 

same impregnating material resulting in density improvement by 12.2%, compared to 

the untreated wood. A greater increment of oven-dried density was demonstrated by 

He et al. (2011a) from impregnated fast-growing poplar (Populus euramericana NL-95) 

using styrene (ST) and combined styrene with glycidyl methacrylate (GMA). Compared 

with the untreated wood, the density increased by 118.42% (ST) and 121.055%  

(ST+GMA) with the weight gain/polymer loading of 117.6 and 118.3 %, respectively. 

Another study by Chen et al. (2013) on impregnation of poplar (Populus euramevicana) 

using methylolurea and urea–methylolurea showed that the oven-dried density 

increased by 61.9% and 64.3% respectively, compared with the untreated control 

samples. 

Compression treatments result in various levels of density increment that 

depends on the compression or densification ratio. Hot-pressing with the densification 

ratio of 5.96% at the temperature of 170:C improved the density of  23 years old Pinus 

caribea var hondurensis wood by 5.45 % (Santos et al., 2012).  Unsal et al. (2009) 

investigated the density increment from different compression ratio (CR) and 

temperatures from hot-compression on Scotch pine wood (Pinus sylvestris L.) at 120 
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and 150 :C for 60 mins. The results revealed that at 120 :C with 3.3 and 4.7 % CR, the 

density increased by 2.17 and 26.99 %, respectively. The compression at 150:C with 

7.2 and 38.8 % CR resulted in 43.48 and 80.4 % density increment respectively. Such 

single treatment of hot pressing is a simple method of the wood modification, 

however, the compressed wood is not as water resistant as after the combined 

treatment of impregnation and compression (Rowell, 1999b). Due to highly 

hygroscopic properties of compressed products, researchers usually prefer to combine 

the treatment of hot-compression with other treatments. 

Combined a pre-treatment with hot-compression can improve some properties 

of the treated wood. Steaming before hot compression results in modified wood with 

improved dimensional stability, increased hardness and fixed deformation (Hill, 2006). 

Chen et al. (2013) showed that chemical impregnation and hot-pressing of poplar 

wood enhanced the density and mechanical properties of treated wood. The allied 

treatment also reduced the set recovery of compressive deformation. Fukuta et al. 

(2011) showed that combined treatment of hot-compression and impregnation by 

phenolic resin resulted in the product which had desired characteristics of abrasion 

resistance, hardness and weathering resistance. A perfect fixation – as the set of 

recovery of 1,25% only - was achieved by Dwianto and Yalinkilic (2000) through 

combination treatment on Sugi (Cryptomeria japonica D. Don.) sapwood by 

impregnation using Styrene (St) and compression and impregnation using Methyl 

Methacrylate (MMA) and hot-compression. More details on the literature review are 

provided in further chapters describing various topics of this thesis. 

 

b. Wood dimensional stability 

Because of its cellular and porous structure, wood is a hygroscopic material that 

can attract moisture from humid surroundings. As a result, wood undergoes 

dimensional changes in changing climatic conditions.   

Various studies have been undertaken to improve the dimensional stability of 

wood. Németh et al. (2009) treated 2 plantation timber species: Pannonia Poplar 

(Populus euramericana Pannónia) and Robinia (Robinia pseudoacacia L.) in 3 different 
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vegetable oils, namely sunflower, linseed and rapeseed oil. The wood samples were 

treated at 2 different temperatures (160°C and 200°C) and for 3 different durations 

(2h, 4h and 6h). As a result, a very high anti-swelling efficiency (ASE) of the wood was 

reached; up to 40% in radial and 60% in tangential directions. The ASE is an indicator 

which shows the efficiency of a particular treatment on wood dimensional changes 

due to the moisture content changes (Rowell and Banks, 1985b). 

Although the dimensional change of timber is mainly related to water or 

moisture effect, it may also occur after a modification treatment.  For example, “shape 

memory” or “set-recovery”, is a common problem that occurs in compressed wood in 

which the densified timber tends to swell when it is immersed in water or exposed to 

high humidity environment.  However, according to Navi and Heger (2004), shape 

memory is mainly caused by the elastic-strain energy stored in the helical 

semicrystalline microfibrils, the thermohydro-plastic behaviour of lignin under 

relatively wet conditions and highw-temperature. Kultikova (1999) suggested that it is 

important to determine a pressing condition that can minimise the “recovery” factor. 

Previously, Norimoto et al. (1993) identified three essential mechanisms to prevent the 

compression recovery i.e.: the crosslink formation between molecules of the matrix; 

relaxation of the stresses stored in the microfibrils and the matrix during densification 

process; and the polymers formation from hydrophilic materials inside the cell wall to 

avoid the softening of hemicelluloses by moisture. 

Chemicals and resin are also used in compressed wood fixation. Pfriem et al. 

(2012) demonstrated that impregnating densified wood with furfuryl alcohol can 

improve the fixation from 23.4% and 36.5% to 42.0% ASE as increasing the content of 

the furfuryl from 10.1% and 21.3% to 33.9%, respectively. There is still limited data on 

the use of natural compounds such as wood extractives on the densified wood to fix 

the compressed deformation.  

 

c. Wood strength and stiffness 

The term strength is often used in a general sense to refer to all mechanical 

properties. However, because there are many different types of strengths and elastic 
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properties, it is important to be specific about the mechanical property being 

discussed. The type of mechanical property most critical to any application is 

determined by the nature and type of loading to which that product will be subjected. 

For example, in a floor joist, the modulus of elasticity (MOE) is very important because 

it determines how much the joist will bend or deflect under load for wood flooring; the 

surface hardness determines the resistance to denting when under a concentrated 

load. In the case of furniture, Ozarska (2009a) studied engineering properties of 

selected young plantation-grown Australian hardwoods for furniture. She concluded 

that both the stiffness and bending strength of timbers are important in engineering 

design of furniture. Stiffness is defined as resistance to deformation (Shmulsky et al., 

2011). 

It was demonstrated that modifying wood in order to improve both the stiffness 

and bending strength can increase the properties after certain treatments. Bergman et 

al. (2009b), for instance, studied a polymerization, using the monomer 1,6-hexanediol 

dimethacrylate, by applying fully impregnating method on plantation-grown southern 

pine to enhance its properties. After the treatment, the wood properties increased by 

160%, 39% and 27% for density, MOR and MOE, respectively. 

  
d. Wood durability 

Wood products, when properly designed and constructed, can be satisfactorily 

used in service for hundreds of years. However, due to many naturally formed organic 

materials and exposure to external conditions, wood may be subjected to decay, 

fungal stains, insect infestation, fire and surface weathering, all of which can greatly 

reduce the useful life of buildings and products (Shmulsky et al., 2011: Ibach, 1999). 

The degradation of wood by biological organisms during its service is a great 

disadvantage (Hill, 2006). The principal organisms that can degrade wood are fungi, 

insects, bacteria and marine borers (Highley, 1999: Shmulsky et al., 2011). However, 

wood can be protected from the attack of the biodeterioration agents by applying 

chemical preservatives (Ibach, 1999).  

Investigation on the effect of wood modification treatment on biodegradation 

resistance is not yet as advanced as on physical, mechanical, or chemical effects. 
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Ghosh et al. (2012) demonstrated that Scots pine (Pinus sylvestris L.) treated with 

quat- and amino-functional silicone emulsions showed resistance against subterranean 

termites even at less than 15% weight percent gains (WPG). AlkylSiMaE and the water 

glass treatment also reduced the damage by termites to a considerable extent at 

higher treatment concentrations.  Unsal et al. (2009) evaluated decay and termite 

resistance of thermally compressed Scots pine wood panels by hot-pressing under 

pressure at 5 and 7 MPa and 120 and 150 ºC for 1 h. The result showed that no 

increases in biological resistance to decay by fungi in thermally pressed wood 

specimens were observed during the study; however, there were two groups of 

specimens which did show considerably lower mass losses in termite resistance tests 

when compared with control blocks.  

 

2.4. Modification method by impregnation and hot compression 

Hill (2006) described several methods of modification which are chemical, 

thermal, surface and impregnation treatments. Some methods can be applied 

simultaneously. Navi and Sandberg (2011) developed the method of Thermo-Hydro-

Mechanical (THM) treatment in which densification, welding, bending and 

reconstituted wood are inclusive.  

As the aim of this study was to use a combined treatment of impregnation and 

hot-compression for modification of Jabon wood properties, research studies on these 

methods have been reviewed in the section below.  

a. Impregnation and multiple-impregnation 

Impregnation is defined as a treatment of wood with a thermosetting, fiber-

penetrating resin and cured without compression (Rowell, 1999b). Impregnation 

modification aims to impregnate the cell wall of wood with a chemical, or a 

combination of chemicals, that then react so as to form a material that is ‘locked’ into 

the cell wall  (Hill, 2006). Properties of impregnated wood are usually different from 

those of a “normal” wood (Rowell, 1999b). For example, this method results in a very 

high dimensional stability of modified wood. Sakai et al. (1999a) showed that the 
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dimensional stabilizing effect of the impregnation with some simple natural phenolic 

compounds on sitka spruce (Picea sitchensis Carr.) increased the Anti Swelling 

Efficiency (ASE) up to about 40% with 10% weight gain. Robinson et al. (2011) reported 

a good result of dimensional stability improvement of impregnated Southern yellow 

pine (Pinus spp.) wood using bio-oil with a penetrant concentration of at least 10%. 

This treatment exhibited a significant reduction in both moisture sorption and 

tangential swelling when exposed to a 90% relative humidity and 21°C environment. 

Impregnation can also improve mechanical characteristics of treated wood. 

Bergman et al. (2009) demonstrated that impregnation of small-diameter southern 

pine wood using Hexanediol dimethacrylate (HDDMA) increased MOR by 39% and 

MOE by 27%. 

Furthermore, impregnation can improve the resistance to biological attack. He et 

al. (2011c) modified fast-growing poplar by impregnating it with styrene (ST) and 

glycidyl methacrylate (GMA); this treatment was followed by in situ polymerization by 

means of thermal treatment. As a result, greater resistance to termites was achieved 

(5.4 times greater than untreated wood for ST-treated, 9.3 times for GMA-ST-treated) 

and greater resistance to dry rot caused by a fungus (2.1 times greater than untreated 

wood for ST-treated, 3.8 times for GMA-ST–treated). 

Although technological developments involving other materials that can be 

infiltrated to the wood are well advanced, impregnation modification is an area of 

research that is relatively unexplored compared to other wood modification methods. 

Further, there are undoubtedly many other systems that remain to be studied in the 

future (Hill, 2006). Impregnation method is not only used in wood technology, but also 

in other processing material such as metal or polymer. Multiple impregnations could 

be proposed to be applied for the wood modification. This method is usually used in 

textile, paper and metal processing technology when impregnating substances need to 

be applied to the impregnated material with either more amount of or other 

impregnants (Scherzer and Gruia, 1996; Murzin, 2013). 

 
b. Hot-pressing 
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According to Kellogg and Wangaard (1969), wood can be easily modified by 

compressing it to increase its density until the density reaches the value desired for a 

particular wood product. Hot-pressing is a simple method used in modifying timber. 

Using a 1-side hot-press 305 by 305 mm, Lamason and Gong (2007) pressed air-dried 

Aspen (Populus tremuloides Michx.) with the specific gravity of 0.37-0.45 at the 

compression ratio of 24%, pressing at temperature 145oC and press closing time 7 

minutes. The results revealed that the specific gravity increased to 0.55 (0.43-0.65) and 

the moisture content decreased to 9.3% (8.8-9.9) %. Compression ratio was the most 

significant factor increasing the surface hardness (14%), MOE (23%) and nail 

withdrawal resistance (13.2%). The authors highlighted the importance of investigating 

wood vertical density profile, colour change, thickness swelling, water adsorption, 

linear expansion and dimensional stabilisation. 

Researchers investigated the fixation of the compressive deformation using 

saturated steam (Inoue et al., 1993; Dwianto et al., 1998; Navi and Girardet, 2000; Navi 

and Heger, 2005) using unsaturated steam (Heger et al., 2004; Navi and Heger, 2004) 

and also by dry heating (Dwianto et al., 1998). Navi and Sandberg (2011) believe that 

the hydrolysis of hemicelluloses during post-treatment in the thermo-hydro-

mechanical system plays an important role in the elimination of shape memory 

through the dissipation of the stresses stored in the microfibril and matrix. A study by 

Kutnar and Kamke (2012) revealed that specimens compressed under saturated steam 

at 170oC and post-heat-treatment at 200oC for 3 minutes reduced the set recovery in 

which only 6% set recovery was obtained after five water soaking/drying cycles. The 

results suggested that the fixation problem of densified wood can be overcome by 

wood compression under saturated steam conditions at 170oC. Heat treatment at 

200oC adds only small improvement to dimensional stability. 

 

2.5. Application of modified wood in wood industries 

The main aim of wood modification is the improvement of the basic properties 

and durability of wood. As a result this technology enables to broaden the range of 

sawn timber applications and intensify the flexibility of wood in the form and 
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functionality desired by engineers. According to Hill (2009), commercial uses of 

modified wood have recently significantly increased although wood modification is a 

technology that has been studied for over sixty years. In the past decade, it can be 

seen that numerous products made from modified wood entered the market and 

many positive claims have been made regarding their effectiveness. 

 Sandberg et al. (2017) stated that there are three groups of wood modification 

processes that have been newly applied by timber industries and introduced to the 

market: (i) chemical processing (acetylation, furfurylation, resin impregnation, etc.); (ii) 

thermo-hydro processing (thermal treatment); and (iii) thermo-hydro-mechanical 

processing (surface densification).  

According to Sandberg et al. (2017), in the last few years, the market for new 

durable products of modified wood has increased significantly, especially in Europe. 

This increased interest depends partly on the limitation in the use of toxic 

preservatives due to increased environmental issues, as well as the need for reduced 

maintenance for wood products that are mainly for outdoor use.  

2.6. Research gaps 

Wood modification by impregnation is an area of research that is relatively 

unexplored compared to other wood modification methods (Hill, 2006). Further, there 

are undoubtedly many other systems that remain to be studied in the future. Based on 

the literature review above, two main research gaps have been identified that require 

further investigation, as follows: 

- Most of the previous studies focused on the problem of the Merbau extractive 

presence in wood. Modifying Merbau extractive by polymerisation may be 

applicable for enhancement of some wood properties. This type of research would 

enrich the limited data available on the use of natural compounds such as wood 

extractives to fix the compressed deformation on the densified wood. 

- Most of the previous studies on impregnation methods focused on different 

concentration levels for the impregnating treatments. Multiple-impregnation 

could be proposed for wood modification. This method is mainly used in textile, 

paper and metal processing technology when impregnating substances need to be 
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applied to the impregnated material with either more amount of or other 

impregnates. The application of the multiple-impregnation method for wood 

modification has not yet been explored.  
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CHAPTER III. CHARACTERIZATION OF MERBAU EXTRACTIVES AS A POTENTIAL WOOD-

IMPREGNATING MATERIAL 

 

This chapter has been published in BioResources  Journal as below: 

Malik, J., A. Santoso, Y. Mulyana, and B. Ozarska (2016). Characterization of Merbau 

Extractives as a Potential Wood-Impregnating Material. BioResources, 11(3), 

7737-7753. DOI:10.15376/biores.11.3.7737-7753. 

Abstract 

This study aimed to investigate the major content of Merbau extractives (ME) and 

their potential use as an impregnating material for low-quality timber. Extraction was 

done by maceration with ethanol, ethyl-acetate and hot-water. Physico-chemical, 

phyto-chemical, UV-visible and infrared spectroscopy, as well as py-GCMS analysis 

were then performed on dried extract. The results showed that organic solvent 

extractions resulted in much higher yields, by 12.50% than that of hot water (1.10%). 

The Merbau extractives liquid obtained had a low acidity, with a pH ranging from 5 to 

6, which is typical of phenolic compounds. Flavonoids and phenolics were found as the 

major compounds.  UV-vis spectra showed that ME (λ=279 nm) consists of conjugated 

or aromatic systems, similar to standard resorcinol, which was used as the reference 

(λ=274 nm). The FTIR spectra showed the absorption bands at 3369 cm-1 that 

represent the functional group of hydroxyl (OH) bonds and 1619 and 1510 cm-1, 

representing the aromatic ring (C=C), which could be associated with resorcinol. The 

Py-GCMS showed that ME is predominated by resorcinol (C6H6O2) with a 79% 

concentration. The ME could be potentially used for producing phenolic/resorcinolic 

resin through polymerization, which could be applied for wood impregnation. 

Keywords: Major content; Merbau extractives; Density; Phenolic compound; UV-vis; 

FTIR; Py-GCMS; Resorcinolic resin 

3.1. Introduction 

Extractives, a type of chemical compound that can be found in wood or bark, 

can be extracted using polar and non-polar or neutral solvents (Roffael, 2016). 

Specifically, extractives are defined as compounds that are soluble in an organic 
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solvent. There are also water-soluble carbohydrates and their derivatives, as well as 

polymerized polyphenols, which require a small amount of alkali to fully dissolve (Hillis, 

1987; Fengel and Wagener, 1989; Umezawa, 2001). In wood, extractives occupy 

certain morphological sites. For example, resin acids can be found in resin ducts, while 

fat and wax reside in parenchyma cells and phenol is found in heartwood and bark 

(Sjöström, 1993). The amount of extractives in wood is small, generally ranging from 

5% to 10% in temperate zones. However, in some tropical woods, relatively high 

amounts of extractives can be found (Umezawa, 2001). An example of a tropical wood 

species that contains high levels of an easily removable extractive is Merbau wood 

(Intsia sp.). Using methanol as the solvent, Hillis and Yazaki (1973) obtained 29% 

extractives from Intsia bijuga wood from Papua New Guinea. 

In general, extractives function to protect the living tree from destructive 

agencies; however, the resistance in the native habitat varies (Hillis, 1987). Extractives 

are also the predominant contributors to wood color and fragrance. Many extractives 

have specific bio-activities and various wood species have been used as sources of 

crude drugs and medicines for centuries (Umezawa, 2001; Shimizu et al., 2002; Castro 

et al., 2012). Conversely, the presence of extractives may cause disadvantages in wood 

processing; for example, they influence the pulping, drying, adhesion, hygroscopicity 

and acoustic properties of wood (Hillis and Yazaki, 1973; Umezawa, 2001). Therefore, 

some wood processing researchers consider Merbau extractives disadvantageous. Hu 

et al. (2012) conducted heat treatment on Merbau wood, which exhibited 

discoloration because of the presence of extractives. The extractives can be readily 

leached, staining adjacent materials. The results showed that heat treatment is an 

efficient technique to overcome discoloration caused by the extractives.  

Instead of trying to overcome the disadvantages of Merbau extractives, some 

researchers have studied the utilization of the aqueous-soluble material. Hillis (1987) 

explained that polyphenols, which naturally occur in wood, causes color in the 

heartwood, infiltrate the cell wall of regular heartwood and reduce the wood’s 

shrinkage and swelling capacity, thereby increasing its durability. Tohmura (1998) 

showed that the addition of Merbau extractives slightly increased the gelatinous rate 
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of the phenolic resin. Santoso et al. (2014) used liquid of Merbau extract to form wood 

adhesives, utilizing a formaldehyde reaction. Applying the bio-adhesive to three-layer 

flooring caused the composite flooring’s performance to be similar to flooring 

produced with synthetic phenolic adhesives, which are classified as exterior quality 

products with low formaldehyde emissions.  The reason for using this extractive was 

that it consists of phenolic compounds, especially 1,3-benzenediol resorcin, commonly 

called resorcinol. It is well known that resorcinolic resin, made by polymerization with 

formaldehyde at ambient temperature, exhibits good performance in external 

conditions (Pizzi and Roux, 1978; Durairaj, 2003). One of the benefits of resorcinol is 

that it can be used to develop various kinds of synthetic resins and adhesives with 

excellent properties. For example, resorcinolic adhesives (developed from the reaction 

of resorcinol and formaldehyde) are primarily used for the fabrication of plywood 

aircraft and the lamination of hardwood helicopter propellers (Durairaj, 2003). 

This study aimed to investigate the composition of Merbau extractives and 

their potential use, based on the major content and its characteristics, as an 

impregnating material to enhance the properties of low-quality plantation timber 

species. 

   
3.2. Experimental 

3.2.1. Extraction 

Merbau wood powder, with a moisture content of 18%, was prepared using a 

grinding machine.  Extraction was done by maceration, in which 500 mL of the powder 

passed through a 40-mesh screen, was dispersed in 80% ethanol and stirred every 3 h 

at room temperature for two 24-h periods. The mixture was filtered with a glass filter, 

resulting in the separation of the first filtrate (1) and the residue. This maceration 

procedure was repeated for the residue, resulting in a second filtrate (2). The first (1) 

and the second (2) extracts were combined to make a concentrate (with the use of a 

rotary evaporator), which was freeze-dried to powder. The extraction of Merbau wood 

with ethyl-acetate and hot water of 80 °C was undertaken using the same procedure. 
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3.2.2. Physico-Chemical Tests 

Physico-chemical tests were used to measure the density, yield, viscosity and 

acidity of the Merbau extractives. The Merbau extract density was measured using a 

pycnometer and calculated using the following equation: 

D 0

0

e

w

p p

p p





 1 g/mL        (1) 

where D is the density  (g/mL),  pe is the pycnometer weight with extract (g), p0 is the 

blank pycnometer weight (g), pw is the pycnometer weight with distilled water (g) and 

1 g/mL is the  density of water. The yield was measured as the solid content from the 

liquid form of the extract; 75 mL of liquid was freeze-dried until a constant weight was 

reached. The viscosity was determined using an Ostwald viscometer made of PYREX® 

glass (Sigma Aldrich, USA) and the acidity was determined with a digital pH meter 

Hanna, USA. 

3.2.3. Phyto-Chemical Test 

The phyto-chemical test aimed to determine the group of the chemical 

composition of the Merbau extract. In total, 0.3 g of dried Merbau extract was 

prepared for the phyto-chemical analysis. The screening involved qualitative chemical 

tests (i.e., alkaloid, flavonoid, phenolic, steroid and saponin tests) to investigate the 

Merbau wood extract’s composition. The alkaloid detection refers to Mayer’s test 

(Evans, 1997) in which to a few mL of filtrate, a drop or two of Mayer’s reagent are 

added by the side of the test tube. A white or creamy precipitate indicates the test as 

positive. In Wagner’s test (Wagner, 1993), a few drops of Wagner’s reagent were 

added by the side of the test tube into a few mL of filtrate. A reddish brown precipitate 

confirms the test as positive. The alkaloid was also tested by Dragendorff’s reagent 

(Waldi, 1965), where to a few mL of filtrate and 1 or 2 mL of Dragendorff’s reagent are 

added. A prominent yellow precipitate indicates the test as positive. 

The phenolic and flavonoid contents were examined using ferric chloride and 

alkaline reagent tests (Mace, 1963 in Raaman, 2006). The amount of Merbau extract 

(50 mg) was dissolved in 5 mL of distilled water, then a few drops of neutral 5% ferric 

chloride solution is added. Dark green colour indicates the presence of phenolic 
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compounds. For the alkaline test, an aqueous solution of Merbau extract is treated 

with 10% ammonium hydroxide solution. Yellow fluorescence indicates the presence 

of flavonoids. 

The detection of phytosterols/steroid was done by Liebermann-Burchard’s test 

(Finar, 1986) in which the extract (50 mg) was dissolved in 2 mL of acetic anhydride. To 

this, one or two drops of concentrated sulphuric acid are added slowly along the sides 

of the test tube. An array of colour changes shows the presence of phytosterols. 

Saponin detection refers to Kokate (1999). A few drops of 0.5 N alcoholic 

potassium hydroxide solution was added to a small quantity of Merbau extract along 

with a drop of phenolphthalein. The mixture was heated on the water bath for 2 h. 

Formation of soap or partial neutralization of alkali indicates the presence of saponin. 

3.2.4. UV-Visible Spectroscopy Analysis 

UV-visible spectroscopy analysis was conducted on the ME by comparing it to 

standard resorcinol, with the aim of visualizing the similarities in the absorption 

wavelengths between ME and resorcinol. Similar spectra showed comparable 

compounds for the analyzed material.  

A total of 1.25 mL of homogenous ME and standard resorcinol were measured 

at the same wavelength range. UV-visible spectra were recorded for wavelengths 

ranging from 200 to 800 nm using a UV-Vis spectrophotometer Shimadzu Series UV-

1700, Shimadzu Corporation, Japan.  

3.2.5. FTIR Analysis 

The amount of 15 mg of Merbau extract (ME) of 120 mesh size was directly 

used in the FTIR spectroscopy measurement. The dried powder sample was then 

embedded in potassium bromide (KBr) pellets and analyzed using an MB3000 (ABB, 

Canada) spectrometer. They were scanned in the absorption mode in the range of 

4,000 to 500 cm−1 with the resolution of 2 cm−1. 

3.2.6. Pyrolysis GCMS 

Pyrolysis was carried out with a pyrolyzer type Py-2020iS from Frontier Labs 

was used, coupled with a gas chromatograph-mass spectrometer (Shimadzu series 
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QP2010 GC/MS) from Shimadzu Corporation, Japan that used a capillary type phase of 

a column (60 m × 0.25 mm × 0.25 μm). The inlet temperature was set at 280 °C and 

pyrolysis occurred at 600 °C. The intermediate products were identified by comparing 

the mass spectra with the standard spectra stored in the NIST 98 Library. 

3.3. Results And Discussion 

3.3.1. Physico-Chemical Characteristics  

Table 1 presents the Merbau extractive characteristics used in this study. The 

table shows that extraction using organic solvents composed of 80% ethanol (polarity 

index 5.2) and 60% ethyl acetate (polarity index 4.4) resulted in much higher yields 

(12.45% and 12.56%, respectively) than that of hot water (polarity index 9.0), which 

gave a yield of 1.10%. The higher ethanol and ethyl acetate solvent yields can be 

explained by the fact that the polar and non-polar solvents dissolving more 

compounds, including tannins and other polyphenols, color pigments, volatile 

compounds, fat, resin, wax, gum and starch (Santoso et al., 2014). The density and 

viscosity of the extract from both solvents are also higher than that of hot water. The 

three extraction results showed that ME is a weak acid (pH 5 to 6). According to Weber 

and Weber (2010), weak acidity is typical of phenolic compounds, which may affect a 

reaction.  

Organic solvents such as ethanol, methanol, ether, acetone, ethyl acetate and 

hexane, or different solvent mixtures, can be used to extract most polyphenols 

compounds. The use of polyphenol during the extraction process is a very important 

step in achieving adequate recoveries (Viñas and Campillo, 2014). Also, the useful 

purpose of the extract should be considered. The solvent choice depends on the 

targeted extracted compounds (Eloff, 1998). However, in this study, using it was 

preferable to the use of hot water of 80 °C for further extraction.  

According to Kislik (2012), from an environmental point of view, the best 

alternative for the organic solvent is water because it is relatively cheap, safe, 

nontoxic, inflammable and recyclable. Merbau extractive (ME), as a water-soluble 

material, is easily extracted using water.  
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Table 1. Characteristics of raw Merbau extract  

No Characteristics Unit 
Solvents 

Ethanol  Ethyl-acetate  Hot water  

1 Density  g/Ml 1.12 1.21 1.02 

2 Yield % 12.45  12.56 1.34 

3 Viscosity Poise 1.21 1.33 1.09 

4 Acidity pH 6 5 6 

Tohmura (1998) obtained considerable amounts of ME yield, especially water-

soluble extractives, i.e., about 15% by water, 22.5% by hot water, 21.5% by methanol 

and 2% by hexane. The amount of extracts within wood tissues varies from below 1%  

to more than 30% depending on many factors, such as the growth rate of the tree, the 

time that the tree is cut down, the species and the type of solvent (Donegan et al., 

2007; Windeisen and Wegener, 2009). Tohmura (1998) revealed that ME mostly 

consists of flavonoid and stilbenes groups. 

3.3.2. Phyto-Chemical Analysis 

Table 2 presents the phyto-chemical analysis results for crude ME. The phyto-

chemical analysis conducted on the crude Merbau extracts by ethanol and ethyl-

acetate (EA) extraction revealed the presence of flavonoids and phenolic compounds. 

During the EA extraction, a small amount of steroid was also obtained, while alkaloids 

and saponins were absent from both the ethanol and EA extractions, as shown in Table 

2. According to Table 2, while alkaloid, steroid and saponin compounds were absent 

from the extract, flavonoid and phenolic compounds were found to be the major 

compounds. Harborne (1984) stated that phenolic compounds can be universally 

found in plants. However, they are associated with lignin, typically combined as ester 

groups. The flavonoids found in ME were as abundant as the phenolic compounds. The 

absence of alkaloid, steroid and saponin secondary metabolites from the stem extract 

can be explained by their typically limited presence in leaves (Knölker and Reddy, 

2002). On the other hand, flavonoid and phenolic compounds are abundant in the 

stems as they (particularly the phenolic compounds) are the precursors for the 

biosynthesis of primary wood components such as lignin and cellulose (Harborne, 

1984; Obst, 1998; Umezawa, 2001). 
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Table 2. Phyto-Chemical Analysis of Crude ME 

No Parameter test Results 

Ethanol extract Ethyl acetate extract 

1 Alkaloid   

 - Dragendorf - - 

 - Mayer - - 

 - Wagner - - 

2 Flavonoid +++ +++ 

3 Phenolic +++ +++ 

4 Steroid - + 

5 Saponin - - 

Remarks: 
(-): Negative test (absence of turbidity, flocculation and precipitation). 
(+): Weak positive test (if the reagent has a slight opacity). 
(+ +): Positive test (if the reactive product and not turbidity flocculation). 
(+ + +): Test strongly positive (if the reagent produces a precipitate or heavy flocculation). 
 

During this analysis, the presence of flavonoids and phenolics with strongly 

positive results (+++) indicates the possibility of using ME as supporting material in the 

wood industry. Then, the question may be asked: can Merbau extractives be used to 

produce phenolic resin? 

Only a limited number of studies have been conducted regarding the use of 

flavonoids for wood properties improvement. A study was carried out by Ermeydan et 

al. (2012) on Norway spruce wood samples (Picea abies) by impregnating 3-

hydroxyflavone (a type of commercial and hydrophobic flavonoid) with tosylation pre-

treatment. The results demonstrated that the shrinkage values decreased by 

approximately 45% between untreated wood and modified wood. Additionally, the 

hardness and indentation modulus showed a significant increase (about 10%) from 

unmodified cell walls to flavonoid loaded cell walls, which indicates an improvement in 

the mechanical properties resulting from flavonoid insertion. 

Another component with an abundant presence (+++) in ME identified was 

phenolic compounds.  Phenolics or phenols, are the class of chemical compounds 

consisting of a hydroxyl group (-OH) bonded directly to an aromatic hydrocarbon 

group. Phenols are the simplest form of the class, which is also called carbolic acid 

(C6H5OH). Phenolic compounds are classified as simple phenols, or polyphenols, based 

on the number of phenol units in the molecule (Harborne, 1984; IUPAC, 1997; Croteau 

et al., 2000; Caravaca et al., 2006; Amorati and Valgimigli, 2012; Khoddami et al., 

https://en.wikipedia.org/wiki/Chemical_compounds
https://en.wikipedia.org/wiki/Hydroxyl
https://en.wikipedia.org/wiki/Functional_group
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Chemical_bond
https://en.wikipedia.org/wiki/Aromatic_hydrocarbon
https://en.wikipedia.org/wiki/Polyphenols
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2013). Free phenols and phenolic acids are best considered together, as they are 

usually identified together during plant analysis (Harborne, 1984). Flavonoids are 

among the polyphenols that possess at least two phenol subunits and compounds 

possessing three or more phenol subunits are referred to as tannins, specifically, either 

hydrolyzable or non-hydrolyzable tannins (Robbins, 2003). 

Phenolic substances tend to be water-soluble (Harborne, 1984). Phenolic 

compounds or polyphenols are among the most widespread classes of metabolites in 

nature and their distribution is almost ubiquitous (Umezawa, 2001; Pereira et al., 

2009). They constitute a large group, comprising at least 8000 different known 

substances (Caravaca et al., 2006).  

In comparison to flavonoids, using phenolic compounds in wood treatment and 

products is more common. Phenolic resins or adhesives are widely used as supporting 

materials in the wood composite industry, with various derivatives. According to 

Detlefsen (2002), a phenolic resin in the form of phenol formaldehyde (PF) polymers 

was the first product of synthetic polymers, having been developed at the beginning of 

the 20th century. Phenolic resin or adhesives have been developed in various types: 

phenol resorcinol formaldehyde (PRF), tannins (polyhydroxypolyphenolics) and lignin 

adhesives (Pizzi, 2003; Santoso  and Hadi, 2004; Frihart, 2005). 

Phenolic compounds are also commonly used in wood modification with the 

aim of improving the wood’s properties. For example, PF resin can improve 

dimensional stability (Ryu et al., 1991, 1993; Sakai et al., 1999; Ohmae et al., 2002) 

This increase in dimensional stability appears to be caused by both the bulking of the 

cell wall and the cross-linking of resin components within the cell wall (Hill 2006). 

Treatment with this resin also enhances the decay and termite resistance of 

particleboards (Kajita and Imamura, 1991).  

This brief explanation of flavonoids and phenol presented above is important 

because it relates to the content of the extract Merbau in further analysis by UV-visible 

and py-GCMS that is presented in the next section. Based on their functional groups, 

flavonoids and phenols are classified to a large group of polyphenols in which 

resorcinol is included as a simple phenol. 
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3.3.3. UV-Vis Identification 

Referring to NIST (2011), the absorption wavelength range for resorcinol is 

visible from 200 to 290 nm. Blanco et al. (2005) determined the maximum absorption 

for this phenolic compound, at 273.8 and 290.0 nm, respectively. The results of the 

UV-visible analysis in this study are presented in Figure 1.   

Figure 1 shows that the liquid extract of Merbau wood (λ=279 nm) consisted of 

conjugated or aromatic systems, similar to standard resorcinol (which was used as the 

reference), which had a wavelength (λ) of 274 nm. In previous work (Santoso et al. 

2014), similar spectra were found for different instruments of UV-vis spectroscopy. For 

example, the wavelength for Merbau extractives (ME) was 279.5 nm and the value was 

273.5 for analytical resorcinol. The wavelength difference between ME and standard 

resorcinol is acceptable because ME is a crude extract, not a pure substance. The 

previous study also revealed the crystallinity degree of ME at 20.86% and its melting or 

glass transition temperature at 111 °C (Santoso et al. 2014). All identifications 

indicated that ME consisted mostly of phenolic compounds, especially 1,3-

benzenediolresorcin, commonly called resorcinol. 

 

 

 

 

 

 

 

(a)                 (b) 

 

Figure 1. UV-Vis spectrograph of (a) Merbau extract and (b) resorcinol 

3.3.4. Fourier Transform Infrared Analysis  

Identification by Fourier transform infrared (FTIR) explains more details about 

the major compounds of the Merbau extractives that were extracted with hot water, 
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by identifying the functional groups. The FTIR analysis results for the ME are presented 

in Figure 2 and details of the Merbau extractive’s absorption band are shown in Table 

3. 

Based on previous publications (Coates, 2000; Jacox, 2003), the FTIR 

spectroscopy shown in Figure 2 reveals the appearance of absorption bands for the 

spectrum numbers with absorption bands of 3500 to 2500, 1500 to 1675 and 1000 to 

1300 (cm-1), which represent the functional groups of hydroxyl (OH) bonds, aromatic 

rings (C=C) and ether, respectively. 

 

Figure 2. Fourier transform infrared spectrograph of Merbau wood liquid extract 

 
Table 3. Spectrophotometer Absorption Band of Merbau Extractives 

Wavelength (cm
-1

) 
Standard range of 
absorbance 

Description 

3369.17 

2500-3500 Hydroxyl functional groups- OH- stretching 
3025.56 

2919.88 

2526.65 

2238.15 
 

Alkynes- C=C Stretching 

1818.71 1650-1800 Carbonyl  

1602.26 
1300-1675 Alkenes- C=C stretching (aromatic) 

1442.87 

1300 - 1100 1000-1300 Esther- C-O- Stretching 

1000 - 600 
 

Alkene- C-H- out of plane bending 



 
 

51 
 

 

The OH bonds and the aromatic ring (C=C) functional groups can be associated 

with resorcinol, as it is conjugated by two functional groups of OH and one aromatic 

ring of C=C. Similar results were obtained by Santoso et al. (2014). Furthermore, a high 

concentration and strong appearance of OH and aromatic (C=C) bonds are shown by 

the absorption band of 3369.17 cm-1, as it is in the range of 3200 to 3400 cm-1 for OH 

bond and 1,619 and 1510 cm-1 for the aromatic ring. 

To confirm the functional groups of the compound shown by the FTIR, an 

analysis by pyrolysis-gas chromatograph-mass spectroscopy (Py-GCMS) was carried 

out.  

3.3.5. Py-GCMS Identification 

Py-GCMS provides a suitable method for the quantitative and qualitative 

analyses of complex mixtures with high efficiency, precision and simplicity (Zheng, 

2007; Mullen and Boateng, 2008). In a coal pyrolysis study, flash pyrolysis-GC/MS used 

in the structure analysis provided in-situ information at the molecular level, 

particularly in the presence of phenolic forms (Eglinton et al., 1994; Liu and Peng, 

2008). More importantly, direct information about the amounts and species of phenols 

released during pyrolysis can be obtained and the pyrolysis vapor’s condensation 

effect on the phenolic compound analyses can be avoided (Kong et al., 2014). 

Windeisen and Wegener (2009) stated that GCMS is one of the best analysis methods 

for extractives. 

Pyrolysis-gas chromatograph-mass spectrometry (py-GCMS) has been used for 

wood analysis since the late 1970s. Ralph and Hatfield (1991) stated that a mixture of 

relatively simple phenols may be produced from lignin pyrolysis. Previously, many 

researchers have used py-GCMS to isolate wood lignin (Obst, 1983; Pouwels and Boon, 

1987; Faix et al., 1987, 1990; Meier and Faix, 1992; Fu et al., 2014). This method can be 

also used to identify compression wood in many species (Brennan et al., 2014).  

The py-GCMS analysis results for this current study are presented in Figure 3 

and Table 4. The results show that Merbau extractive (ME) contains five major 

chemical compounds, i.e., (from the lowest concentration): phenol (peak-4, 1.86%), 
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benzoic acid (peak-5, 4.86%), ammonium carbamate (peak-1, 5.59%), bifuran (peak-3, 

8.71%) and benzenediol resorcin (peak-2, 78.99%) (Figure 3(a)). All of the compounds 

are commonly found in plants soluble in water (Grigg et al., 1966; Durairaj, 2003; 

Brooks et al., 2007; Qualley et al., 2012; Jiang et al. 2014). The mass analysis of the 

major peak, at the retention time 15.53 min, gives a mass peak of 110 (major), which is 

assigned as free resorcinol (C6H6O2), shown in Figure 4. 

 

 

 

Figure 3. Chromatogram py-GCMS of Merbau wood liquid (ME) extracted by ethanol 

(a) and by ethyl acetate (b) 
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Table 4. Quantitative Compound Results for ME, Detected by Pyrolysis-GCMS   

Peak 
R.Time 

(min) 
Area Conc. (%) Name 

1 2.586 7658570 5.59 Carbamic acid, monoammonium salt (CAS) 

Ammonium carbamate 

2 15.533 108293701 78.99 1,3-Benzenediol (CAS) Resorcin 

3 15.838 11947282 8.71 2,2'-Bifuran (CAS) BI-(FURYL-2) 

4 15.992 2545692 1.86 Phenol, 2,6-dimethoxy- (CAS) 2,6-

Dimethoxyphenol 

5 18.334 6657325 4.86 Benzoic acid, 2,4-dihydroxy-6-methyl-, 

methyl ester (CAS) Methyl orsellinate 

  137102570 100.00  

 

 

Figure 4. Mass spectroscopy of Merbau wood liquid extracted by ethanol 

 

Regarding the chemical content, this study reconfirms that Merbau extractives 

are dominated by resorcinol (molecular weight = 110), which is indicated by the 

highest peak at the retention time (R. Time) of 15.533 min, with a concentration of 

78.99% (Figure 3(a), Table 4 and Figure 4).  This result is similar to the results obtained 

by Santoso et al. (2014), who analyzed ME for its potential use as an adhesive. In that 

study, the resorcinol peak occurred at the retention time of 22.187 min; however, the 

concentration was lower, at 38.33%. In the study conducted by Malik and Santoso 

(2009), using the py-GCMS analysis method also revealed similar major ME 

compounds, with a high concentration of resorcinol (52.51%) at 21.998 min of 

retention time. Both the previous ME analyses showed lower concentrations of 

resorcinol than the current study because of the solvent used. In the previous study, 

Merbau wood powder was macerated in hot water, whereas in the current study, 

Merbau wood powder was extracted using ethanol as the solvent.  
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The results obtained in this study are very promising, as resorcinol is one of the 

most remarkable chemicals known in organic chemistry. It is a dihydroxybenzene with 

the formula C6H4(OH)2 (Figure 4). The compound also has other common names, such 

as resorcin, m-dihydroxybenzene, 1,3-benzenediol, 1,3-dihydroxybenzene, 3-

hydroxyphenol, m-hydroquinone, m-benzenediol and 3-hydroxycyclohexadien-1. The 

International Union of Pure and Applied Chemistry (IUPAC) in its 1993 

“Recommendations for the Nomenclature of Organic Chemistry” recommended 

benzene-1,3-diol as the proper name for this substance (Dressler, 1994; Panico and 

Powell, 1994; Durairaj, 2003; NIST, 2011). Based on the phyto-chemical classification, 

resorcinol is categorized as a simple phenolic compound (Harborne, 1984).  It has been 

widely recognized as a versatile chemical compound that is extensively utilized in the 

development of advanced and beneficial chemistries and technologies. In wood 

industries, resorcinol is well known as an exterior adhesive. It is usually copolymerized 

with formaldehyde and phenol to form RF or PRF resin. Pizzi (2003) stated that 

resorcinol-formaldehyde (RF) and phenol-resorcinol-formaldehyde (PRF) cold setting 

adhesives are primarily used in the manufacturing of structural, exterior grade glulam, 

finger joints and other exterior timber structures. 

Different py-GCMS analysis results are shown in Figure 4(b) because of the 

different solvent used (ethyl acetate). The major compound is shown by the single 

peak that belongs to caprolactam (2H-azepin-2-one). Caprolactam is well known as the 

precursor to nylon-6, a widely used synthetic polymer (Ritz et al., 2011). This finding 

will not be discussed further because the focus of this study is on the use of phenolic 

compounds found in Merbau extractives. However, it is important to highlight that 

another compound, the polymer caprolactam, was found as the result of this study. As 

Hillis (1987) stated, Merbau contains large amounts of water-soluble polymers that 

could be considered for other uses. This study affirms the content of Merbau 

extractives, which can potentially be further applied in wood treatment or 

modification.  

https://en.wikipedia.org/wiki/Benzene
https://en.wikipedia.org/wiki/International_Union_of_Pure_and_Applied_Chemistry
http://en.wikipedia.org/wiki/Nylon_6
http://en.wikipedia.org/wiki/Polymer
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3.3.6. Potential Utilization of Merbau Extractives as an Impregnating Material 

The results of the phyto-chemical analysis (Table 2) show that Merbau 

extractives contained major amounts of phenolic compounds (+++). This result can be 

potentially used to produce phenolic resins. Spectroscopic and chromatographic 

analysis, as shown in Figure 2, Figure 3(a), Figure 4 and Table 4, substantiated that ME 

is dominated by resorcinol – one of the simplest phenolics. Weber and Weber (2010) 

explained that the presence of a hydroxyl group and an aromatic ring can be 

complementary to each other in facilitating both electrophilic and nucleophilic 

reactions. Phenol has an extremely high reactivity toward electrophilic substitution 

and assists its acid-catalyzed reaction with formaldehyde, leading to phenolic resins. 

Furthermore, phenol is a weak acid. This study demonstrated ME’s weakness in acidity, 

as presented in Table 1. Thus phenol’s properties show an ability to react with 

formaldehyde under acidic or basic conditions (Weber and Weber, 2010), leading to 

either novolac resins (via acid conditions) or resole resins (basic conditions). 

It is well known that resin made from resorcinol is resorcinol-formaldehyde 

(RF). It has the advantage over PF resins of being curable at room temperature 

because it has a reaction time 10 times faster than that of PF resin (Frihart, 2005). In 

the polymerization process, resorcinol is very reactive because of the combined effect 

of the two hydroxyl groups on the aromatic ring in activating the 2-, 4- and 6-positions 

toward reaction with formaldehyde and with hydroxymethylresorcinol in the 

condensation step as well. As phenol and resorcinol have three reactive sites, they are 

able to crosslink. In addition, the resorcinol copolymerizes well with formaldehyde at 

room temperature (Pizzi, 2003). The excellent performance of phenolic/resorcinolic 

resins or polymers is also well known. In particular, its durability, its hydrophobicity, 

good structural strength and unique low-temperature properties, as well as resistance 

to many kinds of conditions including boiling water and high humidity, make using 

phenolic/resorcinolic resins very advantageous (Durairaj, 2003). The properties of the 

resin will enhance the properties of wood which is not durable, unstable and 

hygroscopic, if the wood is impregnated with resin. 
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Based on the aforementioned literature review describing the excellent 

performance of resorcinolic resin, the advantages of the resin are as follows: it has a 

high reactivity, it reacts very quickly and easily, the resin can be reacted both in acidic 

and basic conditions, it is curable at room temperature, able to make crosslinks, can 

copolymerizes well with formaldehyde at room temperature and has good physical 

properties (durable, hydrophobic, good structural strength and resistant to many kinds 

of conditions including boiling water and high humidity). 

Such properties can be useful for impregnation application because, according 

to Hill (2006), to make the impregnation process effective, it is essential that the 

impregnating material is non-leachable in service conditions. The fixation of the 

impregnating compound can occur through two main mechanisms: (i) monomer (or 

oligomer) impregnation, with subsequent polymerization within the cell wall; and (ii) 

diffusion of a soluble material into the cell wall, with subsequent treatment to render 

the material insoluble (immobile). 

Another issue to consider when using ME as an impregnating compound is its 

penetration. The principle behind impregnation modification is to impregnate the 

wood’s cell wall with a chemical, or a combination of chemicals, which then react to 

form a material that is bonded into the cell wall (Norimoto, 2001; Hill, 2006). A study 

on the characteristics of polymerized Merbau extractive (PME) as a potential material 

for wood impregnation has been conducted and will be published as a separate paper.  

3.4. Conclusions 

1) Extraction using the organic solvents ethanol and ethyl-acetate resulted in much 

higher yields, of 12.45% and 12.56%, respectively, than that of hot water, 1.10%. 

The density and viscosity of the extract from both solvents were also higher than 

that of hot water. Merbau extractives (ME) has a weak acidity (pH of 5 to 6), which 

is typical of phenolic compounds. Phyto-chemical analysis proved that ME 

flavonoid and phenolic compounds were found to be the major compounds of ME. 

2) Analysis using UV-vis spectroscopy showed that ME (λ=279 nm) consists of 

conjugated or aromatic systems, similar to standard resorcinol that was used as 

the reference, which had a wavelength (λ) of 274 nm. Pyrolysis GCMS showed that 
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the major compound of ME is resorcinol (C6H6O2, mol. weight 110), which was 

detected at min 15.533, with a concentration of 78.99%. Further, analysis by FTIR 

spectroscopy showed that absorption bands contained the OH bonds (3,361 cm-1) 

and aromatic ring (1,619 and 1510 cm-1) functional groups. 

3) ME can be a promising material for wood impregnation application in the form of 

phenolic or resorcinoilic resin because of its excellent physico-chemical properties. 
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CHAPTER IV. PREPARATION AND CHARACTERISATION OF POLYMERISED MERBAU 

EXTRACTIVES AS AN IMPREGNATING MATERIAL FOR ENHANCEMENT OF WOOD 

PROPERTIES 

 

This chapter has been submitted to and is under review by BioResources Journal as 

below: 

Malik, J., B. Ozarska and A. Santoso. Preparation and Characterisation of Polymerised 

Merbau Extractives as an Impregnating Material for Wood Properties 

Enhancement. BioResources (Under review, submitted on 9 April 2018). ID: 

BioRes 13948   

Abstract 

This study aimed to investigate the polymerisation process of Merbau extractives 

(MEs) and the characteristics of the phenolic resin polymers made from ME. These 

polymerised MEs (PMEs) can potentially be utilised as an impregnating material to 

enhance the wood properties of young plantation timber. Selected PMEs were 

characterised via Fourier transform infrared (FTIR) spectroscopy, differential scanning 

calorimetry, thermogravimetric analysis, X-ray diffraction analysis and ultraviolet-

visible analysis. The prediction of the enhancement to the wood properties when 

treated with the obtained PME was discussed in relation to the physico-chemical and 

thermal characteristics of the polymeric materials. The results showed that the ME can 

be polymerised in its base condition with formaldehyde and resorcinol as the 

copolymer to produce the PME. The resin was classified as a resole and polymerisation 

can be done at room temperature. The physico-chemical tests and analyses, via boiling 

tests, FTIR spectra, thermal analysis and crystallinity tests, confirmed that the 

polymeric compound is a promising impregnating material that can enhance wood 

properties. 

Keywords: Polymeried Merbau extractives, impregnating material, physico-chemical 

analysis 
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4.1. Introduction 

Merbau extractives (MEs) have been shown to be a promising material for the 

enhancement of wood properties because of their high content of phenolic 

compounds, particularly resorcinol (R) (Malik et al., 2016). A phenolic resin has been 

successfully made from ME in the past and used as an adhesive through 

polymerisation with the addition of a small quantity of R and formaldehyde (F) at a 

ME:R:F ratio of 100:5:10 (w/w). The adhesive quality fulfilled the exterior requirements 

(Santoso et al., 2014). Future research could determine if a similar formulation can be 

used to develop a wood impregnating material because of the initial hydrophilic nature 

of ME in an aqueous solution and it becoms water-insoluble or hydrophobic as a 

reaction proceeds, which occurred with the ME adhesive. 

Phenolic resin is a compound that contains a wide variety of materials based on a 

broad range of phenols (P) and co-monomers (Detlefsen, 2002). Phenolic resins are 

obtained via a reaction of P and aldehydes. Both parent compounds, P and F, are by far 

the most important components in the production of commercial phenolic resins 

(Gardziella et al., 2000). Phenolic resins are known to be a versatile resin system that 

feature either a stable, thermoplastic novolak composition that is cured with a latent 

source of F (hexa) or heat reactive and perishable resole composition that is cured 

either thermally or under acidic or special basic conditions (Ebewele, 2000; Pilato, 

2010). Until the end of the 19th century, P was recovered primarily from coal tar. 

Phenolic resin was one of the first synthetic resins used commercially, both in plastics 

and surface coatings (OCCA 1983). With the commercialisation of phenolic resins, the 

demand for P has grown remarkably. Currently, the cumene-to-P process, which is an 

industrial process for developing P and acetone from benzene and propylene, is the 

predominant synthetic route for the production of P (Weber and Weber, 2010). 

Phenolic resins continue to be an important bonding agent for a multitude of 

applications, such as the joining of metals, glass, wood, paper and rubber to other 

substrates, with a favourable cost-performance characteristic that surpasses that of 

most other polymeric resins. In the 21st century, the outlook for phenolic resins 

continues to be optimistically favourable. However, the escalating cost of energy and 
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its impact on the raw materials, production and processing of phenolic resins are also 

of great importance for customers. Low energy systems are desired by resin 

customers, despite the cure limitations of current phenolic resin chemistry. Efforts that 

have focused on the use of R and tannins in fast cure systems may provide some 

benefit in the way of energy reduction. The economic value versus the energy 

reduction needs a resolution. Furthermore, renewable raw materials, particularly 

those that would reduce the amount of expensive P needed, continue to be examined 

(Pilato, 2010). In addition to the increasing cost of energy, there has been an increasing 

demand for natural products in industrial applications in recent years because of 

environmental issues, waste disposal and depletion of non-renewable resources. 

These concerns encourage researchers to develop phenolic resins from renewable 

resources or bio-based phenolic resins (Raquez et al., 2010). According to Manjula et 

al. (1997), the utilisation of renewable resources for polymer applications has been the 

source of much discussion since the early 1980s. This is partly because of the 

recognition that petroleum and coal supplies are limited and that the cost of 

petrochemicals is on the rise. Thus, biomass, which consists mostly of polymers and 

monomers, is a suitable renewable resource. The work of Manjula et al. (1997) 

resulted in the successful creation of a novolak resin from 33.8 g (0.16 mol) of coconut 

shell tar that was mixed with 10.38 mL of a 37% aqueous solution (0.128 mol F and 1 g 

of oxalic acid) by stirring in a water bath at 100 °C for 5 h. A vacuum was then applied 

to remove water via condensation. The yield of the phenolic resin was found to be 

97%. 

Lignocellulosic wastes (sawdust and cornstalks) have been converted to produce 

phenolic compounds that may be suitable for the production of green PF resins via 

direct liquefaction in hot-compressed water at temperatures of 250 °C to 350 °C in the 

presence of 2 MPa H2 (Durairaj, 2003). Phenolic resins are formed by either alkaline or 

acid catalysation, with the addition of F to P to give ortho- and para-substituted 

products. The properties of these products depend largely on the catalyst and P/F 

molar ratio. In resole formation, the excess F is reacted with P under basic conditions 

(Ebewele, 2000). 
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This chapter aimed to investigate the polymerisation process of MEs and the 

characteristics of phenolic resin polymers made from MEs, further classified as 

polymerised MEs (PMEs), that can be potentially utilised as an impregnating material 

to enhance wood properties. 

4.2. Experimental 

4.2.1. Materials  

In the study by Malik et al. (2016), MEs were obtained from a Merbau wood 

powder extraction using hot water. Similar procedures to produce the crude ME were 

used in this study for the polymerisation process to produce the impregnating material 

PME. In the polymerisation process, a technical grade R was used as an activating 

agent, 37% F was used as a cross-linker or curing agent and 40% NaOH was used as the 

catalyst. The ME primarily contained R with a molecular weight of 110.11 g/mol, while 

the molecular weight of F is 30.03 g/mol. As the R present in ME is not free R, but 

bonded in a complex compound, pure R was added to activate the extractives. 

4.2.2. Polymerisation Process of ME  

Determining the basic and experimental proportions of ME:R:F 

To determine the optimal formula, a typical resole resin with an F/P molar ratio 

in the range of 2:1 to 2.5:1 (Detlefsen, 2002) was made with a 4% to 8% alkali content. 

According to this ratio, the proportions for the resole formula consisted of 27.65% P, 

35.28% F and 4.71% NaOH. Previous ME:R:F compositions with a lower portion of F 

(10%) and R (5%) have been successfully made for adhesive purposes (Santoso et al., 

2014). Because of the different purpose of this study, a recalculation was required to 

determine a new composition. 

For the basic calculation, 4000 mL (density = 1.13 g/mL) of a liquid ME:R:F 

mixture was taken for composing proportions with consideration given to the densities 

and molecular weights of all three materials (Tabel 5). 
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Table 5. Molecular weight proportion to determine the mixture composition 

Description ME R F 

Density
a 

1.02 1.29 1.09 

Molecular weight
b 

110.11 110.11 30.3 

Reference proportion (%)
c 

85 5 10 

Proportion of 4,000 mL basis volume 3400 200 400 

Weight (g) 3468 258.4 436 

Mole weight 31.50 2.35 3.96 

% weight 83.32 6.21 10.47 

Mole proportion 1 0.1 0.2 
a
ME from Chapter III, R from Durairaj (2003), F from Sigma-Aldrich (2015) 

b
Molecular weight of ME was assumed as the same as R 

c
Santoso et al. (2014) 

 

Based on the percentages of F (10.47%) and R (6.21%), a range of combinations 

for both substances was added to the liquid ME for the polymerisation process. Both 

values were assumed to be the median. For simplicity, the range for F was from 0% to 

20% with an interval of 5% and the range for R was 0% to 10% with an interval of 2.5% 

(Table 6). 

Table 6. Combination of R and F with ME 

 
F (%) 0 5 10 15 20 

R (%) Code 1 2 3 4 5 

0 1 PME11 PME21 PME31 PME41 PME51 

2.5 2 PME12 PME22 PME32 PME42 PME52 

5 3 PME13 PME23 PME33 PME43 PME53 

7.5 4 PME14 PME24 PME34 PME44 PME54 

10 5 PME15 PME25 PME35 PME45 PME55 

 

Polymerisation 

Based on formaldehyde (F: 0, 5, 10, 15 and 20 %) and resorcinol (R: 0, 2.5, 5, 7.5 

and 10 %) that were added into 100 mL aqueous ME, there were 25 combination 

mixtures of polymerized Merbau extractuives (PME) as shown in Table 6. The mixture 

was stirred until the R dissolved. As a catalyst, sodium hydroxide (NaOH) 40% solution 

was also dropped into the mixture to improve the acidity (pH) from 5–6 to 10–11. 

According to Detlefsen (2002), the base solution provides aqueous solubility to the 
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polymer when strong enough and causes a salt to form that will be the source of 

activation. After a homogeneous mixture was formed, 10 mL F 37% was added into the 

mixture. It was stirred again until a homogeneous solution was obtained. 

Formaldehyde addition is known as methylolation (Detlefsen, 2002) and in this study 

the expected derivative compound form was hydroxylmethyl-ME. The above 

procedure was applied to all of the composition of PME11 to PME55 at room 

temperature. All of the compositions were allowed in normal room temperature for 24 

hours to make sure that the reaction was completed, which was when the 

condensation or chain extension, occurred. A visual check for all compositions was 

conducted every hour. 

Polymer forming test  

The three components are a hydrophilic compound, then with the proper 

proportion, they will change to be hydrophobic material after the polymerization 

process. The polymer is formed when the mixture changes from liquid to gel or solid 

phase. To accelerate the polymerization process perfectly, the amount of 20g of each 

mixture was taken into a Petri dish and then oven-dried at the temperature of 100 ± 2°C to 

gain glassy solid form left on the Petri dish (Figure 5). All oven-dried mixtures of the 

solids phase were allowed to sit for 24 hours at room temperature (28°C). The polymer 

was formed when the solid phase did not absorb water vapour from the surroundings. 

 

Boiling test  

To make sure that the PMEs were permanently formed, a boiling test was 

performed. All of the PMEs that passed the polymer forming test were boiled in water 

at 100 °C for 4 h. The PMEs were determined to have permanently formed if they did 

not dissolve in the boiling water. 

 

Free formaldehyde test 

Formaldehyde is commonly used as a cross linker or curing agent (Calve, 1992; 

Sutherland et al., 2008; Santoso et al., 2014). Ideally, this compound should react 
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perfectly with R and the extractive. However, it is normal for a small amount of 

reactant to not react. Lower amounts of free F in the PME are better for the polymers. 

 

 
 
 
 
 

 
           (a)     (b) 
 

 
 
 
 
 
 

           (c)     (d) 
 
 
 
 
 
 
 
 
 
 
   (e)                           (f) 

Figure 5. The mixture of PMEs: (a) polymer is not formed; (b) wet mixture after 

conditioning; (c) and (d) oven-dried PME22 and PME33; (e) PME22 after boiling test; (f) 

PME33 after boiling test. 

 

The test procedure to determine the free F content was as follows (Santoso et 

al., 2014). The amounts 0 mL, 5 mL, 10 mL, 20 mL, 50 mL and 100 mL of a standard 3-

mg/L F solution were pipetted into six bottles (100 mL each) and then they were 

diluted by adding water up to the 100-mL line. Each bottle contained F concentrations 

of 0 mg/L, 0.15 mg/L, 0.3 mg/L, 0.6 mg/L, 1.5 mg/L and 3 mg/L, respectively. Samples 
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of liquid PME were diluted in water up to 100 times and then 10 mL of ammonium 

acetate (20%; 200 g in 1000 mL) were added into 10-mL PME samples, which was 

followed by 10 mL of acetyl acetone (0.4%; 4 mL in 1000 mL). All of the solutions were 

then put in a water bath at 40 °C for 10 min and then cooled until room temperature 

was reached. The solution was measured with a photometer (UV-Vis 1700, Shimadzu, 

Kyoto, Japan) at a wavelength of 412 nm. 

 

Potlife test 

All of the PME mixture formulations were stored in covered cups and the time 

taken for the phase to change from liquid to gel was recorded. It is known that the 

potlife time is longer when it takes longer for the gel to form (Pizzi and Stephanou, 

1993; Santoso et al., 2014). 

 

Solids content test 

Determining the solids content followed the procedure by Sluiter et al. (2008) 

with some modifications regarding the sample. The weight of the empty dishes was 

measured. Then, 20 mL of ME and the ME:R:F polymer were weighed together with 

the dishes and put in an oven at 105 °C ± 3 °C for 1 h. The dishes with the polymer 

were conditioned at room temperature, stored in desiccators and then weighed. The 

samples were then oven-dried and weighed to reach a constant oven-dried weight. 

The total solids content (TSC) was determined with the following equation: 

t p

0

(W  - W )
(%) 100

W
TSC x  ..............................................................................   (1) 

Selecting proper composition of PME 

The selection of the PME composition was based on the results of the polymer 

testing using the following criteria: 

(i) The polymer was formed when the mixture changed from a liquid phase to a 

gel or solid phase after conditioning. 

(ii) The formed polymer was hydrophobic and therefore it did not absorb water 

from the surroundings during conditioning at room temperature. 
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(iii) The polymer was not dissolved in boiling water (100 °C) after 4 h during the 

boiling test. 

(iv) The amount of free F was less than 1%. 

(v) The potlife was greater than 18 h. 

4.2.3. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis 

Fifteen milligrams of PME from the selected samples (120 mesh size) were 

directly taken for the FTIR spectroscopic analysis. The dried powder samples were 

taken from the PME samples, which represented formed and unformed polymers. 

They were then embedded in KBr pellets and analysed using an MB3000 spectrometer 

(ABB, City, Canada). They were scanned via the absorption mode in the range of 4000 

cm-1 to 500 cm-1 with a resolution of 2 cm-1. 

 

4.2.4. Thermal properties   

In order to examine the thermal transition behaviour (e.g. glass transition and 

melting of Polymerised Merbau Extractives (PME)), an investigation was carried out 

using a differential scanning calorimeter (DSC). The thermal behaviours of PME were 

analysed using a DSC 6220 apparatus (Seiko Instruments Inc., Japan), at a heating rate 

of 10°C/min in a nitrogen atmosphere (Asai et al., 2010, Wang et al., 2013). Thermal 

analysis of selected PMEs was also conducted using a thermal analyzer for 

thermogravimetric analysis. Thermal analysis of natural and synthetic polymers gives a 

good account of the thermal stability of materials. Thermogravimetric analysis and 

differential thermal analysis studies of samples were carried out in a nitrogen 

atmosphere on a thermal analyzer (TGA 8000, Perkin-Elmer, Massachussetts, USA) at a 

heating rate of 10°C/min. 

 

4.2.5. Crystallinity 

The crystallinity of the samples from untreated and treated wood was measured 

using X-Ray Diffraction (XRD) (MAXima_X Shimadzu® XRD-7000, Kyoto, Japan). The X-

ray beam was powered with a 40kV, 30mA source and scans made in the range from 
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0–40 degrees at a scan speed of two degrees per minute. The degree of crystallinity 

was calculated as the ratio of the intensity differences in the peak positions. 

 

 

4.2.6. Molecular Weight 

The molecular weight (MW) is one of the most fundamental parameters in 

characterizing a polymer. Among the methods, viscometry is relatively quick and 

simple, requiring easy-to-use apparatus (SENTEC DT-504, Fotronic Corporation, 

Massachussetts, USA) for determining the molecular weight of the polymer, although 

this is not an absolute method and requires the determination of constants. The 

intrinsic viscosity (IV) as a function of average molecular weight, M is represented by 

the Mark-Houwink-Sakurada equation (Zeng et al., 2010; Yacob et al. (2011); Ebewele, 

2000): 

   IV = KMα  ......................................................................  (2) 

where K and α are constants for a given polymer-solvent-temperature system. These 

constants are determined by evaluating a plot of log [IV] versus log molecular weight 

which the molecular weight has been determined by an absolute method such as light 

scattering method. 

4.3. Results and discussion  

4.3.1. Merbau Extractives (ME) polymerisation 

The ME polymerisation is a process conducted on ME to form a polymer or 

resin that can be used for impregnating materials. When another component is added 

into the mixtures or an attempt is made to reduce the main component of the 

mixtures, this is referred to as a modification of the phenolic resins (Dunky and Pizzi, 

2002). In the current study, ME was used as the component addition, as well as for 

reducing the main component in the resin formulations, i.e., R. Furthermore, reducing 

the R levels also means reducing the F levels. An RF resin can be easily synthesised via 

the poly-condensation of R and F in an aqueous solution and the structure of the 

resulting resins with a base catalyst (Lu and Wu 2013; Zhang et al. 2015). 
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In general, according to Durairaj (2003), the reaction between resorcinol and 

formaldehyde at base catalysation resulted in methylol resorcinol (Figure 6).  

Formaldehyde addition is known as methylolation (Detlefsen, 2002; Durairaj, 2003). It 

should be pointed out that in this study the expected derivative compound form is 

hydroxylmethyl-ME. 

 

 

 

 

Methylol resorcinol 

Figure 6. General reaction of base catalyzed resorcinol formaldehyde (Durairaj, 2003) 

According to Detlefsen (2002), the addition of sodium hydroxide (NaOH) 40% 

solution as the catalyst is purposed to form a salt that will be the source of activation. 

Referring to phenol resins manufacture, the salt has enhanced electron density at the 

reactive ring positions. This was the source of activation.  

In this study, resorcinol was treated with sodium hydroxide to form the activated 

salt (Figure 7). This is the reason for using NaOH for ME polymerization. In other 

words. The polymerisation process was undertaken at base catalysation using NaOH so 

then the acidity (pH) increased (Table 7). 

 

 
 
 
 
 
 
 
 

 

 

 

Figure 7. Resorcinol activation by NaOH (modified from Detlefsen (2002) p. 881). 
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The acidity of ME and selected polymerised ME i.e PME22 and PME33 are 

presented in Table 7. From the table, it can be seen that the acidity of the polymerized 

ME increased double from 5.4 to 10–11. 

Table 7. Acidity of crude ME and polymerised ME 

Sample 
pH at hour 

0 1 3 5 8 12 24 

ME 5.4 5.4 5.4 5.4 5.3 5.4 5.2 

PME22 10.3 10.6 10.5 10.4 10.8 10.5 10.2 

PME33 10.2 10.9 10.9 11.0 10.6 10.4 10.3 

 

 

In addition to the provision of an aqueous solution and salt formation, 

manufacturing phenolic resins in a strong base with a very high pH (above 10) results 

in an increased gelation time (Pizzi and Stephanou, 1994). Having a high pH could also 

prevent an extreme decrease in the resin pH when it comes in contact with wood 

during impregnation. The pH of the resin might decrease when the resin comes in 

contact with acids in wood (Akay, 2012). 

The addition of Formaldehyde results in methylolation (Detlefsen, 2002; Durairaj, 

2003). The methylolation and the next reactions for ME polymerisation can be 

predicted following the formation of resorcinolic resins from the RF reactions, in 

general, that take place in three stages (Durairaj, 2003) as shown in Figure 8.  

According to Durairaj (2003), the first step of the RF reaction is called addition reaction 

in which resorcinol combines with formaldehyde to form hydoxymethyl (or methylol) 

resorcinol. After the methylolation, the condensation of the methylol group occurs to 

form the methylen and methylene ether (or benzylether) bridge structures. The last 

step is the disproportionation reaction in which the benhylether structures are 

decomposed to produce the methylene bridged structures and formaldehyde. This is 

the reason why the excess or free of formaldehyde emission occurs.  
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      Methylol group formation (methylolation) 

 

Step-1: Addition reaction 

 

 

 

 

    Benzylether group formation 

Step-2: Condensation 

 

 

 

 

 

Methylene group formation 

Step-3: Disproportionation 

Figure 8. RF resin formation from the resorcinol-formaldehyde reaction (Durairaj, 

2003) 

4.3.2. PME Formation 

Based on the results of the ME polymerisation process with the 25-combination 

of R and F as presented in Table 6 and the test results of all the PME combinations, 

there were six groups of the PME formations obtained as outlined below and 

summarised in Figure 9. The PME groups are as follows: 

(a) Group 1: The polymers were not formed as the mixture was still in the liquid phase 

after conditioning in room temperature for 24 hours. They belong to PME11, 
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PME21, PME31, PME41, PME51, PME12, PME13, PME14 and PME15 in which 

neither resorcinol nor formaldehyde was added to the mixtures. 

(b) Group 2: The polymers were found wet after oven-dried and 24 hours’ 

conditioning at room temperature because they absorbed vapour from its 

surrounding. They belong to PME23, PME24 and PME25. 

(c) Group 3: The polymers were dissolved by hot water (80:C) after boiling for four 

hours. These occur on PME34, PME35 and PME45. 

(d) Group 4: Polymers were formed which were resistant from boiling treatment, 

however the free formaldehyde was ≥ 1%. They belong to PME32, PME42 and 

PME52. 

(e) Group 5: Polymers were formed, resistant from the boiling test, formaldehyde 

free < 1%, but storage time ≤ 18 hours. They are PME43, PME44, PME53, PME54 

and PME55. 

(f) Group 6: Polymerised Merbau Extractives that fulfil Group 5 criteria with storage 

time more than 18 hours. They are PME22 and PME33. 

 

 
F (%) 0 5 10 15 20     

R (%) Code 1 2 3 4 5     

0 1 PME11 PME21 PME31 PME41 PME51    = Group 1(a) 

2.5 2 PME12 PME22 PME32 PME42 PME52    = Group 2 (b) 

5 3 PME13 PME23 PME33 PME43 PME53    = Group 3 (c) 

7.5 4 PME14 PME24 PME34 PME44 PME54    = Group 4 (d) 

10 5 PME15 PME25 PME35 PME45 PME55    = Group 5 (e) 

       

  = Group 6 (f) 

Figure 9. Block graph of the PME compositions 

 

The first step of ME polymerisation is the addition of R to the ME to activate the 

R contained in the complex compound of the extractives. Although the ME content is 

predominately R (Malik et al., 2016), the R is still bonded in the complex compound of 

the extractives. The addition of the only R did not result in resin or polymer formation 

because methylation did not occur. As a result, polymers were not formed for PME12, 

PME13, PME14, or PME15 (Group 1). The addition of F is required for the second stage 



 
 

79 
 

of polymerisation occur. The addition of the only F into the aqueous ME also did not 

lead to resin formation, as was shown by PME21, PME31, PME41 and PME51 (Group 

1). Based on the physical characteristics investigated during the polymerisation 

process, the Group 6 polymers (PME22 and PME33) could be recommended for use as 

an impregnating material for wood. 

4.3.3. The effect of the F/R ratio 

The reaction of formaldehyde with phenol can lead to either a heat reactive 

resole or a stable novolak and is dependent upon the mode of catalysis and molar ratio 

of F to P (Gardziella et al., 2000). The mixtures of Merbau extractives (ME), resorcinol 

(R) and formaldehyde (F) found in Group-2 (b) still show the properties of the original 

component of the mixtures, i.e. hydrophilic or water soluble. This indicates that the 

polymers are not formed. ME is water soluble and it is easy to leach out from wood 

which resulted in some problem in wood processing. As a result, the extractive is easy 

to extract even using cold water. According to Durairaj (2003), resorcinol is also highly 

soluble in water. To make the mixture hydrophobic, it should be in polymer form with 

a proper ratio of R and F, otherwise the mixtures will return to the initial properties i.e. 

hydrophilic.  

Regarding the ratio of R/F, it can be seen from Figure 9 that in Group 2, the 

proportions (%) of R:F are 5:5, 7.5:5 and 10:5 for PME23, PME24 and PME25, 

respectively. If these proportions are converted to the mole ratio, then they will be 

1:0.59, 1:0.4 and 1:0.3, or F/R are 0.59, 0.40 and 0.30, respectively. This means the 

mole ratios of R/F are >1. This is the reason why polymers were not formed for the 

three mixtures. According to Durairaj (2003 and Detlefsen (2002a) to make the 

mixtures polymerised at room temperature (without heat treatment), the mole ratio 

R/F should be <1 or F/R ≥1. These resins are classified as resole (Detlefsen, 2002; 

Durairaj, 2003; Akay, 2012; Gardziella et al., 2000). Table 8 sums up the mole ratio for 

all combination of F and R (F/R) added into the liquid ME in this study.  
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Table 8. Mole ratio F/R to indicate polymer forming 
 

 
 
 
 
 
 
 
 
 

a, …., f = Group 1, …, Group 6 refers to Figure 9 
 

Lower F/R ratios resulted in the PMEs failing the boiling test. The results 

indicated that PME34, PME35 and PME45 from Group 3 were dissolved in hot water. 

The F/R molar ratios for the three compositions were less than 1, i.e., 0.79, 0.59 and 

0.89, respectively. This meant that polymers were not formed for these three 

mixtures. Their solid states after the accelerated heating process were not permanent 

because of the high concentration of the mixture. The F concentration in the mixtures 

was not enough to function as the cross-linker. Possible polymerisation involving R and 

ME is indicated when no extractive is extracted after hot water treatment (Santoso et 

al. 2014). In contrast, the F/R ratio in Group 4 was much higher compared with the 

ratios of 2.37, 3.56 and 4.74 for PME32, PME42 and PME52, respectively. For these 

resins, the excess F was probably too high and resulted in free F levels of more than 

1%. According to SNI 06-4567-1998, free F levels are categorised as low if they are less 

than 1%.The combination of R and F addition into ME of PME43, PME44, PME53, 

PME54 and PME55 in Group 5 are excellent for polymer forming, resistant from hot 

water and also have low free formaldehyde. However, the storage time is shorter than 

18 hours compared to the rest of the two formed resins of PME22 (35 hours) and 

PME33 (28 hours). In addition, the use of R and F for the fifth combinations is higher 

than the last two polymerised ME (Group 6). According to Pizzi (1989), the storage life 

is affected by the ratio of phenolic and formaldehyde (P/F ratio) and acidity (pH). The 

phenolic resin that is prepared by base catalysis tends to have sorter storage life than 

that by an acid route. In addition, the lower F portion in the resin results in the longer 

storage life.  The storage life from the resin with initial P/F ratio of 1:0.73 and 1:0.66 

are 4–5 days and 6–7 days, consecutively. In contrast, in this study, the portion of F 
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needs to be higher than R (F/R ≥1) because polymerisation should occur at room 

temperature. 

Table 8 shows the ratio of F/R and it can be easily seen that the resins or 

polymers were formed on the mixtures ME when resorcinol and formaldehyde were 

added into aqueous ME with the ratio of F/R>1. Formaldehyde addition resulted in 

methylolation (Detlefsen, 2002). The methylolation and the next reactions for ME 

polymerisation can be predicted following the formation of resorcinolic resins from the 

RF reactions, in general, that take place in three stages (Durairaj, 2003) as shown in 

Figure 8. 

4.3.4. Solid content  

Total solid content (TSC) of crude ME and two selected polymerised ME (PME22 

and PME33) is presented in Figure 10  and more detail in Appendix 1. In general, 

PME33 has higher TSC than PME22 since the higher proportion of active compounds 

added (5% resorcinol and 10% formaldehyde), although the F/R ratios are the same 

(1.19) as shown in Table 8. 

The solids content influences impregnated lignocellulosic materials, such as 

wood and rattan. Utilising the ability to alter the solids content, the weight gain and 

density of the impregnated material can be improved, as well as other properties of 

the impregnated material. A higher solids content improves the anti-shrink efficiency, 

specific gravity, hardness and nail withdrawal (Ariffin et al., 1993). 

 

Figure 10. Total solid content of crude ME and two selected polymerised ME 



 
 

82 
 

0

20

40

60

80

100

120

Tr
an

sm
itt

an
ce

 (%
)

Wave number (cm-1)

PME34 PME35 PME45 PME52

3500 2500 1500 500

(b)

0

20

40

60

80

100

120
Tr

an
sm

it
ta

n
ce

 (%
)

Wave number (cm-1)

PME22 PME33 PME44 PME55

3500 2500 1500 500

(a)

4.3.5. FTIR spectra 

The results of FTIR analysis are presented in Figure 11 and Table 9. 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

  

 

 

 

 

Figure 11. Fourier transform infrared spectrograph of Polymerised Merbau Extractives 

(PME): a) formed PME; b) unformed PME and formed PME with higher F/R proportion. 

Figure 11 and Table 9 show the FTIR spectra and band assignment of the peaks of 

formed Polymerised Merbau Extractives (PME) which are represented by PME22, 

PME33, PME44 and PME55 and unformed-PME by PME34, PME35 and PME45 as well 

as formed-PME with formaldehyde free ≥1% represented by PME52.  The spectrogram 

of PME22, PME33, PME44 and PME55 show a relatively similar pattern of the peaks. 

The IR spectra show a broad absorption peak at around 3400 cm-1. The broad peak 

could be due to the stretching vibration of the hydroxyl linkage of a phenolic group 

that appeared in all mixtures as the major content of Merbau extractives is phenolic 

compound (see Chapter III). However, it is obvious that polymerisation in Merbau 

extractives resulted in the decrement in the intensity of the O-H absorption band 
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(around 3400 cm-1) to 22, 31, 44 and 47% in PME33, PME22, PMe44 and PME55 

(formed PME), respectively, compared to 59, 82 and 86% in PME35, PME34 and 

PME45 (unformed PME), respectively.The decrease of O-H absorption revealed that 

the hydroxyl group content was reduced after the polymerisation process. 

Furthermore, the reduction of the hydroxyl group content can explain why the 

improvement of the dimensional stability of impregnated wood using selected formed-

PME has occurred. According to Tjeerdsma et al. (1998) and Tuong and Li (2010), the 

reduction is caused by the occurrence of cross-linking reactions. Therefore, it can be 

stated that the decrease is less than 20% as shown in PME52 due to the higher 

formaldehyde as the cross-linker.  

There were apparent differences between the two groups of PMEs (formed and 

unformed) with respect to the presence of the absorption bands of CH, CH2, or CH3 

stretching in the methyl and methylene groups at 2924 cm-1 in the formed PMEs. This 

could have been because of the polymerisation process that occurred in the MEs after 

the methylation stage (Figure 8), in which the condensation of the methylol group 

occurs to form the methylen and methylene ether (or benzylether) bridge structures 

(Lee et al., 2002; Durairaj, 2003). A significant difference also occurs because of the 

existence of the peak of alkyne-C≡C in the formed PME group with the frequencies of 

2,100–2,260 cm-1. According to Coates (2000), the spectrum associated with the C≡C 

structure can be characteristic to show the impact on the carbon-carbon bond 

stretching as a function of the increase in bond order for the series of single-, double- 

and triple-bonded carbon. This increase in bond order produces a corresponding 

increase in bond strength. As a result, the Polymerised Merbau Extractives (PME) could 

be bonded strongly and would not be leached out during the boiling test and the 

colour of impregnated Jabon wood would not be altered due to cross-linking between 

PME and wood during the curing process. In other words, the existence of the 

functional groups that reacted with wood could improve wood fixation or anti-

shrinkage due to the hydrophobicity of the polymeric material. The cross-linking may 

be achieved by reaction of the functional group (Akay, 2012).  
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Table 9. Assignments of the peaks of the FTIR spectra of selected Polymerised Merbau 

Extractives (Pandey, 1999; Coates, 2000; Silverstein et al., 2005; Tuong and Li, 2010; 

Mattos et al., 2015) 

Wave number (cm
-1

) 
Band assignment (a) (b) 

PME22 PME33 PME44 PME55 PME34 PME35 PME45 PME52 

3456 3441 3418 3448 3441 3441 3448 3441 Hydroxyl functional groups OH stretching 

2924 2924 2924 2924 - - - 2924 
C–H and CH3 stretching in methyl and 

methylene groups 

2129 2214 2122 2114 - - - 2129 Alkynes C≡C  

1713 1713 - - - - 1744 - Carbonyl  CO 

1643 1643 1636 1636 1643 1628 1643 1643 Alkenes C=C (Aromatic ring) 

1456 1381 1466 1466 1458 1458 1458 1458 
Aromatic aldehyde; C–H deformation in 

polymers 

1180 1219 1296 1296 1219 1296 1088 1219 Esther C-O- groups 

849 849 764 725 957 972 949 957 Alkene C-H- out of plane bending 

Remarks: PMEij refers to Figure 9. 

 

The peak ranging between 1,600 and 1,650 cm-1 gave identification of the 

presence of a prominent and strong C=C stretching absorptions of the aromatic ring in 

the synthesized resins (Tuong and Li, 2010). This typical peak indicates the presence of 

resorcinol since this compound is conjugated by two functional groups of OH and one 

aromatic ring of the C=C. Aromatic aldehyde and C–H deformation in the polymers 

appeared with narrow differences of the intensity of the absorption bands amongst 

both PME groups at the wave number of 1300–1475 cm-1. In the fingerprint area, the 

peaks represented esther -C-O groups 1,000–1,300 cm-1 and alkene- C-H- out of plane 

bending 600–1,000 cm-1 that occurs for all PMEs. Masson et al. (1997) stated that the 

presence of carboxylic acid esters, anhydrides, amides and carbonates in polymeric 

resin could be a special resole curing system that would accelerate the cure of resole 

resins. 

4.3.6. Differential Scanning Calorimetry (DSC) analysis 

DSC analysis was done on the selected formulation of Polymerised Merbau 

Extractives (PMEs) which were recommended to be used as an impregnating 

compound for wood, i.e. PME22 and PME33.  

Figure 12 exhibit thermal characteristics of PME22 (a) and PME33 (b). Within the 

temperature range of 30 to 200°C at heating rate of 10°C/min in nitrogen atmosphere, 
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the DSC curves of PME22 exhibited endothermic change from 50 to 180°C and 

revealed thermal characteristics of the polymeric material such as the beginning of the 

transition (Tb), onset temperature (Tonset), glass transition temperature (Tg), melting 

temperature (Tm) and heat capacity (Cp). The glass transition temperature (Tg) is one of 

the most important properties of any resin/polymer and is the temperature region 

where the polymer transitions from a hard, glassy material to a soft, rubbery material. 

Tg should be the temperature at which the heat capacity is midway between that of 

the liquid and glassy states (Wunderlich, 2005; Menczel et al., 2009).  

From Figure 12, it can be seen that the values of the thermal characteristics of 

PME22 are Tb at 93.9°C, Tonset at 115.4°C, Tg at 126.5°C, Toffset at 134.1°C and Tm at 

150°C. Meanwhile, PME33 had higher thermal characteristics than those of PME22 in 

which endothermic change occurred at 110 to 250°C and Tb, Tonset, Tg,  Toffset and Tm 

occurred at 110.9, 130.7, 144.7, 156 and 159°C, respectively. The heat capacity of 

PME33 was also higher (435 mJ/mg) than that of PME22 (353 mJ/mg). The Tg is 

accompanied by a change in the heat capacity of the material.  This result indicates 

that lower enthalpy is needed for PME22. According to Liu et al. (2015), when lower 

enthalpy occurs on the polymer, this means that the polymer is easier to be cured or 

begins to cure at a lower temperature.  
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Figure 12. DSC curves for selected Polymerised Merbau Extractives: (a) PME22 and (b) 

PME33 

 

4.3.7. Thermogravimetry analysis (TGA) 

Thermal properties of the selected Polymerised Merbau Extractives can also be 

characterised using thermogravimetric analysis (TGA). Thermogravimetric analysis or 

thermal gravimetric analysis (TGA) is a method of thermal analysis in which changes in 

physical characteristics, particularly the weight change of substance and chemical 

properties of materials, are measured as a function of increasing or decreasing 

temperature (with constant heating rate), or as a function of time (with constant 

temperature and/or constant mass loss) (Coats and Redfern, 1963; Hatakeyama and 

Quinn, 1999; Chatwal and Anand, 2002).  

Figure 13 and Table 10 show the results of thermogravimetry analysis of selected 

Polymerised Merbau Extractives of PME22 and PME33. It can be seen that the initial 

decomposition temperature (IDT) or transition temperature for both polymeric resins 

were 121.09 and 119.84°C with the maximum rate of decomposition temperature 

(MRDT) or dissociation temperature of 711.69 and 907.47°C, respectively.  

Both decomposition temperatures are in the range of 600–1000°C, the typical 

decomposition temperature of an organic substance (Widmann, 2001). The IDT of both 
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polymeric compounds were similar (121.09 and 119.84 °C). It means that similar 

amounts of the PMEs were decomposing as a function of temperature. However, the 

rate or mode of decomposition was different, in which the MRDT of PME33 was 

remarkably higher (907.47°C) than one of PME22 (711.69°C). 

Based on the shape of the thermogravimetry, both thermograms demonstrate 

multistage decomposition reaction where the reaction is not resolved (Hatakeyama 

and Quinn, 1999). It can be understood from this study that the curing process of the 

PMEs has been accelerated by heat using an oven at 100 ± 2°C.  As a result, the 

Polymerised Merbau Extractives change from liquid to glassy form in uncomplete 

reaction or condensation. When they pyrolised for thermogravimetry analysis, the 

thermal characteristics that were captured could be presumed as those of liquid 

impregnating substance. The shape of the thermograms shows a gravimetric effect on 

melting in which samples melt with decomposition (Widmann, 2001).  

Table 10. Thermogravimetry analysis of PME22 and PME33 

Samples IDT (:C) MRDT (:C) Weight loss 

Mg % 

PME22 121.09 711.69 17.615 74.957 

PME33 119.84 907.47 14.699 59.032 
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Figure 13. Thermogravimetric curves for selected Polymerised Merbau Extractives: (a) 

PME22 and (b) PME33. 

The decomposition is shown as the final weight loss of 17.615mg or 74.957% for 

PME22 and 14.699mg or 59.032% for PME33 (Table 10) which can be characterised as 

the weight loss of the impregnating material.  The total weight loss of PME33 is much 

lower than that of PME22. That means that PME33 has thermal stability much higher 
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than that of PME22. According to Widmann (2001), the weight losses could typically be 

caused by chemical reactions i.e. decomposition and loss of water of crystallisation, 

combustion, or reduction of metal oxide or physical transitions such as vapouration, 

evaporation, sublimation, desorption or drying. The lower weight loss of PME33 could 

affect the higher solid content of the polymeric resin. 

4.3.8.  Crystallinity 

The PMEs are not pure crystalline polymers as they have low crystallinity. 

Analysis by X-ray diffractometer (XRD) showed that the crystallinity of PME22 and 

PME33 are 8.76 and 10.03% (Figure 14 and Table 11). Those mean the amorphous 

phase corresponds to 91.24 and 89.97%, consecutively. Other studies on the 

crystallinity of resorcinol or resorcinolic formaldehyde resin show various degrees of 

crystallinity. Gun’ko et al. (2014) revealed the crystallinity of three types of resorcinol 

formaldehyde (R/F 1:2.8) based on different mole ratio of the zinc acetate catalyst 

(RFC1, RFC2 and RFC3) that synthesised from pure resorcinol and 37% formaldehyde. 

The results show that the crystallinity was 42 (amorphous phase corresponds to 58%), 

17 and 9% for RFC1, RFC2 and RFC3, with the ratio of resorcinol to the catalyst (R/C) 

were 10:1, 20:1 and 40:1, respectively. Meanwhile Santoso et al. (2014) found that 

based on XRD analysis of copolymerized products of Merbau wood liquid extract – the 

extract was predominated by resorcinol – had a crystallinity degree of 23.32%. 

As was shown previously in the thermogravimetry analysis, the PMEs do not 

really melt – unlike a crystalline polymer which will melt when heat is applied – but it 

does undergo a change in structure from rigid to flexible that produces a change in the 

heat capacity of the material (Wunderlich, 2005). However, the lower crystallinity 

fortunately would make the polymeric materials penetrate easily to the wood 

structure when they are used in impregnation treatment. As a result, the PMEs will 

penetrate into Jabon wood structure and will change the wood colour evenly. In 

addition, when the Polymerised Merbau Extractives are applied for a wood 

impregnation treatment, the crystallinity of the PMEs are expected to increase the 

crystallinity of the treated wood. 
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Figure 14. Diffractograph of copolymerization products from Merbau wood liquid 

extractives: PME22 (a) and PME33 (b) 

Table 11. Crystallinity and molecular weight of selected PME 

Samples Crystallinity (%) Molecular weight 

PME22 8.7591 3164 

PME33 10.0272 3615 

 

4.3.9. Molecular weight 

Another characteristic of PME is molecular weight (MW). As discussed in the 

previous section the final phase of resole manufacture is known as the condensation 

stage. The molecular weight can be used to confirm that copolymer formation further 

occurs. Detlefsen (2002) stated that this is the actual process by which molecular 

weight (MW) is developed and involves the combination of the hydroxymethyl phenol 

intermediates to form oligomers. Molecular weight is one of the most important 

characteristics of a polymer (Detlefsen, 2002; Zeng et al., 2010; Yacob et al. (2011); 

Ebewele, 2000).  It is probably obvious at this point that the molecular weight 

distribution of a resole is an extremely important characteristic. The MW has a major 

influence on such important performance capabilities as cure speed, viscosity, green 
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strength development (or prepress), assembly time tolerance, required application 

rates, substrate penetration and adhesion (Detlefsen, 2002). Substrate penetration, in 

particular, is an important capability in regards to impregnation process and the 

impregnated products.  

Table 11 above shows the molecular weight of selected PMEs based on 

measurement by IV-meter intrinsic viscosity tools. We can see that selected PMEs – 

PME22 and PME33 – have a molecular weight of 3,164 and 3,615 respectively. The 

MW of PME33 is higher than that of PME22 and it is expected that the total solid 

content (TSC) would be higher. Santoso et al. (2014) synthesised a similar product to 

that of Polymerised Merbau Extractives that can be used for adhesive and has a much 

higher molecular weight of 49,658 than PMEs used in this study. This is because the 

resin was added with starch as the filler and will be used for the adhesive application. 

Further, Santoso et al. (2014) stated that Merbau wood liquid extract is similar to PRF 

resin in terms of physical and chemical properties, although there are some 

differences in terms of crystallinity, solid content, viscosity and depolymerisation 

temperature. These differences are likely a result of the different raw material used. 

The molecular weight in this study was achieved from the PMEs with accelerated 

curing by heating in which the condensation reaction was incomplete. However, the 

molecular weight proves that the reactions or the stage of polymer process occurs and 

the oligomers have been formed. This means that the Polymerised Merbau Extractives 

can be applied for impregnation treatment, as the higher molecular weight of the 

substance would be difficult to penetrate into the wood. 

4.3.10. Free formaldehyde  

Due to world community concerns on health, safety and environmental factors 

of phenolic resins, the effects arisen from the manufactured products should be 

considered. Detlefsen (2002) stated that resole usually has an excess of aldehyde. The 

manufacture of phenol-formaldehyde resins, or any phenolic resin, could potentially 

jeopardize such undertaking both in laboratory and manufacturing scales with, of 

course, several levels of hazards. The hazards come from the components or 

monomers that may be highly toxic, flammable, or corrosive to the human body. The 
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resins themselves are generally rated non-dangerous, however, due to the excess as 

shown in the reaction above, environmental factors should be considered. 

 

Table 12. Concentration of standard formaldehyde and the absorbant 

Concentration (ppm) 0 0.05 0.1 0.2 0.3 0.4 0.5 

Absorbant 0 0.082 0.171 0.38 0.596 0.818 1.034 

 

Table shows the measurement results of free formaldehyde based on the 

standard of formaldehyde absorption for selected concentrations (Table 13) done 

using a photometer (UV-Vis 1700, Shimadzu PC) at 412nm wavelength. Relationship 

between the concentration (X) and absorbant (Y) is expressed by Y = 2.0927X – 0.0232 

with R2 = 0.9987 (Figure 15). Therefore, this expression is reliable to use for the 

concentration calculation of the samples. 

 

 

 

Figure 15. Concentration of standard formaldehyde and its absorbant 
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Table 13. Absorbant and its concentration of formaldehyde from the tested samples 

Samples 
Absorbant Concentration 

(ppm) 1 2 Average 

PME22 -0.005 -0.005 -0.005 0.009 

PME23 0.003 0.003 0.003 0.013 

PME24 0.000 0.001 0.001 0.011 

PME25 0.001 0.001 0.001 0.012 

PME32 0.019 0.020 0.020 0.020 

PME33 -0.001 -0.001 -0.001 0.011 

PME34 0.007 0.007 0.007 0.014 

PME35 0.000 0.000 0.000 0.011 

PME42 0.020 0.020 0.020 0.021 

PME43 0.010 0.010 0.010 0.016 

PME44 -0.001 -0.001 -0.001 0.011 

PME45 -0.001 -0.001 -0.001 0.011 

PME52 0.035 0.035 0.035 0.028 

PME53 0.016 0.016 0.016 0.019 

PME54 0.010 0.010 0.010 0.016 

PME55 0.005 0.005 0.005 0.013 

 

In this study, the percentage of free formaldehyde was considered as one of the 

selection criteria of the PME with an extremely low of maximum free formaldehyde 

(FF) limitation of 0.01 ppm. From Table 13 we can see that the lowest FE is 0.09 ppm; it 

belongs to PME22 and the second lowest is 0.011 which belongs to PME24, PME33, 

PME35, PME44 and PME45. Based on the FE values, polymerised ME that can be 

considered to apply as impregnating material are PME22 and PME33. PME33 has other 

advantages that have been previously explained. Free formaldehyde and free phenol 

are the components of toxicity in phenolic or aldehydic synthetic resin. In general, low 

toxic PF resin follows with poor bond strength, while great bonding strength is often 

accompanied with high toxicity (Lin et al., 2014). However, in the next chapters it will 

be explained whether this conclusion will apply or not for the selected PME that was 

used as an impregnating compound. This study expects no effect of the lower free 

formaldehyde on the bonding strength between the PME and impregnated wood. 
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4.4. Conclusion 

1. Merbau extractives can be polymerised in basic conditions with F and R added as 

the copolymer to produce PMEs. The resin is classified as a resole because the R/F 

molar ratio should be less than 1 or the F/R ratio should be greater than or equal to 

1, so that polymerisation can occur at room temperature. 

2. The results of the physico-chemical tests and analysis via FTIR spectroscopy, 

thermal properties and crystallinity confirmed that the polymeric compound is a 

promising impregnating material for the enhancement of wood properties. 
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CHAPTER V. EFFECT OF COMBINED TREATMENT OF IMPREGNATION WITH 

POLYMERIZED MERBAU EXTRACTIVES AND HOT-COMPRESSION ON DENSITY 

INCREMENT AND FIXATION OF JABON WOOD 

 

This chapter presents the results of the investigation of the effect of impregnation with 

Merbau Extractive (ME) and two types of Polymerised Merbau Extractives (PME): 

PME22 and PME33, on the weight gain and density of young plantation Jabon wood 

followed by combined treatment of impregnation and hot-compression.  

A summary of this study  has been presented and published as below: 

Malik, J., B. Ozarska, W. Dwianto and A. Santoso (2015). Effect of Impregnation with 

Polymerized Merbau Extractive on Density and Fixation of Compressed Jabon 

Wood. In Proceedings of the Eighth European Conference on Wood Modification. 

M. Hughes, L. Rautkari, T. Uimonen, H. Militz and B. Junge (Eds), Paasitorni 

Helsinki, Finland 26th and 27th of October 2015. School of Chemical Technology, 

Aalto University. 

The above paper is attached in   

Appendix 2.  

5.1. Introduction 

Various research studies revealed that the impregnation method in wood 

modification can improve some desired properties of timber. Sakai et al. (1999b) 

impregnated Sitka Spruce (Picea sitchensis Carr.) by immersion using a series of simple 

mono- or substituted phenolic compounds and some polycyclic compounds found in 

nature. Changes in selected wood characteristics such as vibrational properties (tan δ), 

specific dynamic Young's modulus (E/γ) and anti-swelling efficiency (ASE) in relation to 

the bulking coefficient (weight gain), were investigated. The results revealed that by 

impregnation with hematoxylin, the tan δ decreased with a slight weight gain and 

without a large decrease in E/γ. Impregnation with the mixture of about 10% catechol, 

resorcinol and saligenin improved a level of Anti Swelling Efficiency (ASE) by 40%.  

Gabrielli and Kamke (2010) impregnated Poplar wood (Populus euramevicana) 

using two Phenol Formaldehyde (PF) resins with different molecular weights of 172 

and 780 at three different concentrations, 5, 10 and 20%, for the impregnating 
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compounds by 24-h soaking and 2-h boil. The results showed that both PF treatments 

at all concentration levels showed high levels of dimensional stability compared to 

non-impregnated samples. The higher molecular weight PF provided greater stability 

with an average thickness swelling value of 12% compared to 20% for the lower 

molecular weight PF resin treatment and 37% for control. PF treatments were also 

extremely effective at reducing irreversible swelling. The low and high molecular 

weight resin treatments had 1/5th and 1/7th the irreversible swelling than the 

unmodified compression processed controls, respectively.  

Impregnation can also improve the density of wood. Wu et al. (2011a) 

impregnated Eucalyptus urophylla logs (35 cm diameter and 100 cm length) with the 

mixture of urea and formaldehyde using a pulsed-press impregnation machine. The 

logs were sawn into two 55×140 mm tangential planks which were dried in a hot-press 

drying kiln. The results showed that impregnation improved the wood basic density by 

17.1% and the bending strength by 15.1%.  

 A greater increment of oven-dried density was demonstrated by Chen et al. 

(2013) from poplar (Populus euramevicana) logs (20 cm diameter and 100 cm length) 

impregnated using methylolurea and urea–methylolurea (UMU).  After soaking 

impregnation, the logs were sawn into boards 50 mm thick (tangential) × 120 mm wide 

(radial) × 1000 mm length (longitudinal) for kiln drying. Compared with the untreated 

control samples the oven-dried density increased by 61.9% and 64.3% respectively, 

after impregnation. The Set of Recovery (SR) for untreated control samples was 53% 

but significantly lower values of SR were obtained for impregnated samples: 7.5% after 

impregnating with methylolurea and 2.5% after urea–methylolurea treatment.  

Beside impregnation as a single method of wood modification, combined 

method with hot-compression is well-known in wood modification treatment which 

can improve wood performance. Hot-compression is also usually combined with other 

pre-treatments such as steaming or microwave heating. A steaming pre-treatment 

followed by hot compression results in modified wood with improved dimensional 

stability, increased hardness and fixed deformation. However, the mechanical 

properties are slightly decreased (Hill, 2006). A study by Chen et al. (2013) concluded 
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that chemical impregnation and hot-pressing of poplar wood enhanced the density 

and mechanical properties of treated wood. The allied treatment also reduced the set 

recovery of compressive deformation. Fukuta et al. (2011) showed that combined 

treatment of hot-compression and impregnation by phenolic resin resulted in the 

product which had great characteristics of abrasion resistance, hardness and 

weathering resistance. A perfect fixation was achieved by Dwianto and Yalinkilic (2000) 

through combination treatment of Sugi (Cryptomeria japonica D. Don.) sapwood by 

impregnation using Styrene (St) and compression and impregnation using Methyl 

Methacrylate (MMA) and compression. The results showed that the SR for the 

compressed specimens without monomer treatments was 69.89% and 83.41% after 

water saturation and boiling tests, respectively. Whereas, the SR of impregnated 

specimens after both tests was as low as 1,25% after impregnating with St and 

compressed and 0.00% RS after impregnating with MMA and compressed. 

Regarding the type of impregnating materials, the use of natural chemical 

products for impregnation has been introduced in the early 1990s. Machado (1992) 

impregnated Maritime Pine wood (Pinus pinaster Ait) with natural tannin, artificial 

tannin and water at the temperature of 70:C and the air pressure of 600 KN/m2 for 

one hour then the pressure was released and the soaking period has begun for four 

hours in hot water with the temperature of 70:C. The results showed that 

impregnation using natural and artificial tannin improved the dimensional stability of 

timber compared to un-impregnated samples, during outdoor exposure. Royer et al. 

(2010) investigated the effect of extractives on the dimensional stability of a tropical 

species of wallaba (Eperua falcate Aubl.) to prove that extractives have a role as 

natural anti-swelling agents.  The authors found that the extraction of methanol 

soluble compounds (extractives) increased the swelling of wallaba wood subjected to 

elevated ambient relative humidity. The extractives compounds identified were 

proposed to bind to the polymeric cell wall by means of multiple hydrogen bonds 

restricting the association of water and therefore acting as natural anti-swelling 

agents.  
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This paper presents the experiment results of the effect of impregnation with 

Merbau Extractive (ME) and its polymerization products, Polymerised Merbau 

Extractive (PME) on the density, weight polymer gain (wpg) and set recovery of hot-

compressed Jabon wood.  

5.2. Experimental 

5.2.1. Preparation of wood samples 

The wood for experiments was taken from community forest plantation of Jabon 

[Anthochepalus cadamba (Roxb) Miq] of 5 years of age in West Java, Indonesia. The 

timber selection/sampling refers to SNI ISO 4471:2011 BSN (2011a) where 20 trees 

were cut from the area of 1 ha Jabon plantation that contains no fewer than 100 trees. 

The trees selection was based on the diameter measurement at breast high. The 

selected logs for samples preparation were 20 cm in diameter and 100 cm in length 

and contained 57% sapwood in avarage. The logs were converted into back sawn 

boards and  only sapwood was taken for the experiment with dimensions of 50 x 50 x 

40 mm [longitudinal (L) x tangential (T) x radial (R)]. In total 96 samples were prepared 

for the experiment with 4 factors of impregnating compounds and 6 levels of 

compression temperature, with 4 replications for each treatment.  

5.2.2. Preparation of impregnating material  

The impregnating materials used were crude Merbau extractive (ME) and two 

selected Polymerised Merbau Extractive solutions (PME22 and PME33) that have been 

described in Chapter 3.2. The polymerisation process refers to Santoso et al. (2014) in 

which the Merbau extractives were mixed with resorcinol and formaldehyde to 

produce cold setting resin for adhesive. In terms of this process, polymerization is 

determined as the reaction between Merbau extract and formaldehyde and 

copolymerization was defined as the reaction between Merbau extract (ME) 

incorporated with resorcinol (R) and formaldehyde (F). Proper composition of these 

three substances results in the hydrophobic compound. In this study, similar mixtures 

of these phenolic compounds were used with a different function, i.e. as impregnating 

materials. 
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5.2.3. Impregnation treatment 

Impregnation treatment was undertaken as a pre-treatment of Jabon wood 

samples before their compression. It was done in a vacuum-pressure vessel (Figure 

16).  The wood samples were placed into an open-top container of a vacuum-pressure 

unit  connected by a hose to the container of liquid of polymerized Merbau extract 

that has been prepared. The tube containing the samples was vacuumed using the 

compressor at the pressure  of 0.1 KG/cm2 for 30 minutes. The vacuum was then 

released and the container was allowed to be filled by the liquid of impregnant, so the 

liquid level was 20 cm higher than the submerged the wood samples. The pressure was 

then given and maintained at 15 KG/cm2 for 1 hour. This procedure was applied for the 

three of impregnating solutions (ME, PME22 and PME33) on the samples that were 

compressed later. After that, all specimens were drained and put into a conditioning 

room until a constant weight was reached. The retention level was determined by 

calculating weight gain/loading (WG) with the formula as follows (Zaidon et al., 2012, 

Chen et al., 2013): 

 
1 0

0

% 100
W W

WG x
W


  ...................................................... (3) 

where W1 is the constant weight in a conditioning room after impregnation and W0 is 

the constant weight in a conditioning room before impregnation. The density was 

measured for the samples before (as D1) and after impregnation (as D2). 

 

 

 
 

 

 

 

Figure 16. Vacuum pressure vessel 
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5.2.4. Hot compression (pressing) 

An open hot-compression machine produced by Becker and Van Hullen, 

Germany was used in the experiments. It has a working table or hot platen with the 

size of 400 x 400 mm, the maximum pressure force of 64 T and maximum temperature 

of 200:C. The working principle of compression is shown in Figure 17. The figure shows 

how the close and open compression works. To make close compression, a removable 

close system hot pressing (c) originally from Japan was installed between the two sides 

hot plate of compression machine (b), such that when the sample is pressed, it will be 

in a closed state with the height of inside chamber of 2 cm. In this experiment, the 

working pressure applied to the samples was 10 KG/cm2 for 10 minutes in close and 10 

minutes in open compression system, respectively, with the compression ratio (CR) of 

50% as the height of the samples was 4 cm. Open compression was undertaken by 

opening the faucet of moisture releaser (e). All compression processes were done in 6 

different levels of temperature from 120 to 170oC with the interval of 10oC. All 

compressed samples were then conditioned in an oven at 100±3 oC until constant 

weight was obtained and the density after compression was recorded as D3.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17. Hot compression machine that was used in the experiment. (i) Machine 

unit; (ii) working way of compression:  a = Pressure; b = Hot plate; c = removable 

closed-chamber; d = samples; e = moisture releaser 
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5.2.5. Soaking test 

A soaking test was performed to investigate the effectiveness of the treatment 

on the deformation fixation which can be measured by the set of recovery (SR).  The 

set of recovery (compression set) gives an indication of the elastic recovery of the 

compressed samples. Low SR corresponds to a better elastic recovery or lower 

compression set properties.   

The samples were soaked in a water bath for 24h and then were drained on a 

rack in atmospheric condition for 24h. All samples were then conditioned in an oven at 

60°C for 3 days before being oven-dried at 100±3oC until constant weight was 

obtained. The thickness and weight of the samples were measured at the oven dried 

condition before and after soaking treatment. The set of recovery (SR) affected by 

water was calculated using the following equation (Dwianto and Yalinkilic, 2000; Inoue 

et al., 2008): 

% 100
Tr Tc

SR x
To Tc





    ………......................................... (4) 

where, To and Tc are the thickness in oven-dried (o-d) condition before and after 

compression and Tr is the thickness in o-d condition after soaking test.   

A 100% of SR means a complete recovery of compressive deformation, while 0% 

reflects the perfect fixation or complete dimensional stability as the effect of the 

impregnation and compression treatment of the samples. 

 
5.3. Result and Discussion 

5.3.1. Weight gain and its effect on  density increment  

Table 14 presents weight gain (WG) of impregnated Jabon wood with Merbau 

extractives (ME) and Polymerised Merbau Extractives (PME22 and PME33) from six 

measurements. The analysis of the data shows that impregnation using ME resulted in 

very low weight gain, by 1.24%. Meanwhile, PME22 and PME33 acquired much greater 

weight gain by 26.33 and 31.92 %, respectively. Statistical analysis of Anova in Table 

15. shows that all of the WG values had significant differences (p values = 0.000). 
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Further analysis by Tukey post-hoc test revealed that the WG values of the three 

impregnating materials were also significantly different at p < .05 (Table 16). 

Table 14. Weight gain of impregnated Jabon wood 

Impregnant 
Weight gain, %,  

(µ ± SD) 

ME 1.24 ± 0.11 

PME22 26.33 ±1.40 

PME33 31.92 ± 3.07 

 
Table 15. Anova of weight gain (WG) of impregnated Jabon wood 

Parameter  Effect 
Univariate Tests of Significance 

SS DF MS F p 

WG Intercept 28314.07 1 28314.07 5988.354 0.000 

 

Impregnant 12813.77 2 6406.88 1355.040 0.000 

 

Error 326.25 69 4.73 
  

 
Table 16. Tukey post hoc test of weight gain 

Impregnant ME PME22 PME33 

ME - 0.000112 0.000112 

PME22 0.000112 - 0.000112 

PME33 0.000112 0.000112 - 

 
As presented in Table 14, the three impregnating materials caused different 

weight gain for impregnated Jabon wood samples. This can be explained by comparing 

their solid content (SC) which is one of the properties of the impregnants. The solid 

content of the impregnating materials has been described in Chapter III. The increment 

of SC is due to polymerisatioan and copolymerisation of PMEs. According to Santoso et 

al. (2014) the copolymerisation of Merbau extractives and resorcinol with 

formaldehyde at the ratio of 100:5:10 (w/w),  resulted in a much heavier molecular 

weight (49,658) than that of Merbau extractives (9,308).  

It should be pointed out that in this study the high solid content (SC) resulted in 

high weight gain (WG) (Figure 18). The samples impregnated with high SC of the 

impregnating material (PME22 and PME33) resulted in high WG. The highest SC of 
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41.10 % was observed for PME33 which was paired with the highest WG of 31.92%. In 

term of the role of formaldehyde in the impregnants, it acts as not only a cross-linker 

that binds the components of the impregnants, but also as a curing agent (Hill, 2006; 

Gabrielli and Kamke, 2010; Santoso et al., 2014). After PME permeated into the wood 

during the impregnation process, this impregnating compound was deposited in the 

wood during conditioning period.  As a result, treatment of the wood with aqueous 

solutions of Polymerised Merbau Extractives made the wood a denser product. 

According to Rowell and Banks (1985a),  the chemicals of phenolic resins are probably 

not attached or bonded to the cell wall components, but form insoluble polymers 

which do  not leach out in water.  
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Figure 18. Comparing SC of Merbau extractives and its polymer and WG of Jabon wood 

 

The weight gain of Jabon wood after impregnating treatment using ME, PME22 

and PME33 had an effect on the density of the wood samples (Table 17 and Figure 19).  

The density of Jabon wood samples decreased when ME was impregnated into the 

wood. The density decreased by 1.17% while WG decreased by 1.24%. However, the 

density increased significantly when the wood samples were impregnated by 

polymerized Merbau extractive, both PME22 and PME33. The weight gain increased 
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through impregnation with PME22 and PME33 by 26.33 and 31.92 % respectively and 

contributed to the density increments of 25.92 and 29.56 % of the impregated Jabon 

wood, consecutively. During the impregnation, the polymers were absorbed and 

deposited in Jabon wood and increased its weight and consequently the density. The 

weight increment is caused by the molecular weight of the polymers. Gabriell and 

Kamke (2010) stated that WG provides insight to the degree at which the resins can 

penetrate the wood’s cellular structure. Higher WG indicates a greater penetration. 

Yano et al. (2001) pointed out that one of the dominant factors in improving properties 

and dimensional stability of treated wood is the level of polymer weight loading/gain.  

 

Table 17. Weight gain (WG) and density increment 

Impregnant Weight gain  Density increment  

 

(%) 

ME 1.24 -1.17 

PME22 26.33 25.92 

PME33 31.92 29.53 

Remarks: D2-1 = density increment due to impregnation treatment 
 
 

 

 

 

 

 

 

 
 

Figure 19. Weight gain and density increment of Jabon wood after impregnation 

 

Overall, the results showed that the impregnation treatment using PME is 

effective in improving the density of Jabon wood. According to Hill (2006) the 
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effectiveness of impregnation treatment can be obtained by using the non leachable 

impregnating compound. 

Merbau extractives (ME) as a leachable material changed into a non-leachable 

substance after the polymerised process, as described in Chapter IV. As stated above, 

the deposited PME resulted in the weight gain and finally increased the density. The 

relationship between weight gains (X) and density increment (Y) of impregnated 

Jabon wood can be expressed as:  

Y = -2.2349 + 0.967X .......................................................(2) 

with R = 0.9674 or R2 = 0.9359 showing a strong and positive relationship or 

determination between density increment with weight gain on the impregnation of 

Jabon wood with Merbau extractives and its polymers. The positive relationship means 

that the higher weight gain obtained the higher density increment acquired on the 

species after impregnation treatment with the natural phenolic impregnant extracted 

from Merbau wood. Figure 20 shows the graph and expression of the relationship. The 

positive relationship between weight gain and specific gravity was also demonstrated 

by Dwianto and Yalinkilic (2000) when they impregnated Sugi (Cryptomeria japonica 

D. Don.) wood using styrene and methyl methacrylate.  

 

Figure 20. The relationship between weight gain and density increment of 

impregnated Jabon wood 
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5.3.2. Density increment due to combined treatment of impregnation and hot-

compression 

In the previous section, the effect of weight gain, as a result of impregnation, on 

density increment has been discussed. This section provides a discussion on the effects 

of allied treatment of impregnation and hot-compression on the density increment by 

comparing the corresponding variables.   

The density and density increment of Jabon wood after impregnation and allied 

treatment of impregnation and hot-compression are presented in Table 18 and  

summarised in Figure 21. The table shows that the density of Jabon wood changed 

after impregnation and hot-compression, except the density of impregnated samples 

by aqueous Merbau extractives (ME). There is no density increment after impregnating 

the wood samples by ME.  
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Table 18.  Testing results for density (specific gravity) of impregnated and non-impregnated Jabon wood 

Pre-treatment Variables Unit 
Density , density increment and temperature (:C)

a
  

1 2 3 4 5 6 

120 130 140 150 160 170 

Non-impregnated D1 g/cm
3 

0.37 ± 0.01 0.37 ± 0.01 0.39 ± 0.01 0.37 ± 0.01 0.39 ± 0.01 0.39 ± 0.01 

 
D2 g/cm

3
 - - - - - - 

 
D3 g/cm

3
 0.56±0.01 0.55±0.02 0.62 ± 0.00 0.57 ± 0.02 0.62 ± 0.00 0.61 ± 0.01 

 
D3-1 % 51.35 48.65 58.97 54.05 58.97 56.41 

Impregnated-ME D1 g/cm
3
 0.35 ± 0.01 0.34 ± 0.01 0.40 ± 0.01 0.33 ± 0.01 0.34 ± 0.03 0.34 ± 0.06 

 
D2 g/cm

3
 0.35 ± 0.01 0.34 ± 0.01 0.39 ± 0.01 0.32 ± 0.01 0.34 ± 0.02 0.34  ± 0.06 

 
D3 g/cm

3
 0.55 ± 0.02 0.54 ± 0.03 0.63 ± 0.03 0.49 ± 0.02 0.53 ± 0.05 0.54 ± 0.12 

 
D2-1 % 0.00 0.00 -2.50 -3.03 0.00 0.00 

 
D3-1 % 57.14 58.82 57.5 48.48 55.88 58.82 

Impregnated-PME22 D1 g/cm
3
 0.38 ± 0.02 0.37 ± 0.01 0.39 ± 0.02 0.33 ± 0.01 0.28 ± 0.01 0.35 ± 0.02 

 
D2 g/cm

3
 0.46 ± 0.01 0.45 ± 0.01 0.49 ± 0.03 0.42 ± 0.01 0.35 ± 0.00 0.46 ± 0.04 

 
D3 g/cm

3
 0.75 ± 0.05 0.78 ± 0.02 0.85 ± 0.04 0.71 ± 0.02 0.58 ± 0.01 0.73 ± 0.04 

 
D2-1 % 21.05 21.62 25.64 27.27 25 31.43 

 
D3-1 % 97.37 110.81 117.95 115.15 107.14 108.57 

Impregnated-PME33 D1 g/cm
3
 0.39 ± 0.03 0.38 ± 0.01 0.32 ± 0.00 0.31 ± 0.01 0.37 ± 0.01 0.36 ± 0.04 

 
D2 g/cm

3
 0.49 ± 0.03 0.49 ± 0.01 0.42 ± 0.01 0.41 ± 0.01 0.49 ± 0.01 0.47 ± 0.05 

 
D3 g/cm

3
 0.85 ± 0.04 0.87 ± 0.02 0.73 ± 0.02 0.74 ± 0.03 0.87 ± 0.02 0.83 ± 0.11 

 
D2-1 % 25.64 28.95 31.25 32.26 32.43 30.56 

 
D3-1 % 117.95 128.95 128.13 138.71 135.14 130.56 

Remarks: 
a
The temperatures are relevant  for compression only; ME = Impregnated by Merbau Extractive; PME22 = Impregnated by Polymerised 

Merbau Extractive of the 22-mixture; PME33 = Impregnated by Polymerised Merbau Extractive of the 33-mixture; D1 = Initial density of samples; D2 = 
Density of samples after impregnation; D3 = Density of samples after impregnation  and hot-pressing; ∆D2-1 = Density increment between 
impregnation and initial; ∆D3-2=Densityincrement between compression and impregnation; ∆D3-1 = Densityincrement between compression and 
initial.  WPG = Weight polymer gain; SR = Set of recovery. 
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Figure 21 clearly demonstrates a significant increase of density that was obtained 

after impregnating Jabon wood by both Polymerised Merbau Extractives (PME22 and 

PME33) followed by hot-compression treatment. The allied treatment resulted in the 

highest density increment at the temperature of 140:C by 117.95% (specific gravity 

from 0.39 to 0.85) and at 150:C by 138.71% (from 0.31 to 0.74) for PME2a and PME33 

impregnation, respectively (Table 18). According to Rowell (1999a), the allied method 

treatment of impregnation and hot-compression is well known as Compreg where a 

normal wood can be compressed under modest pressure (6.9 MPa; 1,000 lb/in2) to a 

very high specific gravity of 1.35. In addition, impregnation method with 25 – 35 % 

resin content can improve the specific gravity by 15% to 20% greater than normal 

wood. 

 

 

Figure 21. Density increment of non-impregnated and impregnated Jabon wood after 

hot-compression treatment 

In regard to the wood quality, density or specific gravity is a good indicator of 

wood strength (Hoadley, 2000; Shmulsky et al., 2011; Seng, 1990). The combined 
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treatment of impregnation using Polymerised Merbau Extractives increases the initial 

specific gravity from 0.39 to 0.85 (PME22) and from 0.31 to 0.74 (PME33). These mean 

that the strength class of the wood increases from grade IV (low) to grade II (strength), 

in Indonesian Wood Strength Classification (Seng, 1990b; Idris et al., 2008). The 

impregnation itself can only improve the density from the initial Jabon wood by 

25.86% and 29.47% after impregnating treatment using PME22 and PME33, 

respectively (Table 17 and Figure 19).  

Statistical analysis by T-test on the paired mean values of their initial and 

impregnated density showed highly significant differences (Table 19.). Paired test by T-

test in the table partially showed that there is no significant different between initial 

and impregnated density after impregnation using ME solution (p = 0.673). Even, the 

density slightly decreases by -2.50 and -3.03 % on the samples group of 3 and 4, 

respectively.  The negative value of the density is probably due to the removal of 

extractives originally contained in Jabon during the impregnation. This case is similar to 

the weight lose when Sakai et al. (1999) impregnated Sitka spruce (Picea sitchensis 

Carr.) by water and methanol. 

 
Table 19. T-test for a compared mean of initial and impregnated density 

Impregnant  Mean of D1 Mean of D2 t-value df p 

ME 0.351002 0.346954 0.424275 46 0.673343 

PME22 0.350307 0.440303 -7.01980 46 0.000000 

PME33 0.355764 0.460029 -9.06815 46 0.000000 

 
No density increment after impregnation using ME was observed. This means 

that there was no depositing compound of ME in Jabon wood when ME penetrated 

into the Jabon wood. Although the value of weight gain of impregnated samples by 

this leachable material was 1.24% (Figure 18 and 

Figure 19), the compounds that were probably dissolved and leached from the 

wood during the impregnation was higher than those deposited in the wood.  A study 

conducted by Santoso et al. (2014) revealed that Merbau extractives contain 

resorcinol. However, it cannot be deposited in the wood structure or fibres without a 

cross-linking or curing agent. Resorcinol itself is a highly water soluble compound 
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(Durairaj, 2003). Furthermore, it has been well known that Merbau extractive is easy 

to leach out by water because the extractives contain a large amount of water soluble 

polymers (Hillis and Yazaki, 1973).  

Statistical analysis was done on the effect of impregnation on the density 

increment. As shown in Table 20 there is a significant effect of both impregnants (p < 

0.01) on the density increment. Further analysis by Tukey post hoc test in Table 21 

indicates that density increment resulted by PME22 and PME33 impregnation was 

significant (p = 0.000) compared to the increment from ME impregnation. The 

difference of density increment between PME22 and PME33 is also significant 

(p=.000). 

 
Table 20. Anova analysis of density increment after impregnation Jabon wood 

Effect 
Univariate Tests of Significance for density increment after impregnation (D2-1 ) 

SS DF MS F P 

Intercept 23567.38 1 23567.38 1314.464 0.0000 

Impregnant 13514.59 2 6757.29 376.886 0.0000 

Error 1237.12 69 17.93 
  

 
Table 21. Tukey post hoc test of density increment after impregnation 

Impregnant ME  
(-1.171) 

PME22  
(25.921) 

PME33  
(29.526) 

ME - 0.000112 0.000112 

PME22 0.000112 - 0.012025 

PME33 0.000112 0.012025 - 

 
In summary, much higher density increments were obtained after the combined 

treatment of impregnation and hot-compression than that after impregnation only. 

The densities increments (D3-1) varied for different impregnants and pressing 

temperatures.   The highest density increments after the combined treatment were as 

follows: at 140:C for the control samples by 58.97%, for ME samples by 58.82% at 

130:C and 170:C, for PME22 by117.95%, at 140:C and for PME33 samples by 138.71% 

at 150:C.   

The density increment of non-impregnated but compressed samples was not 

significantly different from the samples impregnated with ME and compressed. 
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Overall, the impregnation treatment using ME, PME22 and PME33 combined with hot-

compression at six levels of temperature, resulted in highly significant differences in 

the density increment. The analysis of variance of density increment as the effect of 

such combined treatment is presented in Table 22. The table shows that the effects of 

impregation treatment factors on the density increment provide highly significant 

differences. Further analysis through Tukey post hoc test describes which combination 

of impregnant and pressing temperature gives a significant increment of density 

(Appendix 3). 

 

Table 22. Anova of density increment after combined treatment of impregnation and 

hot-compression (D3-1) on Jabon wood 

Effect 
SS Degr. of 

(Freedom) 
MS F P 

Intercept 43.16491 1 43.16491 23627.99 0.000000 

Impregnant 1.14001 3 0.38000 208.01 0.000000 

Temperature 0.06267 5 0.01253 6.86 0.000028 

Impregnant*Temperature 0.24574 15 0.01638 8.97 0.000000 

Error 0.13153 72 0.00183 
  

 

Tukey post hoc test in Appendix 3 shows that all of the density increments of 

combined factors of PME22 and PME33 with all levels of temperature are highly 

significantly different from those of ME and un-impregnated wood samples (p ≤ 0.01). 

Interestingly, the number of significant and non-significant differences of the 

combination between PME22 and PME33 are the same. This result can be used to 

select the best treatment based on the highest density increment obtained. The 

highest density increment of 138.71% from all impregnation treatments (Table 18) was 

achieved for the combined treatment of impregnation with PME33 and compression at 

150 :C. In terms of the pressing temperature, it is known that the wood cell walls 

rupture when compressed under normal conditions (relative humidity 65%; 

temperature 20:C). On the other hand, when above the glass transition point (Tg), 

wood can be compressed in the transverse direction without fracturing cell walls, 

thereby contributing to densification. Stokke, et al. (2013) summarised that Tg of wood 

as a polymer is in between 125 and 200 :C. From Table 18 we can see that the highest 
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density increments occurred at 130 140 and 150 :C which are in the range of the 

theoretical Tg. 

5.3.3 Set of Recovery 

Figure 22 and Table 23 present the set of recovery (SR) of Jabon wood after 

performing a soaking test on the samples of the combined treatment of impregnation 

and hot compression. Comparing the control (non-impregnated samples) and the 

impregnation-treated samples, impregnation using ME only slightly reduced the SR at 

all pressing temperatures. Non-impregnated samples show that after being soaked the 

thickness of the samples almost recovered to the initial thickness, even at the 

compression temperatures of 140 and 1600C, the wood swelled  back over the initial 

thickness (SR > 100%) (Error! Reference source not found.). Impregnation with ME 

esulted in low fixation on Jabon wood (18 -28 %) as the SR reached 86.39, 82.13, 82.69, 

76.28, 72.75 and 72.52 % at pressing-temperature 120, 130, 140, 150 160 and 170 :C, 

respectively.  

According to Dwianto and Yalinkilic (2000), the SR needs to be used as an 

indicator of dimensional stability affected by compression and polymerisation. It 

should be pointed out that in this study impregnation treatment using Polymerised 

Merbau extractives (PME) remarkably improved the fixation of Jabon wood 

dimensions. A significant reduction of the spring back was reached by the wood 

samples after impregnating treatment using both PME22 and PME33. The lowest SR 

(32.49%) of impregnated samples using PME22 occurred at the pressing temperature 

of 130 :C and then using PME33 at 150 :C by 14.82%. 

 

Table 23. The set of recovery (SR) of combined treated Jabon wood 

Pre-treatment 
Set of Recovery, % (Mean±SD) , Temperature (:C)

a
  

120 130 140 150 160 170 

Non-impregnated 97.26 ±  2.11 97.91 ± 1.51 104.87 ± 3.17 92.59 ± 4.77 104.41 ± 1.37 89.84 ± 11.16 

ME 86.39 ± 2.66 82.13 ± 4.12 82.69 ± 12.82 76.28 ± 1.08 72.75 ± 3.74 72.52 ± 3.75 

PME22 48.35 ± 8.62 32.49 ± 7.41 40.14 ± 15.26 41.85 ± 2.45 49.15 ± 9.46 48.62 ± 8.52 

PME33 65.85 ± 1.43 52.85 ± 7.05 37.04 ± 1.43 14.82 ± 3.15 44.45 ± 3.27 44.34 ± 3.09 
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Figure 22. Set of recovery (SR) of impregnated Jabon wood 

The results of the Anova test on the set of recovery (SR) of Jabon wood samples are 

presented in Table 24. The table shows that there are significant differences of SR amongst 

single variable treatment and combined treatment (F(1,15)=8.58, p=.000). In order to 

determine which treatment combination was significantly different, further analysis was done 

by Tukey HSD post hoc test (Appendix 4). 

From the analysis, it can be seen that generally SR rate of impregnated wood 

using PME22 and PME33 are different (marked by red colour) from those of non-

impregnated and impregnated using ME samples. The SR of PME33 samples is the 

same with those of ME at 130 – 170 :C. Most of the combinations of PME22 and 

PME33 samples are also the same. 

Table 24. Anova of SR of Jabon wood after combined treatment of impregnation and 

hot-compression 

Variable  Effect 
Univariate Tests of Significance 

SS DF MS F p 

SR Intercept 415841.7 1 415841.7 10006.02 0.000000 

 

Impregnant 52883.5 3 17627.8 424.16 0.000000 

 

Temperature 2744.2 5 548.8 13.21 0.000000 

 

Impregnant*Temperature 5333.8 15 355.6 8.56 0.000000 

 

Error 2992.3 72 41.6 
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Theoretically, reduction in the set of recovery appears to be due to the structural 

change of wood component and a potential cross-linking in the cell wall polymers 

(Inoue et al., 1993; Ito et al., 1998; Higashihara et al., 2000). In this study, the 

reduction in SR for the Jabon wood samples is presumed to be caused mainly due to 

the effect of the impregnating material that contains the cross-linking compound. As 

mentioned in the previous section, PME33 used in this study had the same weight 

ratio of the mixture as Polymerised Merbau extractive which was used by Santoso et 

al. (2014). This compound has similar properties as phenol resorcinol formaldehyde 

(PRF) resin. In the Polymerised Merbau extractive, the polymerisation reaction occurs 

between Merbau extract and formaldehyde, while in copolymerisation the reaction is 

between the extract with resorcinol and formaldehyde. These reactions involve 

functional aldehyde (CHO) groups from formaldehyde as the cross-linker that can 

result in hydrogen bonding between the formed polymer and wood cell wall. This 

reaction results in an un-leachable material that makes cross-linking with wood 

cellular-structure after impregnation. According to Shams and Yano (2011), 

penetration of resin into wood contributes to the high dimensional stability of the 

impregnated wood. Fukuta et al (2008) stated that the permeation of the resin into the 

cell wall greatly contributes to deformation fixation. In this study, the impregnating 

materials permeated through the wood.  

5.4. Conclusion 

1) Impregnation using ME resulted in very low weight gain by 1.24%. Meanwhile, 

PME22 and PME33 acquired much greater weight gain by 26.33 and 31.92 %, 

respectively. 

2) Impregnation using Polymerized Merbau extractive combined with hot compression 

contributed to the density increment of Jabon wood. The combined treatment 

significantly improved the initial specific gravity from 0.39 to 0.85 (PME22) and from 

0.31 to 0.74 (PME33).  

3) The combined treatment also resulted in a significant reduction of the set of 

recovery of compressed wood.  The best results were obtained for PME33 at the 
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compressing temperature of 150 :C with the density increase by 138.71% and with 

the lowest SR of 14.82%.  
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CHAPTER VI. COLOUR CHANGES AND MORPHOLOGICAL PERFORMANCE OF 
IMPREGNATED JABON WOOD USING POLYMERISED MERBAU EXTRACTIVES 

 

This chapter has been published in Maderas-Cience y Tecnologia as below: 

Malik, J., B. Ozarska, and A. Santoso (2018). Colour changes and morphological 

performance of impregnated jabon wood using Polymerised Merbau Extractives. 

Maderas-Ciencia y Tecnologia. 20(1), pp. 91-102. DOI:10.4067/S0718-

221X2018005000008. 

Abstract 

Colour can be one of the preferential factors prior to making a decision when people 

want to make a purchase of a wood product. Impregnation treatment can alter the 

wood colour. This study investigated the colour change of young plantation Jabon 

wood due to impregnation using Polymerised Merbau Extractives. Colour evaluation 

was done using the CIEL*a*b* system. Investigations also included a morphological 

appearance by Scanning Electron Microscopic and chemical change by Fourier 

Transform Infrared analysis.  

The results demonstrated that impregnation treatment using selected Polymerised 

Merbau Extractives i.e. PME22 and PME33, resulted in the colour change of the wood. 

The appearance of the impregnated wood was different from the original wood; it was 

like a 'new wood'. The colour was changed permanently. PME33 caused Jabon wood 

samples to be darker. The SEM results of untreated and treated Jabon wood showed 

apparent difference due to deposited cured Polymerised Merbau Extractives (PME) in 

wood vessels. Obviously, a certain amount of cured PME precipitated on the surface of 

wood vessels and filled in the cell wall illustrated by the cross section of treated wood. 

FTIR spectra revealed that impregnating treatment using Polymerised Merbau 

Extractives made chemical changes in the wood of new functional groups bonded to 

Jabon wood. 

Keywords: Anthocephalus cadamba, chemical changes, CIELab color, treated wood, 

wood appearance. 
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6.1. Introduction 

One of the physical properties of wood that influences aesthetic values is the 

wood colour. In the modern era, colour takes an important place in regard to human’s 

need and style. Colour can be one of the preferencial factors prior to making a decision 

when people want to make a purchase, design property and manufacture a product. 

For those reasons, the colour becomes an important consideration in a marketing 

strategy. Furthermore, colour has a psychological influence on people (Whitfield and 

Wiltshire, 1990; Babin et al. 2003; Miller and Kahn, 2005; Aslam, 2006; Skorinko et al. 

2006; Deng et al. 2010; Piotrowski and Armstrong, 2012; Schloss and Palmer, 2011). 

Colour can determine a marketing value (Warner and Raymond, 1947). These days, the 

average consumer will not accept colour ranges that were industry standard ten years 

ago. They are always searching for a better product; a product that gives them the 

desired properties with a minimum variation (Konica-Minolta,  2007). 

Wood is available in a range of colours from almost white, as in the sapwood of 

many species, to almost black, as in the heartwood of black ebony (Hon and 

Minemura, 2001). It can influence the market price of this ligno-cellulosic material. As 

compared with the colour of other materials such as plastic and concrete, wood 

conveys peace of mind and a feeling of natural mildness (Hon and Minemura, 2001; 

Esteves et al. 2008; Rosu et al. 2010; Dubey et al. 2010). 

In comparison to wood species with a pale or light colour, darker wood colour is 

preferable in many countries due to a ‘tropical’ appearance or value. As a result, 

woods which are naturally pale or light in colour are usually treated to darken the 

colour (Esteves et al. 2008). However, colour preference is different depending on 

culture, final consumer and country. The preference also changes with time. Some 

markets, such as Scandinavia and Japan, prefer light-coloured wood for certain end 

uses (Wahl et al. 2002; Esteves et al. 2008), whereas in South Asia, people like dark-

coloured wood as it gives the impression of a strong, stable and durable wood (Dubey 

et al. 2010). Similarly, in South-western countries, darker-coloured woods are also 

preferred because it is associated with tropical species of high-quality (Esteves et al. 

2008). 
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To create a darkened effect in wood, many studies have been carried out by 

means of various methods, either physical or chemical treatment. Most studies that 

have been undertaken and applied to industrial production including heat treatment 

(Sundqvist, 2004; Hill, 2006; Esteves et al. 2008; Pena and Hale, 2009a; Pena and Hale, 

2009b; Dubey et al. 2010; Esteves and Pereira, 2009; Dubey et al. 2012; Cermák and 

Dejmal, 2013; Garcia et al. 2014; Kamperidou and Barmpoutis, 2015; Tuong and Li, 

2010). Hill (2006) stated that darkening of the wood occurs with the colour change 

being related to the temperature and time of treatment.   

Colour alterations can also occur after an impregnation treatment even though 

the treatment is initially not intended to change the wood colour. Recent studies 

revealed this visible and aesthetical characteristic of the treated wood.  A study on the 

effects of boric acid, borax and ammonium acetate treatments on total colour values 

was carried out by Aydin and Colakoglu (2005).  They manufactured rotary cut veneers 

from Alder (Alnus glutinosa subsp. barbata) and Beech (Fagus orientalis) logs and 

investigated colour change after the treatment. Their study revealed that ammonium 

acetate caused the highest total colour change while treatment with borax caused the 

lowest total colour change.  Simsek and Baysal (2012) investigated colour change 

values using the CIELAB method on Oriental Beech and Scots Pine after being 

impregnated using borate. They show that the chemical caused negative values ΔL* for 

both wood species. Furthermore, the values of Δa* and Δb* of the Scots Pine 

impregnated wood were found to be much higher than that of the Oriental Beech. The 

increase in the chromaticity coordinates, Δa* and Δb* for the Scots Pine indicated the 

yellowing and reddishness due to impregnation. The results also showed that the total 

colour changes (ΔE) of the Scots Pine were higher than those of the Oriental Beech. 

Borate impregnation caused a remarkable loss in the gloss of the Oriental Beech and 

Scots Pine (Simsek and Baysal 2012). 

Wood besides being naturally composed mainly of lingo-cellulose compounds; 

cellulose, hemicellulose and lignin, another material also can be found  in wood or bark 

that is called extractive, because it can be extracted using polar and non-polar or 

neutral solvents. Due to its colour, the employment of natural dyestuffs dates back to 
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antiquity and many of these probably arose from wood or bark (Hillis, 1987). 

Experiments using natural dyes were conducted on wood to develop an eco-friendly 

dye that may be used in furniture-making and woodworking, with no negative effects 

on human health. Ozen et al. (2014) investigated the use of an extract from 

pomegranate skin (Punica granatum) and black mulberry (Morus nigra) to colouring 

Scots Pine (Pinus sylvestris) and Oriental Beech (Fagus orientalis) woods by the 

immersion method. The colour changes under accelerated weathering conditions were 

studied. The value of the total colour changes was determined using the CIELAB 

system and showed the best colour stability in Oriental Beech wood that was treated 

with 30 %  pomegranate skin or black mulberry extract as well as Scots Pine wood that 

was treated with 25 % pomegranate skin extract or 50 % black mulberry extract. 

According to the results, both pomegranate skin (Punica granatum) and black 

mulberry (Morus nigra) can be used to colour wood materials. 

Study on colorimetric properties after an impregnation treatment that followed 

by in situ polymerization was conducted on Pinus taeda and Schizolobium parahybum 

woods that were impregnated using methyl methacrylate, glycidyl methacrylate and 

methacrylic acid with benzoyl peroxide as the catalyst. The results showed that 

treatments with methacrylic acid resulted in the lowest changes in both chroma and 

lightness. L* was more influent than the specular gloss to change the vivacity of wood 

colors after in situ polymerization treatments (Mattos et al. 2016). 

Jabon wood (Anthocephalus cadamba) is one of the timber species widely grown 

in Indonesia which is planted by both industrial forest plantation companies and by 

communities. There are many small business promotions to establish Jabon 

plantations. This species is well known as a fast growing species. As a wood industry 

material, this species can be harvested at 5 - 10 years old. Specific gravity of Jabon is 

0,42 meaning it falls into low class because it is in the range of 0,19 - 0,49 (Martawijaya 

et al. 1989)  Currently, in Indonesia Jjabon has been used for making fruit crates, toys, 

light construction, plywood, laminated boards, block boards, fibre board, particle 

board and pulp. In terms of its utilisation for furniture, this species is easy to work with 

during planning and drilling (Mansur and Tuheteru, 2010). However, the colour of this 
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wood is light and is not attractive for making furniture, flooring and other appearance 

wood products. Therefore, a study on changing the light colour of jabon wood into a 

dark colour which would be aligned with traditional tropical timber which is in high 

demand by international markets would have significant benefits to the Indonesian 

local communities and timber industry sector.  

This study is aimed to investigate colour changes and the morphological 

appearance of Jabon (Anthocephalus cadamba) wood after impregnated using 

Polymerised Merbau Extractives (PME).  

6.2. Experimental 

6.2.1. Impregnating materials and wood samples preparation 

Impregnating materials were prepared from polymerized Merbau extractives 

(PME) based on the polymerization process following Santoso et al. (2014) using a 

lower portion of formaldehyde (F) by 10% and activating resorcinol (F) by 5% (w/w). 

The mixture was mixed until homogenous, which was followed by a 1-hour 

conditioning period.  Selected homogenous mixtures then were called as PME22 

(F=5%, R=2,5%) and PME33 (F=10%, R=5%). 

Wood samples were prepared from five years of age of Jabon (Anthocephalus 

cadamba) from West Java (density = 360 kg/m3), Indonesia, that had been cut and 

back sawn for the experiment. All samples were dried in a kiln  to reach 12% moisture 

content  (MC) and then pretreated through impregnation using the selected 

formulation of Polymerized Merbau extractives PME22 as T1 (density = 460 kg/m3) and 

PME33 as T2 (density = 460 kg/m3). The samples with the dimension of 50 (L) by 50 (T) 

by 50 (R) mm were provided for colour investigation, 5 (L) by 5 (T) by 5 (R) mm for 

scanning electron microscopic (SEM) and 5 mg each for fourier transform infrared 

(FTIR) analysis. The treated samples (T1 and T2) were then compared to the untreated 

(UT) to determine the changes that occur after the impregnation.  

6.2.2. Colour  evaluation 

The colour was measured using Konica-Minolta CR-10 Tristimulus Colour Reader 

equipment with a measuring area of 8 mm. All colour measurements were taken under 
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the conditions of the standard illuminant D65 and 10° observer, as described by the 

Commission Internationale de L’éclairage (CIEL*a*b* standard). Fifty replicates for 

each sample group of treatment were collected to measure the parameters of 

lightness (L*) and green-red (a*) and blue-yellow (b*) chromatic coordinates. Chroma 

(C*), hue angle (h*) and colour variation parameters of ΔE, ΔL*, Δa* and Δb* were also 

calculated.  

To determine colour nomenclature, an online free tool from ColorHexa.com was 

used (ColorHexa, 2012). ColorHexa.com is a colour software providing the name and 

description about any colour and generating the conversion to other colour systems 

(such as complementary, analogous, triadic, tetradic or monochromatic colour 

schemes) that will be matched with acquired colour data for any designs. The 

CIEL*a*b* data acquired by the Colour Reader was simply entered to the bar search 

with the word ‘Lab’ in the beginning. By clicking the search button, the ColorHexa will 

offer a detailed description and automatically convert it to its equivalent colour 

system.  

6.2.3. Scanning electron microscopy (SEM) characterization 

The samples for SEM observation were made in the form of a cube-shape where 

the cross-section would be the object of observation. The cross-sections of the 

samples were prepared with a microtome Leica. After the surface preparation, the 

samples were oven-dried at 103±2°C until reaching a constant weight. The images 

were captured with three magnifications of 50, 100 and 200 through a scanning 

electron microscopy model EVO 50 ex Carl Zeiss AG. 

6.2.4. Fourier Transform Infrared Spectroscopy (FT-IR) analysis 

The amount of 5 mg of untreated and treated Jabon wood powder of 120 mesh 

size from selected samples were directly used in the FTIR spectroscopy measurement. 

They have then embedded in kalium bromide (KBr) pellets and analyzed using an 

MB3000 (ABB, Canada) spectrometer. They were scanned in the absorption mode in 

the range of 4000 to 500 cm−1 with the resolution of 2 cm−1. 

 



 
 

128 
 

6.3. Result and Discussion 

6.3.1. Evaluation of colour changes 

The results of colour changes were evaluated from macroscopic images that 

were captured from a tangential section of treated and untreated Jabon wood 

(Anthocephalus cadamba) (Figure 23). Originally, Jabon wood visibly ranges from light 

to a dark cream colour (Martawijaya et al. 1989). In this study, the untreated samples 

(UT) as the control are of dark-cream colour. Impregnating treatment with selected 

Polymerised Merbau Extractives (PME) on the wood species resulted in a totally 

different colour in comparison with the original (untreated) colour (change from dark 

cream to reddish-brown colour). This colour is similar to the colour of Merbau (Intsia 

sp.) wood, as also mentioned by Martawijaya et al. (1989), that the colour of the heart 

wood of Merbau varies from greyish-brown to reddish-brown or darker. The 

impregnation using PME resulted in a ‘new wood’ that differs from the original Jabon 

wood. 

 

 

Figure 23. The visual appearance of untreated and treated wood using PME UT = 

Untreated samples; T1 = treated samples by PME22; T2 = treated samples by PME33. 

The colour alteration occurs due to the PME infiltration into the wood structure 

evenly (Figure 23: T1 and T2). Moreover, deposit PME was even found in the vessels 

due to a chemical bonding. The morphology of the PME infiltration will be discussed 

later. The PMEs were made from Merbau extractives (ME) that have been polymerised 

T
1

 T
2
 UT 
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with formaldehyde as a cross-linker and a little amount of resorcinol (≤ 5%) as the 

activator in base condition. The colour of PMEs represent the original Merbau 

extractives. It is dark reddish-brown. Hillis (1996) mentioned the colour of water 

soluble material (extractives) from the heartwood of Merbau as dark brown. When it 

infiltrated during impregnation to Jabon wood of cream colour, the colour of the 

treated Jabon wood (T1 and T2) was in between the colour of the untreated wood and 

the original colour of Merbau extractives. The proof of chemical bond between the 

impregnating material and wood component will be discussed in the next section with 

FTIR analysis.  

Table 25. Average values of CIEL*a*b* parameters by section and impregnating 

material of Anthochephalus cadamba impregnated wood. 

Section Sample L* a* b* C* h* 

Radial UT 81,10 ± 1,91 7,14 ± 0,87 21,85 ± 1,95 23,10 ± 1,84 72,03 ± 1,43 

 
T1 41,52 ± 2,67 17,12 ± 1,40 19,16 ± 2,18 25,55 ± 2,32 47,65 ± 2,92 

 
T2 34,63 ± 2,37 16,57 ± 2,98 15,45 ± 2,18 21,65 ± 1,90 42,57 ± 2,66 

Tangential UT 80,92 ± 1,84 6,70 ± 0,80 19,99 ± 2,10 29,45 ± 3,08 71,83 ± 1,93 

 
T1 42,40 ± 3,26 19,57 ± 2,82 17,45 ± 1,80 23,36 ± 1,79 49,12 ± 4,33 

 
T2 32,92 ± 4,17 17,95 ± 3,58 15,68 ± 4,97 21,18 ± 1,99 40,12 ± 6,28 

Remarks: 
UT = Untreated; T1 = Colour investigation on impregnated samples with PME22; T2 = Colour 
investigation on impregnated samples with PME33. 

 

Treatment with PME33 presented the highest decrement of lightness. As a 

result, treated Jabon wood with PME22 and PME33 look much darker than untreated 

samples. A decrement of L* after in situ polymerization treatments was also observed 

by Mamioski et al. (2013) who treated beech wood with butyl acrylate and butyl 

methacrylate and Mattos et al. (2016) who impregnated Pinus taeda and Schizolobium 

parahybum woods in a vacuum/pressure system and polymerized in an oven at 90°C 

for 10h, using benzoyl peroxide. 

Both chromatic coordinates a* and b* of impregnated Jabon wood using PME22 

and PME33 increased after the in situ polymerization treatments. The increase of a* in 

T1 treated wood was slightly higher than that of the T2 treated Jabon (Table 25). 

Higher increment also occurred for other (C* and h*) chromatic parameters of T1 in 

comparison to T2 treated Jabon wood. The increment of a*  from 7,14 (UT) to 17,12 

(T1) and 16,57 (T2) on a radial section for example, denotes a reinforcement of the 
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reddish tones in the Jabon treated wood. Overall, an increase of both chromatic 

coordinates (a* and b*) infers a total colour change.  

Statistical analysis revealed that on radial section there were significant colour 

changes between the group of UT T1 and T2 as determined by one-way Anova for L, a, 

b, C and h values, respectively with p = .000). A Tukey-HSD post hoc test revealed that 

colour values of untreated Jabon wood (UT) were significantly different from T1 and T2 

as well as between T1 and T2 for all chromatics parameters (p = .000). The significant 

difference of colour changes also occurred on the tangential section (p = .000). 

To determine colour nomenclature based on acquired chromatocity data, there 

are many different types of colour systems available. Some of them are applicable to 

any type of substance, whereas some are specific to opaque materials or transparent 

materials. The use of specific colour scales or spaces varies from one industry to 

another depending on standards and requirements (Lovibond®, 2013). Thankfully, 

ColorHexa has been developed an online data base of colour based on acquired 

chromatocity data with an easy and simple method. Referring to the data base, 

entering the values of L* = 80,92; a* = 6,70 and b* = 19,99 for the tangential surface of 

untreated Jabon wood (UT) the ColorHexa system defined the chromatocity as the 

colour of ‘very soft orange’ with the Hexa code of *●#e3c3a4]. Based on the 

nomenclature, impregnation treatment using PME22 changes Jabon wood colour from 

very soft orange to dark moderate red (Figure 24) 

 
 

 

 

 

  
 

 

 

Figure 24. Colour change due to impregnating treatment using PME22 defined by 
ColorHexa (2012). 

Table 26 presents chromatocity to represent the colour differences amongst a 

paired-sample group using Commission Internationale de l'Eclairage/International 
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Commission on Illumination (CIE) system. Colour differences are expressed as the delta 

values of ∆L*, ∆a* and ∆b*.  

Table 26. Colour difference values using CIE parameters between treated and 

untreated wood of Anthochephalus cadamba. 

Section Pair 
Colour Differences 

∆L* ∆a* ∆b* ∆E* ∆C* ∆h* 

Radial T1 x UT -39,58 9,97 -2,69 41,02 2,45 -24,38 
 T2 x UT -46,46 9,43 -6,39 48,03 -3,90 -29,46 
 T1 x T2 -6,88 -0,54 -3,70 8,98 -1,45 -5,08 

Tangential T1 x UT -38,52 12,87 -2,55 40,87 -6,09 -22,71 
 T2 x UT -48,00 11,25 -4,32 49,89 -8,26 -31,71 
 T1 x T2 -9,48 -1,63 -1,77 11,64 -2,18 -9,00 

Remarks: UT, T1, T2, T3 and T4 refers to Table 25. 

There is very high decrement of lightness parameter observed in T1/UT and 

T2/UT treatments, as can be seen through the results of ΔL* (Table 26). Chroma 

decreases are followed by decreasing b* but increasing a*. Also, decreases of the hue 

angle were associated with the intensification of the red tones of Jabon wood due to 

both treatments. The significant colour differences were also statistically proven as 

determined by one-way Anova and Tukey-HSD post hoc test on both radial and 

tangential sections of Jabon wood samples. The Anova showed there were significant 

colour differences on the wood after impregnating treatment using Polymerised 

Merbau Extractives (F > .05 and p = .000) for all chromatocity variations (∆L*, ∆a* and 

∆b* ) and total colour changes (∆E* ).  

Figure 25 demonstrates the chromatocity variations that resulted in colour 

changes of Jabon wood before and after impregnation treatments on tangential 

section, as an example. A great change of the colour occurs after the treatment. For 

example, L*a*b* colour difference can explain T1 treatment resulting in Jabon wood 

being darker and redder as the red tone increased with the value of ∆L* = -38,52; ∆a* 

= 12,87; ∆b* = -2,55 and total change ∆E* = 40,87. The treatment of T2 achieved a 

darker result than that of T1 since ∆L* = -48,00; compared to the control, although ∆a* 

= 11,25 and ∆b* = -4,32 are lower and the total colour alteration of ∆E* = 49,89 is 

higher. The colour difference of treated wood among T1 and T2 can be seen as ∆L* = -

9,48; ∆a* = -1,63; ∆b* = -1,77 and ∆E* = 11,64.  
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L*a*b* colour difference 

∆L* = -38,52 

∆a* = 12,87 

∆b* = -2,55 

∆E* = 40,87 

 

L* = 80,92 

a* = 6,70 

b* = 19,99 

 

L* = 42,40 

a* = 19,57 

b* = 17,45 

 

L*a*b* colour difference 

∆L* = -48,00 

∆a* = 11,25 

∆b* = -4,32 

∆E* = 49,89 

 
L* = 80,92 

a* = 6,70 

b* = 19,99 

 

L* = 32,92 

a* = 17,95 

b* = 15,68 

 

L*a*b* colour difference 

∆L* = -9,48 

∆a* = -1,63 

∆b* = -1,77 

∆E* = 11,64 

 
L* = 42,40 

a* = 19,57 

b* = 17,45 

 L* = 32,92 

a* = 17,95 

b* = 15,68 

 

Figure 25.  Identifying colour difference using L*a*b* values. 

The phenomenon as demonstrated in   

Figure 25 (decrease of L* and b* but increase of a*) typically does not occur in 

other treatments - normally, a decrease of L*, a* and b* is observed (Tuong and Li 

2010, Cademartori et al. 2013, Mattos et al. 2015, Mattos et al. 2016). Through 

quantification of colour alteration using the delta of L*, a*, b* and E* values, treated 

Jabon wood using PME22 or T1 samples can be distinguished from that of PME33 (T2 

samples) by ∆L* = -9,48; ∆a* = -1,63; ∆b* = -1,77 and the total change of ∆E* = 11,64. 

By these values, it can be seen that the colour difference between both treated wood 

samples is much lower compared to untreated samples. 

6.3.2. Morphological appearance 

The selected Polymerised Merbau Extractives (PME) that were used as the 

impregnating material can be absorbed, bonded in Jabon wood structure and not 
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dissolved during a boiling test. As the result – from a colour point of view – the 

treatment caused the wood to change colour which looked like a ‘new wood’ (Figure 

23). The PME can colour impregnate Jabon wood not only on the surface but also 

through the whole thickness of the wood  due to the low density and high porosity of 

the wood. Dong et al. (2016) explained that with such wood properties, the 

impregnating material can be more easily penetrated into the cell walls. This could be 

due to looser structure and more open pits which contribute to the penetration to 

make an even distribution of polymer within the wood. 

 

 

 

 

 

 

(a) Untreated (UT) 

 

 

 

 

 

(b) Impregnated by PME22 (T1) 
 

 

 

 

(c) Impregnated by PME33 (T2) 

Figure 26. Morphology of the untreated and treated Jabon wood by impregnation 

using Polymerised Merbau Extractives. 
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The SEM results of untreated and treated Jabon wood are shown in Figure 26. 

Obviously, a certain amount of cured Polymerised Merbau Extractives (PME) 

precipitated on the surface of wood vessels and filled in the cell wall, as illustrated by 

the cross section of treated (Figure 26b and Figure 4c) wood marked with black arrows. 

In addition, the PME in the treated samples (T1 and T2) have not only penetrated into 

the cell wall, but also cured in the cell wall and filled the pits on the vessel (Figure 26 b 

and c). The analysis of SEM images showed that the amount of deposited PME33 in T2 

was higher than that of PME22 in the vessel.  This could result in the darker colour of 

Jabon wood samples treated with PME33.  

6.3.3. Infrared spectroscopy 

The reaction between wood and PME in T1 and T2 that resulted in colour 

changes were confirmed by FTIR spectrum analysis. Figure 27 and Table 27 present the 

FTIR spectra and band assignment of the peaks of UT, T1 and T2. From the FTIR 

spectra, it can be seen that impregnation treatment using the PME resulted in reaction 

between wood and the impregnant by the presence of the peaks at 2922,16 (T1) and 

2895,15 (T2); 2002,11 (T1) and 1928,82 (T2); 1327,03 (T1) and 1330,88 (T2); 1033,85 

and 1041,56 for C-H and CH3 stretching in Polymerised Merbau Extractives (PME), C=C 

asymmetric stretch, C–H deformation in polymers (aromatic aldehyde) and C–O ether 

bond stretching vibrations in PME reaction, respectively where they do not exist in 

untreated (UT) Jabon wood. 

The reaction that resulted in permanent colour change can also be seen with the 

increase in 3448,72cm-1 peak intensity, which is ascribed to hydroxyl groups, significant 

carbonyl group (1726,29 cm-1) band intensity increase as well as benzene ring (1631,78 

cm-1). There is no significant increment of the peak intensity in CH2 bending in cellulose 

and hemicelluloses (1381,03 cm-1), CH2 wagging vibration in cellulose (1328,95 cm-1), 

C–O stretching vibration in xylan 1253,73 cm-1, C–O–C asymmetric band in cellulose 

and hemicelluloses (1157,29 cm-1) and C1 group frequency in cellulose and 

hemicelluloses (894,97 cm-1). These mean that there is no change in the wood 

component at all. The impregnating material – Polymerised Merbau Extractives – may 

be bonded in wood without changing the wood component. Expected crosslinking and 
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coupling reactions between the copolymers formed from the insertion of PME22 and 

PME33 and the wood cell wall happened via aldehyde ring and -COOH with free OH 

groups, respectively. This similar mechanism occurred for epoxy in treated wood using 

MMA (methyl methacrylate) and GMA (glycidyl methacrylate) (Li et al. 2012; Zhang et 

al. 2013; Mattos et al. 2014; Mattos et al. 2015; Mattos et al. 2016).  

 

 

Figure 27. FTIR spectra of the untreated and treated Jabon wood by impregnation 

using Polymerised Merbau Extractives: UT = untreated; T1 = impregnated using 

PME22; and T2 = impregnated using PME33. 
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Table 27. Assignments of the peaks of the FTIR spectra of the control (UT) and 

modified samples (T1 and T2) (Coates, 2000; Silverstein et al. 2005; Islam et al. 2014; 

Mattos et al. 2015; Tuong and Li 2010). 

No 
Peaks 

Assignments 
UT T1 T2 

1 3448,72 3448,72 3444,87 Hydroxyl functional groups – OH stretching 

2 - 2922,16 2895,15 C–H and CH3 stretching in Polymerised Merbau Extractives 

3 - 2002,11 1928,82 C=C asymmetric stretch 

4 
1726,29 1726,29 1734,01 

C = O stretching of carbonyl group from Polymerised 
Merbau Extractives 

5 
1631,78 1631,78 1633,71 

Benzene ring stretching in lignin; C = C stretching of the 
aromatic ring in lignin 

6 - 1327,03 1330,88 C–H deformation in polymers; Aromatic aldehyde 

7 1381,03 1379,10 1375,25 CH2 bending in cellulose and hemicellulose 

8 1328,95 1327,03 1330,88 CH2 wagging vibration in cellulose 

9 1253,73 1157,29 1155,36 C–O stretching vibration in xylan 

10 1157,29 1109,07 1114,86 C–O–C asymmetric band in cellulose and hemicellulose 

11 
- 1033,85 1041,56 

C–O ether bond stretching vibrations in Polymerised 
Merbau Extractives reaction 

12 894,97 850,61 896,90 C1 group frequency in cellulose and hemicellulose 

Remarks: UT, T1, T2. T3 and T4 refer to Table 25. 

 

The peak at 1033,85 and 1041,56 cm-1 as the assignments of C–O ether bond 

stretching vibrations in Polymerised Merbau Extractives reaction do not exist in 

untreated wood samples. The peaks are related to the chemical structures of the 

polymers. This peak corresponds to C–H in plane deformation and symmetrical C–O 

stretching of cellulose – two very unreactive structures of wood in chemical or thermal 

treatments (Schwanninger et al. 2004; Islam et al. 2014; Mattos et al. 2016). It is very 

apparent that the impregnating treatment using Polymerised Merbau Extractives 

changed not only visually in colour but also chemically by new functional groups 

bonded to Jabon wood.  

6.4. Conclusions 

Selected Polymerised Merbau Extractives (PME) that were used as the 

impregnating material resulted in the colour of Jabon wood changed, which even 

looked like a ‘new wood’ since the liquid was absorbed and bonded in Jabon wood 
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structure. It is apparent that the lightness (L*) and colour coordinates (a* and b*) of 

treated Jabon wood by impregnation using both PME22 (T1) and PME33 (T2) 

presented a darkening colour in radial and tangential sections. The L* values also 

depict that the tangential surfaces were slightly darker than those radial (L* tangential 

< L* radial). Treatment with PME33 presented the highest decrement of lightness. As a 

result, treated Jabon wood with PME22 and PME33 looked much darker than 

untreated samples. All of the changes in colour were also statistically proven that the 

variations and differences were significantly different (F > 0,05, p = .000) for all 

chromatocity parameters. 

The SEM results of untreated and treated Jabon wood are showed apparent 

difference due to deposited cured Polymerised Merbau Extractives in wood vessels. 

Obviously, a certain amount of cured Polymerised Merbau Extractives precipitated on 

the surface of wood vessels and filled in the cell wall as shown in Figure 5.  In addition, 

the PMEs not only penetrated into the cell wall, but also cured in the cell wall and filled 

the pits on the vessel. The amount of deposited PME33 (T2) was higher than that of 

PME22 in the vessel. As a result, in regard to the colour changes, PME33 caused Jabon 

wood samples to be darker. By FTIR analysis, it is apparent that the impregnating 

treatment using Polymerised Merbau Extractives changed not only visually to a new 

colour but also chemically by new functional groups bonded to Jabon wood. 
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CHAPTER VII. MECHANICAL CHARACTERISTICS OF IMPREGNATED JABON WOOD 

USING MERBAU EXTRACTIVES SELECTED POLYMERISED MERBAU EXTRACTIVES (PME) 

 

This chapter has been submitted to and is under review by Maderas-Ciencia y 

Tecnologia as below: 

Malik, J., and B. Ozarska . Mechanical characteristics of impregnated white jabon 

wood (Anthocephalus cadamba) using selected Polymerised Merbau Extractives. 

Maderas-Ciencia y Tecnologia. (Submitted on 17 July 2018. ID: 1678) 

Abstract 

This paper presents results of a study on the mechanical characteristics of 

impregnated Jabon wood (Anthocephalus cadamba) using Merbau extractives (ME) 

and two types of Polymerised Merbau Extractives (PME), i.e PME22 and PME33. A set 

of tests on hardness, shear, modulus of elasticity (MOE) and modulus of rupture (MOR) 

was conducted according to the relevant standards. Two types of qualitative analysis 

by means of FTIR spectra and XRD analysis were carried out to explore the relationship 

between the mechanical characteristics alterations with physico-chemical 

characteristics.  

The results indicated that a positive improvement in mechanical characteristics was 

obtained for Jabon wood impregnated with PME22 and PME33. The surface hardness 

of modified wood samples exhibited higher values compared to the non-impregnated 

samples for the end and side hardness, by 20.04 and 30.54 % (PME22) and 32.73 and 

39.89 (PME33), respectively. Shear strength increased by 41.87 and 49.58 % (PME22) 

and 74.02 and 79.10 % (PME) for radial (T) and tangential (T) sections, respectively. 

MOE increased by 23.52% (PME22) and by 40.12% (PME33), MOR values also 

increased by 28.50 and 41.19 % after impregnation with PME22 and PME33, 

respectively. The increment of mechanical properties of treated Jabon wood after 

impregnation treatment using Polymerised Merbau Extractives was confirmed by FTIR 

spectra and crystallinity (XRD) analysis. 

Keywords: impregnation treatment, hardness, shear, bending strength, FTIR-spectra, 

crystallinity 
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7.1. Introduction 

 Wood production from natural forest resources is significantly decreasing all 

over the world. One of the solutions which are being investigated is the utilisation of  

fast-growing plantation wood which provides environmental and economic benefits 

(Chen et al., 2013). Jabon wood (Anthocephalus cadamba) is one of the potential 

species to contribute to the wood industry as it has a wide range of distribution, is easy 

to cultivate and is adaptive to Indonesia’s natural condition (Mansur and Tuheteru, 

2010). It aslo grows rapidly, has high cylindricity, not many knots and its wood is easy 

to work with (Soerianegara and Lemmens, 1993; Krisnawati et al., 2011). However, this 

species also has some weaknesses in physical and mechanical properties (Martawijaya 

et al., 1989c).  

One of the aims of wood modification is to improve the wood–moisture 

relationship. There are many examples of wood modifications which resulted in a 

reduction in equilibrium moisture content at a given relative humidity. Consequently, 

the mechanical properties of wood were changed, since it is well known that a 

reduction in the cell wall moisture content results in an increase in the MOE and 

strength (Dinwoodie, 2000). Physical and mechanical properties of low quality wood 

can be improved by treatment with chemicals (Hill, 2006). This can be accomplished by 

depositing a bulking agent within the swollen structure of the wood fibres through 

impregnation using bulking agents. Most successful bulking agents that have been 

commercially applied are highly water-soluble, thermosetting, phenol-formaldehyde 

resin-forming systems (Rowell, 1999b).  

Much earlier wood treatment research conducted in 1950-1960 has found 

phenol-formaldehyde resins to be effective wood treatment agents (Stamm and 

Seborg, 1951; Stamm and Seborg, 1962). Since then, research on wood treatment 

using phenol and phenolic formaldehyde has been continued (Sakai et al., 1999b; Deka 

and Saikia, 2000).  

The InduriteTM Process from New Zealand is another treatment for wood 

hardening using carbohydrate oligomers and cross-linking condensation 

polymerisation which resulted in higher density and increased compressive strength, 
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as well as enhanced the surface hardness. The modified wood performance closely 

approached the furniture manufacturers requirements (Franich, 2007; Cox, 2006; 

Singh et al., 1999). Treatment on either solid or composites wood using polymer can 

also improve various physical and mechanical properties, such as water repellency, 

dimensional stability, abrasion resistance, surface hardness and fire resistance (Rowell 

and Konkol, 1987; Ibach and Ellis, 2005). Improvements in the physical properties of 

wood polymer composites (WPCs) relate to polymer loading, which depends upon the 

permeability of the wood species and particular pieces of wood (Rowell, 1999b). For 

most species, sapwood usually is more easily impregnated than heartwood (Bergman 

et al., 2009a).  

It has been scientifically proven that wood with high density also has high 

hardness.  The relationship between these two parameters has been extensively 

published in a number of studies (Bustos et al., 2009; Doyle and Walker, 1985; Dumail 

and Caste´ra, 1998; Green et al., 1999: USDA Forest Serv., 2006; Herajarvi, 2004; USDA 

Forest Serv., 2007).  

In comparison with the mature wood, young timber or timber of fast growing 

species have a lower density, as pointed out by Panshin and De Zeeuw (1980). It can be 

stated that the properties of juvenile wood are characterised by a lower density. The 

few latewood cells in the juvenile zone and a high proportion of cells with thin wall 

layers result in a low density and a corresponding low strength in comparison with 

mature wood (Shmulsky et al., 2011). However, young, fast-growing wood can be 

modified to be denser with various treatment methods. 

Previously, Deka and Saikia (2000) impregnated a fast- growing softwood, 

Anthocephalus cadamba Miq. with thermosetting resins: phenol formaldehyde (PF), 

melamine formaldehyde (MF) and urea formaldehyde (UF). The effects on dimensional 

stability and strength property of the treatment were studied. The results showed that 

dimensional stability increases of 70.59%, 68.23% and 48.5% were obtained at about 

33 - 35 % of weight gain (WPG) for PF, MF and UF resins, respectively, when wood 

samples were treated with 30% resin concentration at 90 - 100°C and 5.27 KG/cm2   air 

pressure. The levels of 33-35 % WPG resulted in 9 - 15% Bulking Coefficient (BC) and 31 
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- 47% Moisture Excluding Efficiency (MEE) of treated wood. Repeated wetting and 

drying did not change the value of BC and anti-shrink efficiency (ASE) of treated 

samples. The treatment also increased the modulus of rupture (MOR) and modulus of 

elasticity (MOE) by 12 – 20 % and 5 – 12 %, respectively, at 33 – 35% WPG.  

Information regarding bending characteristics i.e. modulus of elasticity (MOE) 

and modulus of rupture (MOR) are important for the engineering design and 

manufacture of structural lumber and for high value uses of wooden furniture 

components to ensure time-based performance in service (Ozarska, 2009b).  In a floor 

joist, the modulus of elasticity (MOE) is very important because it determines the 

amount the joist will bend or deflect under load and thus how the floor will perform in 

service (Shmulsky et al., 2011).  

The objective of this chapter is to investigate the effect of the impregnation 

treatment using Merbau extractives (ME) and selected Polymerised Merbau 

Extractives (PME22 and PME33) on selected mechanical characteristics of impregnated 

Jabon wood using. The mechanical characteristics to be discussed are hardness, shear 

and bending strength (MOE/MOR). 

7.2. Eksperimental 

7.2.1. Specimen preparation 

The specimens used in the study were prepared according to Australian 

Standards for mechanically testing small clear specimens of timber (Mack, 1979) and 

were of the following sizes: 

 20 x 20 x 20 mm for density and moisture content tests;  

 30 x 30 x 90 mm for hardness test; 

 20 x 20 x 60 mm for shear test; 

 20 x 20 x 300 mm for bending strength (MOE and MOR).  

The samples were taken only from the sapwood part of 5 years old back-sawn Jabon 

wood [Anthochepalus cadamba (Roxb) Miq] from West Java Province, Indonesia. The 

test samples were prepared from “clear” and “straight grained” Jabon wood which did 
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not contain unfavourable features such as knots, cross grain, checks and splits (Green 

et al., 1999). 

A total of 768 specimens were prepared and divided into 4 groups based on the 

Type of treatment applied, as follows:  

- UT = Non-impregnated samples (controls) 

- ME = Impregnated samples using Merbau extractives 

- PME22 = Impregnated samples using PME22 

- PME33 = Impregnated samples using PME33.  

The properties of ME have been described in Chapter III and the Polymerised Merbau 

Extractives (PME22 and PME33) in Chapter IV.  

7.2.2 Impregnating material and treatment 

The procedures for the preparation of impregnating material and the 

impregnation treatment have been presented in Chapter V. 

7.2.3. The test procedures for mechanical properties assessment 

(i) Hardness 

Thirty two replicate samples measuring 30 x 30 x 90 mm (ratio 1 : 1 : 3) were 

prepared from each treatment. According to the “Australian Standards for 

mechanically testing small clear specimens of timber” (Mack, 1979), the dimensions of 

hardness specimens are 50 x 50 x 150 mm and the test may also be made on a 

specimen of any other size, as long as the thickness is at least 25 mm and the ratio of 

1:1:3 is maintained. The hardness was tested using an Instron® Universal Testing 

Machine according to the above standard. The hardness test was done on all faces of 

the specimens to obtain side-hardness (4 sides) and 2 cross-sections. The reason for 

testing all faces of each specimen was to ensure a more representative hardness value 

(Green et al., 2006).  Before and after testing, the weight and dimensions of each 

specimen were measured for determination of wood density and moisture content.  
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(ii) Shear 

The shear strength test was carried out according to the procedure of Mack 

(1979). The loading was applied continuously throughout the test at a rate of motion 

of the movable crosshead of 0.6 mm/min until a break or separation occurred on the 

surface of the test samples. The test was done on 256 specimens with 32 repetitions 

for each treatment on radial and tangential sections. 

(iii) MOE and MOR  

A number of 128 specimens measuring 20 x 20 x 300 mm were prepared for 

bending strength tests using an Instron® Universal Testing Machine according to The 

Australian Standards procedure for mechanically testing small clear specimens of 

timber (Mack, 1979) for specimen size adjustment. The loading rate was 1.0 mm per-

minute and the specimens were loaded on the radial face.  

(iv) Physico-chemical test 

The physico-chemical analysis was employed to determine whether there is a 

chemically change on Jabon wood after impregnation treatment that affects the 

mechanical characteristics. Two methods were used:  Fourier Transform Infrared 

Spectroscopy (FT-IR) that aimed to analysis functional groups and finger print 

alteration and X-Ray Diffraction (XRD) Analysis to determine the degree of crystallinity 

of the samples from untreated and treated wood. The procedures of FTIR spectra 

analysis was described in Chapter VI and XRD analysis in Chapter IV.  

7.2.4. Data analysis 

The changes in mechanical properties of impregnated Jabon wood samples were 

qualitatively analysed through the changes of physico-chemical characteristics of 

impregnated in comparison to non-impregnated samples. All data of mechanical 

properties changes were then analysed by one-way analysis of variance to determine if 

there were any significant differences between treated and untreated samples. Then, 

a post-hoc multiple comparison by Tukey was used to determine whether there was a 

significant difference between the groups. 
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7.3. Result and discussion 

7.3.1. Changes in mechanical properties  

The changes of physical and mechanical properties of wood can occur by 

chemical modification of wood due to changes in the chemistry of the wood cell wall 

polymers. These properties can vary from a simple colour change in the wood to major 

changes in work to maximum load, brittleness, hardness, strength, stiffness, density 

and moisture sorption (Rowell, 1996). The changes may include decreasing, increasing, 

or even no effect on the properties, depending on the type of chemical used in the 

treatment.  

 The results of tests of mechanical properties of impregnated Jabon wood i.e 

hardness, shear and bending strength are presented in Table 28. The analysis showed 

that the density values of the samples were significantly different for different 

treatments (Sig = .000) ( 

Table 29). As reported by Malik et al. (2015), the density of Jabon wood after 

impregnating treatment using Polymerised Merbau Extractives – PME22 and PME33 – 

increased by 26 and 30 %, consecutively. Generally, almost all the mechanical 

properties of wood are known to be closely associated with wood density (Brown et al. 

1952, Panshin et al. 1964, Sharp 2003).  

Table 28 shows that there are increments in mechanical properties after 

impregnation treatment with PME22 and PME33, except the samples impregnated 

with Merbau extractives (ME).  

Table 28. Mechanical characteristics of treated and untreated Jabon wood 

Treatment 
MC  
(%) 

Density 
(kg/m3) 

Hardness (N) Shear (kPa) Bending strength (MPa) 

End (He) Side (Hs) Radial Tangential MOE MOR 

Mean ± SD  

UT 12.09±0.09 340 ± 1 3277.58 ± 543.68 2127.45 ± 626.45 6213.49 ± 381.48 6635.18 ± 704.12 4888.62 ± 734.93 42.79 ± 8.80 

ME 12.15±1.48 330 ± 1 3246.88 ± 366.18 2345.36 ± 480.33 6185.05 ± 762.96 6655.77 ± 722.75 4837.65 ± 805.24 44.19 ± 8.92 

PME22 12.03±0.21 430 ± 2 3934.43 ± 667.44 2777.24 ± 418.16 8815.20 ± 1367.05 9925.31 ± 1668.11 6038.47 ± 658.06 54.98 ± 6.09 

PME33 12.07± 0.05 440 ± 1 4350.52 ± 655.87 2976.12 ± 727.85 10812.81 ± 1234.66 11883.70 ± 1289.57 6849.99 ± 597.26 60.41 ± 8.29 

Remarks: 
MC = Moisture content; UT = Non-impregnated samples (controls); ME = Impregnated samples using Merbau extractives; 
PME22 = Impregnated samples using PME22; PME33 = Impregnated samples using PME33. 

 
 

 



 
 

150 
 

Table 29 Analysis of variance of and density of treated and untreated Jabon wood 

samples 

 Sum of Squares df Mean Square F Sig. 

Density Between Groups .324 3 .108 738.923 .000 

Within Groups .018 124 .000   

Total .342 127    

 

The increment of mechanical properties of treated Jabon wood after 

impregnation treatment can be confirmed by FTIR spectra and crystallinity (XRD) 

analysis. A coupling reaction between wood and the impregnant can be confirmed by 

FTIR spectra as shown in Chapter VI. The reaction of treated Jabon wood by 

impregnation using Polymerised Merbau Extractives (PME22 and PME33) is shown by 

the presence of the peaks at 2922.16 (PME22) and 2895.15 (PME33), 2002.11 (PME22) 

and 1928.82 (PME33), 1327.03 (PME22) and 1330.88 (PME33), 1033.85 and 1041.56 

for C–H and CH3 stretching in Polymerised Merbau Extractives (PME), aromatic 

combination bands, C–H deformation in polymers (aromatic aldehyde) and C–O ether 

bond stretching vibrations in PME reaction, respectively, where they do not exist in 

untreated (UT) Jabon wood samples. This permanent chemical presence has not only 

resulted in the colour change but also in increased mechanical properties. Using FTIR 

spectra analysis to confirm the coupling reaction between solid wood and 

impregnating material that has an effect on the wood mechanical characteristics was 

also carried out by other researchers (Hamdan and Islam, 2012; Dong et al., 2016).  

As it has been demonstrated in Figure 5c and d, Chapter IV, the dried 

Polymerised Merbau Extractives (PME22 and PME33) can be described as having a 

glassy material form. Further, results of X-ray diffractometer (XRD) analysis showed 

that the crystallinity of both PME22 and PME33 were very low 8.76 and 10.03%, 

respectively (Figure 11 and Table 7, Chapter IV). However, as it can be seen in Figure 

28, this resulted in increased crystallinity of the impregnated Jabon wood from 46.55% 

(UT) to 48.25% (impregnated by PME22) and 50.84 % (impregnated by PME22).  In 

contrast, a decrement of the crystallinity occurred in the samples impregnated with 

ME by 1.02%. According to Santoso (2014), these would have an implication on 
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hardness, shear and bending strengths. The changes of crystallinity values are y shown 

in Figure 29. 

 

 

 

 
Remarks: UT, ME, PME22 and PME33 refers to Table 28 

Figure 28. Diffractograph of untreated (UT) and treated Jabon wood samples using ME, 

PME22 and PME33. 

 

 

 

 

 

 

 

Figure 29. Overlaying diffractograph of the increment of crystallinity treated Jabon 

wood samples using PME22 and PME33. 
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Table 30. Crystallinity and molecular weight of treated and untreated Jabon wood 

samples 

Treatment Crystallinity (%) Crystallinity values 
change (%) 

UT 46.55 - 
ME 45.53 -1.02 
PME22 48.25 +1.70 
PME33 50.84 +4.29 

As stated in Chapter IV, PME22 and PME33 can be included in low molecular 

weight (MW) polymerised material (PME22 = 3164 and PME33 = 3615, Table 11 in 

Chapter IV). Due to the low MW, these materials can penetrate the cell wall of the 

treated wood. As a result, the crystallinity of the treated wood with PME22 and PME33 

increased, or in other words, the increments of crystallinity of the treated wood 

samples is an evidence that both PMEs penetrated the cell wall. Crosslinking reaction 

occurred between functional groups of PMEs and the cell wall material. This finding is 

in line with Wu et al. (2011b), who stated that a quasi-crystalline was formed as the 

result of the crosslinking reaction. The crosslinking material not only entered the cell 

cavity and cell gap, but also filled in the cell walls and the micro-fibrils (Wang et al., 

2003; Liu et al., 2009; Ma et al., 2013). This led to the polymerization between the 

functional groups of wood and the chemicals (Chen et al., 2013). As a result, the 

physical and mechanical properties of the impregnated wood increased. A similar 

result is also shown by the current study as presented in the following sections. 

7.3.2. Hardness 

Hardness is an important property of timber for various applications such as for 

flooring, furniture and some structural uses. It provides an indication of how well the 

wood performs in relation to wear and denting  (Thomas et al., 2009). Impregnation 

treatment can improve the hardness, as revealed by many researchers. Hamdan and 

Islam (2012) reported that the hardness of five types of selected tropical light 

hardwoods had higher hardness after impregnation using benzene diazonium salt, 

compared to their corresponding non-impregnated control wood.  The increase of 

wood hardness is due to the increase of interfacial adhesion between the polymer and 
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wood that improves water exclusion, decreases the rate of swelling and increases the 

hardness of WPC (Ellis and O'Dell, 1999). Hardness can be also generally enhanced 

through impregnation and in-situ polymerization (Zhang et al., 2006; Keskin et al., 

2004). The wood hardness increases with the increasing density (Forest Product 

Laboratory, 1940). According to (Rowell, 1999b), the increase in hardness was more 

than proportional to the increase in specific gravity.   

In the present study as shown in Table 28 and Figure 30, both end- and side- 

hardness increased following the increment in the density from 340 kg/cm3 (UT) to 430 

kg/cm3 (PME22) and 440 kg/cm3 (PME33). Statistically, the differences in hardness 

increments after impregnating treatment using PME22 and PME33 were significant as 

determined by one-way Anova at α = 0.05 (F(3,119) = 26.386, Sig = 0.000) (Appendix 

12). Post-hoc analysis by Tukey showed that the hardness resulted from impregnating 

treatment using PME22 (He = 3934.43 ± 667.44 N; Hs = 2777.24 ± 418.16 N, Sig = 

0.000) and PME33 (He = 4350.52 ± 655.87 N, Hs = 2976.12 ± 727.85 N, Sig = 0.000) 

were significantly different from non-impregnated samples/UT (He = 3277.58 ± 543.68 

N, Hs = 2127.45 ± 626.45 N) and from samples impregnated with ME (He = 3246. 

2345.36 ± 480.33 N). Even, the hardness of impregnated samples using PME22 and 

PME33 were significantly different from each other. There was no significant 

difference between the hardness of UT and ME, as well as their density (Appendix 13). 

 

 

 

 

 

 

 

         (a)                                                                                (b) 

Figure 30. Hardness increment of Jabon wood after impregnating treatment using 

PME22 and PME33: (a) End-hardness; (b) Side-hardness. 
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7.3.3. Shear strength 

Shear strength is defined as an ability to resist internal slipping of one part upon 

another horizontally along the wood fibre (Green et al., 1999; Shmulsky et al., 2011). 

As well as hardness, shear also increased with increased density due to the 

impregnating treatment (Chow, 1966; Rowell, 1999b). 

Table 28 and Figure 31 show that both radial (R)- and tangential (T)- shear 

strength increased after impregnating treatment using Polymerised Merbau 

Extractives (PME22 and PME33) from 6213.49 ± 381.48 kPa (R) and 6635.18 ± 704.12 

kPa (T) at UT to 8815.20 ± 1367.05 kPa (R) and 9925.31 ± 1668.11 kPa (T) at PME22 

and to 10812.81 ± 1234.66 kPa (R) and 11883.70 ± 1289.57 kPa (T) at PME33 Jabon 

wood samples. Meanwhile, there was no significant improvement of the shear 

strength of Jabon wood samples after impregnating treatment with ME; the shear 

slightly decreased on the radial section.  

 
Remarks: 
UTR = Non-impregnated samples (controls) on Radial section; UTT = Non-impregnated samples (controls) on 
Tangential section: MER = Impregnated samples using Merbau Extractives on Radial section; MET = Impregnated 
samples using Merbau Extractives on Tangential section; PME22R = Impregnated samples using PME22 on Radial 
section; PME22T = Impregnated samples using PME22 on Tangential section; PME33R = Impregnated samples using 
PME33 on Radial section;.PME33T = Impregnated samples using PME33 on Tangential section 
 

Figure 31. Shear increment of Jabon wood after impregnating treatment using PME22 

and PME33 
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Statistically, the shear strength changes after impregnating treatment using 

PME22 and PME33 were significantly different as determined by one-way Anova at α = 

0.05 (F(7,248) = 143.460, Sig = 0.000) (Appendix 14). Further, post-hoc analysis by 

Tukey (Appendix 15) showed that the shear resulted from impregnating treatment 

using PME22 and PME33 were significantly different from UT and ME both on radial 

and tangential sides as marked (*). This analysis also revealed that there was a 

significant difference in the shear strength  between the radial and tangential sides of 

UT samples. However, there was no significant difference between radial- and 

tangential- shear strength of ME samples.  

 

7.3.4. Bending strength 

According to the literature review conducted earlier in this chapter, that 

impregnation treatment generally improves flexure characteristics of impregnated 

wood. In regards to using polymeric material as the impregnant, Zhang et al. (2006) 

concluded that modulus of elasticity was enhanced through impregnation and in-situ 

polymerization. Moreover, the increase of modulus of rupture (MOR) and modulus of 

elasticity (MOE) was related with weight percent gain of the impregnated wood (Deka 

and Saikia, 2000). In line with these earlier studies, it should be pointed out that the 

increments of the flexure characteristics have been also observed  in impregnated 

Jabon wood, as shown in impregnated Jabon wood, as shown in Table 28 and Figure 

32.  

From the results presented in Table 28, it can be seen that MOE increased from 

4888.62 ± 734.93 MPa (UT) to 6038.47 ± 658.06 MPa  in PME22 samples (23.52%) and 

to 6849.99 ± 597.26 MPa in  PME33 samples (40.12%). MOE value decreased by -1.04% 

on impregnated samples using ME. 

 MOR values increased by 3.27, 28.50 and 41.19 % after impregnated with ME, 

PME22 and PME33, respectively. Statistical analysis indicated that the increments of 

MOE and MOR were significantly different (F(3,124)= 6038.47 MPa, Sig = 0.000 for 

MOE; F(3,124)= 54.98 MPa, Sig = 0.000 for MOR). Furthermore, post-hoc analysis by 

Tukey showed that MOE and MOR values of the impregnated samples using PME22 
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and PME33 samples were significantly different compared to UT and ME samples.  The 

MOE values of PME22 and PME33 samples were also significantly different. However, 

the MOR values of PME22 and PME33 samples were not significantly different as well 

as MOR of UT and ME samples (Appendix 16Error! Reference source not found. and 

Appendix 17). Dwianto et al. (1997) stated that the increase of MOE can be related to 

the crystallisation process of cellulose in the amorfous area or by para-crystallin of 

microfibril. In addition, Yunianti (2012) reported that there is a strong linear 

correlation (r=0.83) between MOE with - in certain limit - crystallinity. In the present 

study, as demonstrated in Figure 29 and Table 30, it could be assumed  that the 

increment of the bending strength of impregnated Jabon wood is related to the 

crystallinity increment. Chen et al. (2013) stated that there is no doubt that the 

mechanical properties are closely related with the strength of the wood cell wall.  

 

 

 

 

 

 

 

 

       (a)              (b) 
 

Figure 32. MOE and MOR increment of Jabon wood after impregnating treatment 

using PME22 and PME33: (a) MOE and (b) MOR 

7.4. Conclusion 

1) Positive results in improvement of mechanical properties were obtained for Jabon 

wood which was impregnated by Polymerised Merbau Extractives (PME22 and 

PME22) following the increment of the density.  
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2) The surface hardness of modified wood samples exhibited higher values compared 

to the non-impregnated samples by 20.04 and 30.54 % (PME22) and 32.73 and 

39.89% (PME33) -0.94 and 10.24 (ME) for the end and side hardness, respectively. 

3) Shear strength increased by 41.87 and 49.58 % (PME22) and 74.02 and 79.10 % 

(PME) for radial (T) and tangential (T) sections, respectively, compared to non-

impregnated samples. 

4) MOE increased by 23.52% for PME22 impregnated samples and by 40.12% for  

PME33 samples;  meanwhile MOE value decreased by -1.04% on ME impregnated 

samples. MOR values increased by 3.27, 28.50 and 41.19 % after impregnation 

with ME, PME22 and PME33, respectively. 

5) The increment of mechanical properties on treated Jabon wood after 

impregnation treatment using Polymerised Merbau Extractives was confirmed by 

FTIR spectra and crystallinity (XRD) analysis. The increment occurred due to the 

penetration of the PMEs into the cell wall by crosslinking reaction between 

functional groups of PMEs and the cell wall material and the formation of a quasi-

crystalline which was shown by increased crystallinity of the treated Jabon wood.  
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CHAPTER VIII. RESISTANCE OF JABON WOOD AFTER COMBINED TREATMENT OF 

IMPREGNATION AND HOT-COMPRESSION AGAINST SUBTERRANEAN AND DRYWOOD 

TERMITES 

8.1. Introduction  

Although there are differences in opinion as to whether wood preservation 

should be included in the field of wood modifications or not, in fact, treating wood 

using biocidal resulted in an improvement in wood durability. Due to environmental 

awareness, Van Acker (2003) and Homan and Jorissen (2004b) proposed to exclude the 

use of biocidal treatments and thus separate wood preservation from wood 

modification since it should not involve the production of a product that contains toxic 

residues. However, basically wood preservation meets at least one of the criteria of 

wood modification; according to Hill (2006), wood modification may be to bring about 

an improvement in decay resistance and dimensional stability, reducing water 

sorption, improving weathering performance and so on. The wood modification is a 

process that alters the properties of the material such that during the lifetime of a 

product no loss of the enhanced performance of the wood should occur. For example, 

using conventional technologies, the decay resistance of wood can be increased by the 

application of wood preservatives (e.g. boron, creosote etc.) (Coggins, 2008; Hill, 

2006). 

Recently, wood preservation has changed in regards to biocide toxicity due to 

increasing legislative environmental pressure and awareness (Villanueva et al., 2013). 

Consequently, many bioactive termite control compounds have been withdrawn from 

the market in the past decade due to environmental or toxicity concerns (Little et al., 

2010). Therefore, non-biocidal and environmentally-friendly alternative modification 

methods, for example, chemical or thermal modification of  the wood cell-wall, are in 

high demand (Hill, 2006). 

Researchers have carried out various studies on eco-friendly treatment to 

improve the resistance against biological attack. He et al. (2011b) treated fast-growing 

Poplar wood (Populus euramericana) from a 15-year-old plantation by impregnation 

using styrene (ST) and combined solution of glycidyl methacrylate (GMA) – ST at a 1:4 
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molar ratio. Specimens to be tested for termite resistance were cut to the dimensions 

of 6.4 mm (L) by 25 mm (T) by 25 mm (R).  Before the impregnation, the samples were 

oven dried at 103 ± 2 :C for 24 hours. Impregnation was conducted through a vacuum 

at 0.05 MPa for 15 minutes, the pressure at 0.1 MPa for 30 minutes and immersed in 

the solution at ambient pressure for three hours. The untreated and treated wood 

specimens were exposed to Subterranean termites (Coptotermes formosanus) in 

containers at a normal environmental temperature (25 ± 2:C). The results showed  

that fast-growing Poplar treated with ST-treated polymer infused wood (PIW) 

exhibited 5.4 times higher resistance to termites than untreated wood and GMAST-

treated PIW showed 9.3 times higher resistance. The mass losses of ST-treated and 

GMA-ST-treated PIWs were 4.6 and 2.7%, respectively. 

Unsal et al. (2009) studied the resistance of solid wood specimens from Scotch 

pine (Pinus sylvestris L.) with dimensions of 250 by 500 by 18 mm against 

Reticulitermes flavipes Kollar (Eastern Subterranean termites). Solid panels were first 

hot-pressed in a laboratory hot press at a temperature of either 120 or 150:C and 

press pressure of either 5 or 7 MPa for 60 minutes. For the termite test, five specimens 

(20 by 20 by panel thickness) were used for each treatment group. The specimens 

were placed in a glass container with moist sand and one gram of R. flavipes. The 

containers were maintained at 25:C and 80 percent RH for four weeks. The results 

showed that compression treatment resulted in improved resistance of wood against 

termite attacks. Samples treated with the compression at 7 MPa and 120:C gave 

higher resistance than the samples compressed at 7 MPa and 150:C and the control 

samples.   

Other studies conducted on various wood species and using eco-friendly 

preservatives also revealed the bio-resistance improvement against the termite 

attacks. A phenolic resin (PF) can enhance decay and termite resistance of 

particleboard (Kajita and Imamura, 1991). Impregnation with dimethyloldihydroxy-

ethyleneurea (DMDHEU) can prevent sapwood of the Scots pine (Pinus sylvestris) from 

mass losses in contact with Subterranean termites compared to the unmodified wood 

samples (Militz et al., 2011). Little et al. (2010) showed that termites avoid wood which 
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contains relatively high levels of synthetic or natural antioxidants which are benign to 

humans. Consequently, it can be suggested that the reason why some heartwoods are 

naturally resistant to termites is that they contain relatively high levels of phenolic 

extractives which have antioxidant properties.  

In Indonesia, termite attack is the most important problem of wood utilisation 

because, 85 percent of wood species in the country are susceptible to biodeterioration 

and only 15 percent are classified into durable class (class of I and II) (Martawijaya, 

1996; Martawijaya and Barly, 2010). There are approximately 200 species of termites 

living in the forest, farming and estate areas, as well as in settlement and business 

areas (Nandika, 2015). On the other hand, financial loss resulting from termite attacks 

is continuously increasing. It is estimated that termite attacks have resulted in 

significant financial losses, from Rp 1.67T in 1995 to Rp 8.68T in 2015 (Rakhmawati, 

1996; Nandika, 2015).  

This chapter discusses a study on the effect of impregnation treatment of  Jabon 

wood [Anthochepalus cadamba (Roxb) Miq], using natural phenolic resin from Merbau 

extractives (ME) combined with hot compression treatments, on its resistance against 

termites: Subterranean (Coptotermes curvignathus Holmgren) and Drywood 

(Cryptotermes cynocephalus Light).  

Jabon wood in general, is of the lowest grade of durability, grade V and therefore 

it has limited use (Hidayat, 2012; Martawijaya et al., 1989a).  

 

8.2. Experimental 

8.2.1. Wood samples preparation 

Five-year-old Jabon wood was harvested and sawn for this experiment. Samples 

were prepared only from sapwood. All samples were kiln dried to a 12% moisture 

content and then they were grouped and coded based on the pre-treatment given 

(described below).  The sample dimension followed the Indonesian National Standard 

for wood resistance testing against wood destroying organism (BSN, 2014; BSN, 2006) 

with the dimension of 25 mm (L) by 25 mm (T) by 5 mm (R) used for impregnation and 

testing against Subterranean termites. Whereas, the samples with the dimension of 50 
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(L) mm by 25 mm (T) by 25 mm (R) were prepared for impregnation and testing against 

Drywood termites according to Indonesian Standard (BSN, 2014).  Four replications of 

the samples were made for each treatment. 

The types of pre-treatments were impregnation, repeated-impregnation, hot 

compression and a combined treatment of impregnation and hot compression. The 

impregnation pre-treatment used crude Merbau extractives (ME) and selected 

Polymerised Merbau Extractives (PME22 and PME33) as described in Chapter IV. 

Samples with the impregnation treatment were divided into three groups according to 

how many times the treatment was done: once, twice and three times impregnation, 

then encoded accordingly. All of the pre-treatment types given to the samples are 

presented in Table 31. The impregnation and hot compression pre-treatment followed 

the procedures described in the next sections. 

Table 31. The code of samples used for termite test 

Code Treatment 

A Untreated samples as the control 

B Impregnated using Merbau extractive (ME) for 1x 

C Impregnated using ME for 2x 

D Impregnated using ME for 3x 

E Impregnated using polymerised Merbau extractive 22 (PME22) for 1x 

F Impregnated using PME22 for 2x 

G Impregnated using PME22 for 3x 

H Impregnated using PME33 for 1x 

I Impregnated using PME33 for 2x 

J Impregnated using PME33 for 3x 

K Combined treatment of impregnation using PME 33 (1x) + Hot pressing by 33% 

CR 

L Combined treatment of impregnation using PME 33 (1x) + Hot pressing by 50% 

CR 

M Impregnated using ME (1x)+ Hot press by 33% CR 

N Impregnated using ME (1x)+ Hot press by50% CR 

O Hot press by 33% CR without impregnation 

P Hot press by 50% CR without impregnation 
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8.2.2. Pre-treatment by impregnation 

Impregnation treatment was conducted in a vacuum-pressure vessel (Figure 35) 

as a pre-treatment for Jabon wood samples before the biological testing of termites. 

The description of the equipment and impregnation method has been provided in 

Chapter 5.2.3).  

Impregnation was carried out twice and three times to investigate the effect of 

replication on termite attacks. The second and third impregnation was applied 

according to the same procedure as the first one. Each impregnation was done after 

the samples from the previous impregnation were conditioned at room temperature 

(28:C) to reach a constant weight (Figure 34). After that, all specimens were drained 

and then put into a conditioning room at 12% moisture content until a constant weight 

was reached. 

 

 

 

 
 
 

 
Figure 33. Samples placed 

in the impregnating vessel 

 

 

 

 

 

Figure 34. Conditioning of 

the impregnated samples 

Figure 35. Vacuum-pressure vessel 
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8.2.3. Pre-treatment by hot compression 

Hot compression pre-treatment was conducted in an open machine system ex 

Becker and Van Hullen, Germany. The wood samples were placed on the working table 

or hot platen with a size of 400 x 400 mm. The maximum pressure force is 64 T and 

maximum temperature 200:C. In this experiment, the working pressure applied to the 

samples was 10 kg/cm2 for 20 minutes at the temperature of 150oC until the 

compressed samples reached selected compression ratio (CR) i.e 33% and 50%.  

8.2.4. Termites tests 

The treated and treated wood samples were exposed to Subterranean termite 

(Coptotermes curvignathus Holmgren) (Figure 36a) and Drywood termite 

(Cryptotermes cynocephalus Light). The test procedures were according to the 

Indonesian National Standard for wood resistance testing against wood destroying 

organisms (BSN, 2014, BSN, 2006). 

(i) Exposure to Subterranean termite 

Ten samples from each pre-treatment were placed on the base of a cylindrical 

test container/glass jar (100-mm diameter) in a standing position. Then 200g sand with 

the moisture content of approximately 7% (under water holding capacity) and 200 

Subterranean termites were added to the container (Figure 36). A separate container 

was prepared for each pre-treatment. All containers were placed in a dark room at 

normal environment temperature (28–32:C) for four weeks. If the moisture content 

(MC) of the sand decreased more than 2%, water was sprayed into the jar to make the 

sand stay at the initial MC level (approximately 7%). The termite test containers were 

examined at the same time weekly and the dead termites were removed and tallied. 

The number of living termites in each container were counted after four weeks of the 

exposure duration.  At the end of the test period, the wood samples were washed, 

dried at 60 ± 2:C for 48 hours and weighed. The loss of mass of the specimens was 

then calculated with the equation. 

  
     

  
      .......................... (5) 
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Glass jar 

Termites 

Wood 
samples 

Sand 

Where P = mass (weight) loss (percent), W1= samples weight before feeding (g) and 

W2= samples weight after feeding (g). 

 

 

 

 

 

 

 

 

 

    (a)      (b) 

Figure 36.  Subterranean termites (a) and the containers used in the investigation 

Resistance classes of examined Jabon wood samples were determined based on 

weight loss, the number of living termites and degree of attack (Table 32 and Table 

33). 

 Table 32. Resistance classes of wood to Subterranean termite  (BSN, 2014) 

Class Weight loss,   
% 

Class of resistance 

I < 3,5 Very resistant 

II 3.51 – 7.52 Resistant 

III 7.53 – 10.96 Moderately resistant 

IV 10.97 – 18.94 Non-resistant 

V > 18.94 Susceptible 

 

Table 33. The degree of Ssubterranean termites attack (BSN, 2014, BSN, 2006) 

Sample condition Degree of attack (% damage) 

No damage on the surface area 0 – 5  

Slightly attacked 5 – 15   

Moderately  attacked  16 – 35  

Heavily attacked 36 – 50 

Very heavily attacked >50 
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(ii) Exposure to Drywood termite 

A glass tube (18 mm diameter and 30 mm height) was put vertically on the wide 

side of each wood sample. Fifty healthy and active worker termites were placed inside 

the tube and then the top of the tube was covered by cotton (Figure 37). All sets of the 

samples were stored in a dark room for 12 weeks. At the end of the test period the 

wood samples were washed, dried at 60 ± 2:C for 48 hours and weighed. The loss of 

mass from the specimens was then calculated with equation (5). Resistance classes 

were determined based on weight loss and the number of living termites (Table 34), 

whereas the degree of attack was determined using the same method as for 

subterranean attack (Table 33). 

 

 
 
 

 

 

(a)  

 

 
 

 

 

(b) 

Figure 37. Drywood termites (a) and feeding method for its attack investigation (b).  

Table 34. Resistance classes of wood to Drywood termite (BSN, 2014, BSN, 2006) 

Class Weight loss  
 % 

Class of resistance 

I < 2 Very resistant 
II 2 – 4,4 Resistant 
III 4.45 – 8.2 Moderately resistant 
IV 8.3 – 28.1 Non-resistant 
V >28.1 Susceptible 
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(iii) Data analysis 

The weight loss data obtained from both investigations of the samples exposed 

to Drywood and Subterranean termites were recorded according to the type of 

treatments and classified into the resistance class according to BSN (2014). To 

determine the differences in weight loss and the living termites, a one way analysis of 

variance was conducted. Further analysis of the Duncan post difference test was done 

to point out the differences amongst the treatment.  

 

8.3. Result and discussion  

8.3.1. Resistance against Subterranean termites 

Table 35 presents weight loss, termite mortality and degree of attack of treated 

and untreated Jabon wood used to determine its resistance against Subterranean 

termites. To determine the weight loss and the living termites, an analysis of variance 

was conducted. The results showed that there was a significant difference of weight 

loss (Fcalc = 21.06 > Ftable = 1.84) and the number of alive termites (Fcalc = 28.49 > 

Ftable 1,84). Furthermore, Duncan post difference test was carried out to determine the 

differences in the effect of each pre-treatment to the weight loss.  

Table 35. Weight loss, resistance and mortality of Subterranean termites (Coptotermes 

curvignathus Holmgren) against Jabon wood 

Treatment 

Weight loss  
% Resistance 

class
 

Mortality 

    X    ±   Sd     *     percent   X    ±   Sd      * 

A (Control) 19.12 ± 2.30   a V 22.38 28.17 ± 2.69   d 
B 16.61 ± 1.77   ab IV 25.75 30.47 ± 1.97   cd 
C 16.40 ± 0.99   ab IV 24.88 29.91 ± 1.14   cd  
D 15.25 ± 1.61   bcde IV 29.25 32.73 ± 1.37   c 
E 8.79 ± 3.27     cde III 38.25 38.20 ± 1.09   b 
F 8.95 ± 2.13     cde III 35,5 36.54 ± 2.82   b 
G 4.40 ± 1.44     g II 50.75 45.43 ± 2.49   b 
H 8.88 ± 2.82     cde III 36.88 37.36 ± 2.74   a 
I 9.59 ± 1.75     cd III 38.75 38.56 ± 1.95   b  
J 9.85 ± 0.61    c III 37.25 37.60 ± 2.05   b 
K 6.52 ± 1.20    defg II 52.00 46.15 ± 2.00   b 
L 5.20 ± 1.76    fg II 52.13 46.22 ± 0.75   a 
M 6.15 ± 2.37    efg II 40.38 39.44 ± 2.08   b 
N 7.87 ± 0.42    cdef III 40.88 39.38 ± 1.71   b 
O 7.88 ± 2.37    cdef III 38.50 38.35 ± 1.38   b 
P 9.93 ± 1.88    c  III 36.88 37.36 ± 2.72   b 

Remarks: A, B, ...., P refer to Table 1. *Mean value followed by the same letter means not a significant 
difference (p=0.05) based on Duncan post hoc test. Sd = Standard deviation 
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Figure 38. Weight loss of treated and untreated Jabon wood due to Subterranean 

termites attack 

From Table 35 and Figure 38, it can be seen that the highest weight loss of 

19.12% occurred on the untreated (control) samples. Regarding the class of resistance, 

the untreated samples (A) belong to class V as the weight loss is more than 18.94% 

according to the Indonesian standard of SNI 7207:2014 (BSN, 2014). This result is in 

accordance with the Indonesian wood data base classifying the durability of Jabon into 

grade V. It is the lowest grade of the resistance against termite attack. The highest 

weight loss of control samples was followed by the samples with the treatment B 

(impregnated using Merbau extractive (ME) for one time), treatment C (impregnated 

twice using Merbau extractives, ME) and D (three times impregnated using ME) by 

16.61, 16.41 and 15.25%, respectively. All the results were classified as grade IV (non-

resistant to termite attack). 

In contrast, the lowest weight loss was obtained by the samples with the 

treatment G (three times impregnated using Polymerised Merbau Extractives type 22, 

PME22) by 4.40%, followed by treatment L (combined treatment of one impregnation 
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using PME 33 and hot pressing with 50% CR), treatment M (1 x impregnated using ME 

+ hot press by 33% CR) and treatment K (combined treatment of 1x impregnated using 

PME 33 + hot pressed, by 33% CR) with the weight loss of 5.20, 6.5 and 6.52%, 

respectively. All these four treatments resulted in the resistance class II (resistant to 

termite attack). Other impregnated samples using Polymerised Merbau Extractives 

(treatments E, F, H, I, J, N, O, P) improved the resistance against termites to class III 

(moderately resistant to termite attack). This result is similar to the result of a study in 

which  jabon was impregnated with  methyl methacrylate (MMA) (Hadi et al., 2015). In 

that case the resistance was improved from class from V to II In general, based on the 

weight loss, the samples with all different treatments (B–P) showed higher resistance 

against Subterranean termite attack with improvement from grade V (non-resistance) 

to grade IV (treatments B, C, D), to grade III (treatments E, F, H, I, J, N, O and P) and to 

grade II (treatments G, K, L, M). 

In terms of resistance or durability class, according to Seng (1990a), grade V 

means that the wood is susceptible to termites or other destroying organisms’ attack. 

Consequently the wood is very quickly damaged or its durability is very low if the wood 

is always in contact with moist ground. If the wood is under the roof and without 

contact with the moist ground, the durability of the wood is still short. However, if the 

timber is well maintained and periodically painted, the lifetime of the wood can reach 

20 years (depending on the species).  

Besides the weight loss, mortality and the degree of attack are also used to 

determine wood resistance against termite attack. Based on the mortality, the more 

termites that are dead during the test, the more resistant the wood samples are 

against termite attack. In regards to the mortality (Table 35), the highest mortality 

occurred on the samples with the treatments L, K and G with the mortality of 52.13, 

52.00 and 50.75%, respectively. Other treatments resulted in mortality in the range of 

24.88 to 40.88% and the mortality of the control samples was 19.12%. To determine 

which treatment is most efficient in preventing Jabon wood from Subterranean 

termite attack. Table 35 presents Duncan’s multiple range test showing the same 

resistance class due to the same weight loss percentage. From the table, it can be seen 
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that the treatments that improve wood durability against Subterranean termite attack 

to grade II are G, K, L and N. However, the samples of K, L and N treatments require 

hot compression treatment. Treatment G (impregnation using PME22 three times) 

could be considered as the preferred treatment as it is the easiest or simplest 

treatment and could be the lowest-cost treatment compared to other treatments (K, L 

and M) that resulted in the same resistance class against Subterranean termites. 

8.3.2. Resistance against Drywood termites 

Similarly to the resistance against Subterranean termites, the parameters used to 

evaluate the resistance against Drywood termites were weight loss and mortality. The 

results are presented in Table 36 and Figure 39. Analysis of variance was done to 

determine the differences amongst weight loss as well as mortality for different 

treatments. The results show that there are significant differences for weight loss 

amongst treated and untreated samples (Fcalc = 4.47 > Ftable = 1.84) and for mortality 

Fcalc (2.87) > Ftable (1.84). Further analysis by Duncan post hoc test was carried out to 

determine the differences in weight loss as well as mortality amongst the treatments.  

Table 36. Weight loss, resistance and mortality of Drywood termites (Cryptotermes 

cynocephalus Light) against Jabon wood 

Treatment 
Weight loss, %  Resistance 

class 

Mortality, % 

    X   ±  Sd      *  %  X   ±  Sd             * 

A (Control) 8.36 ± 1.51  a IV 41,5 40.10 ± 1.74    e 
B 5.90 ± 1.30  bc III 44.5 41.82 ± 3.95    de 
C 5.26 ± 1.07  bcde III 46.5 42.99 ± 2.55    cde 
D 3.99 ± 2.23  cde II 59.0 51.07 ± 13.71  ab 
E 6.98 ± 1.11  ab III 50.0 45.00 ± 2.05    bcde 
F 5.85 ± 1.40  bcd III 51.5 45.86 ± 1.10    abcde 
G 4.27 ± 1.41  cde II 52.0 46.15 ± 0.94    abcde 
H 5.87 ± 3.19  bc III 52.5 46.44 ± 3.03    abcde 
I 5.03 ± 0.08  bcde III 50.5 45.29 ± 1.96    bcde 
J 3.04 ± 0.66  e II 57.0 49.05 ± 3.49    abc 
K 5.35 ± 1.32  bcde III 51.5 45.86 ± 1.10    abcde 
L 5.16 ± 0.49  bcde III 62.0 52.01 ± 4.98    ab 
M 3.85 ± 0,49  cde II 60.0 50.78 ± 1.91    ab 
N 3.55 ± 0.20  de II 63.0 52.57 ± 2.87    a 
O 7.18 ± 1.52  ab III 57.0 47.59 ± 1.72    abcd 
P 6.87 ± 0.81  ab III 51.5 45.86 ± 1.10    abcde 

Remarks: A, B, ...., P refer to Table 1. *Mean value followed by the same letter means not a significant 
difference (p=0.05) based on Duncan post hoc test. Sd = Standard deviation 
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Figure 39. Weight loss of treated and untreated Jabon wood due to Drywood termite 

attack 

 

Table 36 and Figure 39 show that the highest weight loss in group A (control – 

untreated) samples by 8.36%. Based on the resistance to termite classes, the 

untreated samples fall into grade IV, in which the range of weight loss is 8.3 to 28.10%, 

followed by the treated samples of group B, C, E, F, H, I, K, L, O and P (the groups of 

treatments are listed in Table 36 with weight loss in the range of 5.03 to 7.18% which 

classified the samples into grade III of durability. The lowest weight loss due to 

Drywood termite attack in the group of treated samples J, N, M, D and G, by 3.04, 3.55, 

3.84, 3.89 and 4.27%, respectively, which classifies these samples into the resistance 

grade II. The higher the weight loss gained due to Drywood termite attack, the lower 

the wood durability. Based on the above results, Jabon wood resistance against 

Drywood termites can be improved from grade IV to grade III and II through 

impregnating and compressing treatments.  

The best treatment from the five treatments that resulted in grade II can be 

determined by comparing the weight loss of these treatments using Duncan’s multiple 

range test (post hoc test) as shown in Table 36. The table shows that the lowest weight 

loss belongs to treatment J (impregnated using PME33 three times). However, 

Duncan’s post hoc test revealed that at p = 0.05, i.e. the treatment did not make a 
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significant difference of weight loss with the treatments of D, G, M and N. As a result, 

these treatments are in the same class of resistance against Drywood termites.  

To choose the best treatment, the cost and safety factors should be also 

considered as well as the technical aspects. Based on the value of weight loss, the 

treatment J, namely three times impregnated using Polymerised Merbau Extractives 

33 (PME33), resulted in the lowest weight loss. However, as mentioned above this 

treatment did not show a significant difference with D (impregnated using Merbau 

extractives three times). Therefore, to prevent Jabon wood from Drywood attack, 

treatment D could be considered as the best treatment: it would be the cheapest (as 

there is no cost for other materials to make polymer), the easiest (as there is just the 

need for the Merbau extractives (ME) for treatment) and the safest (only natural 

compound i.e. ME or no other chemicals required for the treatment). This treatment 

does not need the polymerisation process for Merbau extractives. Meanwhile, 

treatment G requires polymerisation to make Polymerised Merbau Extractives (PME) 

and three times impregnation process. This would be an expensive and time-

consuming process. The samples of group M and N were made by impregnation with 

Merbau extractive followed by hot compression by a 33 and 50% compression ratio, 

respectively. Both treatments are a safe and environmentally friendly process but 

require high energy for hot compression. 

In terms of the mortality of Drywood termites, it can be seen in Table 36 that the 

highest mortality of the Drywood termites on the treated wood of N (63%), L (62%) 

and M (60%) treatments. In contrast, the lowest mortality occurred on  A, B and C 

samples by 41.5%, 44.5% and 46.5%, consecutively. Based on the results, it can be 

stated that the stronger the treatment, the higher the mortality. This means that the 

treatment of Jabon wood increased its resistance against Drywood termite attack.  

This result – within certain limits – is in line with the general theory of the role of 

extractive substances on the durability of wood according to which extractives can 

protect wood against some biological damage or insect attack (Hillis, 1987b; Sjöström, 

1993; Shmulsky et al., 2011). Syofuna et al. (2012) treated the wood of two susceptible 

species against termites and fungal decay, Pinus caribaea and Antiaris toxicaria, using 
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extractives obtained from Milicia 178xcels, Albizia coriaria and Markhamia lutea. The 

authors concluded that the extractives contribute greatly to the protection of less 

durable wood species against termite attack. In this study, Merbau extractives can also 

distinctly improve the resistance of Jabon wood  from grade IV (non-resistant) to grade 

II (resistant). 

8.4. Conclusion 

1. Based on the test of treated and untreated Jabon wood against Subterranean and 

Drywood termites, this study shows that untreated samples of Jabon belong to 

class V (susceptible) against Subterranean termite and IV (non-resistant) against 

Drywood termite, according to the Indonesian standard of SNI 7207:2014.  

2. The treatments of impregnation and hot compression can improve the resistance 

of Jabon wood against Subterranean and Drywood termite attack. Impregnation 

using only Merbau extractives improved the resistance of Jabon wood against 

Subterranean termite from grade V to grade IV, whilst against Drywood termite 

from class IV to III and II.  

3. Resistance class of III against Subterranean termite was obtained by the 

treatments of E, F, H, I, J, N, O and P. Meanwhile, the same class of resistance 

against Drywood termite attack was achieved by the treatments of B, C, E, F, H, I, 

K, L, O and P. 

4. The treatments of G, K, L and M for exposure to Subterranean termite and the 

treatments of D, G, J, M and N for exposure to Drywood termite resulted in the 

resistance class of II. 

5. The treatment of J and D are recommended to prevent Jabon wood against 

subterranean and Drywood termites attack, respectively.  
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CHAPTER IX. GENERAL DISCUSSSION, CONCLUSION AND FUTURE WORK 

9.1. General Discussion 

The development of planted forests with fast growth species is critical in solving 

the problem of diminishing timber resources faced by the Indonesian wood industries 

such as the furniture industry. Jabon (Anthocephalus sp.) is one of the fast growth 

species which is currently planted extensively in Indonesia. According to (Mansur and 

Tuheteru, 2010), Jabon wood has good economic potential because geographically it 

has a wide range of distributions, it is easy to cultivate, is adaptive to Indonesia’s 

natural conditions and is internationally well known as a commercial timber species.  

Majority of timber harvested from fast growth plantation resources, including 

Jabon, have  not yet complied with raw material requirements for good quality 

products such as furniture components or flooring because of its inferior properties 

such as lower density, dimensional stability, strength, stiffness or susceptibility to 

biological attack. The specific gravity  of Jabon wood is low with the range of 0.19 – 

0.49 (Hidayat, 2012). This species is included into the low class of the strength 

classification in regard to Indonesian timber specification (Seng, 1990). The economic 

potential of Jabon wood, on the one hand and some weaknesses of its properties on 

the other hand, suggest that research needs to be undertaken to investigate the 

possibility of the properties enhancement of Jabon wood.  

9.2. Research outcomes 

9.2.1. Study on the properties of Merbau extractives and its polymerisation 

Study on the properties of Merbau extractives and its polymerised product as 

potential impregnating material has been completed  and presented in Chapter III and 

IV. Extraction procedures on Merbau wood powder to produce Merbau Extractives 

(ME) using organic solvents of ethanol and ethyl-acetate resulted in much higher yield 

of 12.45 and 12.56 %, respectively, than that of hot water of 1.10%. However, in this 

study, using hot-water was the preferred option to use for further extraction. 

According to Kislik (2012), it is clear that from an environmental point of view, the best 

alternative for the organic solvent is water because it is relatively cheaper, safe, 
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nontoxic, inflammable and recyclable. As explained in Chapter III, ME being a water-

soluble material, was easy to extract by water. The density and viscosity of the extract 

from both solvents were also higher than that of hot water. ME belongs to weak acid 

since its pH is 5 – 6, which is typical of the phenolic compound. Phyto-chemical analysis 

proved that ME flavonoid and phenolic compounds were found to be the major 

compounds of Merbau extractives. 

Analysis using UV-vis spectroscopy showed that ME (λ=279 nm) consists of 

conjugated or aromatic systems, similar to standard resorcinol that was used as the 

reference, which had a wavelength (λ) of 274 nm. Pyrolysis GCMS showed that the 

major compound of ME is resorcinol (C6H6O2, mol. Weight 110) which was detected in 

minute 15.533 with the concentration of 78.99%. Further, the analysis by FTIR 

spectroscopy showed that absorption bands contained the functional group of OH 

bonds (3,361 cm-1) and aromatic ring (1,619 and 1510 cm-1). ME can be a promising 

material for wood impregnation application in the form of phenolic/resorcinol resin 

due to its excellent physico-chemical performance. 

Merbau extractives can be polymerised in base condition with formaldehyde and 

resorcinol addition as the copolymer to produce polymer or resin which are called  

Polymerised Merbau Extractives (PME). The resin is classified as a resole because the 

mole ratio of R/F is <1 or F/R ≥1 and polymerisation can be done at room temperature. 

The polymerisation occurrence was proved by FTIR spectra by reducing the intensity of 

the O-H absorption band (at around 3,400 cm-1) of PME22 and PME33 to 22 and 31%, 

respectively, due to reducing hydroxyl group after polymerisation. The presence of 

absorption band of C-H, -CH2 or CH3 stretching in methyl and methylene groups at 

2,924 cm-1 also indicated that polymerisation occurred. 

Selected PMEs for impregnating material purposes fulfilled practical 

requirements, i.e. resistant to hot water, low free formaldehyde <1% and long storage 

time (>18 hours). The selected PMEs were PME22 and PME33. The resistance of the 

PMEs to hot water is due to the bonding strength of the polymer that can be the 

proved by the presence of the peak of alkyne-C≡C at the frequencies of 2,100–2,260 

cm-1. The existence of the functional groups that reacted with wood could improve 
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wood fixation or anti-shrinkage due to the hydrophobicity of the polymeric material. 

The selected PMEs have the acidity of 10.2 (PME22) and 10.3 (PME33) at 24th-hour 

measurement. They also have low formaldehyde and resorcinol (F/R) ratio of 1.19 and 

the total solid content of PME22 is 23.70% and PME33 is 41.40%. 

Thermal characteristics of selected Polymerised Merbau Extractives for PME22 

and PME33 are respectively as follows: glass transition temperature (Tg) of 126.5 and 

144.7°C, the heat capacity of 353 and 435 mJ/mg, decomposition dissociation 

temperature of 711.69 and 907.47°C and weight loss of 74.957 and 59.032%. Based on 

the thermal characteristics, PME22 shows that lower enthalpy occurred on the 

polymer, this means that the polymer is easier to be cured or began to cure at a lower 

temperature. However, PME33 has higher thermal stability than PME22. The 

crystallinity of PME22 and PME33 are 8.76 and 10.03% or the amorphous phase 

corresponds to 91.24 and 89.97%, consecutively. The lower crystallinity would make 

the polymeric materials penetrate a wood structure easily when they are used in 

impregnation treatment. The molecular weight of selected PMEs – PME22 and PME33 

– have the molecular weight of 3,164 and 3,615. These molecular weights also proved 

that the stage of polymerisation process occurred. The molecular weight of PME33 is 

higher than that of PME22 and it is expected that the total solid content (TSC) would 

be higher. The selected PMEs are also safer to the environment due to the lower free 

formaldehyde emission: 0.009 ppm for  PME22 and 0.011 ppm for PME33. 

9.2.2. Application of Polymerised Merbau Extractives (PME) for Jabon wood 

Impregnation using ME resulted in very low weight gain of impregnated Jabon 

wood by 1.24%. Meanwhile, PME22 and PME33 acquired much greater weight gain by 

26.33 and 31.92 %, respectively. Impregnation using polymerized Merbau extractive 

combined with hot compression contributed to the density increment of Jabon wood. 

The combined treatment significantly improved the initial density (specific gravity)  

from 0.39 to 0.85 (PME22) and from 0.31 to 0.74 (PME33).  The combined treatment 

also resulted in a significant reduction of the set of recovery of compressed wood.  The 

best results were obtained for PME33 at the compressing temperature of 150 :C with 

the density increase by 138.71% and with the lowest SR of 14.82%.  
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Selected Polymerised Merbau Extractives (PME) that were used as the 

impregnating material resulted in the change of Jabon wood colour  which looked like 

a ‘new wood’ since the liquid was absorbed and bonded in Jabon wood structure. It 

was apparent that the lightness (L*) and colour coordinates (a* and b*) of treated 

Jabon wood by impregnation using both PME22 (T1) and PME33 (T2) presented a 

darkening colour in radial and tangential sections. The L* values also depicted that the 

tangential surfaces were slightly darker than those radial (L* tangential < L* radial). 

Treatment with PME33 presented the highest decrement of lightness. As a result, 

treated Jabon wood with PME22 and PME33 looked much darker than untreated 

samples. All of the changes in colour were also statistically proven that the variations 

and differences were significantly different (F > 0.05, p = .000) for all chromatocity 

parameters. 

The SEM results of untreated and treated Jabon wood showed an apparent 

difference in wood structure due to deposited cured Polymerised Merbau Extractives 

(PME) in wood vessels. Obviously, a certain amount of cured PME precipitated on the 

surface of wood vessels and filled in the cell wall. In addition, the PMEs not only 

penetrated into the cell wall, but also cured in the cell wall and filled the pits on the 

vessel. The amount of deposited PME33 (T2) may be higher than that of PME22 in the 

vessel. As a result, in regard to the colour changes, PME33 caused Jabon wood samples 

to be darker. By FTIR analysis, it was apparent that the impregnating treatment using 

Polymerised Merbau Extractives changed the wood not only visually to a new colour 

but also chemically by new functional groups being bonded to Jabon wood. 

An optimistic improvement in mechanical characteristics was obtained for Jabon 

wood which was impregnated by Polymerised Merbau Extractives (PME22 and PME33) 

following the increment of density. The surface hardness of modified wood samples 

exhibited higher values compared to the non-impregnated samples by 20.04 and 30.54 

% (PME22) and 32.73 and 39.89 (PME33) -0.94 and 10.24 (ME) for the end and side 

hardness, respectively. Shear strength increased by 41.87 and 49.58 % (PME22) and 

74.02 and 79.10 % (PME) for radial (T) and tangential (T) sections, respectively, 

compared to non-impregnated samples. MOE increased by 23.52% at PME22 
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impregnated samples and by 40.12% at PME33, meanwhile MOE value deceased by -

1.04% on impregnated samples using ME following the density increment. MOR values 

also increased by 3.27, 28.50 and 41.19 % after impregnated with ME, PME22 and 

PME33, respectively. The increment of mechanical properties of  treated Jabon wood 

after impregnation treatment using Polymerised Merbau Extractives was confirmed by 

FTIR spectra and crystallinity (XRD) analysis. 

The results of the tests of treated and untreated Jabon wood against 

Subterranean and Dry-wood termites, revealed that untreated samples of Jabon 

belong to class V (susceptible) against Subterranean termite and IV (non-resistant) 

against Drywood termite, according to the Indonesian standard of SNI 7207:2014. The 

treatments of impregnation and hot compression can improve the resistance of Jabon 

wood against Subterranean and Drywood termite attack. Impregnation using only 

Merbau extractives improved the resistance of Jabon wood against Subterranean 

termite from grade V to grade IV, whilst against Drywood termite from class IV to III 

and II. Resistance class of III against Subterranean termite was resulted from the 

treatments of E, F, H, I, J, N, O and P (Chapter VIII). Meanwhile, the same class of 

resistance against Drywood termite attack was achieved by the treatments of B, C, E, F, 

H, I, K, L, O and P. The treatments of G, K, L and M for exposure to Subterranean 

termite and the treatments of D, G, J, M and N for exposure to Drywood termite 

resulted in the resistance class  II. The treatment of J and D are recommended to 

prevent Jabon wood against subterranean and Drywood termites attack, respectively.  

 

9.3. General Conclusion 

The study revealed significant improvements in physical and mechanical 

properties of Jabon wood after impregnation treatment using Polymerised Merbau 

Extractives (PME). The colour and the resistance of the wood against Subterranean and 

Drywood termite attack were also improved.  

These research outcomes provide opportunities for growers and users of Jabon 

wood by demonstrating that this low density, fast growing species can be successfully 
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utilised to produce high value wood products through a simple impregnating 

treatment using natural and environmentally friendly material from wood waste. 

9.5. Future Work 

It is recommended that further research is carried out on either ME or PME using 

other analytical methods  such as Near-infrared (NIR) and Nuclear magnetic resonance 

(NMR) spectroscopies which are capable of performing qualitative and quantitative 

analysis of a number of physical and chemical parameters.  Study on physico-chemical 

analysis of the impregnant (PME) to predict the impregnated wood characteristics 

would be interesting and could provide data and information about the relationship 

between the impregnating material and the impregnated wood. Lastly, the study on 

the PME application for other low-density and fast-growing wood species should be 

undertaken.  
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APPENDICES   

Appendix 1 (to Chapter IV).  Density and a solid content of ME and selected PMEs 

   
 

 
Solid content 

Sample Hour Volume Weight Density Weight % % 

  
(liquid) (liquid) g/mL g w/v w/w 

ME   20 20.62 1.03 0.12 0.60 2.91 
    20 21.10 1.06 0.12 0.60 2.84 
    20 20.86 1.04 0.12 0.60 2.88 

PME22 0 20 19.73 0.99 1.01 5.05 25.60 
    20 19.75 0.99 0.96 4.80 24.30 
    

 
19.74 0.99 0.99 4.93 24.95 

  1 20 19.71 0.99 0.90 4.50 22.83 
    20 19.66 0.98 0.95 4.75 24.16 
    

 
19.69 0.98 0.92 4.62 23.50 

  3 20 20.15 1.01 0.94 4.70 23.33 
    20 20.00 1.00 0.95 4.75 23.75 
    

 
20.08 1.00 0.95 4.73 23.54 

  5 20 19.83 0.99 0.92 4.60 23.20 

    20 19.84 0.99 0.92 4.60 23.19 
      19.84 0.99 0.95 4.73 23.19 
  8 20 19.80 0.99 0.94 4.70 23.74 
    20 19.80 0.99 0.92 4.60 23.23 
      19.80 0.99 0.95 4.73 23.48 
  12 20 20.57 1.03 1.02 5.10 24.79 

    20 19.85 0.99 1.02 5.10 25.69 
      20.21 1.01 0.95 4.73 25.24 

  24 20 19.78 0.99 0.94 4.70 23.76 

    20 20.14 1.01 0.98 4.90 24.33 

    20 19.96 1.00 0.95 4.73 24.05 

PME33 0 20 19.89 0.99 1.35 6.75 33.94 
    20 20.06 1.00 1.37 6.85 34.15 
    

 
19.98 1.00 1.36 6.8 34.04 

  1 20 20.14 1.01 1.66 8.3 41.21 
    20 21.37 1.07 1.75 8.75 40.95 
    

 
20.76 1.04 1.71 8.53 41.08 

  3 20 20.18 1.01 1.79 8.95 44.35 

    20 20.42 1.02 1.74 8.70 42.61 

    
 

20.30 1.02 1.77 8.83 43.48 

  5 20 26.35 1.32 1.62 8.10 30.74 

    20 20.29 1.01 1.64 8.20 40.41 

      23.32 1.17 1.63 8.15 35.58 
  8 20 20.18 1.01 1.60 8.00 39.64 
    20 20.20 1.01 1.67 8.35 41.34 
      20.19 1.01 1.64 8.18 40.49 
  12 20 20.13 1.01 1.63 8.15 40.49 
    20 20.22 1.01 1.72 8.60 42.53 
      20.18 1.01 1.68 8.37 41.51 
  24 20 20.07 1.00 1.65 8.25 41.11 

    20 20.32 1.02 1.67 8.35 41.09 

    20 20.20 1.01 1.66 8.30 41.10 
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Appendix 2 (To Chapter V).  

Paper in Proceedings of the Eighth European Conference on Wood Modification. M. 

Hughes, L. Rautkari, T. Uimonen, H. Militz and B. Junge (Eds), Paasitorni Helsinki, 

Finland 26th and 27th of October 2015. School of Chemical Technology, Aalto 

University. 

Note: The paper has been copied in the format used in the Conference Proceedings.  
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ABSTRACT 

A study was carried out with the aim to investigate the effect of impregnation with 
Merbau Extractive (ME) and two types of Polymerised Merbau Extractive (PME): PME22 and 
PME33, on the weight gain and density of young plantation Jabon wood (Anthocephalus 
Cadamba) followed by combined treatment of impregnation and hot-compression. The 
compression was done using six levels of pressing temperature, from 120 to 170 °C. The 
soaking test was conducted to determine the set of recovery of the treated samples.  

The results of the impregnation with ME and PMEs showed that the highest weight gain 
of 31.92% was obtained for PM33 samples which contributed to the highest density increment 
by 29.56%. Impregnation with ME did not contribute to weight gain and density increases. 
Impregnation combined with hot compression contributed to the density increment of Jabon 
wood and reduction of the set of recovery of the compressed wood.  The best results were 
obtained for PME33 samples at the compressing temperature of 150 :C with the density 
increase by 138.71% and with the lowest SR of 14.82% 
 
Keywords: impregnation, compression, ME, PME, density, set of recovery, Jabon wood 
 

INTRODUCTION 

Currently, Jabon wood (Anthocephalus Cadamba) is one of popular fast growing 
timber species in Indonesia which is planted widely by both industrial forest plantation 
companies and by local communities. However, Jabon has not yet complied with raw 
material requirements for high quality products (e.g. furniture components or flooring) 
because of its inferior properties such as lower density and dimensional instability. 

Various research studies revealed that allied method of impregnation and 
compression in wood modification can improve some desired properties of timber. 
Fukuta et al. (2011) showed that combined treatment of hot-compression and 
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impregnation by phenolic resin resulted in the product with improved characteristics 
of abrasion resistance, hardness and weathering resistance. A perfect fixation was 
achieved by Dwianto and Yalinkilic (2000) through combination treatment on Sugi 
(Cryptomeria japonica D. Don.) sapwood by impregnation using styrene and 
compression and impregnation using methyl methacrylate and compression.  

This paper presents the experiment results of the effect of impregnation of 
Jabon wood with Merbau extractive (ME) and its polymerization products, Polymerised 
Merbau Extractives (PME), on the density (D), weight gain (WG) and set recovery (SR) 
of hot-compressed Jabon wood.  
 

MATERIAL AND METHOD 

Preparation of wood samples and impregnating material 
The wood used for experiments was from 5 years old Jabon from West Java, 

Indonesia.  Dimensions of samples were 50 x 50 x 40 mm [longitudinal (L) x tangential 
(T) x radial (R)]. Only sapwood was used for the study. The samples were grouped for 
six  temperature levels used in hot-compression treatment (described below). The 
impregnating materials used were: crude Merbau extractive (ME) and two selected 
polymerised Merbau extractive solutions (PME22 and PME33) made from ME, 
resorcinol and formaldehyde.  

 
Impregnation treatment 

Impregnation treatment was done on each samples group for hot-compression 
treatment. Impregnation was conducted in a vacuum-pressure vessel where the 
vacuum of 0.1 kg/cm2 was applied to the samples for 30 minutes. The vacuum was 
then released and the vessel was filled with the liquid of the impregnant, at which the 
liquid level was 20 cm higher than the submerged wood samples. Then pressure was 
applied and maintained at 15 kg/cm2 for 1 hour. After that, all specimens were placed 
in a conditioning room until a constant weight was reached. The retention level of the 
impregnat was determined by calculating weight gain (WG) with the formula as follows 
(Zaidon et al., 2012): 

1 0

0

% 100
W W

WG x
W


  ....................................... (1) 

Where W1 is the constant weight in a conditioning room after impregnation and W0 is 
the constant weight in a conditioning room before impregnation. The density was 
measured for the samples before and after impregnation. 
 
Hot compression  

An open hot-compression press was used in the experiments as shown in  
Figure 40. Compression was done on impregnated and non-impregnated 

samples. The working pressure applied to the samples was 10 kg/cm2 for 10 minutes in 
close and 10 minutes in open compression system, with the compression ratio (CR) of 
50% as the thickness of the samples was 40 mm. Open compression was undertaken 
by opening the faucet of moisture releaser (e). The compression process was done at 
six different levels of temperature from 120 to 170oC with the interval of 10oC. All 
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compressed samples were conditioned in an oven at 100±3 oC until constant weight 
was obtained and the density after compression was measured.  

 
 
 
 
 
 
 

 

Figure 40 The working principles of hot compression used in the experiment: a = 
Pressure (Max. 64 MPa); b = hot plate (40 x 40 cm, max 200 :C) c = removable closed-

chamber; d = samples; e = moisture releaser; f = moisture pressure gauge 

Soaking test 
The samples were soaked in a water bath for 24h and then were drained on a 

rack in atmospheric condition for 24h. All samples were the conditioned in an oven at 
60°C for 3 days before being oven-dried at 100±3oC until constant weight was 
obtained. The thickness and weight of the samples were measured at the oven 
dried condition before and after soaking treatment. The set of recovery (SR) 
affected by water was calculated using the following equation (Dwianto and 
Yalinkilic, 2000, Inoue et al., 2008): 

% 100
Tr Tc

SR x
To Tc





   ....................................... (2) 

where, To and Tc are the thickness in oven-dried (o-d) condition before and after 
compression and Tr is the thickness in o-d condition after soaking test.   
The set of recovery (compression set) gives an indication of the elastic recovery of 
the compressed samples. Low SR corresponds to a better elastic recovery or lower 
compression set properties. 
 

RESULT AND DISCUSSION 

Weight gain and density improvement after impregnation treatment 
Figure 2 shows the weight gain and density increases by Jabon samples 

impregnated with ME and PMEs. Statistical analysis shows that the density increment 
after impregnated using Polymerised Merbau Extractives (PME22 and PME33) resulted 
in highly significant differences (p < 0.001). The highest weight gain of 31.92% was 
obtained for PM33 samples which contributed to the highest density increment by 
29.56%. Impregnation with ME did not contribute to WG and density increases.  

According to Gabriell and Kamke (2010), WG provides insight to the degree at 
which the resins are able to penetrate the wood’s cellular structure. Higher WGs 
indicate greater penetration. Yano et al. (2001) pointed out that one of the dominant 
factors in improving properties and dimensional stability of treated wood is the level of 
polymer loading. 
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Figure 41. Weight polymer gain of Jabon wood after impregnation 

Density improvement after combined impregnation and hot compression.  
Table 37 shows density increments of non-impregnated, impregnated and 

combined treatment of impregnation and hot-compression of Jabon wood. The 
highest density increments after the combined treatment were as follows: at 140:C for 
the control samples by 58.97%, for ME samples by 58.82% and PME22 by117.95% and 
at 150:C for PME33 samples by138.71%.  Statistical analysis conducted showed highly 
significant differences (p < 0.001) for all variables. 
 

Table 37  Results for the density of non-impregnated, impregnated and combined 
treatment of impregnation and hot-compressioned of Jabon wood 

Treatment 
Density increment (%)/ at different Compressing temperature (:C) 

120 130 140 150 160 170 

Non-imp Comp 51.35 48.65 58.97 54.05 58.97 56.41 

ME Imp+Comp 57.14 58.82 57.50 48.48 55.88 58.82 

PME22 Imp+Comp 97.37 110.81 117.95 115.15 107.14 108.57 

PME33 Imp+Comp 117.95 128.95 128.13 138.71 135.14 130.56 

 

Set of Recovery 
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Table 38 presents the set of recovery (SR) of Jabon wood after performing a 
soaking test on the samples with combined treatment of impregnation and hot 
compression. Comparing the control (non-impregnated samples) and the 
impregnation-treated samples, the lowest SR of 14.82% was obtained for PME33 
samples at temperature 150:C, followed by PME22 samples at temperature 130:C 
with SR of 32.49%. The impregnation using ME only slightly reduced the SR.   
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Table 38 The set of recovery (SR) of Jabon wood after combined treatment 

Pre-treatment 
Temperature (:C)

a 

120 130 140 150 160 170 

Control 97.26 97.91 104.87 92.59 104.41 89.84 

ME 86.39 82.13 82.69 76.28 72.75 72.52 

PME22 48.35 32.49 40.14 41.85 49.15 48.62 

PME33 65.85 52.85 37.04 14.82 44.45 44.34 

 

CONCLUSION 

Impregnation using polymerized Merbau extractive combined with hot compression 
contributes to the density increment of Jabon wood. This treatment also results in the 
reduction of the set of recovery of compressed wood.  The best results were obtained 
for PME33 samples at the compressing temperature of 150 :C with the density 
increase by 138.71% and with the lowest SR of 14.82%  
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Appendix 3. (to Chapter V). Tukey post hoc test of the variable of density increment after combined treatment   
M

E 

120                         

130 1.000                        

140 1.000 1.000                       

150 0.977 0.788 0.520                      

160 1.000 1.000 1.000 0.999                     

170 1.000 1.000 1.000 0.988 1.000                    

P
M

E2
2

 

120 0.000 0.000 0.000 0.000 0.000 0.000                   

130 0.000 0.000 0.000 0.000 0.000 0.000 0.022                  

140 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000                 

150 0.000 0.000 0.000 0.000 0.000 0.000 0.024 1.000 1.000                

160 0.000 0.000 0.000 0.000 0.000 0.000 0.240 1.000 0.861 1.000               

170 0.000 0.000 0.000 0.000 0.000 0.000 0.352 1.000 0.749 1.000 1.000              

P
M

E3
3

 

120 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 1.000 1.000 0.870 0.760             

130 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.036 0.586 0.033 0.002 0.001 0.573            

140 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.248 0.006 0.000 0.000 0.239 1.000           

150 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.297 0.651          

160 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.567 0.889 1.000         

170 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.070 0.001 0.000 0.000 0.067 1.000 1.000 0.935 0.994        

N
o

n
-

im
p

re
gn

at
ed

 120 0.998 0.932 0.743 1.000 1.000 0.999 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000       

130 1.000 0.979 0.868 1.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000      

140 1.000 1.000 1.000 0.461 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.688 0.826     

150 1.000 1.000 1.000 0.993 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 1.000 1.000    

160 1.000 1.000 1.000 0.773 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.924 0.975 1.000 1.000   

170 1.000 1.000 1.000 0.707 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.886 0.957 1.000 1.000 1.000  

 Temp 120 130 140 150 160 170 120 130 140 150 160 170 120 130 140 150 160 170 120 130 140 150 160 170 

 DI 55.38 57.37 58.85 48.42 53.98 54.98 96.37 112.02 116.93 111.89 108.4
9 

107.7
4 

116.8
6 

127.0
1 

128.9
9 

138.7
3 

137.1
9 

131.0
2 

49.62
7 

50.46
6 

59.16
6 

54.68
4 

57.46
7 

57.85
5 

Impregnant ME PME22 PME33 Non-impregnated 

Remarks: Red numbers of p values indicate significantly different for the compared mean of increment density; Temp = Temperature; DI = Density increment (%)
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Appendix 4 (to Chapter V). Tukey HSD test of Set of Recovery (SR, %) 

 
M

E 

120                         

130 1.00                        

140 1.00 1.00                       

150 0.85 1.00 1.00                      

160 0.33 0.92 0.87 1.00                     

170 0.30 0.90 0.84 1.00 1.00                    

P
M

E2
2

 

120 0.00 0.00 0.00 0.00 0.00 0.00                   

130 0.00 0.00 0.00 0.00 0.00 0.00 0.11                  

140 0.00 0.00 0.00 0.00 0.00 0.00 0.98 0.99                 

150 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.92 1.00                

160 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.07 0.94 0.99               

170 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.10 0.97 1.00 1.00              

P
M

E3
3

 

120 0.01 0.09 0.06 0.81 1.00 1.00 0.04 0.00 0.00 0.00 0.07 0.05             

130 0.00 0.00 0.00 0.00 0.01 0.01 1.00 0.01 0.46 0.73 1.00 1.00 0.42            

140 0.00 0.00 0.00 0.00 0.00 0.00 0.69 1.00 1.00 1.00 0.56 0.64 0.00 0.12           

150 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00          

160 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.58 1.00 1.00 1.00 1.00 0.00 0.97 0.99 0.00         

170 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.60 1.00 1.00 1.00 1.00 0.00 0.97 0.99 0.00 1.00        

N
o

n
-

im
p

re
gn

at
ed

 120 0.75 0.17 0.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00       

130 0.65 0.12 0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00      

140 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99 1.00     

150 1.00 0.81 0.87 0.09 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 0.53    

160 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 0.61   

170 1.00 0.99 1.00 0.34 0.06 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99 0.98 0.17 1.00 0.22  

 
Tem

p 
120 130 140 150 160 170 120 130 140 150 160 170 120 130 140 150 160 170 120 130 140 150 160 170 

 
SR 86.39 82.13 82.69 76.28 72.75 72.52 48.35 32.49 40.14 41.85 49.15 48.62 65.85 52.85 37.04 14.83 44.45 44.34 97.26 97.91 104.8

7 
92.59 104.4

1 
89.84 

Impregnant ME PME22 PME33 Non-impregnated 

Remarks: Red numbers of p values indicate significantly different of the compared mean of increment density; Temp = Temperature; SR = Set of recovery (%)
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Appendix 5 (to Chapter VI). CIEL*a*b* acquired colorimetry data on the radial surface from treated and untreated Jabon wood 

samples. 
 

No. 
Untreated Impregnated with PME22 Impregnated with PME33 

L A b C h L a b C h L  a b C h 

1 83.3 6.1 19.4 24.9 72.5 44 18.6 23.4 20.3 51.5 37.4 15.9 15.2 22 44.1 

2 82.9 5.9 19.2 25.8 72.9 42.2 17.6 18.8 20.1 47 34.3 17.7 16 23.9 42 

3 81.4 5.8 18.9 21.4 72.9 42.6 13.8 16.4 19.7 49.9 33.8 17.2 14.3 22.4 39.8 

4 80.8 6.6 22.3 25.8 73.6 43.9 16.4 19.9 23.3 50.6 33.5 18 15.1 23.5 39.9 

5 83.2 5.2 16.3 21.3 72.3 39.8 15.5 14.6 21.1 43.2 37.1 12.8 14.2 19.1 48 

6 78.4 8.5 24.6 28 72 44.2 18.1 21.4 26.1 49.8 35.3 16.2 14 21.5 48.9 

7 77.3 8.9 23.4 22 70.6 40.6 15 16.1 26.9 47.1 32.5 17 16.3 23.6 43.7 

8 78.8 7.5 23.3 26.4 72.2 43.7 17.8 19.5 24.4 47.7 34.1 18 15 23.4 39.8 

9 78 8.2 23.8 26.3 71 43.1 16.8 20.2 25.1 50.1 35.4 19.9 18.9 22.4 43.7 

10 78.7 8.5 22.6 22.5 72.2 40.1 15.4 16.5 23.9 46.9 35.5 15 13.6 20.2 42.1 

11 83.1 6 21.3 21.5 72.6 38.8 15 15.4 23 45.8 36.5 18.6 18.7 20.4 45.1 

12 81.7 5.9 23.4 21.8 72.9 41 14.8 16 24.1 47.4 36.9 19 18.6 21.5 44.4 

13 79.5 7 23 27.5 73 39.8 18.3 20.5 24.1 48.4 34.9 15.9 15.3 22.1 43.9 

14 77.1 6.6 22.8 26.6 73.9 41.6 17.8 19.8 23.7 48 37.5 18.9 18.8 19.6 44.9 

15 78.9 7.3 22.6 28.1 74.1 39.1 19.2 20.6 26.6 47 35.7 18 15.9 20 41.6 

16 80.9 7.9 25 24.7 72.4 40.6 16.8 18.1 26.3 47.3 30.2 16.3 15.8 22.7 44 

17 81.7 7.5 21.3 24.9 70.6 45.9 18.2 22.5 22.6 51.1 30.4 8.7 18.6 22.3 44.8 

18 81.8 7.4 21.7 25.9 71 39.6 18.1 18.6 22.9 45.8 35.7 18.6 16.8 25.1 42 

19 82.7 7.6 23.6 25.6 72.2 43.6 17.3 18.9 24.7 47.6 34.7 17.4 17.2 24.5 44.6 

20 83.5 6.6 22 26.6 73.3 41.3 17.8 19.8 23 48.1 36.2 15.7 15.1 21.8 43.9 

21 80.7 7.3 23.5 23 72.8 41.7 15.6 16.9 24.6 47.4 36.2 20.2 19.5 21 44 

22 80.8 7.8 22.9 28.8 71.3 37.9 18.2 20.5 24.2 45.4 35.6 20.8 18.9 21.1 42.3 

23 81 7.6 23.2 28.8 72 41.7 19.2 21.5 24.4 48.2 35.6 14.2 12.9 19.1 42.2 

24 81.1 7.5 22.5 28.9 71.7 40.8 19.1 21.6 23.7 48.6 36 14.7 14.2 20.4 44.1 

25 78.7 7.8 23.3 24.4 71.5 38.3 17.1 17.4 24.5 45.5 35.2 16.3 14.7 21.9 42.1 
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26 78.5 8.3 23.2 23.8 72.4 42.2 15.6 18 22.5 49.2 32.1 15.2 12.2 19.5 38.6 

27 80.9 7.9 22 26.9 72.4 44.7 17 20.8 22.3 50.8 28.9 8.7 12.8 18.8 42.7 

28 81.7 7.5 21.3 24.9 70.6 38.5 17 18.2 22.6 46.9 31.7 13.1 10.3 16.7 38.2 

29 81.8 7.4 21.7 26.8 71 39.6 18.1 19.8 22.9 47.5 27.5 10.2 17.4 22.6 36 

30 82.7 7.6 23.6 26.1 72.2 38.8 18.1 18.7 24.7 45.9 37.3 27.1 14.2 21.1 45.2 

31 83.5 6.6 22 21.8 73.3 41.7 14.7 16.1 23 47.6 36.1 18.2 17.5 25.2 43.9 

32 80.7 7.3 23.5 28.8 72.8 44.3 18.6 22 24.6 47.8 36.7 19.4 18.2 21.6 43.2 

33 80.8 7.8 22.9 27.7 71.3 48.5 16.3 22.4 24.2 53.9 37.1 14.4 14.4 20.4 45 

34 81 7.6 23.2 22.8 72 39.3 16.1 16.2 24.4 45.2 31.1 16.5 13.3 21.2 38.9 

35 81.1 7.5 22.5 25.6 71.7 38.6 17.4 18.8 23.7 47.2 30.4 13.2 10.5 16.8 38.6 

36 81.2 7.4 21.6 29.1 71 47.4 18.1 22.7 22.8 51.5 33.9 17.9 14.7 23.1 39.4 

37 81.3 7.4 20.2 25.6 69.8 41 17 19.1 21.5 48.3 36.9 16.4 14.7 22 41.8 

38 82.3 5.7 25.9 25.9 77.6 39.8 17.5 19.1 22.5 47.5 36.4 16.8 15.9 23.2 43.3 

39 82.8 6.5 22.3 25.2 73.8 38.2 17.8 17.9 23 45.2 35.6 17.2 15.3 23 41.8 

40 80.4 7.7 20.2 27.1 69.1 45.6 16.6 21.4 21.6 52.1 33.5 18.9 15.9 24.8 40.1 

41 81.8 6.7 19 25.3 70.6 40.6 17 18.8 20.1 48 32.3 15.9 13.3 20.8 39.9 

42 83.4 5.8 19.1 21.6 72.8 42 15 15.5 20 46.3 36.3 17.3 18.1 22 46.4 

43 83.4 6.3 18.7 27.6 71.5 40.4 18.8 20.2 19.7 47.1 32.3 16.1 12.3 20.2 37.4 

44 83.6 6.2 18.7 21.3 71.6 37.6 14.6 15.5 19.7 46.7 33.9 18 15 23.5 39.7 

45 76.9 8.7 22.5 26.7 68.8 44.5 17 20.5 24.1 50.4 34.7 15 13.4 20.1 41.7 

46 81.6 7.8 22.8 26.6 71.2 47.7 15.9 21.3 24.1 33.3 35 16.4 16.6 23.3 45.3 

47 83.8 6 18.7 27.2 72.3 40.3 18.2 20.2 23.6 48.1 36.2 14.4 13.9 20 44.1 

48 84 6.5 20.2 28.4 72.3 40.5 19.1 21 21.2 47.8 36.4 18.1 17.3 21 43.7 

49 81.4 6.6 21.2 26.9 72.6 38.2 18.9 19.1 22.2 45.2 36.3 17.2 16.2 23.6 43.3 

50 78.3 7.3 19.4 26.5 69.5 39.9 17.9 19.6 20.7 47.6 36.9 16.1 15.7 22.5 44.4 

Mean 81.10 7.14 21.85 25.55 72.03 41.52 17.12 19.16 23.1 47.65 34.63 16.57 15.45 21.65 42.57 

Min. 76.9 5.2 16.3 21.3 68.8 37.6 13.8 14.6 19.7 33.3 27.5 8.7 10.3 16.7 36 

Max. 84 8.9 25.9 29.1 77.6 48.5 19.2 23.4 26.9 53.9 37.5 27.1 19.5 25.2 48.9 

SD 1.9059 0.8695 1.9458 2.315 1.4269 2.6706 1.4002 2.1816 1.8417 2.9162 2.3726 2.9803 2.1778 1.8965 2.6573 
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Appendix 6 (to Chapter VI). Colour changes on the radial surface of Jabon wood samples after impregnation treatment. 
 

No. PME22 x Untreated PME33 x Untreated PME22 x PME33 

∆L ∆a ∆b ∆E ∆C ∆h ∆L ∆a ∆b ∆E ∆C ∆h ∆L ∆a ∆b ∆E ∆C ∆h 

1 -39.3 12.5 4.0 41.43 -4.6 -21 -45.9 9.8 -4.2 47.12 -2.9 -28.4 -6.6 -2.7 -8.2 10.87 1.7 -7.4 
2 -40.7 11.7 -0.4 42.35 -5.7 -25.9 -48.6 11.8 -3.2 50.11 -1.9 -30.9 -7.9 0.1 -2.8 8.38 3.8 -5.0 
3 -38.8 8.0 -2.5 39.69 -1.7 -23 -47.6 11.4 -4.6 49.16 1 -33.1 -8.8 3.4 -2.1 9.66 2.7 -10.1 
4 -36.9 9.8 -2.4 38.25 -2.5 -23 -47.3 11.4 -7.2 49.18 -2.3 -33.7 -10.4 1.6 -4.8 11.57 0.2 -10.7 
5 -43.4 10.3 -1.7 44.64 -0.2 -29.1 -46.1 7.6 -2.1 46.77 -2.2 -24.3 -2.7 -2.7 -0.4 3.84 -2.0 4.8 
6 -34.2 9.6 -3.2 35.67 -1.9 -22.2 -43.1 7.7 -10.6 45.05 -6.5 -23.1 -8.9 -1.9 -7.4 11.73 -4.6 -0.9 
7 -36.7 6.1 -7.3 37.91 4.9 -23.5 -44.8 8.1 -7.1 46.08 1.6 -26.9 -8.1 2.0 0.2 8.35 -3.3 -3.4 
8 -35.1 10.3 -3.8 36.78 -2 -24.5 -44.7 10.5 -8.3 46.66 -3 -32.4 -9.6 0.2 -4.5 10.60 -1.0 -7.9 
9 -34.9 8.6 -3.6 36.12 -1.2 -20.9 -42.6 11.7 -4.9 44.45 -3.9 -27.3 -7.7 3.1 -1.3 8.40 -2.7 -6.4 

10 -38.6 6.9 -6.1 39.68 1.4 -25.3 -43.2 6.5 -9 44.60 -2.3 -30.1 -4.6 -0.4 -2.9 5.45 -3.7 -4.8 

11 -44.3 9.0 -5.9 45.59 1.5 -26.8 -46.6 12.6 -2.6 48.34 -1.1 -27.5 -2.3 3.6 3.3 5.40 -2.6 -0.7 
12 -40.7 8.9 -7.4 42.31 2.3 -25.5 -44.8 13.1 -4.8 46.92 -0.3 -28.5 -4.1 4.2 2.6 6.42 -2.6 -3.0 
13 -39.7 11.3 -2.5 41.35 -3.4 -24.6 -44.6 8.9 -7.7 46.13 -5.4 -29.1 -4.9 -2.4 -5.2 7.54 -2.0 -4.5 
14 -35.5 11.2 -3.0 37.35 -2.9 -25.9 -39.6 12.3 -4 41.66 -7 -29 -4.1 1.1 -1.0 4.36 -4.1 -3.1 
15 -39.8 11.9 -2.0 41.59 -1.5 -27.1 -43.2 10.7 -6.7 45.01 -8.1 -32.5 -3.4 -1.2 -4.7 5.92 -6.6 -5.4 
16 -40.3 8.9 -6.9 41.84 1.6 -25.1 -50.7 8.4 -9.2 52.21 -2 -28.4 -10.4 -0.5 -2.3 10.66 -3.6 -3.3 
17 -35.8 10.7 1.2 37.38 -2.3 -19.5 -51.3 1.2 -2.7 51.39 -2.6 -25.8 -15.5 -9.5 -3.9 18.59 -0.3 -6.3 
18 -42.2 10.7 -3.1 43.65 -3 -25.2 -46.1 11.2 -4.9 47.69 -0.8 -29 -3.9 0.5 -1.8 4.32 2.2 -3.8 
19 -39.1 9.7 -4.7 40.56 -0.9 -24.6 -48 9.8 -6.4 49.41 -1.1 -27.6 -8.9 0.1 -1.7 9.06 -0.2 -3.0 
20 -42.2 11.2 -2.2 43.72 -3.6 -25.2 -47.3 9.1 -6.9 48.66 -4.8 -29.4 -5.1 -2.1 -4.7 7.25 -1.2 -4.2 
21 -39.0 8.3 -6.6 40.42 1.6 -25.4 -44.5 12.9 -4 46.50 -2 -28.8 -5.5 4.6 2.6 7.63 -3.6 -3.4 
22 -42.9 10.4 -2.4 44.21 -4.6 -25.9 -45.2 13 -4 47.20 -7.7 -29 -2.3 2.6 -1.6 3.82 -3.1 -3.1 

23 -39.3 11.6 -1.7 41.01 -4.4 -23.8 -45.4 6.6 -10.3 47.02 -9.7 -29.8 -6.1 -5.0 -8.6 11.67 -5.3 -6.0 
24 -40.3 11.6 -0.9 41.95 -5.2 -23.1 -45.1 7.2 -8.3 46.42 -8.5 -27.6 -4.8 -4.4 -7.4 9.86 -3.3 -4.5 
25 -40.4 9.3 -5.9 41.87 0.1 -26 -43.5 8.5 -8.6 45.15 -2.5 -29.4 -3.1 -0.8 -2.7 4.19 -2.6 -3.4 
26 -36.3 7.3 -5.2 37.39 -1.3 -23.2 -46.4 6.9 -11 48.18 -4.3 -33.8 -10.1 -0.4 -5.8 11.65 -3.0 -10.6 
27 -36.2 9.1 -1.2 37.35 -4.6 -21.6 -52 0.8 -9.2 52.81 -8.1 -29.7 -15.8 -8.3 -8.0 19.56 -3.5 -8.1 
28 -43.2 9.5 -3.1 44.34 -2.3 -23.7 -50 5.6 -11 51.50 -8.2 -32.4 -6.8 -3.9 -7.9 11.13 -5.9 -8.7 
29 -42.2 10.7 -1.9 43.58 -3.9 -23.5 -54.3 2.8 -4.3 54.54 -4.2 -35 -12.1 -7.9 -2.4 14.65 -0.3 -11.5 
30 -43.9 10.5 -4.9 45.40 -1.4 -26.3 -45.4 19.5 -9.4 50.30 -5 -27 -1.5 9.0 -4.5 10.17 -3.6 -0.7 
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31 -41.8 8.1 -5.9 42.98 1.2 -25.7 -47.4 11.6 -4.5 49.01 3.4 -29.4 -5.6 3.5 1.4 6.75 2.2 -3.7 

32 -36.4 11.3 -1.5 38.14 -4.2 -25 -44 12.1 -5.3 45.94 -7.2 -29.6 -7.6 0.8 -3.8 8.53 -3.0 -4.6 
33 -32.3 8.5 -0.5 33.40 -3.5 -17.4 -43.7 6.6 -8.5 45.01 -7.3 -26.3 -11.4 -1.9 -8.0 14.06 -3.8 -8.9 
34 -41.7 8.5 -7.0 43.13 1.6 -26.8 -49.9 8.9 -9.9 51.65 -1.6 -33.1 -8.2 0.4 -2.9 8.71 -3.2 -6.3 
35 -42.5 9.9 -3.7 43.79 -1.9 -24.5 -50.7 5.7 -12 52.41 -8.8 -33.1 -8.2 -4.2 -8.3 12.40 -6.9 -8.6 
36 -33.8 10.7 1.1 35.47 -6.3 -19.5 -47.3 10.5 -6.9 48.94 -6 -31.6 -13.5 -0.2 -8.0 15.69 0.3 -12.1 
37 -40.3 9.6 -1.1 41.44 -4.1 -21.5 -44.4 9 -5.5 45.64 -3.6 -28 -4.1 -0.6 -4.4 6.04 0.5 -6.5 
38 -42.5 11.8 -6.8 44.63 -3.4 -30.1 -45.9 11.1 -10 48.27 -2.7 -34.3 -3.4 -0.7 -3.2 4.72 0.7 -4.2 
39 -44.6 11.3 -4.4 46.22 -2.2 -28.6 -47.2 10.7 -7 48.90 -2.2 -32 -2.6 -0.6 -2.6 3.73 0.0 -3.4 
40 -34.8 8.9 1.2 35.94 -5.5 -17 -46.9 11.2 -4.3 48.41 -2.3 -29 -12.1 2.3 -5.5 13.49 3.2 -12.0 
41 -41.2 10.3 -0.2 42.47 -5.2 -22.6 -49.5 9.2 -5.7 50.67 -4.5 -30.7 -8.3 -1.1 -5.5 10.02 0.7 -8.1 
42 -41.4 9.2 -3.6 42.56 -1.6 -26.5 -47.1 11.5 -1 48.49 0.4 -26.4 -5.7 2.3 2.6 6.67 2.0 0.1 
43 -43.0 12.5 1.5 44.81 -7.9 -24.4 -51.1 9.8 -6.4 52.42 -7.4 -34.1 -8.1 -2.7 -7.9 11.63 0.5 -9.7 
44 -46.0 8.4 -3.2 46.87 -1.6 -24.9 -49.7 11.8 -3.7 51.22 2.2 -31.9 -3.7 3.4 -0.5 5.05 3.8 -7.0 
45 -32.4 8.3 -2.0 33.51 -2.6 -18.4 -42.2 6.3 -9.1 43.63 -6.6 -27.1 -9.8 -2.0 -7.1 12.27 -4.0 -8.7 
46 -33.9 8.1 -1.5 34.89 -2.5 -37.9 -46.6 8.6 -6.2 47.79 -3.3 -25.9 -12.7 0.5 -4.7 13.55 -0.8 12.0 
47 -43.5 12.2 1.5 45.20 -3.6 -24.2 -47.6 8.4 -4.8 48.57 -7.2 -28.2 -4.1 -3.8 -6.3 8.42 -3.6 -4.0 
48 -43.5 12.6 0.8 45.30 -7.2 -24.5 -47.6 11.6 -2.9 49.08 -7.4 -28.6 -4.1 -1.0 -3.7 5.61 -0.2 -4.1 
49 -43.2 12.3 -2.1 44.97 -4.7 -27.4 -45.1 10.6 -5 46.60 -3.3 -29.3 -1.9 -1.7 -2.9 3.86 1.4 -1.9 
50 -38.4 10.6 0.2 39.84 -5.8 -21.9 -41.4 8.8 -3.7 42.49 -4 -25.1 -3.0 -1.8 -3.9 5.24 1.8 -3.2 

Mean -39.58 9.97 -2.69 41.02 
-

2.45 
-24.38 -46.46 9.43 -6.39 48.03 -3.90 

-
29.46 

-6.88 -0.54 -3.70 8.98 
-

1.45 
-5.08 
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Appendix 7 (to Chapter VI). CIEL*a*b* acquired colorimetry data on the tangential surface from treated and untreated Jabon 

wood samples. 

No. 
Untreated Impregnated with PME22 Impregnated with PME33 

L a b C h L a b C h L  a b C h 

1 80.6 6.7 19.5 28.9 71 46.7 17.9 17.2 23.6 51.8 21.9 12.4 5.6 20.6 24.1 

2 82.2 6.4 18.7 32.2 71.1 41.2 20.8 15.9 23.3 49.7 28.7 10.6 8 19.8 37.1 

3 84.1 5.7 23.5 32.2 76.4 39.6 21.1 17.2 22.2 49.2 35.5 17.5 18.1 24.2 46 

4 80.5 6.2 24.2 28.5 75.8 38.6 19.7 16.7 23.3 46.3 33.5 21.2 18.6 25.3 41.2 

5 80.8 6.8 25.6 30.5 75 40 20.9 17.9 21.8 46.6 33.9 22.5 19.4 26.5 40.9 

6 83.4 6.2 17.4 27.8 73.5 44.7 18 18.1 23.6 49.7 37 20.9 22.1 18.2 46.5 

7 81.9 6.1 17.4 27.6 70.7 38.1 19 20 26.1 46.4 33.4 19.7 17.2 18.4 41.1 

8 80.1 6.8 18.8 30.6 70 39.2 21.2 22.1 21.8 46.1 28.3 18.4 11.7 20 32.4 

9 80.2 6.6 18.4 31.1 70.3 44 19 17.2 23.6 52.4 27.1 10.7 8.3 19.5 37.7 

10 80.7 6 18.6 18.9 75.2 41 18.9 16.7 24 24 32.8 18.8 15 23.4 38.5 

11 81.8 5.5 18.2 28.4 73.2 46.8 17.6 17.2 22.9 51.7 31.4 18.6 13.4 19 35.8 

12 82.3 6.4 18.1 34.4 70.7 45.6 21.1 17.1 21.5 52.2 37.7 20 21.5 19.2 47 

13 82.1 5.4 17.6 27.2 73 38.6 18.7 19.7 23.5 46.4 38.6 19.7 21.1 18.4 46.9 

14 81.8 5.8 17 18 71.2 42.9 12.4 13 23.3 46.4 31.8 18.2 14.5 17.9 38.6 

15 80.2 7 18.2 28.3 68.9 45 18.3 21.6 27.1 49.8 33 19.9 18.4 19.6 42.8 

16 81.6 6.1 21.5 32.3 74.2 41.8 21 17.4 20.4 49.5 30.7 16.6 11.9 22.3 35.5 

17 82.5 5.8 20.9 32.5 74.5 40.5 21.3 15.9 21.6 49 24.1 9.7 3.7 21.6 20.6 

18 81.8 5.9 19.5 29.5 73.3 39.4 20.4 19.3 21.6 46.2 32.2 15.8 14.7 20.4 43 

19 80.3 7.2 27.9 27.2 75.6 38.5 18.2 17.2 21.2 48 37.8 20.6 21.9 20.2 46.8 

20 80.7 6 21.5 28.2 74.5 39.5 19.2 15.9 23.1 47 33.1 21.4 17.6 22.3 39.4 

21 81.3 6 20.6 30.6 73.9 44.8 19.2 17.2 23.5 51 31.6 19.4 13.7 21.4 35.1 

22 80.3 7.3 20.9 22.4 70.8 38.6 14.9 16.7 23.3 48.2 37.7 19.1 19.4 22.2 45.5 

23 80 7.3 21.5 31.3 71.2 46.9 19.2 24.8 21.8 52.3 32.1 19.6 16.2 22.7 39.6 

24 83.7 5.8 19 32.8 73 42 20.9 15.3 23.6 50.4 33.8 22.1 18.8 19.8 40.4 

25 76.6 8.6 19.3 30.1 69.7 46.2 18.5 17.2 23.2 52.2 37.7 20.3 19.4 24.9 43.6 
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26 78.9 7.6 20.9 30.5 70 45.2 19.3 16.5 23.1 50.9 34.5 20 18.6 22.2 43 

27 80.7 6.9 20.3 29.3 71.2 39.4 19.8 17.2 23.2 47.5 31.1 19.9 17.1 21.4 40.7 

28 79.2 7 19.6 28.4 70.1 47.2 17.2 15.9 21.5 52.8 31.6 17.1 12.9 20.8 37 

29 83.1 6 18.4 28.2 71.8 38.6 19.8 17.2 23.5 45.3 35 17.2 16 19.3 49.9 

30 84.4 5.6 18.2 32.1 73 45.4 20.2 17.4 23.7 51 30 21.1 16.9 19.1 38.8 

31 81 6.8 18.8 30.8 70.1 42.7 19.6 15.3 28.4 50.5 37 19.4 20.8 20 47.1 

32 84.4 6.8 19.2 30.3 70.6 42.6 18.4 17.2 28.7 52.52 33.9 21.8 18.6 20.3 40.5 

33 83.2 8.7 18.7 29.5 71.7 41.9 18.6 15.9 25.5 50.9 30.8 12.1 9.6 19.7 38.6 

34 79.6 7.1 21.8 30.3 71.9 39.5 20.7 16.7 21.7 46.8 24.8 10.7 4.7 22.9 24 

35 79.3 7 20 27 70.6 38 19.1 19.1 23.5 45 37.4 19.5 19.4 21.2 44.9 

36 78.6 7.2 19.2 31.2 69.4 41.4 19.7 17 24.3 51 32.4 18.7 15.5 20.5 39.6 

37 81.6 6.7 20 30.9 71.4 46.9 18.7 17.1 23.2 52.7 36 20 17.9 21.1 41.9 

38 77.7 8 21.8 30.2 69.9 51 17.7 17.4 21.5 54.1 36.4 18.5 17.1 23.2 42.8 

39 79.4 7.9 18.3 26.9 71.9 38.7 17.7 17.2 23.7 48.8 37.6 20.5 21 25.6 45.6 

40 84.1 6.4 18.8 30.5 71.1 41.6 19.5 16.8 24 50.3 38 18.1 18.6 19.9 45.9 

41 81.1 6.7 19.5 30.8 71.1 44.7 18.7 17.2 19.2 52.6 30.4 14.3 12.9 20.6 42 

42 78.6 7.3 19.3 31.4 69.2 40.6 31.4 17.4 22.9 49.4 30.6 14.5 10.4 20.6 35.7 

43 80.2 6.8 21.6 27.7 72.5 42.5 17.8 17.7 23.1 50.1 35.8 21.3 22.5 22.7 46.6 

44 80.1 7.5 20.1 29 69.5 39.5 19.4 17.7 25.3 47.8 34.4 18.7 17.1 21.4 42.6 

45 81 5.6 19 31.5 73.6 41.7 20.6 17.3 25.2 49.2 37.4 18 17.6 19.8 44.4 

46 80.2 6.1 18.3 30.4 71.7 39.9 30.4 17.1 23.5 48.3 26.5 9.6 6.4 19.5 33.6 

47 78.6 7.3 22 28.7 71.9 44.9 18.4 17.3 24.3 50.1 23.1 11.2 6 23.6 28.2 

48 76.5 8.4 21.4 31.6 68.6 48.1 18.9 18.2 25.1 53.1 31.7 20.4 14.7 23 35.8 

49 81.2 7 20.3 34 70.9 47.5 20.4 17.2 21.5 53.2 38 18.8 20.1 21.5 47 

50 81.9 6.9 20.4 29.6 71.2 40.5 19.2 16.8 23.5 49.6 36.3 22.2 21.3 21.5 43.8 

Mean 80.92 6.70 19.99 29.45 71.83 42.40 19.57 17.45 23.36 49.12 32.92 17.95 15.68 21.18 40.12 

Min. 76.5 5.4 17 18 68.6 38 12.4 13 19.2 24 21.9 9.6 3.7 17.9 20.6 

Max. 84.4 8.7 27.9 34.4 76.4 51 31.4 24.8 28.7 54.1 38.6 22.5 22.5 26.5 49.9 

SD 1.83 0.80 2.10 3.08 1.93 3.26 2.82 1.80 1.79 4.33 4.17 3.58 4.97 1.99 6.28 
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Appendix 8 (to Chapter VI). Colour changes on the tangential surface of Jabon wood samples after impregnation treatment. 

 

No. 
PME22 x Untreated PME33 x Untreated PME22 x PME33 

∆L ∆a ∆b ∆E ∆C ∆h ∆L ∆a ∆b ∆E ∆C ∆h ∆L ∆a ∆b ∆E ∆C ∆h 

1 -33.9 11.2 -2.3 35.78 -5.3 -19.2 -58.7 5.7 -13.9 60.59 -8.3 -46.9 -24.8 -5.5 -11.6 27.93 -3.0 -27.7 

2 -41 14.4 -2.8 43.55 -8.9 -21.4 -53.5 4.2 -10.7 54.72 -12.4 -34 -12.5 -10.2 -7.9 17.96 -3.5 -12.6 

3 -44.5 15.4 -6.3 47.51 -10 -27.2 -48.6 11.8 -5.4 50.30 -8 -30.4 -4.1 -3.6 0.9 5.53 2.0 -3.2 

4 -41.9 13.5 -7.5 44.66 -5.2 -29.5 -47 15 -5.6 49.65 -3.2 -34.6 -5.1 1.5 1.9 5.65 2.0 -5.1 

5 -40.8 14.1 -7.7 43.85 -8.7 -28.4 -46.9 15.7 -6.2 49.85 -4 -34.1 -6.1 1.6 1.5 6.48 4.7 -5.7 

6 -38.7 11.8 0.7 40.47 -4.2 -23.8 -46.4 14.7 4.7 48.90 -9.6 -27 -7.7 2.9 4.0 9.15 -5.4 -3.2 

7 -43.8 12.9 2.6 45.73 -1.5 -24.3 -48.5 13.6 -0.2 50.37 -9.2 -29.6 -4.7 0.7 -2.8 5.52 -7.7 -5.3 

8 -40.9 14.4 3.3 43.49 -8.8 -23.9 -51.8 11.6 -7.1 53.56 -10.6 -37.6 -10.9 -2.8 -10.4 15.32 -1.8 -13.7 

9 -36.2 12.4 -1.2 38.28 -7.5 -17.9 -53.1 4.1 -10.1 54.21 -11.6 -32.6 -16.9 -8.3 -8.9 20.83 -4.1 -14.7 

10 -39.7 12.9 -1.9 41.79 5.1 -51.2 -47.9 12.8 -3.6 49.71 4.5 -36.7 -8.2 -0.1 -1.7 8.37 -0.6 14.5 

11 -35 12.1 -1 37.05 -5.5 -21.5 -50.4 13.1 -4.8 52.30 -9.4 -37.4 -15.4 1.0 -3.8 15.89 -3.9 -15.9 

12 -36.7 14.7 -1 39.55 -12.9 -18.5 -44.6 13.6 3.4 46.75 -15.2 -23.7 -7.9 -1.1 4.4 9.11 -2.3 -5.2 

13 -43.5 13.3 2.1 45.54 -3.7 -26.6 -43.5 14.3 3.5 45.92 -8.8 -26.1 0.0 1.0 1.4 1.72 -5.1 0.5 

14 -38.9 6.6 -4 39.66 5.3 -24.8 -50 12.4 -2.5 51.58 -0.1 -32.6 -11.1 5.8 1.5 12.61 -5.4 -7.8 

15 -35.2 11.3 3.4 37.13 -1.2 -19.1 -47.2 12.9 0.2 48.93 -8.7 -26.1 -12.0 1.6 -3.2 12.52 -7.5 -7.0 

16 -39.8 14.9 -4.1 42.69 -11.9 -24.7 -50.9 10.5 -9.6 52.85 -10 -38.7 -11.1 -4.4 -5.5 13.15 1.9 -14.0 

17 -42 15.5 -5 45.05 -10.9 -25.5 -58.4 3.9 -17.2 61.00 -10.9 -53.9 -16.4 -11.6 -12.2 23.50 0.0 -28.4 

18 -42.4 14.5 -0.2 44.81 -7.9 -27.1 -49.6 9.9 -4.8 50.81 -9.1 -30.3 -7.2 -4.6 -4.6 9.70 -1.2 -3.2 

19 -41.8 11 -10.7 44.53 -6 -27.6 -42.5 13.4 -6 44.96 -7 -28.8 -0.7 2.4 4.7 5.32 -1.0 -1.2 

20 -41.2 13.2 -5.6 43.62 -5.1 -27.5 -47.6 15.4 -3.9 50.18 -5.9 -35.1 -6.4 2.2 1.7 6.98 -0.8 -7.6 

21 -36.5 13.2 -3.4 38.96 -7.1 -22.9 -49.7 13.4 -6.9 51.94 -9.2 -38.8 -13.2 0.2 -3.5 13.66 -2.1 -15.9 

22 -41.7 7.6 -4.2 42.59 0.9 -22.6 -42.6 11.8 -1.5 44.23 -0.2 -25.3 -0.9 4.2 2.7 5.07 -1.1 -2.7 

23 -33.1 11.9 3.3 35.33 -9.5 -18.9 -47.9 12.3 -5.3 49.74 -8.6 -31.6 -14.8 0.4 -8.6 17.12 0.9 -12.7 

24 -41.7 15.1 -3.7 44.50 -9.2 -22.6 -49.9 16.3 -0.2 52.50 -13 -32.6 -8.2 1.2 3.5 9.00 -3.8 -10.0 
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25 -30.4 9.9 -2.1 32.04 -6.9 -17.5 -38.9 11.7 0.1 40.62 -5.2 -26.1 -8.5 1.8 2.2 8.96 1.7 -8.6

26 -33.7 11.7 -4.4 35.94 -7.4 -19.1 -44.4 12.4 -2.3 46.16 -8.3 -27 -10.7 0.7 2.1 10.93 -0.9 -7.9

27 -41.3 12.9 -3.1 43.38 -6.1 -23.7 -49.6 13 -3.2 51.38 -7.9 -30.5 -8.3 0.1 -0.1 8.30 -1.8 -6.8

28 -32 10.2 -3.7 33.79 -6.9 -17.3 -47.6 10.1 -6.7 49.12 -7.6 -33.1 -15.6 -0.1 -3.0 15.89 -0.7 -15.8

29 -44.5 13.8 -1.2 46.61 -4.7 -26.5 -48.1 11.2 -2.4 49.45 -8.9 -21.9 -3.6 -2.6 -1.2 4.60 -4.2 4.6

30 -39 14.6 -0.8 41.65 -8.4 -22 -54.4 15.5 -1.3 56.58 -13 -34.2 -15.4 0.9 -0.5 15.43 -4.6 -12.2

31 -38.3 12.8 -3.5 40.53 -2.4 -19.6 -44 12.6 2 45.81 -10.8 -23 -5.7 -0.2 5.5 7.92 -8.4 -3.4

32 -41.8 11.6 -2 43.43 -1.6 -18.08 -50.5 15 -0.6 52.68 -10 -30.1 -8.7 3.4 1.4 9.45 -8.4 -12.0

33 -41.3 9.9 -2.8 42.56 -4 -20.8 -52.4 3.4 -9.1 53.29 -9.8 -33.1 -11.1 -6.5 -6.3 14.32 -5.8 -12.3

34 -40.1 13.6 -5.1 42.65 -8.6 -25.1 -54.8 3.6 -17.1 57.52 -7.4 -47.9 -14.7 -10.0 -12.0 21.45 1.2 -22.8

35 -41.3 12.1 -0.9 43.05 -3.5 -25.6 -41.9 12.5 -0.6 43.73 -5.8 -25.7 -0.6 0.4 0.3 0.78 -2.3 -0.1

36 -37.2 12.5 -2.2 39.31 -6.9 -18.4 -46.2 11.5 -3.7 47.75 -10.7 -29.8 -9.0 -1.0 -1.5 9.18 -3.8 -11.4

37 -34.7 12 -2.9 36.83 -7.7 -18.7 -45.6 13.3 -2.1 47.55 -9.8 -29.5 -10.9 1.3 0.8 11.01 -2.1 -10.8

38 -26.7 9.7 -4.4 28.75 -8.7 -15.8 -41.3 10.5 -4.7 42.87 -7 -27.1 -14.6 0.8 -0.3 14.62 1.7 -11.3

39 -40.7 9.8 -1.1 41.88 -3.2 -23.1 -41.8 12.6 2.7 43.74 -1.3 -26.3 -1.1 2.8 3.8 4.85 1.9 -3.2

40 -42.5 13.1 -2 44.52 -6.5 -20.8 -46.1 11.7 -0.2 47.56 -10.6 -25.2 -3.6 -1.4 1.8 4.26 -4.1 -4.4

41 -36.4 12 -2.3 38.40 -11.6 -18.5 -50.7 7.6 -6.6 51.69 -10.2 -29.1 -14.3 -4.4 -4.3 15.57 1.4 -10.6

42 -38 24.1 -1.9 45.04 -8.5 -19.8 -48 7.2 -8.9 49.35 -10.8 -33.5 -10.0 -16.9 -7.0 20.85 -2.3 -13.7

43 -37.7 11 -3.9 39.47 -4.6 -22.4 -44.4 14.5 0.9 46.72 -5 -25.9 -6.7 3.5 4.8 8.95 -0.4 -3.5

44 -40.6 11.9 -2.4 42.38 -3.7 -21.7 -45.7 11.2 -3 47.15 -7.6 -26.9 -5.1 -0.7 -0.6 5.18 -3.9 -5.2

45 -39.3 15 -1.7 42.10 -6.3 -24.4 -43.6 12.4 -1.4 45.35 -11.7 -29.2 -4.3 -2.6 0.3 5.03 -5.4 -4.8

46 -40.3 24.3 -1.2 47.07 -6.9 -23.4 -53.7 3.5 -11.9 55.11 -10.9 -38.1 -13.4 -20.8 -10.7 26.96 -4.0 -14.7

47 -33.7 11.1 -4.7 35.79 -4.4 -21.8 -55.5 3.9 -16 57.89 -5.1 -43.7 -21.8 -7.2 -11.3 25.59 -0.7 -21.9

48 -28.4 10.5 -3.2 30.45 -6.5 -15.5 -44.8 12 -6.7 46.86 -8.6 -32.8 -16.4 1.5 -3.5 16.84 -2.1 -17.3

49 -33.7 13.4 -3.1 36.40 -12.5 -17.7 -43.2 11.8 -0.2 44.78 -12.5 -23.9 -9.5 -1.6 2.9 10.06 0.0 -6.2

50 -41.4 12.3 -3.6 43.34 -6.1 -21.6 -45.6 15.3 0.9 48.11 -8.1 -27.4 -4.2 3.0 4.5 6.85 -2.0 -5.8

Mean -38.52 12.87 -2.55 40.87 -6.09 -22.71 -48.00 11.25 -4.32 49.89 -8.26 -31.71 -9.48 -1.63 -1.77 11.64 -2.18 -9.00
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Appendix 9 (Chapter VI) The screenshot of colour determination procedures by 

ColorHexa. 
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Appendix 10 (Chapter VI). ANOVA of colour changes and differences 

A. Radial section 
 

ANOVA of colour changes 

 Sum of Squares df Mean Square F 
Sig. 

(p-value) 

L Between Groups 62883.332 2 31441.666 5753.750 .000 

Within Groups 803.289 147 5.465   

Total 63686.622 149    

a Between Groups 3145.618 2 1572.809 406.814 .000 

Within Groups 568.325 147 3.866   

Total 3713.943 149    

b Between Groups 1029.976 2 514.988 116.264 .000 

Within Groups 651.132 147 4.429   

Total 1681.108 149    

C Between Groups 389.431 2 194.715 47.307 .000 

Within Groups 605.049 147 4.116   

Total 994.480 149    

h Between Groups 24808.553 2 12404.276 2114.164 .000 

Within Groups 862.482 147 5.867   

Total 25671.035 149    

 
Post Hoc Tests 

Multiple Comparisons 
Dependent 
Variable 

(I) 
Treatment 

(J) 
Treatment 

Mean Difference  
(I-J) 

Std. Error Sig. 
95% Confidence Interval 

Lower Bound Upper Bound 

L Tukey HSD 1 2 39.58200
*
 .46753 .000 38.4750 40.6890 

3 46.46400
*
 .46753 .000 45.3570 47.5710 

2 1 -39.58200
*
 .46753 .000 -40.6890 -38.4750 

3 6.88200
*
 .46753 .000 5.7750 7.9890 

3 1 -46.46400
*
 .46753 .000 -47.5710 -45.3570 

2 -6.88200
*
 .46753 .000 -7.9890 -5.7750 

Bonferroni 1 2 39.58200
*
 .46753 .000 38.4498 40.7142 

3 46.46400
*
 .46753 .000 45.3318 47.5962 

2 1 -39.58200
*
 .46753 .000 -40.7142 -38.4498 

3 6.88200
*
 .46753 .000 5.7498 8.0142 

3 1 -46.46400
*
 .46753 .000 -47.5962 -45.3318 

2 -6.88200
*
 .46753 .000 -8.0142 -5.7498 

a Tukey HSD 1 2 -9.97400
*
 .39325 .000 -10.9051 -9.0429 

3 -9.43200
*
 .39325 .000 -10.3631 -8.5009 

2 1 9.97400
*
 .39325 .000 9.0429 10.9051 

3 .54200 .39325 .355 -.3891 1.4731 

3 1 9.43200
*
 .39325 .000 8.5009 10.3631 

2 -.54200 .39325 .355 -1.4731 .3891 

Bonferroni 1 2 -9.97400
*
 .39325 .000 -10.9263 -9.0217 

3 -9.43200
*
 .39325 .000 -10.3843 -8.4797 

2 1 9.97400
*
 .39325 .000 9.0217 10.9263 

3 .54200 .39325 .511 -.4103 1.4943 

3 1 9.43200
*
 .39325 .000 8.4797 10.3843 

2 -.54200 .39325 .511 -1.4943 .4103 
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b Tukey HSD 1 2 2.69000
*
 .42093 .000 1.6934 3.6866 

3 6.39200
*
 .42093 .000 5.3954 7.3886 

2 1 -2.69000
*
 .42093 .000 -3.6866 -1.6934 

3 3.70200
*
 .42093 .000 2.7054 4.6986 

3 1 -6.39200
*
 .42093 .000 -7.3886 -5.3954 

2 -3.70200
*
 .42093 .000 -4.6986 -2.7054 

Bonferroni 1 2 2.69000
*
 .42093 .000 1.6706 3.7094 

3 6.39200
*
 .42093 .000 5.3726 7.4114 

2 1 -2.69000
*
 .42093 .000 -3.7094 -1.6706 

3 3.70200
*
 .42093 .000 2.6826 4.7214 

3 1 -6.39200
*
 .42093 .000 -7.4114 -5.3726 

2 -3.70200
*
 .42093 .000 -4.7214 -2.6826 

C Tukey HSD 1 2 2.45400
*
 .40576 .000 1.4933 3.4147 

3 3.90400
*
 .40576 .000 2.9433 4.8647 

2 1 -2.45400
*
 .40576 .000 -3.4147 -1.4933 

3 1.45000
*
 .40576 .001 .4893 2.4107 

3 1 -3.90400
*
 .40576 .000 -4.8647 -2.9433 

2 -1.45000
*
 .40576 .001 -2.4107 -.4893 

Bonferroni 1 2 2.45400
*
 .40576 .000 1.4714 3.4366 

3 3.90400
*
 .40576 .000 2.9214 4.8866 

2 1 -2.45400
*
 .40576 .000 -3.4366 -1.4714 

3 1.45000
*
 .40576 .001 .4674 2.4326 

3 1 -3.90400
*
 .40576 .000 -4.8866 -2.9214 

2 -1.45000
*
 .40576 .001 -2.4326 -.4674 

h Tukey HSD 1 2 24.38400
*
 .48445 .000 23.2370 25.5310 

3 29.46400
*
 .48445 .000 28.3170 30.6110 

2 1 -24.38400
*
 .48445 .000 -25.5310 -23.2370 

3 5.08000
*
 .48445 .000 3.9330 6.2270 

3 1 -29.46400
*
 .48445 .000 -30.6110 -28.3170 

2 -5.08000
*
 .48445 .000 -6.2270 -3.9330 

Bonferroni 1 2 24.38400
*
 .48445 .000 23.2108 25.5572 

3 29.46400
*
 .48445 .000 28.2908 30.6372 

2 1 -24.38400
*
 .48445 .000 -25.5572 -23.2108 

3 5.08000
*
 .48445 .000 3.9068 6.2532 

3 1 -29.46400
*
 .48445 .000 -30.6372 -28.2908 

2 -5.08000
*
 .48445 .000 -6.2532 -3.9068 

*. The mean difference is significant at the 0.05 level. 
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ANOVA of colour difference 
 Sum of Squares df Mean Square F Sig. 

∆L Between Groups 44723.111 2 22361.555 1965.619 .000 

Within Goups 1672.323 147 11.376   

Total 46395.434 149    

∆a Between Groups 3506.012 2 1753.006 219.932 .000 

Within Groups 1171.687 147 7.971   

Total 4677.698 149    

∆b Between Groups 366.084 2 183.042 22.473 .000 

Within Groups 1197.332 147 8.145   

Toal 1563.416 149    

∆E Between Groups 43330.467 2 21665.233 1844.596 .000 

Within Groups 1726.551 147 11.745   

Total 45057.018 149    

∆C Between Groups 152.211 2 76.105 9.467 .000 

Within Groups 1181.788 147 8.039   

Total 1333.999 149    

∆h Betwee Groups 16550.505 2 8275.252 675.594 .000 

Within Groups 1800.582 147 12.249   

Total 18351.087 149    

 
 

Post Hoc Tests 

Multiple Comparisons 

Dependent Variable 
(I) 
Treatment 

(J) 
Treatment 

Mean 
Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

∆L Tukey HSD 1 2 6.88200
*
 .67458 .000 5.2848 8.4792 

3 -32.70000
*
 .67458 .000 -34.2972 -31.1028 

2 1 -6.88200
*
 .67458 .000 -8.4792 -5.2848 

3 -39.58200
*
 .67458 .000 -41.1792 -37.9848 

3 1 32.70000
*
 .67458 .000 31.1028 34.2972 

2 39.58200
*
 .67458 .000 37.9848 41.1792 

Bonferroni 1 2 6.88200
*
 .67458 .000 5.2484 8.5156 

3 -32.70000
*
 .67458 .000 -34.3336 -31.0664 

2 1 -6.88200
*
 .67458 .000 -8.5156 -5.2484 

3 -39.58200
*
 .67458 .000 -41.2156 -37.9484 

3 1 32.70000
*
 .67458 .000 31.0664 34.3336 

2 39.58200
*
 .67458 .000 37.9484 41.2156 

∆a Tukey HSD 1 2 .54200 .56465 .603 -.7949 1.8789 

3 10.51600
*
 .56465 .000 9.1791 11.8529 

2 1 -.54200 .56465 .603 -1.8789 .7949 

3 9.97400
*
 .56465 .000 8.6371 11.3109 

3 1 -10.51600
*
 .56465 .000 -11.8529 -9.1791 

2 -9.97400
*
 .56465 .000 -11.3109 -8.6371 

Bonferroni 1 2 .54200 .56465 1.000 -.8254 1.9094 

3 10.51600
*
 .56465 .000 9.1486 11.8834 

2 1 -.54200 .56465 1.000 -1.9094 .8254 

3 9.97400
*
 .56465 .000 8.6066 11.3414 

3 1 -10.51600
*
 .56465 .000 -11.8834 -9.1486 

2 -9.97400
*
 .56465 .000 -11.3414 -8.6066 
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Post Hoc Tests (Cont.) 

∆b Tukey HSD 1 2 3.70200
*
 .57079 .000 2.3505 5.0535 

3 1.01200 .57079 .182 -.3395 2.3635 

2 1 -3.70200
*
 .57079 .000 -5.0535 -2.3505 

3 -2.69000
*
 .57079 .000 -4.0415 -1.3385 

3 1 -1.01200 .57079 .182 -2.3635 .3395 

2 2.69000
*
 .57079 .000 1.3385 4.0415 

Bonferroni 1 2 3.70200
*
 .57079 .000 2.3197 5.0843 

3 1.01200 .57079 .235 -.3703 2.3943 

2 1 -3.70200
*
 .57079 .000 -5.0843 -2.3197 

3 -2.69000
*
 .57079 .000 -4.0723 -1.3077 

3 1 -1.01200 .57079 .235 -2.3943 .3703 

2 2.69000
*
 .57079 .000 1.3077 4.0723 

∆E Tukey HSD 1 2 -7.00825
*
 .68543 .000 -8.6311 -5.3854 

3 32.03567
*
 .68543 .000 30.4128 33.6586 

2 1 7.00825
*
 .68543 .000 5.3854 8.6311 

3 39.04392
*
 .68543 .000 37.4210 40.6668 

3 1 -32.03567
*
 .68543 .000 -33.6586 -30.4128 

2 -39.04392
*
 .68543 .000 -40.6668 -37.4210 

Bonferroni 1 2 -7.00825
*
 .68543 .000 -8.6681 -5.3484 

3 32.03567
*
 .68543 .000 30.3758 33.6956 

2 1 7.00825
*
 .68543 .000 5.3484 8.6681 

3 39.04392
*
 .68543 .000 37.3840 40.7038 

3 1 -32.03567
*
 .68543 .000 -33.6956 -30.3758 

2 -39.04392
*
 .68543 .000 -40.7038 -37.3840 

∆C Tukey HSD 1 2 1.45000
*
 .56708 .031 .1073 2.7927 

3 -1.00400 .56708 .183 -2.3467 .3387 

2 1 -1.45000
*
 .56708 .031 -2.7927 -.1073 

3 -2.45400
*
 .56708 .000 -3.7967 -1.1113 

3 1 1.00400 .56708 .183 -.3387 2.3467 

2 2.45400
*
 .56708 .000 1.1113 3.7967 

Bonferroni 1 2 1.45000
*
 .56708 .035 .0767 2.8233 

3 -1.00400 .56708 .236 -2.3773 .3693 

2 1 -1.45000
*
 .56708 .035 -2.8233 -.0767 

3 -2.45400
*
 .56708 .000 -3.8273 -1.0807 

3 1 1.00400 .56708 .236 -.3693 2.3773 

2 2.45400
*
 .56708 .000 1.0807 3.8273 

∆h Tukey HSD 1 2 5.08000
*
 .69997 .000 3.4227 6.7373 

3 -19.30400
*
 .69997 .000 -20.9613 -17.6467 

2 1 -5.08000
*
 .69997 .000 -6.7373 -3.4227 

3 -24.38400
*
 .69997 .000 -26.0413 -22.7267 

3 1 19.30400
*
 .69997 .000 17.6467 20.9613 

2 24.38400
*
 .69997 .000 22.7267 26.0413 

Bonferroni 1 2 5.08000
*
 .69997 .000 3.3849 6.7751 

3 -19.30400
*
 .69997 .000 -20.9991 -17.6089 

2 1 -5.08000
*
 .69997 .000 -6.7751 -3.3849 

3 -24.38400
*
 .69997 .000 -26.0791 -22.6889 

3 1 19.30400
*
 .69997 .000 17.6089 20.9991 

2 24.38400
*
 .69997 .000 22.6889 26.0791 

*. The mean difference is significant at the 0.05 level. 
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Appendix 10 (Cont.) 

B. Tangential section 

ANOVA of colour changes  

 Sum of Squares df Mean Square F Sig. 

L Between Groups 64625.744 2 32312.872 3088.400 .000 

Within Groups 1538.011 147 10.463   
Total 66163.755 149    

a Between Groups 4915.021 2 2457.510 343.870 .000 

Within Groups 1050.555 147 7.147   
Total 5965.576 149    

b Between Groups 470.766 2 235.383 21.805 .000 

Within Groups 1586.858 147 10.795   
Total 2057.625 149    

C Between Groups 1833.917 2 916.958 165.104 .000 

Within Groups 816.411 147 5.554   
Total 2650.328 149    

h Between Groups 26705.201 2 13352.601 646.423 .000 

Within Groups 3036.450 147 20.656   
Total 29741.651 149    

 
Post Hoc Tests 

Multiple Comparisons 

Dependent Variable (I) Treatment (J) Treatment 
Mean 

Difference 
(I-J) 

Std. Error Sig. 
95% Confidence Interval 

Lower Bound Upper Bound 

L Tukey HSD 1 2 38.51800
*
 .64692 .000 36.9863 40.0497 

3 48.00000
*
 .64692 .000 46.4683 49.5317 

2 1 -38.51800
*
 .64692 .000 -40.0497 -36.9863 

3 9.48200
*
 .64692 .000 7.9503 11.0137 

3 1 -48.00000
*
 .64692 .000 -49.5317 -46.4683 

2 -9.48200
*
 .64692 .000 -11.0137 -7.9503 

Bonferroni 1 2 38.51800
*
 .64692 .000 36.9514 40.0846 

3 48.00000
*
 .64692 .000 46.4334 49.5666 

2 1 -38.51800
*
 .64692 .000 -40.0846 -36.9514 

3 9.48200
*
 .64692 .000 7.9154 11.0486 

3 1 -48.00000
*
 .64692 .000 -49.5666 -46.4334 

2 -9.48200
*
 .64692 .000 -11.0486 -7.9154 

a Tukey HSD 1 2 -12.87400
*
 .53466 .000 -14.1399 -11.6081 

3 -11.24800
*
 .53466 .000 -12.5139 -9.9821 

2 1 12.87400
*
 .53466 .000 11.6081 14.1399 

3 1.62600
*
 .53466 .008 .3601 2.8919 

3 1 11.24800
*
 .53466 .000 9.9821 12.5139 

2 -1.62600
*
 .53466 .008 -2.8919 -.3601 

Bonferroni 1 2 -12.87400
*
 .53466 .000 -14.1688 -11.5792 

3 -11.24800
*
 .53466 .000 -12.5428 -9.9532 

2 1 12.87400
*
 .53466 .000 11.5792 14.1688 

3 1.62600
*
 .53466 .008 .3312 2.9208 

3 1 11.24800
*
 .53466 .000 9.9532 12.5428 

2 -1.62600
*
 .53466 .008 -2.9208 -.3312 
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Post Hoc Tests (Cont.) 

b Tukey HSD 1 2 2.54800
*
 .65711 .000 .9922 4.1038 

3 4.31600
*
 .65711 .000 2.7602 5.8718 

2 1 -2.54800
*
 .65711 .000 -4.1038 -.9922 

3 1.76800
*
 .65711 .022 .2122 3.3238 

3 1 -4.31600
*
 .65711 .000 -5.8718 -2.7602 

2 -1.76800
*
 .65711 .022 -3.3238 -.2122 

Bonferroni 1 2 2.54800
*
 .65711 .000 .9567 4.1393 

3 4.31600
*
 .65711 .000 2.7247 5.9073 

2 1 -2.54800
*
 .65711 .000 -4.1393 -.9567 

3 1.76800
*
 .65711 .024 .1767 3.3593 

3 1 -4.31600
*
 .65711 .000 -5.9073 -2.7247 

2 -1.76800
*
 .65711 .024 -3.3593 -.1767 

C Tukey HSD 1 2 6.08600
*
 .47133 .000 4.9700 7.2020 

3 8.26200
*
 .47133 .000 7.1460 9.3780 

2 1 -6.08600
*
 .47133 .000 -7.2020 -4.9700 

3 2.17600
*
 .47133 .000 1.0600 3.2920 

3 1 -8.26200
*
 .47133 .000 -9.3780 -7.1460 

2 -2.17600
*
 .47133 .000 -3.2920 -1.0600 

Bonferroni 1 2 6.08600
*
 .47133 .000 4.9446 7.2274 

3 8.26200
*
 .47133 .000 7.1206 9.4034 

2 1 -6.08600
*
 .47133 .000 -7.2274 -4.9446 

3 2.17600
*
 .47133 .000 1.0346 3.3174 

3 1 -8.26200
*
 .47133 .000 -9.4034 -7.1206 

2 -2.17600
*
 .47133 .000 -3.3174 -1.0346 

h Tukey HSD 1 2 22.71160
*
 .90898 .000 20.5594 24.8638 

3 31.71000
*
 .90898 .000 29.5578 33.8622 

2 1 -22.71160
*
 .90898 .000 -24.8638 -20.5594 

3 8.99840
*
 .90898 .000 6.8462 11.1506 

3 1 -31.71000
*
 .90898 .000 -33.8622 -29.5578 

2 -8.99840
*
 .90898 .000 -11.1506 -6.8462 

Bonferroni 1 2 22.71160
*
 .90898 .000 20.5103 24.9129 

3 31.71000
*
 .90898 .000 29.5087 33.9113 

2 1 -22.71160
*
 .90898 .000 -24.9129 -20.5103 

3 8.99840
*
 .90898 .000 6.7971 11.1997 

3 1 -31.71000
*
 .90898 .000 -33.9113 -29.5087 

2 -8.99840
*
 .90898 .000 -11.1997 -6.7971 

*. The mean difference is significant at the 0.05 level. 
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Appendix 10 (Cont.) 

ANOVA of colour differences 

 Sum of Squares df Mean Square F Sig. 

∆L Between Groups 40277.232 2 20138.616 911.696 .000 

Within Groups 3247.108 147 22.089   
Total 43524.340 149    

∆a Between Groups 6310.563 2 3155.281 189.050 .000 

Within Groups 2453.457 147 16.690   
Total 8764.020 149    

∆b Between Groups 170.442 2 85.221 4.218 .017 

Within Groups 2970.101 147 20.205   
Total 3140.543 149    

∆E Between Groups 39978.119 2 19989.060 737.443 .000 

Within Groups 3984.568 147 27.106   
Total 43962.687 149    

∆C Between Groups 951.041 2 475.521 39.341 .000 

Within Groups 1776.829 147 12.087   
Total 2727.870 149    

∆h Between Groups 13080.664 2 6540.332 150.127 .000 

Within Groups 6404.113 147 43.565   
Total 19484.777 149    

 
Post Hoc Tests 

Multiple Comparisons 

Dependent Variable 
(I) 
Treatment (J) Treatment 

Mean 
Difference (I-J) 

Std. 
Error Sig. 

95% Confidence Interval 
Lower Bound Upper Bound 

∆L Tukey HSD 1 2 9.48200
*
 .93998 .000 7.2564 11.7076 

3 -29.03600
*
 .93998 .000 -31.2616 -26.8104 

2 1 -9.48200
*
 .93998 .000 -11.7076 -7.2564 

3 -38.51800
*
 .93998 .000 -40.7436 -36.2924 

3 1 29.03600
*
 .93998 .000 26.8104 31.2616 

2 38.51800
*
 .93998 .000 36.2924 40.7436 

Bonferroni 1 2 9.48200
*
 .93998 .000 7.2057 11.7583 

3 -29.03600
*
 .93998 .000 -31.3123 -26.7597 

2 1 -9.48200
*
 .93998 .000 -11.7583 -7.2057 

3 -38.51800
*
 .93998 .000 -40.7943 -36.2417 

3 1 29.03600
*
 .93998 .000 26.7597 31.3123 

2 38.51800
*
 .93998 .000 36.2417 40.7943 

∆a Tukey HSD 1 2 1.62600 .81707 .118 -.3086 3.5606 

3 14.50000
*
 .81707 .000 12.5654 16.4346 

2 1 -1.62600 .81707 .118 -3.5606 .3086 

3 12.87400
*
 .81707 .000 10.9394 14.8086 

3 1 -14.50000
*
 .81707 .000 -16.4346 -12.5654 

2 -12.87400
*
 .81707 .000 -14.8086 -10.9394 

 Bonferroni 1 2 1.62600 .81707 .145 -.3527 3.6047 

3 14.50000
*
 .81707 .000 12.5213 16.4787 

2 1 -1.62600 .81707 .145 -3.6047 .3527 

3 12.87400
*
 .81707 .000 10.8953 14.8527 
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Post Hoc Tests (Cont.) 

*. The mean difference is significant at the 0.05 level. 

 

  3 1 -14.50000
*
 .81707 .000 -16.4787 -12.5213 

2 -12.87400
*
 .81707 .000 -14.8527 -10.8953 

∆b Tukey HSD 1 2 1.76800 .89899 .124 -.3605 3.8965 

3 -.78000 .89899 .662 -2.9085 1.3485 

2 1 -1.76800 .89899 .124 -3.8965 .3605 

3 -2.54800
*
 .89899 .014 -4.6765 -.4195 

3 1 .78000 .89899 .662 -1.3485 2.9085 

2 2.54800
*
 .89899 .014 .4195 4.6765 

Bonferroni 1 2 1.76800 .89899 .153 -.4091 3.9451 

3 -.78000 .89899 1.000 -2.9571 1.3971 

2 1 -1.76800 .89899 .153 -3.9451 .4091 

3 -2.54800
*
 .89899 .016 -4.7251 -.3709 

3 1 .78000 .89899 1.000 -1.3971 2.9571 

2 2.54800
*
 .89899 .016 .3709 4.7251 

∆E Tukey HSD 1 2 -9.01857
*
 1.04127 .000 -11.4840 -6.5532 

3 29.23005
*
 1.04127 .000 26.7647 31.6955 

2 1 9.01857
*
 1.04127 .000 6.5532 11.4840 

3 38.24862
*
 1.04127 .000 35.7832 40.7140 

3 1 -29.23005
*
 1.04127 .000 -31.6955 -26.7647 

2 -38.24862
*
 1.04127 .000 -40.7140 -35.7832 

Bonferroni 1 2 -9.01857
*
 1.04127 .000 -11.5402 -6.4969 

3 29.23005
*
 1.04127 .000 26.7084 31.7517 

2 1 9.01857
*
 1.04127 .000 6.4969 11.5402 

3 38.24862
*
 1.04127 .000 35.7270 40.7702 

3 1 -29.23005
*
 1.04127 .000 -31.7517 -26.7084 

2 -38.24862
*
 1.04127 .000 -40.7702 -35.7270 

∆C Tukey HSD 1 2 2.17600
*
 .69534 .006 .5297 3.8223 

3 -3.91000
*
 .69534 .000 -5.5563 -2.2637 

2 1 -2.17600
*
 .69534 .006 -3.8223 -.5297 

3 -6.08600
*
 .69534 .000 -7.7323 -4.4397 

3 1 3.91000
*
 .69534 .000 2.2637 5.5563 

2 6.08600
*
 .69534 .000 4.4397 7.7323 

Bonferroni 1 2 2.17600
*
 .69534 .006 .4921 3.8599 

3 -3.91000
*
 .69534 .000 -5.5939 -2.2261 

2 1 -2.17600
*
 .69534 .006 -3.8599 -.4921 

3 -6.08600
*
 .69534 .000 -7.7699 -4.4021 

3 1 3.91000
*
 .69534 .000 2.2261 5.5939 

2 6.08600
*
 .69534 .000 4.4021 7.7699 

∆h Tukey HSD 1 2 8.99840
*
 1.32008 .000 5.8729 12.1239 

3 -13.71320
*
 1.32008 .000 -16.8387 -10.5877 

2 1 -8.99840
*
 1.32008 .000 -12.1239 -5.8729 

3 -22.71160
*
 1.32008 .000 -25.8371 -19.5861 

3 1 13.71320
*
 1.32008 .000 10.5877 16.8387 

2 22.71160
*
 1.32008 .000 19.5861 25.8371 

Bonferroni 1 2 8.99840
*
 1.32008 .000 5.8016 12.1952 

3 -13.71320
*
 1.32008 .000 -16.9100 -10.5164 

2 1 -8.99840
*
 1.32008 .000 -12.1952 -5.8016 

3 -22.71160
*
 1.32008 .000 -25.9084 -19.5148 

3 1 13.71320
*
 1.32008 .000 10.5164 16.9100 

2 22.71160
*
 1.32008 .000 19.5148 25.9084 
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Appendix 11 (to Chapter VII). Multiple comparisons of the density of untreated and 

treated Jabon wood by Tukey HSD 

 

Dependent 
Variable 

(I) 
Treatment 

(J) 
Treatment 

Mean 
Difference (I-J) 

Std. Error Sig. 

95% Confidence 
Interval 

Lower 
Bound 

Upper 
Bound 

Density 1 2 .00302 .00302 .750 -.0049 .0109 

3 -.09478
*
 .00302 .000 -.1027 -.0869 

4 -.10313
*
 .00302 .000 -.1110 -.0953 

2 1 -.00302 .00302 .750 -.0109 .0049 

3 -.09780
*
 .00302 .000 -.1057 -.0899 

4 -.10615
*
 .00302 .000 -.1140 -.0983 

3 1 .09478
*
 .00302 .000 .0869 .1027 

2 .09780
*
 .00302 .000 .0899 .1057 

4 -.00835
*
 .00302 .033 -.0162 -.0005 

4 1 .10313
*
 .00302 .000 .0953 .1110 

2 .10615
*
 .00302 .000 .0983 .1140 

3 .00835
*
 .00302 .033 .0005 .0162 

3 -.09478
*
 .00302 .000 -.1029 -.0867 

4 -.10313
*
 .00302 .000 -.1112 -.0950 

2 1 -.00302 .00302 1.000 -.0111 .0051 

3 -.09780
*
 .00302 .000 -.1059 -.0897 

4 -.10615
*
 .00302 .000 -.1143 -.0980 

3 1 .09478
*
 .00302 .000 .0867 .1029 

2 .09780
*
 .00302 .000 .0897 .1059 

4 -.00835
*
 .00302 .040 -.0165 -.0002 

4 1 .10313
*
 .00302 .000 .0950 .1112 

2 .10615
*
 .00302 .000 .0980 .1143 

3 .00835
*
 .00302 .040 .0002 .0165 

MC 

 

1 2 .35281 .34713 .740 -.5512 1.2568 

3 .46969 .34713 .531 -.4343 1.3737 

4 .43063 .34713 .602 -.4734 1.3346 

2 1 -.35281 .34713 .740 -1.2568 .5512 

3 .11688 .34713 .987 -.7871 1.0209 

4 .07781 .34713 .996 -.8262 .9818 

3 1 -.46969 .34713 .531 -1.3737 .4343 

2 -.11688 .34713 .987 -1.0209 .7871 

4 -.03906 .34713 .999 -.9431 .8649 

4 1 -.43063 .34713 .602 -1.3346 .4734 

2 -.07781 .34713 .996 -.9818 .8262 

3 .03906 .34713 .999 -.8649 .9431 

Remarks: 
*. The mean difference is significant at the 0.05 level. 
1 = Untreated samples (UT); 2 = Impregnated samples using ME; 3 = Impregnated samples using PME22; 4 = 
Impregnated samples using PME33  
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Appendix 12 (Chapter VII). Anova of the end- and side- hardness of untreated and 

treated Jabon wood by Tukey HSD 

 

 Sum of Squares df Mean Square F Sig. 

End-

hardness 

Between Groups 276855.650 3 92285.217 26.386 .000 

Within Groups 416208.680 119 3497.552   

Total 693064.329 122    

Side-

hardness 

Between Groups 173680.296 3 57893.432 15.079 .000 

Within Groups 456892.202 119 3839.430   

Total 630572.498 122    

 

 

Appendix 13 (Chapter VII). Multiple comparisons of the end- and side- hardness of 

untreated and treated Jabon wood by Tukey HSD 

 

Dependent 

Variable 

(I) 

Treatment 

(J) 

Treatment 

Mean 

Difference (I-J) 
Std. Error Sig. 

95% Confidence Interval 

Lower 

Bound 

Upper 

Bound 

End 
Hardness 

1 2 3.12500 14.78503 .997 -35.4004 41.6504 

3 -67.01563
*
 14.78503 .000 -105.5411 -28.4902 

4 -112.78125
*
 15.45437 .000 -153.0508 -72.5117 

2 1 -3.12500 14.78503 .997 -41.6504 35.4004 

3 -70.14063
*
 14.78503 .000 -108.6661 -31.6152 

4 -115.90625
*
 15.45437 .000 -156.1758 -75.6367 

3 1 67.01563
*
 14.78503 .000 28.4902 105.5411 

2 70.14063
*
 14.78503 .000 31.6152 108.6661 

4 -45.76563
*
 15.45437 .019 -86.0352 -5.4961 

4 1 112.78125
*
 15.45437 .000 72.5117 153.0508 

2 115.90625
*
 15.45437 .000 75.6367 156.1758 

3 45.76563
*
 15.45437 .019 5.4961 86.0352 

Side 
Hardness 

1 2 -26.10938 15.49078 .336 -66.4738 14.2551 

3 -70.17969
*
 15.49078 .000 -110.5441 -29.8153 

4 -98.58420
*
 16.19208 .000 -140.7760 -56.3924 

2 1 26.10938 15.49078 .336 -14.2551 66.4738 

3 -44.07031
*
 15.49078 .027 -84.4347 -3.7059 

4 -72.47483
*
 16.19208 .000 -114.6666 -30.2830 

3 1 70.17969
*
 15.49078 .000 29.8153 110.5441 

2 44.07031
*
 15.49078 .027 3.7059 84.4347 

4 -28.40451 16.19208 .301 -70.5963 13.7873 

4 1 98.58420
*
 16.19208 .000 56.3924 140.7760 

2 72.47483
*
 16.19208 .000 30.2830 114.6666 

3 28.40451 16.19208 .301 -13.7873 70.5963 

Remarks: 
*. The mean difference is significant at the 0.05 level. 
1 = Untreated samples (UT); 2 = Impregnated samples using ME; 3 = Impregnated samples using PME22; 4 = 
Impregnated samples using PME33  
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Appendix 14 (to Chapter VII). Anova of shear of untreated and treated Jabon wood by 

Tukey HSD 

 Sum of Squares df Mean Square F Sig. 

Shear Between Groups 128929.451 7 18418.493 143.460 .000 

Within Groups 31840.232 248 128.388   

Total 160769.683 255    

 

Appendix 15 (to Chapter VII). Multiple comparisons of shear of untreated and treated 

Jabon wood by Tukey HSD 

Dependent 
Variable 

(I) Treatment (J) Treatment 
Mean Difference 

(I-J) 
Std. Error Sig. 

95% Confidence Interval 
Lower Bound Upper Bound 

Shear 1 2 -9.78594
*
 2.83271 .015 -18.4455 -1.1263 

3 -5.18969 2.83271 .599 -13.8493 3.4699 

4 -9.98938
*
 2.83271 .012 -18.6490 -1.3298 

5 -32.01375
*
 2.83271 .000 -40.6734 -23.3541 

6 -42.85875
*
 2.83271 .000 -51.5184 -34.1991 

7 -52.37688
*
 2.83271 .000 -61.0365 -43.7173 

8 -63.30531
*
 2.83271 .000 -71.9649 -54.6457 

2 1 9.78594
*
 2.83271 .015 1.1263 18.4455 

3 4.59625 2.83271 .736 -4.0634 13.2559 

4 -.20344 2.83271 1.000 -8.8630 8.4562 

5 -22.22781
*
 2.83271 .000 -30.8874 -13.5682 

6 -33.07281
*
 2.83271 .000 -41.7324 -24.4132 

7 -42.59094
*
 2.83271 .000 -51.2505 -33.9313 

8 -53.51938
*
 2.83271 .000 -62.1790 -44.8598 

3 1 5.18969 2.83271 .599 -3.4699 13.8493 

2 -4.59625 2.83271 .736 -13.2559 4.0634 

4 -4.79969 2.83271 .691 -13.4593 3.8599 

5 -26.82406
*
 2.83271 .000 -35.4837 -18.1645 

6 -37.66906
*
 2.83271 .000 -46.3287 -29.0095 

7 -47.18719
*
 2.83271 .000 -55.8468 -38.5276 

8 -58.11563
*
 2.83271 .000 -66.7752 -49.4560 

4 1 9.98938
*
 2.83271 .012 1.3298 18.6490 

2 .20344 2.83271 1.000 -8.4562 8.8630 

3 4.79969 2.83271 .691 -3.8599 13.4593 

5 -22.02438
*
 2.83271 .000 -30.6840 -13.3648 

6 -32.86938
*
 2.83271 .000 -41.5290 -24.2098 

7 -42.38750
*
 2.83271 .000 -51.0471 -33.7279 

8 -53.31594
*
 2.83271 .000 -61.9755 -44.6563 
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Appendix 15. (Cont.) 

 5 1 32.01375
*
 2.83271 .000 23.3541 40.6734 

2 22.22781
*
 2.83271 .000 13.5682 30.8874 

3 26.82406
*
 2.83271 .000 18.1645 35.4837 

4 22.02438
*
 2.83271 .000 13.3648 30.6840 

6 -10.84500
*
 2.83271 .004 -19.5046 -2.1854 

7 -20.36313
*
 2.83271 .000 -29.0227 -11.7035 

8 -31.29156
*
 2.83271 .000 -39.9512 -22.6320 

6 1 42.85875
*
 2.83271 .000 34.1991 51.5184 

2 33.07281
*
 2.83271 .000 24.4132 41.7324 

3 37.66906
*
 2.83271 .000 29.0095 46.3287 

4 32.86938
*
 2.83271 .000 24.2098 41.5290 

5 10.84500
*
 2.83271 .004 2.1854 19.5046 

7 -9.51813
*
 2.83271 .020 -18.1777 -.8585 

8 -20.44656
*
 2.83271 .000 -29.1062 -11.7870 

7 1 52.37688
*
 2.83271 .000 43.7173 61.0365 

2 42.59094
*
 2.83271 .000 33.9313 51.2505 

3 47.18719
*
 2.83271 .000 38.5276 55.8468 

4 42.38750
*
 2.83271 .000 33.7279 51.0471 

5 20.36313
*
 2.83271 .000 11.7035 29.0227 

6 9.51813
*
 2.83271 .020 .8585 18.1777 

8 -10.92844
*
 2.83271 .004 -19.5880 -2.2688 

8 1 63.30531
*
 2.83271 .000 54.6457 71.9649 

2 53.51938
*
 2.83271 .000 44.8598 62.1790 

3 58.11563
*
 2.83271 .000 49.4560 66.7752 

4 53.31594
*
 2.83271 .000 44.6563 61.9755 

5 31.29156
*
 2.83271 .000 22.6320 39.9512 

6 20.44656
*
 2.83271 .000 11.7870 29.1062 

7 10.92844
*
 2.83271 .004 2.2688 19.5880 

Remarks: 
*. The mean difference is significant at the 0.05 level. 
1 and 2 = Shear of untreated samples of radial (1) and tangential (2) sections 
3 and 4 = Shear of impregnated samples using ME of radial (3) and tangential (4) sections 
5 and 6 = Shear of impregnated samples using PME22 of radial (5) and tangential (6) sections 
7 and 8 = Shear of impregnated samples using PME33 of radial (7) and tangential (8) sections 

 

Appendix 16 (to Chapter VII). Anova of bending strength (MO and MOR) of untreated 

and treated Jabon wood  

 Sum of Squares df Mean Square F Sig. 

MOE Between Groups 9418112113.000 3 3139370704.000 29.373 .000 

Within Groups 13253052310.000 124 106879454.100   

Total 22671164420.000 127    

MOR Between Groups 724219.383 3 241406.461 35.315 .000 

Within Groups 847648.888 124 6835.878   

Total 1571868.271 127    
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Appendix 17 (to Chapter VII). Multiple comparisons of bending strength (MOE and 

MOR) of untreated and treated Jabon wood by Tukey HSD 

Dependent 
Variable 

(I) Treatment (J) Treatment 
Mean 

Difference (I-J) 
Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

MOE 1 2 519.75000 2584.56300 .997 -6211.0018 7250.5018 

3 -11725.18750
*
 2584.56300 .000 -18455.9393 -4994.4357 

4 -20000.43750
*
 2584.56300 .000 -26731.1893 -13269.6857 

2 1 -519.75000 2584.56300 .997 -7250.5018 6211.0018 

3 -12244.93750
*
 2584.56300 .000 -18975.6893 -5514.1857 

4 -20520.18750
*
 2584.56300 .000 -27250.9393 -13789.4357 

3 1 11725.18750
*
 2584.56300 .000 4994.4357 18455.9393 

2 12244.93750
*
 2584.56300 .000 5514.1857 18975.6893 

4 -8275.25000
*
 2584.56300 .009 -15006.0018 -1544.4982 

4 1 20000.43750
*
 2584.56300 .000 13269.6857 26731.1893 

2 20520.18750
*
 2584.56300 .000 13789.4357 27250.9393 

3 8275.25000
*
 2584.56300 .009 1544.4982 15006.0018 

1 2 519.75000 2584.56300 1.000 -6410.0939 7449.5939 

3 -11725.18750
*
 2584.56300 .000 -18655.0314 -4795.3436 

4 -20000.43750
*
 2584.56300 .000 -26930.2814 -13070.5936 

2 1 -519.75000 2584.56300 1.000 -7449.5939 6410.0939 

3 -12244.93750
*
 2584.56300 .000 -19174.7814 -5315.0936 

4 -20520.18750
*
 2584.56300 .000 -27450.0314 -13590.3436 

3 1 11725.18750
*
 2584.56300 .000 4795.3436 18655.0314 

2 12244.93750
*
 2584.56300 .000 5315.0936 19174.7814 

4 -8275.25000
*
 2584.56300 .010 -15205.0939 -1345.4061 

 4 1 20000.43750
*
 2584.56300 .000 13070.5936 26930.2814 

2 20520.18750
*
 2584.56300 .000 13590.3436 27450.0314 

3 8275.25000
*
 2584.56300 .010 1345.4061 15205.0939 

MOR 1 2 -14.26813 20.66984 .901 -68.0968 39.5605 

3 -124.35687
*
 20.66984 .000 -178.1855 -70.5282 

4 -179.72125
*
 20.66984 .000 -233.5499 -125.8926 

2 1 14.26813 20.66984 .901 -39.5605 68.0968 

3 -110.08875
*
 20.66984 .000 -163.9174 -56.2601 

4 -165.45313
*
 20.66984 .000 -219.2818 -111.6245 

3 1 124.35687
*
 20.66984 .000 70.5282 178.1855 

2 110.08875
*
 20.66984 .000 56.2601 163.9174 

4 -55.36438
*
 20.66984 .041 -109.1930 -1.5357 

4 1 179.72125
*
 20.66984 .000 125.8926 233.5499 

2 165.45313
*
 20.66984 .000 111.6245 219.2818 

3 55.36438
*
 20.66984 .041 1.5357 109.1930 

1 2 -14.26813 20.66984 1.000 -69.6890 41.1528 

3 -124.35687
*
 20.66984 .000 -179.7778 -68.9360 

4 -179.72125
*
 20.66984 .000 -235.1421 -124.3004 

2 1 14.26813 20.66984 1.000 -41.1528 69.6890 

3 -110.08875
*
 20.66984 .000 -165.5096 -54.6679 

4 -165.45313
*
 20.66984 .000 -220.8740 -110.0322 

3 1 124.35687
*
 20.66984 .000 68.9360 179.7778 

2 110.08875
*
 20.66984 .000 54.6679 165.5096 

4 -55.36438 20.66984 .050 -110.7853 .0565 

4 1 179.72125
*
 20.66984 .000 124.3004 235.1421 

2 165.45313
*
 20.66984 .000 110.0322 220.8740 

3 55.36438 20.66984 .050 -.0565 110.7853 
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