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Abstract 

Large plantations of Eucalyptus globulus wood established in Australia have mainly been 

grown to produce pulpwood. This resource is not suitable for the production of decorative 

products, principally because of the low wood quality grades and unattractive colour. The 

manufacture of veneer-based products has recently been identified as an unprecedented 

opportunity to promote higher value utilization of plantation resources. However, many 

uncertainties remain regarding the impacts of the inferior wood quality of young 

plantation trees on product recovery and value, as well as the optimal processing 

techniques. Moreover, the quality of veneers and veneer-based products is far from 

optimal because these trees are young and have small diameters. The veneers also have 

substantial colour variation that affects the added value of the final products. Developing 

production methods that can enhance the appearance of low-quality veneers produced 

from young, small-diameter logs has great potential. 

An innovative method for enhancing the appearance of low-quality veneers has been 

developed by ALPI, a company in Italy that is involved in the production of multilaminar 

veneers, which are also called “reconstructed veneers”. One of the most important stages 

in multilaminar production is dyeing the veneer throughout its entire thickness, which can 

be achieved by using dyes of different colours depending on the appearance of the 

products, their design, and market demand. In the current multilaminar veneer 

manufacturing process, veneer dyeing is normally applied to give veneers a colour similar 

to that of another timber or to minimise variations and make the veneers more 

homogeneous in colour. Basically, veneer dyeing methods are based on the deep 

colouration of wood, which is known as wood dyeing, as opposed to surface colouration 

(varnishing and painting). The method used depends on the applications of the veneers. 

The benefit of dyeing is that the colour cannot be removed by sanding because the veneer 

is dyed throughout its entire thickness. 

Although veneer dyeing technology is well advanced in Italy, it has focused on poplar 

(Populus) veneers, using plantation wood that is characterised by a low density, even 

colour, small number of defects, and high permeability. Conversely, the majority of 

plantation eucalypts have a medium to high density, many defects, uneven colour, and 

low permeability. Therefore, a detailed study is required to investigate the veneer dyeing 

process for eucalypt veneers. 
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The aim of this PhD study was to investigate the enhancement of veneer appearance 

through veneer dyeing technology for the production of high value veneer-based products 

from plantation grown Eucalyptus globulus. The specific objectives were to: 

• investigate the dyeing methods and types of dyes that would be the most suitable 

for dyeing Eucalyptus globulus veneers; 

• investigate the effect of dyeing parameters such as dye concentration, dyeing time 

and temperature on the dye uptake, dye penetration and colour difference of dyed 

veneer; 

• investigate Ultraviolet (UV) - driven discolouration of dyed wood veneers. 

The study investigated dyeing methods (soaking and vacuum-pressure), types of dye 

(direct dye and reactive dye), and dyeing parameters (dye concentration, dyeing time, and 

temperature) in the veneer dyeing process for Eucalyptus globulus grown on plantations 

in Australia. Two different reactive dyes were used: Procion H-EXL and Procion Brown 

P2RN. One direct dye was used, which was a mixture of Sirius Red F-4BL, Sirius Yellow 

K-GRL, and Sirius Grey K-CGL. Veneers with two different moisture content (MC) 

levels were used: green veneer (80% ± 5% MC) and dried veneer (12% MC). The study 

showed that the reactive dye at a concentration of 2% resulted in a significantly higher 

dye penetration than other dyes. Soaking was not recommended as the dyeing method for 

this species because the dyed samples were severely damaged by the pre-treatments and 

high temperatures. Therefore, an alternative method, the vacuum pressure method, was 

investigated. The results showed the vacuum-pressure method had a significant influence 

on the dye uptake, dye penetration, and colour change; in particular, a reactive dye 

penetration of 100% was achieved with a dyeing time of 120 minutes, pressure of 1000 

kPa, and the addition of 20 g/L of sodium chloride. 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy and 

scanning electron microscopy (SEM) analyses were conducted. The results indicated that 

the reactive dye was able to react with the wood compounds (cellulose, hemicellulose, 

and lignin), a large amount of the dye molecules diffused into wood lumens, and various 

dye molecules aggregated around the surface of wood fibres. 

A comparison of two dye uptake measurement methods (the liquid uptake-based method 

and the spectrophotometry method) has been conducted and analysed. The new technique 
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for the measurement of dye penetration of the wood veneer using ImageJ program has 

been developed.  

UV-driven discolouration of veneers dyed at the optimal dyeing parameters was 

investigated. Results showed that there was no significant difference in the colour change 

of the tight and loose sides of sapwood and heartwood of the dyed green and dry veneer 

samples after 504 hours of UV light exposure. 

  



Page 5 of 167 

 

Declaration 
 

This is to certify that 

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

(ii) Due acknowledgment has been made in the text to all other material used, 

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

bibliographies and appendices. 

 

Ngoc Bao Nguyen 

 
------------------ 

22/9/2018 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page 6 of 167 

 

Preface 

This PhD thesis contains six chapters. The first chapter provides an introduction to the 

study and includes a review of the relevant literature. This is followed by four chapters, 

which are comprised of four published papers and one paper under review, and a 

concluding chapter that provides a synthesis of the study. 

Chapter 2 is based on a paper in which the objective was to examine the effect of different 

dye solutions, moisture content, grain direction and sapwood/heartwood on the dye 

uptake of small wood blocks made from plantation-grown Eucalyptus globulus in 

Australia. The hypothesis for the study was that soaking of small blocks of wood would 

provide an indication of the permeability of Eucalyptus globulus veneer and the potential 

for using soaking as a means of dyeing the veneer for this species. 

Chapter 3 is based on a paper that investigates the optimal dyeing method for Bluegum 

(Eucalyptus globulus) veneer. The objectives of this study were to investigate the dyeing 

methods, types of dye, and dyeing parameters that would be the most suitable for dyeing 

Eucalyptus globulus veneers. The results of this study can be applied in further research 

on the veneer dyeing process of this species.  

Chapter 4 includes two papers. The first paper investigates the potential application of 

vacuum-pressure methods for dyeing low-quality hardwood veneers produced from 

young, small-diameter Eucalyptus globulus logs. The specific objectives were to 

investigate the feasibility of using a vacuum-pressure method for dyeing Eucalyptus 

globulus veneers with a reactive dye at ambient temperature (20 0C ± 3 0C). The effects 

of various pressures and pressure times on dye uptake, dye penetration, and colour change 

were investigated. In addition, attenuated total reflectance-Fourier transform infrared 

(ATR-FTIR) spectroscopy and scanning electron microscopy (SEM) were used to explore 

the mechanism of interaction between dye molecules and wood fibres. The second paper 

compares two dye uptake measurement methods (liquid uptake-based method and 

spectrophotometry method) for dyed wood veneer assessment. 

Chapter 5 is based on a paper in which the objectives were to investigate UV-driven 

discolouration of dyed wood veneers peeled from Eucalyptus globulus grown on 

plantations in Australia. Veneers used for the UV exposure test were dyed using the 

optimal dyeing parameters. 

Chapter 6 provides a synthesis of the PhD study and recommendations for future research. 
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It should be noted that in the Preliminary study (Chapter 3) the brand name of the reactive 

dye used was Procion Brown P2RN while in the vacuum-pressure dyeing study (Chapter 

4) the dye was named Procion Brown PX-2R. It should be explained that the two dyes 

are the same reactive dyes, but their branding names were changed.   

Appendices include photos which illustrate different stages of experimental studies. 

The major research for these papers was carried out independently with the contributions 

from co-authors in the form of supervision of the experimental design components and 

the presentation of the research findings in manuscript form. 

The citations for the published and peer-reviewed publications are as follows: 

Chapter 2 

Nguyen, N.; Ozarska, B.; Fergusson, M. and Vinden, P. (2017). Factors affecting dye 

uptake during the veneer dyeing process of Eucalyptus globulus. ISCHP 2017: 

6th International Scientific Conference on Hardwood Processing. Lahti, Finland, 

p. 195-203. (The published paper has undergone a scientific peer-review 

process). 

Chapter 3 

Nguyen, N.; Ozarska, B.; Fergusson, M. and Vinden, P. (2018a). Investigation into the 

optimal dyeing method for Bluegum (Eucalyptus globulus) veneer. BioResources 

Journal. V. 13(3), 6444-6464. DOI: 10.15376/biores.13.3.6444-6464 

Chapter 4 

Nguyen, N.; Ozarska, B.; Fergusson, M. and Vinden, P. (2018c). Dyeing of Eucalyptus 

globulus veneers with reactive dye using sequential vacuum and varied pressures. 

BioResources Journal. V. 13(4), 8690-8708. DOI: 10.15376/biores.13.4. 8690-

8708 

Nguyen, N.; Ozarska, B.; Fergusson, M. and Vinden, P. (2018b). Comparison of two dye 

uptake measurement methods for dyed wood veneer assessment. European 

Journal of Wood and Wood Products. https://doi.org/10.1007/s00107-018-1344-

6. 
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Chapter 5 

Nguyen, N.; Ozarska, B.; Fergusson, M. and Vinden, P. (2018d). UV-driven 

discolouration of dyed veneers. Maderas-Ciencia y tecnologia. (Manuscript under 

review). ID: MCT2018-0130 
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Chapter 1. Background Problems and Literature Review 

1.1 Introduction 

1.1.1 Global timber resources and statement of problems 

The bulk of forested area across the globe is natural forest, making up 93% of the total 

forested area or 3.7 billion ha in 2015 (MacDicken et al., 2014). The extent of the global 

forest has been decreasing and the rate of net forest loss has been reduced by over 50 

percent. Natural forest decreased by a net 6.6 million hectares (ha) per year between 2010 

and 2015. This is a reduction in net annual natural forest loss from 8.5 million ha per year 

(1990 to 2000) to 6.6 million ha (2010 to 2015) (MacDicken et al., 2014; Morales-

Hidalgo et al., 2015). 

Forests and forest management techniques have changed, and this has seen a series of 

positive results. Plantation forest area (including rubber plantations) increased from 168 

million ha to 278 million ha between 1990 and 2015 (Keenan et al., 2015). There has 

been an increase in the average annual rate from 3.6 million ha per year between 1990 to 

2000 to 5.2 million ha per year between 2000 and 2010. This was followed by a decrease 

to 3.1 million ha (2010–2015) per year due to reduced planting in East Asia, Europe, 

North America, South and Southeast Asia. Overall, there was 3.5 million ha of plantation 

forest gain and 0.4 million ha of planted forest loss and therefore, plantation forests 

increased by a net 3.1 million ha per year (MacDicken et al., 2014). 

The demand for global timber is growing, supported by over population and increasing 

per capita consumption, especially in Asia (Forests, 2015). Approximately 30 percent of 

the global forest was designated as production forest in 2015 (MacDicken et al., 2014). 

This rising timber demand and limits to the supply of natural forest timber drives 

investment into plantations (Forests, 2015). 

Plantation timbers are young and generally of smaller diameter than the timbers from 

mature trees. Young timbers have a large amount of sapwood, and defects such as encased 

knots, gum pockets, gum veins, surface roughness and splits. They are also less durable 

than mature wood and usually have different properties and processing characteristics. 

Therefore, different processing methods are required. 

One of the most efficient methods of utilizing plantation timber is the production of 

veneer using spindleless peeling technology. Peeled veneers are mainly used for plywood 
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and laminated veneer lumber (LVL) production but there is a potential for using this 

veneer for appearance products, particularly in developing countries. In many these 

countries, the manufacture of wood products such as furniture and flooring has developed 

into a large industry but there is a lack of solid timber as the raw material for these 

products. 

In Australia, there are large plantations of Eucalyptus globulus and Eucalyptus nitens 

which have been grown to produce pulpwood and therefore, are unthinned and unpruned.  

This resource is not suitable for the production of decorative products, principally due to 

low grades of wood and “dull” appearance but many trials have already been undertaken 

in the production of veneer and veneer-based engineered wood products (EWPs), such as 

plywood and LVL (McGavin et al., 2015).  

Developing production methods that would enhance the appearance of low quality veneer 

produced from young, small diameter logs has a great potential not only in Australia but 

also in other countries throughout the world. 

An innovative method for enhancing the appearance of low quality veneer has been 

developed in Italy, which involves the production of multilaminar veneer. One of the most 

important stages of multilaminar production is colouring the veneer, which can be 

achieved by dyeing veneer with different colours depending on the type of appearance 

products, their design and market demand. Although veneer dyeing technology is well 

advanced in Italy, it has been focused on poplar (Populus) veneer from plantation timber 

which is characterised by low density, even colour, high permeability and only a small 

number of defects. Conversely, the majority of plantation eucalypts have medium to high 

density, uneven colour, low permeability and a large number of defects. Therefore, 

detailed study is required to develop methods suitable for dyeing eucalypt veneers. 

1.1.2 The manufacture of multilaminar veneer 

Multilaminar wood (MLW) was first introduced in the 1950s when it was known as “pre-

composed or recomposed wood” and was developed to meet a large market demand for 

“rift cut” sliced veneers.  

In relation to appearance, MLW is entirely different to plywood and Laminated Veneer 

Lumber (LVL). Plywood and LVL are manufactured by bonding together sliced or rotary 

peeled wood veneers. Although in plywood the veneers switch direction while stacking 

(wood grain rotated up to 90 0C to one another) and in LVL the veneers all stack in the 
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same direction. MLW is produced by slicing or sawing a wood veneer block in which 

veneers stack in the same direction as LVL. 

The current manufacture of multilaminar veneer consists of several stages: billet selection 

and debarking, peeling, veneer quality assessment and grading, veneer dyeing, drying, 

gluing and pressing, block cutting (squaring) and sanding, slicing/sawing and final 

inspection (Figure 1). 

 

     

 

 

 

 

 

 

 

Figure 1. Current production of multilaminar veneer 

- Billet selection and debarking 

Both hardwood and softwood tree species can be used to produce veneer products. The 

criteria for the selection of billets are mainly based on billet size, shape, grades and 

quality, and also includes log transport and handling requirements. The study conducted 

by McGavin et al. (2014) showed that a maximum length of the billet for four feet 

spindleless lathe peeling was 1,350 mm and 400 mm for log diameter.  

Following the selection operation, billets are debarked and foreign materials such as 

stones, sand, soil and metal parts are removed simultaneously. This step can be performed 

by hand, in a dedicated debarker or in the roundup stage. 

- Rounding-up 

Billet roundup is applied in order to remove the natural billet surface and any foreign 

material and to provide a cylinder by removing branch stubs, sweep, and oval. This step 

is usually performed in a separate roundup machine. 
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- Rotary peeling 

Basically, there are three types of rotary peeling technology, namely traditional spindled 

systems, spindleless systems and hybrid systems. 

In the past, to produce peeled veneers using a spindle veneer lathe, large diameter 

cylindrical billets with minimal defects were used. However, in recent times, very small 

diameter plantation resources can be used economically for veneer-based products 

because of the advanced development of manufacturing techniques and modern 

machines. In particular, the use of spindleless lathe technology has been widely adopted 

through many Asian countries, including Vietnam and China (McGavin et al., 2014; 

Ozarska, 2014). This technology was first invented by the Meinan and the Durand - Raute 

companies in the 1980s (McGavin et al., 2014). This peeling technology is now 

manufactured by various companies, predominantly in China. 

Rotary peeling is an appropriate way to produce veneer as it is a continuous process and 

can be done at high speed. This peeled veneer has become more accepted as an 

economical decorative veneer (MacGregor, 2004). 

In rotary peeling veneer manufacturing, the billet is initially mounted centrally in the lathe 

and turned continuously against a knife. The whole billet is set in a lathe which peels off 

a continuous sheet of veneer, known as ribbon, which is like “unrolling” toilet paper roll. 

- Veneer quality assessment and grading 

After peeling, it is necessary to assess and grade veneers to establish a value relationship 

of the veneer; however, this is not an easy task as each veneer’s billet has different 

characteristics, such as colours, grain pattern and features. The quality of veneer ribbon 

is normally assessed through ribbon tracking, veneer thickness variation along and across 

the grain, tightness and looseness, surface roughness and flatness. 

The veneer quality is classified differently by manufacturers, depending on species, types 

of veneer, product options as well as customers’ preferences.  

There has been considerable development of veneer grading rules and there are many 

standards used by different countries. For instance, there is standard PS1-83 for 

construction and industrial plywood from the USA; standard BSEN 635-1995 is used in 

Europe; China has veneer grading guidelines LY/T 1599-2002; Russian veneer is graded 

using the government standard GOST 3916.1-96; a Vietnamese standard 
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TCVN10316:2014 which is based on Chinese standard LY/T 1599-2002, has been 

recently released for grading peeled veneer; and the Australian and New Zealand standard 

AS/NZS2269.0:2012 (Standards Australia 2012) follows the same principles as other 

international grading classification systems. 

As noted by Wagenführ et al. (2012), the differentiation into classes generally depends 

on the number and distribution of knots, cracks, pockets and deformities. Colours, 

structures and proportion of discolorations also play an important role. 

In Australia, veneer sheets are visually graded in accordance with AS/NZS 2269.0:2012 

(Standards Australia 2012). The standard is widely used in the Australian veneer industry 

and includes four veneer grade surface qualities; A-grade is the highest grade, followed 

by B, C, D and reject grade (Figure 2). There should be two graders involved in the 

process in order to ensure consistent assessment as well as to minimise variation with 

defect definition and measurement (McGavin et al., 2014a; McGavin et al., 2014b; 

Zbonak et al., 2012). 

According to research studies, the visually graded veneer recovery of six Australian 

species (Corymbia citriodora subsp. Variegate, Eucalyptus cloeziana, E. dunnii, E. 

Pellita, E. nitens and E. Globulus) averaged D-grade across all species using spindleless 

veneer lathe technology (Farrell et al., 2011; McGavin et al., 2014a; McGavin et al., 

2014b; Zbonak et al., 2012). 

 

Figure 2. Veneer visual grading according to AS/NZS 2269.0:2012 (McGavin et al., 

2014) 
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- Veneer dyeing 

In the current process of manufacturing multilaminar veneer, a veneer dyeing process is 

normally applied in order to give veneers a colour similar to that of another timber or to 

minimise variations and make the veneers appear more homogeneous in colour (Castro 

& Zanuttini, 2004).  

Basically, veneer dyeing methods are based on wood colouration methods, namely the 

surface colouration (varnishing and painting) method and deep colouration method 

known as wood dyeing or colouring. The selected method to be used depends on 

application (Kwiatkowski, 2007). 

The benefit of dyeing is that the colour cannot be removed by sanding as the veneer is 

dyed completely, which means that it is coloured through its thickness (Wagenführ et al., 

2012). 

- Veneer drying 

Veneer drying plays a crucial part in manufacturing of multilaminar veneer or veneer-

based composites and its purpose is to reduce the moisture content (MC) of the veneers 

to a target range of 6-8 % depending on the subsequent process (Harris, 2012). There are 

a range of veneer drying method, such as air drying, steam drying, jet box drying, radio 

frequency drying and vacuum drying. 

- Pressing 

This phase may consist of several steps such as adhesive application and layup; open 

assembly time; pre-press or cold press; closed assembly time; hot press; and cooling and 

storage.  

The veneer block is traditionally pressed with flat platens. Higher temperatures accelerate 

the rate of cure. The three major factors are temperature, pressure and time. The 

temperature and pressure values required are provided by gluing manufacturers and the 

time is dependent on the number of veneers in the panel. 

- Slicing and sawing 

The veneer block can be sliced or sawn depending on product options, to obtain veneers 

(i.e. from 0.3-3.0 mm thick) or boards (Castro & Zanuttini, 2004). 
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In order to obtain a flat-cut appearance or varying complexities of different patterns, the 

pressing is done with the sheets inserted into a convex mould. If a particularly complex 

final pattern is required, a new block is made by re-using the veneers obtained from the 

first slicing or alternating these veneers with others from differently coloured blocks 

(Castro & Zanuttini, 2004). 

1.1.3 Wood permeability 

An understanding of the permeability of wood to liquid and gas plays a crucial part in 

many technical processes because wood permeability has profound impact on its 

utilisation such as wood drying, pulping and wood treatment with preservative chemicals. 

In wood drying process, permeability provides the measurement of how easily water can 

leave the wood material, while in the wood preservation it gives an indication of the ease 

of penetration of preservatives. In other words, processing time and conditions are driven 

by the permeability, a vital factor for the quality of final products. 

Permeability is a measure of material’s capacity to allow the flow of a fluid through it 

under the influence of a pressure gradient. The fluid can be liquid, or gas and a liquid is 

usually understood to be water (Choong et al., 1989) although other liquids can also be 

used. The permeability of wood can vary significantly between different species, between 

trees and even within the same tree (Comstock, 1965).  

There are two types of methods for measuring wood permeability which are gas and 

liquid. The values of wood permeability using the gas flux can be measured with 

millisecond precision. This is because gas usually does not interact with cell wall 

materials whereas liquid may have chemical and physical interactions with materials, 

predominantly with their hydroxyl groups (Taghiyari, 2013). 

However, the main focus of this study is only on the liquid permeability of wood as it is 

believed that in wood dyeing process, permeability provides an indication of the ease with 

which dyeing method may be performed or how dyes may penetrate wood samples 

because the more permeable of the wood, the more easily wood can be treated and 

processed. Such information is important in understanding the effect of dyes transport 

processes in hardwoods along with different pathways as related to structural parameters 

which in turn influence the wood quality. 

- Basics of fluid transport processes in wood 
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There are two main modes for the transport of fluids pass through wood: bulk flow and 

diffusion. Bulk flow of fluids occurs through the interconnected voids of the wood 

structure under the influence of a pressure gradient, whereas diffusion consists of two 

types: intergas which includes the transport of water vapor through the air in the lumens 

of the cells and bound-water which takes place within the cell walls of wood (Siau, 1984). 

Although permeability is defined by the magnitude of the bulk flow passes through wood, 

diffusion needs also be taken into account as it occurs together with flow processes. It is 

evident that there is a correlation between permeability and porosity of the material - a 

solid must be porous to be permeable (Michalec & Niklasova, 2006). 

The definition of permeability can be quantified mathematically by Darcy's Law which 

is valid only under steady-state conditions and when resistance to flow is due to viscous 

drag. In spite of these limitations, Darcy's Law serves to highlight those parameters 

important to an understanding of permeability in wood (Archer, 1985). 

In terms of moisture movement through wood, there are at least two concepts of bound 

water movement through the structure of the cell wall which are mass movement of bound 

water due to capillary condensation of moisture in the cell wall and molecular jump 

movement from one absorption site to another. Hansmann et al., (2002) reviewed the 

importance of non-Fickian effects in wood at situations when Fick’s first law is not 

applicable to moisture diffusion in wood. 

-  Pathways of flow in wood 

Flow is fundamental to many processes applied in wood and there are various kinds of 

flow in timber such as laminar or viscous, turbulent, non-linear due to kinetic-energy 

losses at the entrance of a short capillary and molecular slip flow (Siau, 1984). There are 

some ways of flow in wood as follows: 

a) Axial flow 

Longitudinal flow in hardwoods is carried out mainly through vessels. Liquids flow from 

vessels to fibres, vertical parenchyma, and rays through pits. Ring-porous hardwoods 

have vessels of large diameter in earlywood and if they are not sealed by tyloses which 

are outgrowths on parenchyma cells of xylem vessels of secondary heartwood, ring-

porous hardwoods have higher permeability. Multiseriate rays are low permeable and also 

bring down the permeability. Hardwoods are usually less permeable than softwoods 

because of more pit aspiration, extractives, encrustations, and tyloses in the vessels. A 
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good correlation exists between tangential and radial permeability. Contribution of rays 

to radial hardwood permeability is approximately equal to that of the interfibre pits on the 

radial surfaces to the tangential permeability (Michalec & Niklasova, 2006). 

Polar and non-polar liquids can move from vessels to the adjacent parenchyma or fibres 

via pits, which are the most important for the cell to cell flow (Hansmann et al., 2002). 

b) Lateral flow 

Wood rays generally offer an important path for lateral flow and the effect of rays is more 

variable in hardwoods than in softwoods. Polar liquids may flow radially through both pit 

system and the cell wall capillary system in the transverse direction (Hansmann et al., 

2002). 

c) Movement in the cell wall 

It is believed that the cell walls are penetrated from the cell lumina and this movement 

into the cell walls of the vertical tracheids occurs through longitudinal and radial flow. 

As polar liquids may flow through the cell wall capillary system, solutions in polar 

solvents are able to move within the cell wall. Better diffusion or penetration into cell 

walls can be expected at lower molecular weight of the liquid. In libriform fibres, which 

are characterised by few and tiny pits, movement through the cell wall capillary system 

becomes increasingly important. Using electron microscopy, it has been shown that cell 

wall capillaries may be penetrated by inorganic solutions, including wood preservatives. 

Overall, the pit structure of wood is the most relevant factor controlling permeability at 

the laminar flow level. For diffusion, the combined path of vapour movement through the 

cell lumens in series with bound water movement in the cross walls are very important 

for both transverse and longitudinal movement (Hansmann et al., 2002). 

- The effect of wood structural factors on the permeability 

a) Anatomical direction 

In terms of different pathways of fluids in wood connection with specific anatomical 

features and the gross structural factors of wood, it becomes evident that movement of 

fluids through wood is easiest along the grain. Therefore, longitudinal permeability is of 

much greater importance than in transverse direction, which is true for both softwoods 

and hardwoods. In the longitudinal direction of flow, particularly, surface preparation has 

an important effect on the flow rate of fluids through wood. Longitudinal diffusion 
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coefficients exceed the transversal ones, whereas the bound water fraction is lowest for 

longitudinal movement. When radial permeability or diffusivity was compared to the 

tangential one, it was stated that permeability or diffusivity was greater radially than 

tangentially (Hansmann et al., 2002). 

b) Pit aspiration 

Hardwood pits are generally smaller than those in softwoods and in hardwood pit 

membranes do not have tori and the membranes are continuous across the entire pit 

chamber. It is reported for hardwoods that pit openings have a size of 5 to 170 nm (Siau, 

1984; Siau, 1995). The factors contributing to pit aspiration are summarised by Siau 

(1995): the evaporating liquid must be able to form hydrogen bonds and must have both 

electron donor and acceptor properties; the liquid must swell wood nearly as much or 

more than water; the pit membrane must have relatively low rigidity; the pit membrane 

openings must be sufficiently small to result in the required pressure difference to deflect 

the membrane; the surface tension and contact angle relationship must be such that the 

initial capillary force will deflect the membrane. 

c) Sapwood and heartwood 

It has been recognized that there are differences between the permeability of heartwood 

and sapwood in preservative treatment of timber with sapwood being easier to treat than 

heartwood (Comstock, 1965).  

When sapwood is transformed into heartwood, there is a number of structural changes 

which lead both softwoods and hardwoods to decrease permeability of heartwood 

compared to sapwood (Comstock, 1965). This is due to the closure of pits and the 

presence of tyloses and extractives. From electron microscopic studies of the pit 

membranes of softwoods, it was concluded that three mechanisms may be responsible for 

the decreased permeability of heartwood. These are pit aspiration, pit occlusion with 

extractives, and pit incrustation. Pit incrustation is defined as lingo-complex substances 

from extractives by their lack of solubility in organic solvents (Côté Jr & Krahmer, 1962; 

Cǒté, 1963). 

The coating of lingo-complex substances on half-bordered pit membranes is an important 

factor causing the heartwood to be less permeable than sapwood. In hardwoods, the 

presence of tyloses decreases permeability as it obstructs the main pathway in hardwoods. 
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In many hardwood species, the vessels in the heartwood of the living trees are blocked 

off by tyloses, while the sapwood is completely free from them (Booker, 1977).  

Low permeability of heartwood is also due to the presence of extractives. Extractives 

increase the contact angle between aqueous liquids and the cell walls and lead to reduced 

wettability compared with sapwood (Hansmann et al., 2002). 

Another major difference between sapwood and heartwood that directly affects 

permeability is that the moisture content of sapwood is naturally much higher than that 

of heartwood (Ulvcrona, 2006). 

Therefore, it is important to use both sapwood and heartwood to conduct permeability 

tests prior to dyeing process. 

- The effect of moisture content on permeability 

Below the fibre saturation point, softwood permeability generally increases as moisture 

content decreases because of shrinkage of the microfibrillar strands in the margo of the 

pit membranes. Hardwoods, however, the longitudinal permeability increased with higher 

moisture content. This is highly likely due to greater fractional volume of the vessels 

(Siau, 1984). 

In terms of diffusion, the transverse diffusion coefficients increase with increasing 

moisture content of wood while the longitudinal diffusion coefficient decreases. This 

phenomenon can be explained that bound water diffusion increases with moisture content 

while vapour diffusion decreases with the increase of moisture content. Moreover, bound 

water diffusion is more important in transverse direction, whereas vapour diffusion is 

more important for longitudinal movement (Choong, 1965). 

At low moisture content, the activation energy is higher due to the increased bonding 

energy of water molecules at the sorption sites, on the other hand, the vapour pressure 

gradient is lower at higher moisture content (Choong, 1965). 

Erickson and Crawford (1959) found that the permeability value of dried Douglas-fir and 

western hemlock sapwood was reduced to 1-3% of the value of the green wood. This 

means that the sapwood permeability of the species decreased with decreasing moisture 

content. They also found that the permeability after drying was the same as the green 

wood when the water was replaced with organic solvents of low surface tension before 

drying. The permeability of heartwood was not measurably affected by drying. Phillips 
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(1933) found that pit closure occurs gradually with loss of moisture down to the fibre 

saturation point (FSP). 

1.1.4 Veneer dyeing 

Colour is a vital parameter in the aesthetic and decorative value of wood veneer for the 

interior furniture industry. Many hardwood species do not have homogeneous colour and 

do not meet the requirements of most users. This colour disharmony can be homogenised 

by various techniques. To understand wood dyeing, many important aspects of this 

process need to be understood, such as the types of dyes suitable for cellulose fibres, 

wood anatomical and chemical aspects, chemical interactions between wood and dyes as 

well as the dyeing parameters. A review of the literature on these topics is summarised 

below. 

- Dyes for cellulose fibres 

Cellulose is the major chemical component of plant fibre. Fibres that contain cellulose 

include the most familiar clothing fibres: cotton, linen, and rayon. 90 % of the mass of 

cotton is cellulose, while in wood, which is stiffened by other large molecules, 

hemicelluloses and lignin, is about 40-45 % cellulose (Lacasse & Baumann, 2004; Shore, 

1995). 

The art of dyeing dates back thousands of years to the use of natural dyes extracted from 

plants and animals. The modern dye industry started 150 years ago with the discovery of 

“mauve” the first synthetic dye. Since then, thousands of dyes have been developed to 

work with various types of materials (Katz, 2003). 

Cellulose fibres can be dyed using several different types of dyes, such as reactive dyes, 

direct (substantive) dyes, vat dyes, sulphur dyes and naphthol azioc dyes (Figure 3). 

 

Figure 3. Dyes used on cellulose fibres (Lacasse & Baumann, 2004) 
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a) Direct (substantive) dyes 

Direct dyes are quite important in dyeing of cellulose fibres. There are anionic dyes, also 

called substantive dyes. Direct dyes are one of the most versatile classes of dyestuff 

applicable to cellulose, wool and nylon fibres. Fibres are dyed by immersion in water 

solutions, which is why this is called the direct dyeing method. The dyes have an affinity 

for cellulose and thus they are also known as substantive dyes. Congo red was the first 

direct dye which was manufactured in 1894. Direct dyes are marketed under different 

brand names by different dyestuff manufactures (Shore, 1995).  

The dyeing process with direct dyes is very simple: it is normally carried out in a neutral 

or slightly alkaline dye bath, at or near boiling point, but a separate after treatment such 

as cationic dye fixing, to enhance wet fastness has been necessary for most direct dyeing. 

Chemically, these dyes are salts of complex sulfonic acids. In terms of structure, more 

than 75 % of direct dyes are not metallised azo structures; most of them are disazo or 

polyazo types. Their ionic nature is anionic, and they are soluble in water. They have an 

affinity for a variety of fibres such as cotton and viscose. They do not make permanent 

chemical bonds with the cellulose fibres but are attached to it via very week hydrogen 

bonding as well as Van der Waals forces (Lacasse & Baumann, 2004).  

Types of direct dyes (Shore, 1995): 

The SDC’s classification of direct dyes is essentially based on the compatibility of 

different groups of direct dyes, and comprise classes: A, B and C. 

Class A –dyes are self-levelling, such as good migration dyes or levelling properties dyes. 

Class B – dyes are not self-levelling but can be controlled by adding salt to provide level 

results; they are also described as salt-controllable. 

Class C – dyes are not self-levelling and are highly sensitive to salt; the dyes exhaustion 

cannot adequately be controlled by adding salt alone and they require additional control 

by temperature; they are also described as temperature-controllable. 

b) Reactive dyes 

Reactive dyes were discovered in 1956 by Ian Rattee at Imperial Chemical Industry in 

the UK and represented a breakthrough for the dyeing of cotton (Shore, 1995).  

Reactive dyes are now mostly used for dyeing cellulosic fibres. In the past, cellulosic 

fibres were dyed with direct and vat dyes, but since the introduction of reactive dyes, their 
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uses have become limited. The introduction of reactive dyes was welcomed because they 

are not expensive to implement (Mouxiou et al., 2008). 

Reactive dyes are superior to direct dyes in the following aspects: ability to obtain bright 

shades of wide range; high levelling quality, good washing fastness and good light/colour 

fastness. Reactive dyes are also superior to vat dyes because of the simple dyeing method, 

with a low dyeing temperature (below 100 0C) and lower cost can be used in the dyeing 

process (Lacasse & Baumann, 2004; Shore, 1995). 

The initial structure patented was based on the dichlortriazinyl reactive structure. This 

structure contained two chlorine reactive groups and because of their high reactivity, the 

dyes were marketed as cold reactive dyes. 

 

Figure 4. Substitution reaction between dye and cellulose (Shore, 1995) 

The substitution reaction shown in Figure 4 takes place under alkaline conditions at a pH 

of between 9.0 - 10.0; soda ash being the alkali normally employed for forming a strong 

covalent bond with the fibre. The role of the alkali is to cause acidic dissociation of some 

of the hydroxyl groups in the cellulose, for the cellulose ion (Cell-O-) to react with the 

dye (Shore, 1995). 

Reactive dyes have a wide range of reactivities and are normally divided into hot and cold 

dyeing types. The cold dyeing types are applied at low temperature 20-40 0C and the 

dichlorotriazine are typical of this group. They only require a weak alkali such as sodium 

bicarbonate or sodium carbonate for fixation. Having only one reactive group, the 

monochlorotriazine require much higher temperatures for fixation, usually 80-90 0C and 

stronger alkalis such as sodium carbonate plus sodium hydroxide (Shore, 1995). 

The vinylsulphone reactive dyes available from Dyestar have moderate reactivity and are 

applied at 40-60 0C. They combine with cellulose by addition reaction according to the 

following scheme (Shore, 1995). 

Dye-SO2-CH2=CH2   Dye-SO2-CH2CH2-O-Cell 
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A large amount of electrolyte, usually common salt is required to achieve adequate 

exhaustion, and this has prompted research into structures that have better substantivity 

that require the use of less electrolyte. The introduction of the bi-functional reactive dye 

has reduced the influence of salt concentration and liquor ratio on the exhaustion of 

reactive dyes. These dyes can contain both of the two main reactive groups such as 

monochlorotriazine and vinylsulphone or they can have two of the same reactive groups 

(Shore, 1995). 

Mr. Mac Fergusson (personal communication, September 9, 2015) stated that because 

most reactive dyes are prone to hydrolysis, dyes of high reactivity should not be brought 

into solution using very hot water as this hydrolyses the reactive group, which decreases 

its fixation on the fibre since the dye will tend to react with the water.  

Reactive dyes can be classified in many ways (Shore, 1995): 

+ On the basis of reactive group:  

• Halogen (commonly chlorine) derivatives of nitrogen containing heterocycle, 

such as three types: Triazine group; Pyridimine group and Quinoxaline dyes. 

• Activated vinyl compound: Vinyl sulphone; Vinyl acrylamide and Vinyl 

sulphonamide. 

+ On the basis of reactivity:  

• Lower reactive dye: pH is maintained at 12-12.5 by using NaOH in bath.  

• Medium reactive dye: pH is maintained at 11-12 by using Na2CO3 in dye bath.  

• Higher reactive dye: pH is maintained at 10-11 by using NaHCO3 in dye bath.  

+ On the basis of dyeing temperature:  

• Cold brand:  

This type of dye contains reactive group of high reactivity. Therefore, dyeing can be done 

in lower temperature (32-60 0C). For instance, PROCION M, LEVAFIX E.  

Medium brand:  

This type of dye contains reactive groups of moderate reactivity. Thus, dyeing is done in 

higher temperature than that of cold brand dyes, in between 60-71 0C temperatures. For 

example, Remazol, Levafix are medium brand dyes.  
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• Hot brand:  

This type of dye contains reactive groups of least reactivity. Therefore, high temperature 

is required for dyeing (72-93 0C). For example, PRICION H, NOVACRON are hot brand 

dyes.  

+ The dyeing mechanism of material (Shore, 1995): 

The mechanism of dye uptake by material with reactive dyes takes place in three stages: 

• Exhaustion of dye in the presence of electrolyte or dye absorption 

When fibres are immersed in dye liquor, an electrolyte is added to support the exhaustion 

of dye. Herein NaCl is used as the electrolyte. This electrolyte neutralizes the negative 

charge formed in the fibre surface and creates extra energy to increase dye absorption. 

Thus, when the textile material is introduced to dye liquor, the dye is exhausted into the 

fibre.  

• Fixation under the influence of alkali 

Fixation of dye is considered as the reaction of the reactive group of dye with terminal –

OH or-NH2 group of fibre and thus forming a strong covalent bond with the fibre. This is 

a crucial phase, which is controlled by maintaining proper pH by addition of alkali. The 

alkali used for this purpose depends on the dye’s brand and dyeing temperature. Generally 

caustic soda (NaOH), sodium carbonate (Na2CO3) and sodium bicarbonate (NaHCO3) are 

used as the alkali depending upon reactivity of the dye. They create the correct pH in the 

dye bath and act as the dye-fixing agent. 

• Wash-off the unfixed dye from material surface. 

As the dyeing process is completed, a good wash should be applied to the material to 

remove extra and unfixed dyes from the material surface. This is necessary for level 

dyeing and good wash-fastness. It is done by a series of hot, cold and soap solution 

washes.  

- The chemistry of wood 

The structure of hardwood is more complex than the structure of softwood. It includes 

vessel elements (20-55 %), tracheids and libriform fibres (36-70 %), ray cells (6-20 %) 

and parenchyma cells (2 %) (Rowell, 2012; Saint-Cyr & Garnier, 1999). 



Page 33 of 167 

 

Hardwood fibres have an average length of 2 mm and an average diameter of 2 µm. The 

vessel elements are empty and relatively large cells without any characteristic shape. They 

are responsible for hardwood porosity. Wood fibres are hollow, and their centre is called 

lumen. The fibre wall is made of several layers: the primary wall and the secondary wall, 

which is divided in three concentric layers denoted S1, S2 and S3 (outer, middle and inner 

layer of the secondary wall, respectively). The primary wall presents cellulose micro-

fibrils (aggregations of cellulose molecules into thread-like structures) embedded in a 

lignin and hemicellulose matrix. The secondary wall is composed of successive layers of 

micro-fibrils having different orientation angles with the longitudinal axis of the fibre. 

Lignin is highly concentrated in the middle lamella, which is the intercellular material 

that binds the fibres together (Rowell, 2012; Saint-Cyr & Garnier, 1999). 

Chemically, wood consists of five components: cellulose (40-45 %), hemicelluloses (20-

30 %), lignin (20-30 %), extractives (1-10 %), and inorganics (1 %). Cellulose is a linear 

polymer of anhydroglucose and forms the "back-bone" structure of a wood fibre. 

Hemicelluloses are branched amorphous polymers made of different saccharides: 

mannose, galactose, glucose, 4-O-methyl-D-glucuronic acid, xylose, and arabiose. Lignin 

is an amorphous, highly branched polymer. Its structure consists mainly of phenyl 

propane alcohol units linked together in three dimensions. Its chemistry is very complex, 

and it has a high molecular weight in wood that is not easily measured. Lignin glass 

transition temperature is around 130-150 0C and decreases slightly with moisture or 

steam. Extractives are substances of diverse nature responsible for the colour, odour and 

decay resistance of wood, and they are soluble in organic solvents and water. Inorganics 

are the metallic ions (sodium, calcium, potassium) and the corresponding anions 

(carbonate, phosphate, silicate, sulphate, chloride) remaining after combustion of wood. 

The fibres are negatively charged over the complete pH range. This is due to the main 

constituents of wood such as cellulose, hemicellulose and lignin that contain ionisable 

groups: carboxyl, sulphonic, phenolic and hydroxyl groups (Kwiatkowski, 2007; Rowell, 

2012; Saint-Cyr & Garnier, 1999). 

 

Figure 5. Partial structure of cellulose (Rowell, 2012) 
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- Influence of fibre structure on dye uptake  

Mr. Fergusson (personal communication, September 9, 2015) believes that the level of 

dyeing or uniformity of colour of a fibre is of major importance. Any process that 

modifies the dyeing properties of a fibre, whether mechanical or chemical must be strictly 

controlled to avoid irregularities in the dyeing operation. Diffusion of the dye into the 

individual fibres and the extent of absorption of the dye, depend to a large extent on the 

physics and chemistry of the fibre structure, and its ability to be modified before or during 

the dyeing process. Moreover, Multi Fiber Arrangement (MFA) has influences on dyeing 

capacity. There are two main features of fibres that govern their reactivity or suitability 

for dyeing: 

1. The ease with which the dye molecules diffuse into the fibre matrix 

2. The presence of reactive functional groups in the molecular chain of the fibre. 

These two factors are mainly determined during the manufacture or growth of the fibre, 

but preparation processes before dyeing and the nature of the dye are also important 

factors. 

The importance of both dye and fibre, and specific interactions between them which 

should be taken into account: 

1. The volume, size and shape of the regions or voids accessible to the dye 

2. The degree of crystallinity, size and distribution of the ordered regions of the 

fibre. 

3. The type, concentration, distribution and degree of ionisation of the ionisable 

groups in the fibre and the dye. 

4. The molecular interaction between all the molecules present. 

In addition, parameters of the actual dyeing process, such as pH, ionic strength and 

temperature all have an effect. The water used in the dyeing process is also of great 

importance. The degree of swelling of the fibre has a significant effect on the dye-ability, 

since the penetration of the ionic dye molecules is dependent on the water absorptivity of 

the fibre. The degree of difference depends on the structure of the individual dye 

molecule. 

The dyeing process may be divided into three steps: 
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1. Transport of the dye to the surface of the fibre via the solution 

2. Adsorption of the dye at the fibres surface; and 

3. Penetration of the dye through the accessible regions of the fibre. 

In addition to these three steps, two other processes are taking place during the penetration 

step: 

4. Migration of the dye from dyed to undyed regions; and 

5. Fixation of the dye within the fibre. 

If the liquid is maintained constant, then under the appropriate conditions of 

concentration, the rate of dyeing is the rate at which the dye can penetrate, the more 

accessible regions of the fibre such as less ordered regions. Thus, step three is very 

dependent on the physical structure of the fibre. 

Fibres that have high water absorptivity contain groups that are capable of ionisation 

under appropriate conditions of pH, they also contain a high proportion of non-crystalline 

material. The accessibility of these polar groups is of importance. For fibres of low regain 

such as polyester, this arises from the accessibility of the polar functional groups present 

in the fibre, the hydroxyl end groups, because of the high crystallinity of the drawn fibre. 

The type of functional group present in the fibre and the degree of swelling in aqueous 

medium allows us to classify dyeing systems into non-ionic and ionic types. The inability 

of fibres to swell in water to any extent is due to the inaccessibility of polar groups due 

to the high crystallinity and/or orientation. 

Fibres that contain accessible polar groups, whether they are ionisable or not under 

conditions of dyeing, show high degrees of swelling because of low orientation of the 

molecular chains or low crystallinity and are able to absorb water soluble ionisable dyes 

(Mr. Fergusson, personal communication, October 7, 2015). 

Mechanism of dye fixation is similar to wood preservative fixation (Burr & Stamm, 

1947). Fixation of dye means the reaction of reactive group of dye with terminal -OH or 

-NH2 group of fibre and thus forming strong covalent bond with the fibre. This is an 

important phase, which is controlled by maintaining proper pH by adding alkali. The 

alkali used for this purpose depends on the brand of dye and dyeing temperature. 

Generally caustic soda, soda ash or NaHCO3 are used as alkali depending upon reactivity 

of dye. These alkali create a proper pH in dye bath and act as the dye-fixing agent. 
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1.1.5 Important factors in wood/veneer dyeing process 

a) Moisture content of wood 

The moisture content of wood affects the dye uptake rate and the colour uniformity of 

dyed veneer. When dyeing veneer of higher moisture content (approximately 30 %), the 

colour of dyed veneers appears uneven. According to Ly (2007) the optimal moisture 

content of wood for dyeing is around 10-15 %. 

The experiment conducted by Wu and Peng (2009) concluded that different moisture 

content values result in non-uniform colour and the ideal wood moisture content was 12-

15 %. Different studies attempted to use different values of wood moisture content; for 

instance, the moisture content of veneer used for dyeing using ultrasonic treatment (Li, 

2012) and environmental-friendly dyes (Deng & Liu, 2010) was 12 %, while in the study 

by Bowers (1977) the moisture content was 14-16 %. In the recent veneer and wood 

dyeing study by Liu et al. (2015); Yang et al. (2014) the moisture content of veneers used 

was less than 8 %. It should be pointed out that most of the studies ignored the effect of 

wood moisture content on dye uptake and colour differences. 

c) Dyeing time 

The process of wood veneer dyeing is the penetration of dye molecules into the wood 

cells. Absorption occurs initially in the veneer surface: dye molecules then spread into 

internal wood through the cell walls and the large pore system, after which they permeate 

into the interior through the micro-capillary system of the cell wall, and finally into 

amorphous zones of the cell wall. Veneer dyeing requires full thickness dyeing 

technology rather than surface staining. It is required so that dye can penetrate into the 

veneer interior. Therefore, if time is too short, it is difficult to achieve full penetration 

dyeing (Deng & Liu, 2010). 

A study was conducted by Li and Liu (2012) with the aim of determining the optimal 

veneer dyeing time using reactive dyes and the soaking method. They found that it was 

difficult to dye veneer in a short time, and although the veneer surface colour was 

consistent, when conducting cross-cutting section analysis, it was apparent that there was 

incomplete dye penetration into the veneer core. 

Wu and Peng (2009) demonstrated that the impact of time on dye uptake and colour 

difference by using the soaking method was significant when the time was less than 50 

minutes but when the time was more than 50 minutes, the impact tended to be steady. The 
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study found that different species have different dyeing times because they have different 

wood density and permeability. For instance, when dyeing platanus orientalis veneer, no 

more change in dye uptake rate was observed after dyeing for more than 50 minutes. 

However, for loblolly pine veneer, the best dyeing time was 80 minutes. 

A study by Liu et al. (2015) was conducted with the aim of improving the decorative 

value of low quality wood veneers (Populus tomentose Carr.) by using the ultrasonic 

assisted dyeing system. When dyeing time was extended in the beginning from 1 to 4 

hours, the dye uptake by the veneer increased gradually, however, after 4 hours it 

decreased. The authors concluded that the wood dyeing process is a dynamic sorption and 

desorption equilibrium process of dye molecules on the wood surface and internal 

structure. 

In terms of the vacuum/pressure dyeing method, it was concluded by Yang et al. (2014) 

that the effects of vacuum time and dyeing time on colour change and dye uptake of the 

log (105mm in diameter by 15mm in height) was affected significantly by the amount of 

free water discharged from the log. When the vacuum time and dyeing time increased, 

colour change and dye uptake first gradually increased, then decreased once this 

discharged water appeared at the ends of log. The vacuum time which achieved the 

greatest colour change and dye uptake in the sample was about 15 minutes. A longer 

vacuum time, from15 to 60 minutes, resulted in reduced colour change and dye uptake. 

Increased vacuum time allowed for more free air and water to be discharged from the log, 

thus increasing void space in the log. However, if vacuum time was too long, this led to 

a decrease of the pressure gradient in the log and reduced the amount dye of that 

permeated into the log with the result that colour change was decreased. 

d) Dyeing temperature 

Dyeing temperature is also an important factor that affects reactive dye performance. The 

higher the temperature, the better the diffusion coefficient, and the faster the diffusion 

velocity. With increasing temperature, the molecular motion of dye liquor and dyeing rate 

to wood speed up, and dye uptake is increased (Deng & Liu, 2010). A study by Deng and 

Liu (2010) showed that when temperature increased, the bonding reactions of reactive 

dye with cellulose and hemicellulose and hydrolysis reaction rate of reactive dyes 

increased and the proportion of dye hydrolysis increased, but the dye uptake declined. 

While in the reactive dyeing process, dye molecules were absorbed and diffused in the 
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wood, hydrolysis and colour fixing also occurred in the meantime. Therefore, a dyeing 

temperature that is too high will result in a fast reaction rate, and consequently the level-

dyeing property and penetration-dyeing property will be worse. Different colour from 

surface to interior of the veneer can be easily observed. According to the experimental 

results of that study, the optimal wood dyeing temperature was 80 0C. 

A study by Ly (2007) aimed to investigate the effect of dyeing temperature and time on 

dyed veneers. He found that there was a relationship between the dyeing temperature and 

the dye uptake. The author concluded that dyeing temperatures should be based on 

species, wood thickness, and type of dyes, and that the suitable temperature for acidic 

dyes is 90 0C; with 60-70 0C for basic dyes and 40-55 0C for neutral dyes. 

Another study was conducted by Wu and Peng (2009) with the aim of obtain the optimal 

veneer dyeing parameters at three levels of temperature (30, 60 and 80 0C) using the 

soaking method. It was concluded that the dye uptake rate increased with the increase of 

temperature and the increasing rate tended to be deferred when temperature was over 60 

0C, but 80 0C achieved the best dye uptake. 

It was found by Liu et al. (2015) that an increase of the dyeing temperature enhanced the 

dyeing effect of veneer using the soaking method. At 80 0C the total colour differences 

(∆E*) increased by approximately 11 % more than those at 60 0C.  

e) Dye solution concentration 

The effect of different dye concentrations on dye uptake and colour difference was studied 

by various researchers. It is stated by Yang et al. (2014) that the dye uptake and colour 

change both increased significantly with an increase of dye concentration using the 

vacuum pressure method. The reactive dye redX-3B was used in the study. Dye uptake 

was the best when dye concentration was 1.5 % under the constant conditions: a vacuum 

pressure of 0.09 MPa, a vacuum time of 15 minutes, and a dyeing time of 60 minutes. 

Wu and Peng (2009) used different dye solution concentrations for dyeing different 

species to obtain the best results of dye uptake and colour difference. For instance, for 

platanus orientalis, dye uptake rate and colour difference were best when the dye 

concentration was 0.5 %. For loblolly pine, the dye uptake rate reached the maximum 

when the concentration was 1 %. Furthermore, increasing the concentration would lead 

to more serious wastewater pollution. To conclude, 0.5 % was selected as the best dye 

concentration of the two species tested. 
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The study conducted by Liu et al. (2015) revealed that higher dye concentration increased, 

the dye uptake rate, which resulted in a better dyeing performance of the samples. The 

values of 0.09 %, 0.12 % and 0.15 % (made by adding the weight in grams of Acid Red 

GR to a total, final volume of 100 ml of water) were the concentration of dye solution 

applied in the study and the value of dye concentration of 0.15 % resulted in the best 

dyeing performance. 

1.1.6 Colour as an aesthetic aspect of product design 

Colour is a crucial factor in hardwood appearance, and uniformity of colour has a direct 

impact on the final value of a product (Derkyi et al., 2009). 

Wood colour plays a predominant role in product design and the commercialization 

process, particularly when used for flooring, furniture, panelling and other wood products 

that require satisfactory appearance. Therefore, wood colour differences between 

sapwood and heartwood result in limited commercial application of some tropical species 

due to uneven colour. 

It has been demonstrated that wood colour is dependent on species, in particular the type 

and number of extractives, tree genetic resources, silvicultural treatments, the drying 

schedule applied and wood preservation or thermal treatments (Moya et al., 2012). 

1.2 Research objectives 

The main aim of this PhD study was to investigate the enhancement of veneer appearance 

through veneer dyeing technology for the production of high value veneer-based products 

from plantation grown Eucalyptus globulus. The specific objectives were to: 

• investigate the dyeing methods and types of dyes that would be the most suitable 

for dyeing Eucalyptus globulus veneers; 

• investigate the effect of dyeing parameters such as dye concentration, dyeing time 

and temperature on dye uptake, dye penetration and colour difference of dyed 

veneer; 

• investigate UV-driven discolouration of dyed wood veneers. 
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1.3 Research methodology 

 

Figure 6. Overview of study methodology 

1.4 Expected contribution to science and industry 

A major contribution of this research to the field of wood science and technology is the 

development of veneer dyeing methods and parameters that can be used to enhance the 

quality and fastness of dyed veneer from Eucalyptus globulus plantation timber. 

Understanding the mechanism of veneer dyeing for multilaminar veneer production of 

the species provides a contribution to the scientific knowledge on value-added utilization 

of plantation timber resources. This study investigated suitable dyeing methods and 

optimal dyeing parameters using Australian hardwood species having high density, 

uneven colour and many defects; such studies have not been undertaken prior to this.   

This knowledge plays an important role in adding value to plantation timbers. It is 

expected that the research findings will enable the enhancement of veneer appearance 

through veneer dyeing for the production of veneer-based products. 
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The lack of sufficient data on value-adding veneer processing characteristics and 

production methods for hardwood plantation timbers results in inefficient use of these 

timbers for low quality products which often do not meet international standards. 

Therefore, the methods that were developed in this research study has the potential to 

improve utilisation of inferior quality timbers for specific products as well as provide 

valuable scientific data and information for future research and industrial studies. 

Additionally, the research can open a new direction for a stable and sustainable wood 

processing industry based on the utilisation of plantation timbers. 
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Abstract 

This study investigated the effect of different dye solutions on the wood permeability of 

Eucalyptus globulus grown on a plantation in Australia. The data on the dye uptake for 

the species was necessary for further research on the veneer colouring process of the 

species. The samples of two different moisture contents, 12 % and green 80 ± 5 %, were 

submerged in four different solutions of an acid dye and removed after a set time (0.5, 1, 

2, 5, 10, 30, or 60 minutes). The four different solutions were: (1) an acid orange dye, (2) 

a wetting agent was added to solution 1, (3) sodium hydroxide was added to solution 1, 

(4) a non-ionic detergent was added to solution 3. The overall uptake of the dye was low. 

However, the results showed the descending order of the dye uptake: longitudinal > radial 

> tangential. The permeability of the dried samples resulted in a higher rate of uptake than 

the green samples. Sapwood samples were more permeable than heartwood, and there 

was a different pattern of uptake associated with different dye solutions. A descending 

order of the dye solutions was observed: solution 4 ≥ 3 > 2 ≥ 1 in relation to the wood 

permeability. 

2.1 Introduction 

The permeability of wood has a profound impact on wood processing procedures such as 

drying, pulping, preservative treatment, and wood dyeing (Taghiyari, 2012). In the wood 

dyeing process, the permeability provides an indication of the ease in which dyes may 

penetrate wood samples. More permeable wood is more easily dyed with different 

colours. This information is also important in understanding the dyes’ transport processes 

in wood in relation to wood structure parameters, which in turn influence the quality of 

dyed wood. 

Permeability is a measure of a material’s capacity to allow the flow of a fluid through it 

under the influence of a pressure gradient. The fluid can be liquid or gas; a liquid is usually 
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understood to be water, although other liquids can also be used (Choong et al., 1989). 

The permeability of wood can vary significantly between different species, among 

individual trees, and even within the same tree (Comstock, 1965).  

In Australia, there are large plantations of Bluegum (Eucalyptus globulus), which are 

mainly grown to produce pulpwood. This resource is not suitable for the production of 

appearance wood products due to low grades of wood and “dull” appearance. Many 

studies have explored the utilization of this species for the production of peeled veneer 

and veneer-based engineered wood products, such as plywood and laminated veneer 

lumber (LVL) (McGavin et al., 2015). Developing methods that enhance the appearance 

of this low-quality veneer would promote the production of high value wood products 

such as furniture, joinery or flooring. 

One of the methods to enhance the appearance of low quality veneer involves the 

production of a multi-laminar veneer, also called “reconstructed veneer” (ALPI, 2014 

n.d.). An important stage of the multi-laminar production is colouring the veneer, which 

is achieved by dyeing the veneer with dyes of different colours, depending on the type of 

appearance products, their design, and market demand. 

Although veneer dyeing technology is well advanced in Italy, it has been mainly focused 

on poplar veneer from plantations. This wood is characterized by low density, even 

colour, low defects, and high permeability. Conversely, the majority of plantation 

eucalypts have medium to high density, many defects, uneven colour, and low 

permeability. A detailed study is therefore required to develop dyeing methods suitable 

for colouring eucalypt veneers. In order to conduct such a study, knowledge of wood 

permeability of Eucalypts globulus is needed to develop an understanding of dye uptake 

under different variables (moisture content, grain direction, and sapwood/heartwood). 

This study examined the effect of different dye solutions, moisture content, grain 

direction and sapwood/heartwood on the dye uptake by small wood blocks made from 

plantation-grown Eucalyptus globulus in Australia. 

The hypothesis for the study was that soaking of small blocks of wood would provide an 

indication of the dye uptake of E. globulus veneer and the potential for using soaking as 

a means of dyeing the veneer of this species. Diffusion mechanism occurred on green 

wood soaked in dye solutions. Diffusion is basically the movement of dye from the 

surface to the interior of the fibre. Diffusion of the dye into the individual fibres and the 
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extent of absorption of dye, depend to a large extent on the physics and chemistry of the 

fibre structure of wood (Shore, 1995; Siau, 1984). 

2.2 Materials and methods 

2.2.1 Materials 

Eucalyptus globulus was selected from a commercial plantation in Ballan, Victoria, 

Australia. The plantation was established in June 2000 at 4 m x 2 m spacing by Australian 

Bluegum Plantations Company and the trees were harvested in December 2015. The 

study trees were felled at an average stump height of 0.5 m. From each tree, three 1.8 m 

long billets were cut from the bottom of the logs as shown on Figure 7. Then, four discs 

(approximately 5 cm thick, 25 cm diameter) were cut from the upper (small) end and the 

lower (large) end of each billet for permeability tests. 

 

Figure 7. Sampling strategy for disc sample from each tree 

A total of 576 cubes samples (20 × 20 × 20 mm) were machined from the discs taken 

from the billets of five trees. Two levels of moisture content (green samples at 80 ± 5 % 

and dried samples at 12 %) were used for the study.  

The soaking method was used to conduct the experiments. The dye uptake of three flow 

directions - longitudinal (L), radial (R), and tangential (T) from both sapwood and 

heartwood samples was measured. Acid orange (the C.I. Acid Orange 7, Chemcolour 

Industries, Nottinghill, Victoria, Australia) was used for the tests. The C.I. Acid Orange 

7 is an acid dye that does not fix on to cellulose; however, it will fix on any protein found 

in the timber. Hence the use of an alkaline pH is to prevent any possible fixation.  The 

issue with the green samples is that the presence of moisture will inhibit dye penetration 

and it is for this reason that the various chemicals are added to try to overcome the high 
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moisture in the timber. There were four different dye solutions applied in the dye uptake 

tests (Table 1). 

Table 1. Dye solutions 

Solution 1 Solution 2 Solution 3 Solution 4 

0.1g dye/200 mL of water 0.1g dye/200 mL of water  0.1g dye/200 mL of water 0.1g dye/200 mL of water 

 0.1g/l of wetting agent 0.1g/l of sodium hydroxide 0.1g/l sodium hydroxide 

   0.1g/l Triton X100 

 

In solution 1, only dye was used. In solution 2, a wetting agent was added to improve the 

wettability of the cellulose fibers in the wood structure in order to increase the dye 

penetration. The wetting agent used in this solution was anionic surfactant product dioctyl 

sodium sulphosuccinate. This product is purely a wetting agent and does not have any 

detergent properties. In solution 3, the addition of sodium hydroxide was made to 

determine if the higher pH would improve the dye penetration. Sodium hydroxide will 

increase the swelling of the cellulose but will also react with any oily matter in the 

structure forming a soap via the saponification reaction. Soap, therefore, being a natural 

detergent (Shore, 1995). In solution 4, Triton X100 is a non-ionic detergent that has both 

wetting and detergent reaction. The aim of this addition was to determine if the presence 

of this detergent increases the dye penetration into the substrate. The presence of oils 

found in the timber may reduce the dye penetration. 

The following full factorial experimental framework was developed for the study (Table 

2). 

Table 2. Experimental framework used for the dye uptake study 

Variables Combinations of variables implemented 

Moisture content, % Green (80±5) 12 

Part of wood Sapwood Heartwood Sapwood Heartwood 

Flow directions* L R T L R T L R T L R T 

Solutions 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

 

Sample size There were 12 samples for each combination 

Note *: Flow directions: Longitudinal (L), radial (R) and tangential (T). 

2.2.2 Experiment and measurements 

All experiments were conducted at a controlled temperature of 23 0C in the laboratory at 

The University of Melbourne, Burnley Campus. 
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The sample surfaces were sealed on different faces with silicone rubber, leaving only a 

pair of radial, tangential, or longitudinal faces exposed. Therefore, the relative 

permeability in different grain directions could be measured. For example, for 

longitudinal permeation measurement, the tangential (TL) and radial (RL) surfaces were 

sealed with silicone glue, while the transverse (TS) surface was left open to allow liquid 

penetration (Figure 8). The cubes were kept in a glass desiccator in a cool room to 

minimize drying out while the silicon rubber glue dried. As only a very thin coating of 

silicone was applied, it did not affect the weight of the original cubes. The cubes were 

weighed before the experiments and their volumes were also measured. 

 

 

 

Figure 8. Sealing faces of the specimens for the permeability tests 

One of the simplest techniques for measuring permeability is to measure the uptake of a 

liquid by cubes of wood using the soaking method (submerging the samples in a liquid 

and removing them after a set time). Based on Sugiyanto (2003), there are no significant 

uptake differences between 1 and 2 h soaking time. Preliminary experiments were 

conducted which confirmed this finding. Therefore, 1 h soaking time was used in this 

study. Experiments with samples of sapwood and heartwood, at two different moisture 

contents, using three flow directions (longitudinal, tangential, and radial) were conducted 

separately. The liquid uptake of every sample was measured by placing the wood cube 
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on a balance at different times during submersion in the liquid (0.5, 1, 2, 3, 5, 10, 30, and 

60 min). For instance, a cube was submerged in a liquid, and after the first 30 s it was 

removed and weighed. Similarly, after 1, 2, 3, 5, 10, 30, and 60 min, the sample was 

removed and weighed. The liquid uptake was measured against time because different 

periods of time indicate different absorption rates of the sample. When the 

experimentation was complete, the cubes were oven-dried at 102 0C to a constant weight 

and then the moisture content was calculated at the time of tests. The weight of the 

silicone was ignored. 

The percentage uptake of liquid was used to measure the absorption (Eq. 2.1). It was 

assumed that the weight only changed during liquid soaking due to the absorption of the 

liquid into the void volume of the wood. The maximum possible absorption of each 

specimen was calculated as a percentage of void volume filled (saturation) (Sugiyanto, 

2003), 

                                                         𝑆, % = 100𝑥
𝑈1

𝐹𝑟
                                             (2.1) 

Where S is a percentage saturation or percentage of uptake (%), U1 is an initial liquid 

uptake (kg/m3), Fr is maximum possible absorption of liquid (kg/m3) = F×Dr, F is 

maximum possible absorption of water, (L/m3) = 1000-(Dw(MC+66.7)/100), Dr is density 

of liquid (kg/L), Dw is basic density of wood (kg/m3), and MC is moisture content (%). 

2.2.3 Statistical analysis 

GENSTAT 16th Edition was used in the statistical evaluation of the data. Analysis of 

variance was conducted on the percentage of liquid uptake at 60 minutes, with the four 

factors being moisture content (dry, green), part of wood (sapwood, heartwood), direction 

(longitudinal, tangential, radial), and dye solution (1-4). Factor effects were considered 

significant if the P-value was less than 0.05. Least significant difference (LSD) values at 

P = 0.05 were used to estimate variability between means of 12 samples per each 

combination of factors. 

2.3 Results and discussion 

2.3.1 Uptake of different dye solutions in different directions 

The results highlight the descending order of the liquid absorption: longitudinal > radial 

> tangential (Table 3). As expected, the permeability of dried samples was higher than 

green samples, and sapwood samples were more permeable than heartwoods. 
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Table 3. The mean dye uptake of dye solutions calculated for the sapwood and heartwood 

parts of green and dried specimens in the longitudinal, tangential, and radial directions. 

Samples Dye solutions 
Percentage of uptake in directions, % 

Longitudinal Tangential Radial 

Dried sapwood 

1 7.34 2.88 3.66 

2 7.63 3.30 3.84 

3 8.05 3.67 3.95 

4 8.69 3.92 4.53 

Dried heartwood 

1 5.74 2.06 2.62 

2 6.01 2.67 2.68 

3 6.22 2.71 2.95 

4 6.45 2.73 2.97 

Green sapwood 

1 4.86 2.05 2.24 

2 5.19 2.20 3.03 

3 5.25 2.94 3.18 

4 5.28 2.95 3.21 

Green heartwood 

1 3.76 1.27 1.36 

2 3.78 1.38 1.73 

3 4.13 1.50 2.63 

4 4.19 1.53 2.67 

The descending order of the dye solutions in relation to the dye absorption could be 

expressed as 4 ≥ 3 > 2 ≥ 1. The effect of solution was highly significant (P < 0.001), and 

it was not involved in any significant interactions with the other factors. When averaged 

across the other factors, the means of the percentage of liquid uptake at 60 min were 3.35 

(solution 1), 3.62 (solution 2), 4.02 (solution 3), and 4.09 (solution 4) (LSD = 0.28).  

Therefore, solutions 3 and 4 resulted in significantly greater dye absorption than solutions 

1 and 2. 

The movement of fluids through wood was the easiest along the grain. Therefore, 

longitudinal permeability for the dye uptake was much greater than the other directions. 

These results are different than the findings by Siau (1984), who stated that the 

longitudinal permeability of several hardwoods increased with higher moisture content, 

presumably due to a greater fractional volume of the vessels. However, the data showed 

that the tested wood samples above the fiber saturation point had very low dye absorption. 

A possible explanation for this tendency was that high capillary pressures must be 

overcome to force air bubbles through the pit openings (Siau, 1984).  
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The results of this study indicated that there was little difference between the dye 

absorption in radial and tangential directions. The contribution of the rays to the radial 

permeability of hardwoods is almost equal to that in the tangential direction, resulting 

from the pits on the radial surfaces of the fibers (Siau, 1984). 

2.3.2 Dye uptake in heartwood and sapwood 

There are differences between the permeability of the heartwood and the sapwood in the 

treatment of timber, with sapwood being easier to treat than heartwood. In sapwood, 

penetration is primarily through the open vessels, then through rays, vertical parenchyma, 

and fibers through pit pairs. In heartwood, some of the vessels are closed by tyloses. In 

heartwood, the membrane surfaces are usually completely occluded when viewed as 

replicas in a transmission electron microscope, while in sapwood, the surfaces are always 

less occluded. When sapwood is transformed into heartwood, there are a number of 

structural changes that decrease permeability (Comstock, 1965). This is due to the closure 

of pits and the presence of tyloses and extractives. In hardwoods, the presence of tyloses 

decreases the permeability as it obstructs the main pathway in hardwoods. In many 

hardwood species, the vessels in the heartwood of the living trees are blocked off by 

tyloses, which sapwood lacks (Booker, 1977). The low permeability of heartwood is also 

due to the presence of extractives. Extractives increase the contact angle between aqueous 

liquids and the cell walls, which reduces wettability compared with sapwood (Hansmann 

et al., 2002). However, this paper does not include the analysis of the relationship between 

anatomical structure and the permeability of wood. 
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2.3.3 Dye uptake in relation to time 

 

Figure 9. The percentage of dye uptake of dried sapwood and heartwood samples at 

different test period using 4 types of dye solutions in longitudinal, tangential and radial 

direction. 

The dye absorption (% of dye uptake) in the longitudinal direction of all dried specimens 

had a significant increase from the first set time to 1 h (Figure 9). In terms of dried 

sapwood in the longitudinal direction, the percentage of uptake reached 8.69 %, compared 

to 6.22 % for dried heartwood. This trend decreased in radial and tangential directions. 

The samples treated using solution 4 had a higher percentage of uptake than the other dye 

solutions. 

The data (Figure 9) also shows the measured percentage of dye uptake of dried sapwood 

and heartwood samples in the three directions with four different dye solutions. 

Longitudinally, the percentage of liquid uptake was increased from 7.34 % to 8.69 % for 

sapwood and 5.74 % to 6.45 % for heartwood with the dye solutions 1 and 4, respectively. 

The longitudinal uptake was almost 100 % higher than the radial and tangential directions 

in both the sapwood and heartwood of the species. There were similar trends in the 

percentage of dye uptake in the tangential and radial directions with the different 

solutions. 
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Figure 10. The percentage of dye uptake of green sapwood and heartwood samples at 

different test period using four types of dye solutions in longitudinal, tangential and radial 

direction. 

The trend in the percentage of dye uptake in the three directions of all green specimens 

was similar to that of dried samples (Figure 10).  

In the longitudinal direction, the percentage of dye uptake was increased slowly from 4.86 

% to 5.28 % in sapwood and from 3.76 % to 4.19 % in heartwood with the dye solutions 

of 1 and 4, respectively. 

2.4 Conclusion 

1. The percentage of dye uptake in sapwoods was higher than in heartwoods in dried and 

green specimens. 

2. The green samples of the species showed lower dye uptake in all directions. 

3. The descending order of percentage of uptake was longitudinal > radial > tangential. 

4. The descending order of the four different dye solutions used as 4 ≥ 3 > 2 ≥ 1. 
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The longitudinal uptake was also approximately 100 % higher than the radial and 

tangential directions in both green sapwood and heartwood of the species for all different 

solutions used.  This result has significant implications on the veneer dyeing process 

where the dye penetration through the veneer thickness will be in radial direction.  

The results indicated that solutions 3 and 4 achieved significantly greater dye absorption 

than solutions 1 and 2. The indication means that the addition of sodium hydroxide and 

triton X100 can increase the swelling of the cellulose fibers in the wood structure in order 

to improve the dye penetration. This information is very important in understanding the 

dye solutions in relation to the addition of the chemical agents, which can be applied in 

the veneer dyeing study. 

Overall, the dye uptake using soaking method was not high as compared to that of other 

species. Eucalyptus species are not easily treatable in comparison to some other species 

because there is a large amount of void space in the wood cell cavities available. Bulk 

flow of the dye was observed from the rays to the vessels through pit pairs in E. globulus, 

but this species has various pits occluded with inclusions, and therefore, the flow of the 

dye was restricted. Therefore, the soaking method for veneer dyeing may not be suitable. 

A study should be undertaken to investigate the suitability of soaking method with 

addition of soaking time; if not successful, an alternative method such as vacuum-

pressure should be examined.   
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Chapter 3. Investigation into the optimal dyeing method for Bluegum 

(Eucalyptus globulus) veneer 

This chapter has been published as below: 

Nguyen, N.; Ozarska, B.; Fergusson, M. and Vinden, P. (2018a). Investigation into the 

optimal dyeing method for Bluegum (Eucalyptus globulus) veneer. BioResources 

Journal. V. 13(3), 6444-6464. DOI: 10.15376/biores.13.3.6444-6464 

 

Abstract 

This study investigated the dyeing methods (soaking and vacuum-pressure), types of dye 

(direct dye and reactive dye), and dyeing parameters (dye concentration, dyeing time, and 

temperature) in the veneer dyeing process for Eucalyptus globulus grown on plantations 

in Australia. The dyed veneers were assessed in two ways: dye penetration, which was 

determined using ImageJ software, and visual veneer grading for identifying any damage 

(curves or cracks). Veneers with different moisture content (MC) levels were used and 

were called green veneer (80 % ± 5 % MC) and dried veneer (12% MC). The study 

showed that the reactive dye Procion Brown P2RN at a concentration of 2 % resulted in 

a significantly higher dye penetration than the other dyes. Soaking was not recommended 

as the dyeing method for this species because the dyed samples were severely damaged 

by the pre-treatments and high temperatures. A dye penetration of 100 % was achieved 

when using the vacuum-pressure method with a dyeing time of 120 min, a pressure of 

1000 kPa, and the addition of 20 g/L of sodium chloride. The results of this study can be 

applied in further research on the veneer dyeing process for this species. 

3.1 Introduction 

Colour is a vital parameter in terms of the aesthetic and decorative value of wood veneers 

for most wood products used in interior applications, such as furniture, joinery, panelling, 

and architectural products. Many hardwood species have a nonhomogeneous colour and 

do not meet the requirements of most consumers. This colour disharmony can be 

homogenised with various techniques, such as staining and dyeing. 

The art of dyeing dates back thousands of years to the use of natural dyes extracted from 

plants and animals. The modern dye industry started 150 years ago with the discovery of 

synthetic dyes. Thousands of dyes have since been developed to work with various types 
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of materials (Katz 2003). To understand wood dyeing, many important aspects of this 

process need to be determined, such as the types of dye suitable for cellulose fibres, 

chemical interactions between wood and dyes, and dyeing parameters. Cellulose fibres 

can be dyed using several different dye types, such as reactive dyes, direct (substantive) 

dyes, vat dyes, sulphur dyes, and naphthol azoic dyes (Lacasse and Baumann 2004). 

Large plantations of Eucalyptus globulus wood established in Australia have mainly been 

grown to produce pulpwood. This resource is not suitable for the production of decorative 

products, principally because of the low wood grades and unattractive colour (McGavin 

et al. 2015). The manufacture of veneer-based products has recently been identified as 

having an unprecedented opportunity to promote higher value utilization of plantation 

resources. However, many uncertainties remain regarding the impacts of the inferior 

wood quality of young plantation trees on the product recovery and value, as well as the 

optimal processing techniques. Moreover, the quality of veneers and veneer-based 

products is far from optimal because these trees are young and have small diameters. The 

veneers also have substantial colour variation that affects the added value of the final 

products. Developing production methods that can enhance the appearance of low-quality 

veneers produced from young, small-diameter logs has great potential. 

An innovative method for enhancing the appearance of low-quality veneers has been 

developed by ALPI, a company in Italy that is involved in the production of multilaminar 

veneers, which are also called “reconstructed veneers”. One of the most important stages 

in multilaminar production is dyeing the veneer throughout its entire thickness, which can 

be achieved by dyeing the veneer with dyes of different colours, depending on the 

appearance of the products, their design, and market demand. 

In the current multilaminar veneer manufacturing process, veneer dyeing is normally 

applied to give veneers a colour similar to that of another timber or to minimise variations 

and make the veneers more homogeneous in colour (Castro and Zanuttini 2004). 

Basically, veneer dyeing methods are based on the deep colouration of wood, which is 

known as wood impregnation or dyeing, as opposed to surface colouration (varnishing 

and painting). The method used depends on the applications of the veneers (Kwiatkowski 

2007). The benefit of dyeing is that the colour cannot be removed by sanding because the 

veneer is dyed throughout its entire thickness (Wagenführ et al. 2012). 
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Although veneer dyeing technology has been well advanced in Italy, it has focused on 

poplar veneers, using plantation wood that is characterised by a low density, even colour, 

small number of defects, and high permeability. Conversely, the majority of plantation 

eucalypts have a medium to high density, many defects, uneven colour, and low 

permeability. Therefore, a detailed study is required to investigate the veneer dyeing 

process for eucalypt veneers. 

The aim of this study was to investigate the dyeing methods, types of dye, and dyeing 

parameters that would be the most suitable for dyeing Eucalyptus globulus veneers. The 

results of this study can be applied in further research on the veneer dyeing process of 

this species. 

3.2 Experimental 

3.2.1 Materials 

Samples 

The Eucalyptus globulus wood was obtained from a commercial plantation in Ballan, 

Victoria, Australia. The plantation was established in June 2000 by Australian Bluegum 

Plantations Company, and the trees were harvested in December 2015. The trees used in 

this study were felled at an average stump height of 0.5 m. From each tree, three 1.8-m 

long billets were cut from the bottom of the logs. The billets were then rotary peeled using 

a spindleless veneer four-foot-lathe. The lathe was operated and set with parameters 

determined for peeling Eucalyptus globulus to provide the optimal veneer quality in 

relation to veneer thickness variation along and cross the grain, surface roughness, and 

flatness (McGavin et al. 2014). 

Veneers made from sapwood and heartwood with two different moisture content (MC) 

levels were used to conduct the dyeing experiments and were labelled green veneer (80% 

± 5% MC) and dried veneer (12% MC). The sample dimensions were 100 mm x 50 mm 

x 2.6 mm, which was based on the dimensions of the equipment used in the experiments. 

The veneer thickness was selected because this represents the most common veneer 

thickness used for wood veneer-based products in Australia. There were 12 samples for 

each combination of the experiments. 
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The quality of the wood veneer was assessed by visual grading based on Australian and 

New Zealand standard AS/NZS 2269.0:2012 (Standard Australia 2012). D-grade was the 

visual grade quality for the selected veneers.  

Dyes 

In this study, two different types of dye were used: direct (substantive) dye and reactive 

dye. The dark brown colour of the dyes allowed for easy observation of dye penetration 

into the wood veneers. Direct and reactive dyes were selected because they are the most 

common types used for dyeing cellulose fibres, as they are known to be compatible (Shore 

1995; Lacasse and Baumann 2004). Materials dyed with these dye types have also been 

reported to have a very good wash fastness (Shore 1995). 

Two different dyes in the category of the reactive dye were used: Procion H-EXL and 

Procion Brown P2RN. One direct dye was used, which was the mixture of Sirius Red F-

4BL, Sirius Yellow K-GRL, and Sirius Grey K-CGL. All of the dyes were purchased 

from Dyechem Australia Pty Limited (Melbourne, Australia). 

Soaking and vacuum-pressure methods were used in this study to compare the results and 

select the suitable method for veneer dyeing. These processes were conducted at RMIT 

University, Centre for Materials Innovation and Future Fashion and the University of 

Melbourne, Creswick Campus, Victoria, Australia. 

Equipment 

The equipment used for the soaking method were as follows: 

• Atlas Launder-Ometer (Rock Hill, SC, USA): 

This piece of equipment is also called a “shaker”. The shaker comes with an easy 

opening door and quick-lock retention bars for easy loading and unloading of the 

containers (20 container capacity). 

• Magnet stirring device (also known as a magnetic stir plate or magnetic stirrer) 

(Industrial Equipment & Control Pty., Ltd, Thornbury, Victoria, Australia): 

This piece of equipment is very common in experimental chemistry. Using a 

magnetic stirrer rather than manual stirring is critical for consistent, reproducible 

mixing or mixing over long periods of time. Solutions are mixed with the 

magnetic stirrer using an external magnetic field that rotates a small magnetic bar 

that has been placed in the mixture. 
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• AHIBA TurboColor (Crewe, United Kingdom): 

This piece of equipment is a state-of-the-art dyeing unit for dyeing cotton and is 

located at RMIT University, Centre for Advanced Materials and Performance 

Textiles. The TurboColor moves the liquid in a circular rotation over a wide 

temperature range. 

• Ultrasonic bath (UNISONICS MODEL FXP12DH, Australian Scientific Pty., 

Ltd, KOTARA, NSW, Australia): 

This piece of equipment is an Australian made ultrasonic bath, which is designed 

for medical, dental, and chemical laboratories and where all forms of 

contamination are lightly deposited. The manufacturer states that the thermostat 

control on the bath can go up to 120 °C but recommends a maximum temperature 

of 60 0C. 

The equipment used for the vacuum-pressure method was a wood treatment plant with a 

high pressure (up to 1500 kPa = 1.5 MPa) that is located at the Creswick Campus of the 

University of Melbourne. 

3.2.2 Methods 

Dye solution preparation 

The brown reactive dye of Procion H-EXL was a mixture of Procion Red H-EXL, Procion 

Yellow H-EXL, and Procion Blue H-EXL. The brown direct dye was a mixture of brand 

dyes manufactured by DyStar Global Headquarters (Singapore), (Sirius Red F-4BL, 

Sirius Yellow K-GRL, and Sirius Grey K-CGL). 

Each of the dyes (red, yellow, and blue/grey) was prepared by dissolving 1 g of the dye 

in 100 mL of water in a standard flask. Therefore, a 2% total dye concentration was made 

using the following dye concentrations: 1% yellow, 0.5% red, and 0.5% blue/grey. A 2% 

concentration of the reactive Procion Brown P2RN was prepared by dissolving 2 g of the 

dye in 100 mL of water in a standard flask. All of the dye solutions were made at ambient 

temperature (20 0C ± 3 0C) in the laboratories. 

Soaking method 

Several dyeing schedules were used in the experiments (Fig. 1). After each stage of the 

experiments and based on the results, some dye types, dyeing parameters, and equipment 

were eliminated. 
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The suitable equipment, dyes, and dyeing parameters used in this study were selected 

based on the dye penetration percentage, which was determined with ImageJ software 

(developed by Wayne Rasband at the National Institute of Mental Health, Bethesda, 

Maryland, USA), and visual veneer grading to assess any damage (curves or cracks). 

The first three stages were applied to the following dyeing process: 

• A liquor ratio of 10:1 (water : veneer sample weight) was used in all pots, 

• 1.0 g/L of sequestering agent (10% solution) was added to the solution, 

• The veneers were dyed for half of the required time, 20 g/L of sodium carbonate 

were added, and then the veneers were dyed for the other half of the required time. 

Therefore, the total dyeing time shown in the experimental framework is the sum of the 

two time periods. In the first stage of the study, only heartwood samples were used. This 

decision was based on the knowledge that heartwood is less permeable than sapwood 

(i.e., if heartwood can be dyed, then sapwood can also be dyed). 

Detailed dyeing schedules for each of the stages from Fig. 11 are given in Tables 4 

through 8. 

 

Figure 11. Overall stages of the dyeing schedules for the soaking method 

Table 4. First Stage of the Dyeing Schedules 

Moisture content (%) 
Green Veneer 

(80% ± 5%) 

Dry Veneer 

(12%) 

Sample Heartwood 

Type of dye HEXL P2RN Direct dye 

Dye concentration (%) 1 2 

Dyeing time (min) 60 90 120 

Dyeing temperature (°C) 40 60 80 

Dyeing method Soaking 

Type of equipment Shaker 
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Based on the dye penetration results from the first stage (details in Table 4), the most 

suitable dye parameters (dye concentration, dyeing time, and dyeing temperature) were 

selected and then used in the second stage (Table 5), which mainly compared different 

types of equipment to determine if these dyeing devices had better results than the shaker. 

Table 5. Second Stage of the Dyeing Schedules 

Moisture content (%) 
Green Veneer 

(80% ± 5%) 

Dry Veneer 

(12%) 

Sample Heartwood 

Type of dye P2RN 

Dye concentration (%) 2 

Dyeing time (min) 90 120 

Dyeing temperature (°C) 40 60 

Dyeing method Soaking 

Type of equipment Magnetic stirrer TurboColor Ultrasonic bath 

 

It was found that the use of different dyeing equipment did not provide better results than 

the shaker. The dyed samples did not obtain full penetration at any of the parameters. 

Therefore, the shaker was used again in the dyeing experiments in Stage 3. Apart from 

using only the shaker instead of the other equipment, the difference between Stages 2 and 

3 was that pre-treatments were applied in Stage 3 prior to the veneer dyeing process. 

There were two steps in the veneer pre-treatments (Table 6), which were also performed 

using the shaker. 

Table 6. Schedules Used for the Veneer Pre-treatments 

Step One 

L
iq

u
o

r ratio
 =

 1
0
:1

 

(w
ater:to

tal sam
p
le 

w
eig

h
t) 

Sodium hydroxide (g/L) 

(10% solution) 
0.1 1.0 2.0 

Triton X100 (g/L) 

(10% solution) 
0.1 

Time and temperature 60 min at 40 °C 

Step Two 

Acetic acid (%) 0.5 

Time and temperature 30 min at 40 °C 

 

The reason for applying sodium hydroxide was to slightly swell the wood fibres, which 

should make them more accessible to the dye. The details of Stage 3 are provided in Table 

7. 
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Table 7. Third Stage of the Dyeing Schedules 

Moisture content (%) 
Green Veneer 

(80% ± 5%) 

Dry Veneer 

(12%) 

Sample Heartwood 

Type of dye P2RN 

Dye concentration (%) 2 

Dyeing time (min) 90 120 

Dyeing temperature (°C) 40 60 

Sodium hydroxide (g/L) 0.1 1.0 2.0 

Dyeing method Soaking 

Type of equipment Shaker 

 

According to the results of the third stage, 1.0 g/L and 2.0 g/L of sodium hydroxide 

provided better dye penetration than 0.1 g/L. However, the dyed samples were badly 

damaged, especially after using 2.0 g/L of sodium hydroxide. Therefore, sodium 

hydroxide was not used in the fourth stage of the experiments, in which sodium chloride 

was added (Table 8). 

The dyes were all anionic compounds, which have a negative charge in water. Cellulosic 

fibers when wet also has a negative charge. Therefore, sodium chloride was used to 

induce a positive charge on the surface of the fibres. Sodium chloride should cause the 

negative dye to be attracted to the positive cellulose fibres. 

In this stage, sapwood samples were also used to confirm that the dyeing parameters 

would provide satisfactory results for both sapwood and heartwood. 

Table 8. Fourth Stage of the Dyeing Schedules 

Moisture content (%) 
Green Veneer 

(80% ± 5%) 

Dry Veneer 

(12%) 

Sample Heartwood Sapwood 

Type of dye P2RN 

Dye concentration (%) 2 

Dyeing time (min) 90 120 

Dyeing temperature (°C) 40 60 

Sodium chloride (g/L) 10 20 30 

Dyeing method Soaking 

Type of equipment Shaker 

 

The use of 20 g/L of sodium chloride in Stage 4 resulted in better dye penetration than 

the other amounts. The dye penetration was higher, and the colour of the dyed samples 

was brown and evenly distributed on the veneer surface because of the addition of sodium 

chloride. However, the samples still did not obtain full dye penetration. The dyed samples 



Page 68 of 167 

 

were again damaged slightly (curved) because of the high dyeing temperatures (detailed 

results are provided in the Results and Discussion section). Thus, the vacuum-pressure 

method (Stage 5) was tested. 

Vacuum-pressure method 

Based on the results of the tests conducted with the soaking method using different dyes 

and equipment (Stages 1 to 4), a 2% concentration of the reactive dye Procion Brown 

P2RN was used in Stage 5, which tested the vacuum-pressure method using the wood 

treatment plant at Creswick Campus. The vacuum-pressure method was performed 

without and with pre-treatment. 

The details of the vacuum-pressure method without the veneer pre-treatment (Stage 5.1) 

are given in Table 9. 

Table 9. Dyeing Schedules for the Vacuum-pressure Method Without Pre-treatment 

(Stage 5.1) 

Moisture content 

(%) 

Green Veneer 

(80% ± 5%) 

Dry Veneer 

(12%) 

Type of dye P2RN 

Concentration (%) 2 

Sample Heartwood 

Vacuum time (min)  10   15  

Vacuum level (kPa)  -100  

Pressure time (min)  60   120  

Pressure (kPa)  500   1000  

For the vacuum-pressure method with a veneer pre-treatment (Stage 5.2), several pre-

treatments were tested: 

• Samples were submerged in 1.0 g/L of sodium hydroxide and 20 g/L of sodium 

chloride for 1 h prior to the dyeing process (HC1), 

• Samples were submerged in 1.0 g/L of sodium hydroxide and 20 g/L of sodium 

chloride for 24 h prior to the dyeing process (HC24), 

• Samples were submerged in 20 g/L of sodium chloride for 1 h prior to the dyeing 

process (C1), 

• A mixture of 1.0 g/L of sodium hydroxide, 20 g/L of sodium chloride, and the dye 

(HCD) was used, 

• A mixture of 20 g/L of sodium chloride and the dye (CD) was used. 
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All of the pre-treatments were conducted at ambient temperature (20 °C ± 3 °C). 

Heartwood samples with two MC levels (green sample and dry sample) were used. The 

dyeing process was similar to the process without a pre-treatment, except the samples 

were maintained at a vacuum level for 15 min during the vacuum treatment and a pressure 

of 1000 kPa was maintained for 2 h during the pressure treatment. These optimal dyeing 

parameters were based on the results of the vacuum-pressure method without a pre-

treatment. After the dyeing process, the samples were removed and dried to a 12% MC. 

3.2.3 Determination of the Dye Penetration 

It is very difficult to measure the cross-section of the veneers using a calliper as the 

veneers are thin and, in most cases, irregular areas in which the dyes have penetrated 

cannot be visually observed. Therefore, ImageJ software was used to compute the areas. 

A dyed veneer was cut using a sharp knife. Then, a 5MP-USB Microscope (distributed 

by TechBrands by Electus Distribution Pty., Ltd, Rydalmere, NSW, Australia) was used 

to take pictures of the cross-section of the dyed veneer. The ImageJ software was then 

used to compute its area and the dye penetration percentage, which is an effective and 

accurate method. An example how to calculate the percentage of dye penetration using 

ImageJ software is shown in Fig. 12. 

 

Figure 12. An example of how to measure the dye penetration percentage by ImageJ 

As can be seen from Fig. 12, irregularly shaped selections of areas A, A1, and A2 are 

defined by a series of line segments. The selected areas were automatically calculated. 

The percentage of dye penetration was then calculated as (A1+A2)*100/A, %. 

A1 

A2 
A 
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3.2.4 Statistical Analysis 

An analysis of variance was conducted on the dye penetration percentage with various 

factors from different stages of the dyeing process as explanatory variables. Main effects 

and two-factor interactions were included in the model.  

The assumption of constant variance was checked with a plot of residual values vs. fitted 

values. Main effects were considered to be significant if the P value was less than 0.05, 

and two-factor interactions were reported for P < 0.01 or close to it. Least Significant 

Difference (LSD) values at P 0.05 were used to estimate the variability between the means 

of the samples for each combination of factors. The software GENSTAT (16th Edition, 

VSN International Ltd, Hemel Hempstead, UK) was used for the statistical evaluation of 

the data. 

3.3 Results and discussion 

3.3.1 Analysis of the Effect of Various Factors on the Dye Penetration during 

Different Dyeing Stages of the Soaking Method  

Based on the data analysis, the effect of different dyes and dye concentrations on the dye 

penetration at different temperatures, times, and moisture contents of the sample in Stage 

1 was determined (Fig. 13). 
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Figure 13. Effect of the different dyes and dye concentrations on the dye penetration at 

different temperatures, times, and sample MCs (Stage 1). Note: 1% HEXL: 1% 

concentration of Procion H-EXL; 1% P2RN: 1% concentration of Procion Brown P2RN; 

1% Direct: 1% concentration of the direct dye; 2% HEXL: 2% concentration of Procion 

H-EXL; 2% P2RN: 2% concentration of Procion Brown P2RN; and 2% Direct: 2% 

concentration of the direct dye. 

Green Samples Dry Samples 
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All main effects – moisture content, dye concentration, and type of dye – were highly 

significant (P < 0.001). The factors other than the dyeing time and dyeing temperature are 

shown in Table 10, together with the LSDs. 

Table 10. The Influence of the Main Effects on Dye Penetration 

Factor Level Mean LSD 

 

MC (%) 

Green veneer 

(80% ± 5%) 

56.19  

0.84 

Dry veneer 

(12%) 

63.19 

Dye concentration (%) 1 56.80 0.84 

2 62.57 

 

Type of dye 

Direct dye 56.56  

1.02 HEXL 59.64 

P2RN 62.86 

 

The interaction between dyeing time and dyeing temperature was highly significant (P < 

0.001). The means of the factor combinations and the associated LSD are shown in Table 

11. 

Table 11. Influence of the Interaction between Dyeing Time and Temperature on Dye 

Penetration 

Dyeing temperature 

(0C) 

Dyeing time (min) Mean 

60 90 120 

40 46.08 51.67 58.50 52.08 

60 53.75 57.00 67.25 59.33 

80 58.17 67.75 77.00 67.64 

Mean 52.67 58.81 67.58 59.69 

LSD 1.77 

 

The parameters that resulted in the highest dye penetration were the same for both the 

green and dry veneers. The samples that were dyed with the reactive dye Procion Brown 

P2RN at a 2% concentration at 80 °C for 120 min provided the best results in relation to 

the dye penetration (86% for the dry samples and 78% for the green samples). The dye 

penetration of the dry samples was 8% higher than that of the green samples. Both the 

reactive dyes, Procion Brown P2RN and the Procion HEXL mixture, resulted in a higher 

dye penetration than the direct dye did. For the 2% dye concentration, the percentage of 

dye penetration reached 86%, which was higher compared with 82% when using the 1% 

dye concentration.  
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The reactive dye Procion Brown P2RN gave more favourable results than the other two 

dyes because it is a monochlorotriazine reactive dye; therefore, its reactivity is lower than 

the Procion HEXL type.  This means it should have better penetration through the wood 

veneer.  Moreover, the Procion HEXL type has two reactive groups and therefore may 

not penetrate easily, as it would react more rapidly than the P2RN. The molecular size of 

P2RN dye is relatively small compared to the direct dye. The direct dye generally is large 

molecules and therefore may not penetrate easily through the wood veneer. 

The level of dye penetration in all of the specimens significantly increased when the 

dyeing time increased from 60 min to 120 min. Time is an important factor in veneer 

dyeing because adsorption occurs on the veneer surface if the dyeing time is too short and 

it is very difficult to achieve full penetration of the veneer. This effect is reasonable 

because the wood dyeing process is a dynamic sorption and desorption equilibrium 

process that transports dye molecules into the wood surface and internal structure (Yu et 

al. 2002; Liu et al. 2015). 

It was found that increasing the dyeing temperature enhanced the dyeing penetration of 

the veneer. Temperature is an important factor that affects the reactive performance of 

reactive dyes. According to the principle of proliferation, when the temperature is higher, 

then the diffusion coefficient is greater, and the diffusion velocity is faster. If the 

molecular motion of the dye liquor increases with an increasing temperature, the wood 

dyeing rate and dye uptake increase (Deng and Liu 2010). At 80 °C, the dye penetration 

of the dry samples dyed for 120 min with a 2% concentration of Procion Brown P2RN 

was 13% higher than at 60 °C, and 20% higher than at 40 °C. However, the dyed samples 

were severely damaged (Fig. 14). This was because the wood fibers were swollen at high 

temperature during the dyeing process and when the dyed veneers were dried, the number 

of hydroxyl groups diminishes. Diminished hydroxyl groups may cause a curve or 

damage in the dyed veneers. Therefore, a temperature of 80 °C is not recommended for 

the veneer dyeing process. 
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Figure 14. Samples dyed at 80 °C 

For Stage 2 of the dyeing schedules, the obtained results are given in Fig. 15. According 

to the analysis of variance, all main effects were highly significant (P < 0.001) while 

interactions between the factors were not significant. The factor means are shown in Table 

12, together with the LSDs. 

Three different dyeing devices were used in Stage 2 of the experiments, and it was evident 

that the dye penetration of the samples dyed using the AHIBA TurboColor was higher 

than for those using the magnetic stirrer and ultrasonic bath. However, the results showed 

that there was little difference between the dye penetration of both the green and dry 

samples dyed with 2% P2RN at 60 °C for 120 min using the TurboColor (67% and 72%, 

respectively) and shaker (69% and 73%, respectively). 
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Figure 15. Effect of different types of dyeing equipment (magnetic stirrer, AHIBA 

TurboColor, and ultrasonic bath) on dye penetration at different temperatures, times, and 

sample MCs (Stage 2) 

Table 12. Influence of the Main Effects on Dye Penetration 

Factor Level Mean LSD 

 

MC (%) 

Green veneer 

(80% ± 5%) 

55.67  

2.08 

Dry veneer 

(12%) 

62.83 

Dyeing time (min) 90 55.17 2.08 

120 63.33 

Dyeing temperature (0C) 40 55.50 2.08 

60 63.00 

 

Equipment 

Magnetic 55.62  

2.55 TurboColor 64.12 

Ultrasonic 58.00 

Green Samples Dry Samples 
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As was expected, the samples dyed at 60 °C for 120 min resulted in a greater dye 

penetration than those dyed at 40 °C for 90 min. However, the dyed veneers did not obtain 

full dye penetration at these dyeing parameters. Therefore, pre-treatments were used in 

the following stage and the results of the optimal dyeing factors are shown in Fig. 16. 

 
 

Figure 16. Effect of the different amounts of sodium hydroxide (0.1 g/L; 1.0 g/L, and 2.0 

g/L) on the dye penetration at different temperatures, times, and sample MCs (Stage 3)  

Green Samples Dry Samples 
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The analysis of variance showed a highly significant effect of all factors (P < 0.001). 

None of the interactions were significant. The factor means are shown in Table 13, 

together with the LSDs. 

Table 13. Influence of the Main Effects on Dye Penetration 

Factor Level Mean LSD 

MC (%) 

Green veneer 

(80% ± 5%) 
70.00 

1.60 
Dry veneer 

(12%) 
77.17 

Dyeing time (min) 
90 69.25 

1.60 
120 77.92 

Dyeing temperature (0C) 
40 70.42 

1.60 
60 76.75 

Sodium hydroxide (g/L) 

0.1 68.25 

1.95 1.0 73.62 

2.0 78.88 

 

There was a significant increase in the dye penetration when sodium hydroxide was used, 

especially when the amount was 2 g/L, which resulted in dye penetrations of 90% in the 

dry veneers and 83% in the green veneers. However, the dyed samples were badly curved 

(Fig. 17). The pre-treatment with sodium hydroxide causes the cellulose to swell and this 

increases the ability of the dye to penetrate more easily. The presence of the alkali also 

promotes the dye fixation as the dye forms a covalent bond with the cellulose via the 

hydroxyl groups. The dye penetration was improved with an increase in the dyeing time 

and temperature. 

 
Figure 17. Samples dyed with sodium hydroxide 
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After the first three stages, the dyed veneers did not obtain full penetration with any of 

the dyeing parameters. Thus, Stage 4 was performed with sodium chloride (Fig. 18) and 

2% Procion Brown P2RN. 

 

 
 

Figure 18. Effect of sapwood (SW), heartwood (HW), and different amounts of sodium 

chloride (10 g/L, 20 g/L, and 30 g/L) on the dye penetration at different temperatures, 

times, and sample MCs (Stage 4) 

All main effects were highly significant (P < 0.001). The factors other than the dyeing 

time and dyeing temperature are shown in Table 14, together with the LSDs. 

Green Samples Dry Samples 
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The interaction between dyeing time and the dyeing temperature was significant (P = 

0.013). The means of the factor combinations and the associated LSD are shown in Table 

15. 

Table 14. Influence of the Main Effects on Dye Penetration 

Factor Level Mean LSD 

MC (%) 

Green veneer 

(80% ± 5%) 
76.58 

1.54 
Dry veneer 

(12%) 
83.58 

Sample 
Heartwood 75.04 

1.54 
Sapwood 85.12 

Dyeing time (min) 
90 75.75 

1.54 
120 84.42 

Dyeing temperature (0C) 
40 77.08 

1.54 
60 83.08 

Sodium chloride (g/L) 

10 80.19 

1.88 20 85.81 

30 74.25 

 

Table 15. Influence of the Interaction between Dyeing Time and Temperature on Dye 

Penetration 

Dyeing temperature (0C) 
Dyeing time (min) 

Mean 
90 120 

40  71.75 82.42 77.08 

60 79.75 86.42 83.08 

Mean 75.75 84.42 80.08 

LSD 1.06 

 

The highest dye penetration for the dry sapwood and heartwood samples of this stage was 

obtained at 60 °C and 120 min with 20 g/L of sodium chloride. Almost full dye 

penetration was obtained for both the dry sapwood and heartwood samples, and were 97% 

and 90%, respectively. 

There were similar trends in the percentage of dye penetration in the green sapwood and 

heartwood samples. The dye penetration reached 91% for the green sapwood samples and 

86% for the green heartwood samples when they were dyed at 60 °C for 120 min with 20 

g/L of sodium chloride. 

Almost full dye penetration was obtained with the soaking method (Stage 4) at 60 °C and 

120 min with 20 g/L of sodium chloride. However, the dyed samples were still slightly 

damaged (curved) because of the high temperatures applied. 
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3.3.2 Effect of Different Dyeing Parameters on the Dye Penetration during the 

Vacuum-pressure Method 

The effect of the vacuum time, pressure time, and pressure level during the vacuum-

pressure method without pre-treatment was explored and the results are shown in Fig. 19. 

The Procion Brown P2RN dye was used at a concentration of 2%. 

 

  
Figure 19. Effect of the different vacuum times (VC10 and VC15) and pressure levels 

(PS500 and PS1000) on the dye penetration at different times and sample MCs (Stage 

5.1) 
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Table 16. Influence of the Main Effects on Dye Penetration 

Factor Level Mean LSD 

Vacuum time (min) 
10 82.88 

2.29 
15 87.25 

Pressure time (min) 
60 80.25 

2.29 
120 89.88 

Pressure (kPa) 
500 81.00 

2.29 
1000 89.12 

MC (%) 

Green veneer 

(80% ± 5%) 
85.25 

2.29 
Dry veneer 

(12%) 

84.88 

 

In the analysis of variance, three factors (vacuum time, pressure time, and pressure levels) 

were highly significant (P < 0.01) while the effect of moisture content was not significant 

(P = 0.69). The factor means are shown in Table 16, together with the LSDs. 

The highest dye penetration was obtained at a vacuum time of 15 min, pressure time of 

120 min, and pressure of 1000 kPa. The dye penetration of the green and dry samples 

reached 95% and 93%, respectively. 

An increased vacuum time allowed more free air and water to be discharged from the 

veneer, and thus increased the void space in the samples. It was also observed that when 

the pressure time and level were higher, the results of dye penetration were better. 

The effect of various pre-treatments applied in the dyeing process of the vacuum-pressure 

method on the dye penetration was determined (Fig. 20). All of the experiments were 

conducted at ambient temperature (20 °C ± 3 °C). The dyeing process with pre-treatment 

was similar to the process without pre-treatment, except that the samples were maintained 

at the vacuum level for 15 min and a pressure of 1000 kPa was maintained for 2 h. The 

dye Procion Brown P2RN at a concentration of 2% was used. 
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Figure 20. Effect of different pre-treatments on the dye penetration at different sample 

MCs (Stage 5.2). Note: C1: samples were submerged in 20 g/L of sodium chloride for 1 

h prior to the dyeing process; CD: a mixture of 20 g/L of sodium chloride and the dye 

was used; HC1: samples were submerged in 1.0 g/L of sodium hydroxide and 20 g/L of 

sodium chloride for 1 h prior to the dyeing process; HC24: samples were submerged in 

1.0 g/L of sodium hydroxide and 20 g/L of sodium chloride for 24 h prior to the dyeing 

process; and HCD: a mixture of 1.0 g/L of sodium hydroxide, 20 g/L of  sodium chloride, 

and the dye was used 

Compared with the soaking method and vacuum-pressure method without pre-treatment 

(Stages 1 to 5.1), the use of the HCD and CD mixtures had noticeable effects on the dye 

penetration. Both the green and dry heartwood samples obtained 100% dye penetration. 

However, because the samples dyed with the HCD mixture were curved, it is not 

recommended to use this schedule for further experiments. The schedule with the CD 

mixture resulted in 100% dye penetration and veneer samples with a very good quality 

without any damage; therefore, it is recommended to use this schedule in further research 

on the veneer dyeing process of this species. 

3.4 Conclusions 

1. The shaker resulted in better penetration than the other equipment. The dye 

penetration was higher, and the colour of the dyed samples was evenly distributed on 

the veneer surface because of the use of sodium chloride. The dyed samples obtained 

almost full penetration at 60 °C and 120 min with 20 g/L of sodium chloride. 

However, the dyed samples were still slightly damaged (curved) because of the high 

temperatures applied. 
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2. The vacuum-pressure method improved the dye penetration and the effect was greatly 

strengthened by the use of a 15-min vacuum time at a pressure of 1000 kPa with a 

mixture of 20 g/L of sodium chloride and the reactive dye P2RN. Both the green and 

dry heartwood samples obtained full penetration (100%) with the reactive dye 

(Procion Brown P2RN) at a concentration of 2%, and the dyed samples were not 

damaged. 

3. It is not recommended to use elevated temperatures or sodium hydroxide in the wood 

veneer dyeing process because the samples were damaged. Therefore, an ambient 

temperature is recommended for further experiments. 
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Chapter 4. Veneer Dyeing Methodology 

4.1. A study on the dyeing process of Eucalyptus globulus veneers with 

reactive dye using vacuum-pressure method 

This sub-section 4.1 has been published as below: 

Nguyen, N.; Ozarska, B.; Fergusson, M. and Vinden, P. (2018c). Dyeing of Eucalyptus 

globulus veneers with reactive dye using sequential vacuum and varied pressures. 

BioResources Journal. V. 13(4), 8690-8708. DOI: 10.15376/biores.13.4. 8690-

8708 

Abstract 

To investigate the potential application of vacuum-pressure methods for dyeing low-

quality hardwood veneers produced from young, small-diameter logs, Eucalyptus 

globulus veneers were dyed with a 2% solution of the reactive dye Procion Brown PX-

2R at a vacuum of -100 kPa for 15 min prior to pressure being applied. The effects of 

various pressures and pressure times on dye uptake, dye penetration, and colour change 

were evaluated. Veneers with varying moisture content (MC) were used and were labelled 

as green veneer (80% ± 5% MC) or dried veneer (12% MC). The dyeing method was 

based on the results of the preliminary experiments. The vacuum-pressure method had 

remarkable influence on the dye uptake, dye penetration, and colour change, particularly 

when the samples were dyed at a pressure of 1000 kPa and pressure time of 120 min. 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy results 

indicated that the reactive dye was able to react with the wood compounds, and scanning 

electron microscopy (SEM) analysis showed that the ray parenchyma cells provided an 

effective radial path for dye penetration. 

4.1.1 Introduction 

Because the natural resources of high-quality and large-diameter timber are expensive 

and limited, a large proportion of the supply requirements for furniture manufacturing, 

decoration, and wood-based panel processing cannot be fulfilled. Therefore, the global 

forest industry is making investment in fast-growing plantation timber resources (Deng 

and Liu 2010; New Forests 2015). 

Plantation timbers are young and generally of smaller diameter than the timbers from 

mature trees. Young timbers have a large amount of sapwood and defects such as encased 
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knots, gum pockets, gum veins, surface roughness, and splits. They are less durable than 

mature wood and usually have different properties and processing characteristics. 

Therefore, different processing methods are required. 

A majority of Eucalyptus globulus plantations established in Australia have been grown 

to produce pulpwood. This resource is unsuitable for the production of appearance wood 

products, principally because of the low wood grades, many defects, indistinct grain, and 

uneven colour. One potential method for enhancing the visual appearance and value of 

plantation timber is the application of veneer-dyeing technology, which can minimise 

colour differences within the wood veneer, resulting in a more homogenous colour (Duan 

and Chang 2002). 

Recent studies on wood veneer dyeing have been primarily focused on the dyeing 

processes of low-density species, such as poplar, basswood, birch, elm, and Paulownia 

(Deng and Liu 2010; Liu et al. 2014; Zhang et al. 2014; Hu et al. 2015; Liu et al. 2015), 

which are characterised by even colour, a small number of defects, and high permeability. 

Conversely, many plantation eucalyptus have a medium to high density, many defects, 

uneven colour, and low permeability. Therefore, a detailed study is required to investigate 

the dyeing process for eucalyptus veneers. 

Because several common dyes, such as acid and mordant dyes, have been banned or 

restricted because of environmental issues, reactive dyes have been highly valued by the 

wood-dyeing industry (Deng and Liu 2010). An investigation by Rattee (1962) indicated 

that reactive dyes have a potential application for dyeing methods that offered comparable 

costs because of the simplicity of the operation and the reduced dye consumption as a 

result of the high rate of fixation. Moreover, reactive dyestuff has bright color 

characteristics, good washing fastness, and complete chromatography. For that reason, 

reactive dyes have good colour fastness to wet treatments, as well as a broad colour range, 

and have gradually replaced direct dyes, vat dyes, and sulphur dyes in the colouration of 

cellulose-based materials such as cotton and viscose (Zhang and Yang 2008). 

Many wood veneer dyeing methods have been applied, such as soaking dyeing, vacuum 

dyeing, and vacuum-pressure dyeing, which combines vacuum and pressure dyeing. 

However, the results have shown many disadvantages. For example, dyed veneers were 

not entirely penetrated, or they were easily damaged during the dyeing process or curved 

after dyeing and drying (Chang et al. 2009). 
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The aim of this study was to investigate the feasibility of using sequential application of 

vacuum followed by pressure of different levels and durations for dyeing Eucalyptus 

globulus veneers with a reactive dye at ambient temperature (20 C ± 3 C). The effect of 

various pressures and pressure times on dye uptake, dye penetration, and colour change 

were investigated. In addition, attenuated total reflectance-Fourier transform infrared 

(ATR-FTIR) spectroscopy and scanning electron microscopy (SEM) were used to explore 

the mechanism of interaction between dye molecules and wood fibers. 

4.1.2 Experimental 

4.1.2.1 Material preparation, colour application, and equipment 

Sample preparation 

Peeled veneers from a commercial plantation-grown Eucalyptus globulus in Victoria, 

Australia were selected to conduct dyeing experiments. The plantation was established in 

June 2000 by Australian Bluegum Plantations Company, and the trees were harvested in 

December 2015. Veneer samples (L: 100 mm x T: 50 mm x R: 2.6 mm) were prepared 

from sapwood and heartwood at the green moisture content (MC) of 80% ± 5% and dry 

moisture content of 12%. 

Dye selection 

The reactive dye Procion Brown PX-2R, at a concentration of 2%, was selected for the 

vacuum-pressure method. The dye was purchased from Dyechem Australia Pty Limited 

(Melbourne, Australia). Procion Brown PX-2R is a monochlorotriazine reactive dye, that 

reacts with the hydroxyl (OH) groups in cellulose under alkaline conditions.  Because this 

dye has slightly lower reactivity compared to dichlorotriazine dyes, the dye should 

penetrate more uniformly into the gross structure of the veneer. Furthermore, based on 

the results of preliminary tests conducted using various dyes, the reactive dye resulted in 

a significantly higher dye penetration than the other dyes, such as direct dyes (Nguyen et 

al. 2018a). 

4.1.2.2 Dyeing Method 

Dye solution preparation 

A 2% solution of Procion Brown PX-2R was prepared by dissolving 2 g in 100 mL of 

water using a standard flask. 
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All dye solutions were prepared at ambient temperature (20 C ± 3 C) in the laboratory. 

Vacuum pressure method 

A vacuum pressure method was selected for the veneer-dyeing study based on the results 

of preliminary tests conducted using soaking and vacuum-pressure methods (Nguyen et 

al. 2018a). A dye penetration of 100% was achieved when using the vacuum-pressure 

method. 

The wood treatment plant at the Creswick campus, University of Melbourne was used for 

the dyeing trials. The plant consists of the following parts: (1) compressor – generates 

compressed air that is used to achieve desired pressure during impregnation treatment; 

(2) cylinder for air storage (prompt air) - the compressed air generated by the compressor 

is stored in the cylinder and subsequently used during pressure impregnation of the 

preservative; (3) vacuum pump – creates a vacuum in the treatment vessel to remove the 

air and the excess preservative from the wood during the initial and final stages of 

preservative treatment, respectively; (4) treatment vessel – samples are submerged in 

treating solution and kept in the treatment vessel for pressure impregnation. In the 

treatment plant, high pressures (up to 1500 kPa = 1.5 MPa) can be applied. 

A single dyeing schedule was used for the wood veneer dyeing process (Fig. 21). The 

schedule was as follows: initial vacuum of -100 kPa applied for 15 min; required pressure 

level applied (kPa) for required time (min). The dyeing time was referred to as the 

pressure time. 

 
Figure 21. Scheme of the dyeing process 
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Experimental framework 

The following experimental framework was used for the veneer-dyeing study, with the 

following conditions (Table 17). Procion Brown PX-2R (2% dye solution) was used, with 

20 g/L of sodium chloride mixed with the dye. All experiments were conducted at ambient 

temperature (20 C±3 C).  A vacuum of -100 kPa was applied for 15 min prior to pressure 

application. The selection of the constant conditions and the veneer dyeing variables was 

based on the preliminary trials conducted at RMIT University and the University of 

Melbourne (Nguyen et al., 2018a). 

According to the experimental framework developed for the study, the total number of 

veneer samples was 432 (i.e., 12 specimens  36 dyeing variable combinations). 

Table 17. Experimental Framework used for Veneer-Dyeing Study 

Dyeing Variables Combinations of Variables Implemented during Experiments 

Moisture Content (%) Green Veneers (80% ± 5% MC) Dry Veneers (12% MC) 

Samples Sapwood Heartwood Sapwood Heartwood 

Pressure Time (min) 60 90 120 60 90 120 60 90 120 60 90 120 

Pressure Level (kPa) 500 750 1000 500 750 1000 500 750 1000 500 750 1000 

 

4.1.2.3 Measurement of the Dye Uptake 

The percentage uptake of liquid was used to measure absorption (Eq. 4.1). It was assumed 

that weight only changed during liquid soaking because of the absorption of liquid into 

the void volume of the wood. The maximum possible absorption of each specimen was 

calculated as a percentage of void volume filled (saturation) (Sugiyanto 2003), 

𝑆, % = 100𝑥
𝑈1

𝐹𝑟
        (4.1) 

where S is the percentage saturation or percentage of uptake (%), U1 is the initial liquid 

uptake (kg/m3), and Fr is the maximum possible absorption of liquid (kg/m3) (Eq. 4.2), 

Fr = F × Dr       (4.2) 

where F is the maximum possible absorption of water (L/m3) (Eq. 4.3) and Dr is the 

density of the liquid (kg/L), 

          F = 1000 - (Dw × (MC + 66.7) / 100)   (4.3) 

where Dw is the basic density of wood (kg/m3) and MC is moisture content (%). 
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4.1.2.4 Measurement of the Dye Penetration 

It is very difficult to measure the cross-section of a veneer using a caliper, because the 

veneer is thin, and in most cases, it contains irregular areas in which the penetrated dyes 

cannot be found. Therefore, ImageJ (NIH, Bethesda, MD) was used to compute the areas. 

A dyed veneer was cut using a sharp knife. Then, a 5MP-USB microscope was used to 

take pictures of the cross-section of the dyed veneer. The ImageJ software was then used 

to compute the area and the percentage of dye penetration. This program has been shown 

to be the most suitable method for analysis and visualization of 2D and 3D data (Gurau 

et al., 2013). 

4.1.2.5 Measurement of Colour Differences 

The colour measurements were recorded using a BYK-Gardner digital colour apparatus 

(Geretsried, Germany) at ambient temperature (20 C ± 3 C), and the results were 

presented in the CIELAB colour system. 

The L*, a*, and b* colour coordinates were calculated based on the illuminant D65 

(representing Northern daylight at noon and the international standard for daylight 

exposure) and an observation angle of 10 (Hunter and Harold 1987). 

Colour measurements were performed on the tight sides of all veneer samples (green and 

dry) prior to the dyeing process. After the dyeing process, the green dyed veneers were 

measured to compare the previous measurements on untreated green veneers, while dry 

dyed veneers were measured once they were dried to 12% moisture content. 

The colour of every sample was scanned at four locations, and the result was 

automatically calculated by the BYK-Gardner digital colour apparatus as the average 

value of the four scans. The same locations were used for measuring the colour of the 

veneer before and after dyeing. The locations for the colour measurements in each test 

sample were carefully chosen to avoid knots and other defects. 

According to the colour coordinates L*, a*, and b*, the change in colours and their 

locations were determined. The L* axis specifies the lightness and runs vertically in the 

range from black (0) to white (100). The coordinate a* represents green at negative (–a*) 

values, and red at positive (+a*) values. The b* axis is the blue-yellow square, where 

negative (–b*) values are blue, and positive (+b*) values are yellow. Both a* and b* are 

positive/negative coordinates defining the hue and intensity of the colour. 
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The total change of colour, ΔE* (Eq. 4.4), is commonly used to represent a colour 

difference, 

∆𝐸∗ =  √∆𝐿∗2 + ∆𝑎∗2 + ∆𝑏∗2      (4.4) 

where ΔL*, Δa*, Δb* are the changes between the sample values before and after dyeing 

of L*, a*, and b*, respectively. 

To determine the actual change in colour, the individual colorimetric components ΔL*, 

Δa*, and Δb*, or ΔL*, ΔC*, and ΔH* need to be used. The calculation and interpretation 

of the changes were performed as follows (Fig. 22). 

 

Figure 22. Calculation and interpretation of the colour differences 

A low ΔEL*a*b* corresponds to a low colour change or a stable colour. According to Lovrić 

et al. (2014), the colour differences of treated veneers can be classified by ΔE as given in 

Table 18. This classification was applied for the assessment of colour changes of the dyed 

veneers. 

Table 18. Classification of the Color Difference by ΔE 

No. Colour Change (ΔE) Description 

1 ΔE < 0.2 No noticeable difference 

2 0.2 ≤ ΔE < 2 Small difference 

3 2 ≤ ΔE < 3 Colour differences noticeable at high quality screen 

4 3 ≤ ΔE < 6 Colour differences noticeable at middle quality screen 

5 6 ≤ ΔE < 12 Great difference 

6 ΔE ≥ 12 Different colours 
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4.1.2.6 Scanning Electron Microscope (SEM) analysis  

Scanning electron microscopy was used to investigate changes in the wood structure of 

the dyed and undyed veneers. The SEM micrographs of the samples revealed in detail the 

mechanisms of wood veneer dyeing. 

The distribution of the reactive dye within the wood cell cavity and wood ray was 

observed using a SEM (FEI Teneo VolumeScope, ThermoFisher Scientific, Waltham, 

MA, USA) at an accelerating voltage of 10 kV. 

4.1.2.7 ATR-FTIR spectroscopy 

Attenuated total reflectance - Fourier transform infrared (ATR-FTIR) spectroscopy was 

used to characterise the surface chemical composition of the dyed veneers. The spectra 

were obtained using attenuated total reflectance (ATR) and collected using a single 

reflection diamond accessory. The ATR crystal was cleaned with methanol, then air-

dried.  

The background was collected with the crystal exposed to the air. All samples were placed 

onto the crystal surface of the FTIR spectrometer (Bruker ALPHA FTIR Spectrometer, 

Billerica, MA, USA). The spectra were collected in transmittance mode by a total of 32 

scans in the range of 4000 cm-1 to 400 cm-1 at a resolution of 2 cm-1. OPUS software 

(Bruker, Billerica, MA, USA) was used to select the peaks of the transmittance bands. 

The veneer samples that were dyed at a pressure of 1000 kPa for 120 min were used in 

the SEM analysis and ATR-FTIR spectroscopy because these variables provided the 

highest dye uptake and penetration. 

4.1.2.8 Statistical Analysis 

An analysis of variance was conducted on the dye uptake, dye penetration, and colour 

differences with various factors of the dyeing process as explanatory variables. Main 

effects and two-factor interactions were included in the model. The assumption of 

constant variance was checked with a plot of residual values vs. fitted values. Main effects 

were considered to be significant if P < 0.05, and two-factor interactions were reported 

for approximately P < 0.01 or. Least significant difference (LSD) values at P = 0.05 were 

used to estimate the variability between the means of the samples for each combination 

of factors. The software GENSTAT (16th Edition, VSN International Ltd, Hemel 

Hempstead, UK) was used for statistical evaluation of the data. 
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4.1.3 Results and discussion 

4.1.3.1 Effect of pressure level and time on dye uptake 

The effects of various pressure levels and times on dye uptake are presented in Fig. 23.  

The analysis of variance showed a highly significant effect of all factors: moisture 

content, sample type, pressure time, and pressure level (P < 0.001). None of the 

interactions were significant. The factors’ means are shown in Table 19 with the LSDs. 

There were highly significant differences between green and dry samples and sapwood 

and heartwood samples in relation to dye uptake (P < 0.001). The dye uptake of the dry 

samples was higher than that of the green samples for all pressure levels and times. This 

can be explained based on the idea that the amount of the dye that can be contained in the 

dyed wood depends on the available amount of void space in the wood cell cavities. Since 

the internal wood empty spaces, which are in the cell wall, have been filled with water at 

a high moisture content (85%), this limits the dye uptake into the wood, while at the low 

moisture content (12%), more dye can penetrate into the wood due to existence of more 

empty spaces.  

Furthermore, with increasing the wood moisture content, swelling occurs in the cell-wall 

and therefore, the volume of cell-wall pores or empty spaces decreases, which results in 

reducing the dye uptake into the wood. 

Table 19.  The Influence of the Main Effects on Dye Uptake 

Factor Level Mean 

Least 

Significant 

Difference 

(LSD) 

MC (%) 

Green veneer 

(80% ± 5%) 
6.4 

0.27 
Dry veneer 

(12%) 
10.1 

Sample Type 
Heartwood 7.8 

0.27 
Sapwood 8.7 

 

Pressure Time (min) 

60 7.9 

0.34 90 8.1 

120 8.7 

 

Pressure Level (kPa) 

500 7.7 

0.34 750 8.2 

1000 8.9 
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Figure 23. Effect of various pressure times and levels on dye uptake. Data are reported 

as the mean dye uptake of the samples. 

Dye uptake of the dry sapwood samples reached its peak of 11.5% at a pressure of 1000 

kPa for 120 min, while the peak of 11.3% for the dry heartwood samples occurred at a 

pressure of 1000 kPa for 90 min. It could be argued that using liquid uptake-based method 

of measuring the percentage of dye uptake may lead to different quality assessments 

compared to spectrophotometric method for dye bath absorption determination (Nguyen 

et al. 2018b).  

The use of a liquid uptake-based method that is based on the wood veneer weight change 

before and after dyeing process may not determine the exact obtained absorption because 

it reflects surface saturation which is influenced by the veneer surface roughness, lathe 

checks. Therefore, the samples dyed at a pressure of 1000 kPa for 90 min may resulted in 

an inaccurate value of dye uptake, which could lead to an incorrect assessment of the 

performance of veneer dyeing process. For this reason, in addition to the dye uptake, the 

determination of the dye penetration into dyed veneer was carried out to confirm the effect 

of the dyeing parameters on dye uptake. This may provide an indication as to whether 

dye uptake can be used as an adequate criterion for selecting optimal dyeing parameters 

for the wood veneer dyeing process. 
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4.1.3.2 Effect of Pressure Level and Time on Dye Penetration 

Figure 24 demonstrates the effect of pressure levels and times on dye penetration. The 

main effects of sample type (sapwood/heartwood), pressure time, and pressure level were 

highly significant (P < 0.001), while the main effect of moisture content and interactions 

between the factors were not significant. The factor means are shown in Table 20, 

together with the LSDs. 

The dyeing parameters that resulted in the highest dye penetration were the same for both 

green and dry veneers. There was no significant difference (P = 1.00) between the green 

and dry veneers in terms of dye penetration. Dye penetration increased with increasing 

pressure level and time for both green and dry dyed veneer samples. The application of 

the pressure level of 1000 kPa and the time of 120 min had noticeable effects on dye 

penetration (P < 0.001). Both the sapwood and heartwood of green and dry samples 

obtained 100% dye penetration. 

Table 20. The Influence of Main Effects on Dye Penetration 

Factor Level Mean 

Least 

Significant 

Difference 

(LSD) 

Sample 
Heartwood 89.9 

0.63 
Sapwood 92.4 

Pressure Time (min) 

60 85.7 

0.77 90 91.4 

120 96.4 

Pressure Level (kPa) 

500 87.6 

0.77 750 90.3 

1000 95.6 

 

 



Page 97 of 167 

 

 
Figure 24. Effect of various pressure times and levels on dye penetration. Data reported 

as the mean dye penetration of the samples. 

Dye penetration and dye uptake are the most important parameters for the dyeing process 

because they affect the quality of the dyed veneers. It could be argued that the 

measurements of the percentage of dye penetration and dye uptake may lead to different 

quality assessments. For instance, the dye uptake measurement, which is based on the 

veneer weight change before and after the dyeing process, may not determine the exact 

absorption of the dye because the results could be affected by the veneer surface 

saturation, which is influenced by the veneer surface roughness and lathe checks. This 

effect may result in an inaccurate value for the dye uptake, which could lead to an 

incorrect assessment of the performance of the veneer-dyeing process. However, the 

results indicated a similar trend in the correlation between the dye uptake/dye penetration 

and the dyeing parameters. 

4.1.3.3 Effect of Pressure Level and Time on Colour Change 

The results of the effect of the pressure levels and times on the colour change are 

presented in Fig. 25. The main effects of moisture content and pressure time were highly 

significant (P < 0.001), while the main effect of pressure level was significant (P = 0.006). 

The factor means are shown in Table 21 with the LSDs. The moisture content by sample 

type interaction was also highly significant (P < 0.001). The means of the factor 

combinations and the associated LSD are shown in Table 22. 
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Table 21. The Influence of Main Effects on Colour Differences 

Factor Level ΔEmean 

Least 

Significant 

Difference 

(LSD) 

MC (%) 

Green veneer 

(80% ± 5%) 
15.3 

0.36 
Dry veneer 

(12%) 
29.2 

Pressure Time (min) 

60 21.3 

0.45 90 22.1 

120 23.4 

Pressure Level (kPa) 

500 21.8 

0.45 750 22.3 

1000 22.6 

 

Table 22. The Influence of Moisture Content by Sample Interaction on Colour Change 

Moisture content (%) Sample type ΔEmean 

Heartwood Sapwood 

Green veneer 

(80% ± 5%) 

15.6 14.7 15.3 

Dry veneer 

(12%) 

28.3 30.1 29.2 

Mean 22.0 22.4 22.2 

LSD 0.52 

In general, the pressure level and time that achieved the greatest colour change (P < 0.01) 

in both green and dry veneer samples were 1000 kPa and 120 min, respectively. The 

colour change in the dry sapwood and heartwood samples was approximately double that 

in the green sapwood and heartwood samples (P = 0.001). Based on the colour difference 

classification shown in Table 2, the colour change (ΔE) of all of the dyed veneer samples 

exceeded 12. Therefore, according to the classification of the colour difference by ΔE, it 

can be concluded that there were different colours between the dyed and undyed wood 

veneer samples. Interestingly, there was a similar colour change (P > 0.1) in both green 

sapwood and heartwood samples and dry sapwood and heartwood samples with 

increasing pressure times and levels. 
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Figure 25. Effect of various pressure times and levels on colour change. Data are 

reported as the mean colour change of the samples. 

The colour change of the dyed green sapwood veneers reached its greatest value of 16.69 

at a pressure of 1000 kPa for 120 min. There were similar results (16.31, 16.33, and 16.47) 

in the colour change of the green heartwood samples at the pressure levels of 500, 750, 

and 1000 kPa, respectively, for 120 min. 

There was a highly significant increase (P = 0.001) in the colour change in the dry dyed 

samples compared to the green samples. The highest colour change was also obtained in 

the dry sapwood samples at a pressure of 1000 kPa and pressure time of 120 min. 

However, the colour change in the dry sapwood samples was 32.15, which was double 

that of the green sapwood samples (16.69). It should be explained that colour 

measurement was performed on all veneer samples (green and dry) prior to the dyeing 

process. After the dyeing process, the green dyed veneers were measured to compare the 

previous measurements on untreated green veneers, while the dry dyed veneers were 

measured once they were dried to 12% moisture content. Moreover, the dry samples 

looked much lighter than the green samples. Therefore, the colour change in the dry 

samples was much higher than in the green samples after the dyeing process. 

There was little difference (P = 0.134) between the colour change in the dry sapwood and 

heartwood samples at the various pressure levels and times. 

Figure 26 is an example of the colour difference between the undyed and dyed wood 
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veneer with the optimum dyeing parameters. 

 

Figure 26. Photos of undyed and dyed wood veneer 

4.1.3.4 SEM Analysis 

The SEM micrographs of undyed and dyed wood veneers in radial, tangential, and cross 

sections are shown in Fig. 27. To obtain a better understanding of the SEM results, Fig. 

28 is provided, which explains the liquid flow model for hardwood species. 
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Figure 28A shows a typical hardwood structure with the various cell orientations (the L-

R-T key represents longitudinal, radial, and tangential directions, respectively), and Fig. 

28B demonstrates a generalised flow model for hardwood species. 
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Figure 27. SEM micrographs of undyed and dyed wood veneer in radial, tangential, and 

cross sections 

As shown in Fig. 28A, the fundamental cell structure of hardwood species consists of 

three cell formations: vessels, fibers, and parenchyma cells (axial and ray), which are 

produced inside of the cambium layer. As shown in Fig. 28B, liquid enters the wood 

primarily through the vessels, and then penetrates the vasicentric tracheid, vertical 

parenchyma, and finally the fibers, through the pit pairs (Wardrop and Davies 1961). 

R1 R2 

T1 T2 

C1 C2 

Mag 450x 

Mag 3425x Mag 2785x 

Mag 600x 

Mag 340x Mag 615x 
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Figure 28. Diagram (A) of a hardwood structure extracted from Butterfield and Meylan 

(1980) and a generalised flow model (B) for hardwood (Siau 1971) 

In this study, the flow of the dye was restricted to the transverse direction. Bulk flow of 

the dye was observed from the rays to the vessels through pit pairs. However, as can be 

seen from the radial and cross sections of the undyed wood veneers in Fig. 27 (R1 and 

C1), various pits were occluded with inclusions. Therefore, the dye penetration of the 

veneer is very poor if the normal soaking method is used for the dyeing process (Nguyen 

et al. 2018a). When the samples were subjected to a high level of pressure, the dye was 

able to reach fiber lumens from vessels and parenchyma cells through pit pairs. Almost 

all of the fibers of the dyed wood veneers were filled, indicating flow from the vessels 

through the pits (Fig. 27, R2 and C2)  

Ray parenchyma cells are typically impermeable. However, in some cases, they can be 

the primary path for penetration of fluids (Siau 1984). The SEM image R2 in Fig. 27 

shows that the ray parenchyma cells provided an effective radial path for dye penetration. 

This path resulted in the ray parenchyma of the dyed wood veneers being filled with a 

large amount of the dye molecules compared to the undyed veneer samples (Fig. 27, R1). 

4.1.3.5 Attenuated Total Reflectance - Fourier Transform Infrared Spectroscopy 

(ATR-FTIR) 

The ATR-FTIR spectra of the undyed (blue) and dyed (red) wood veneer in the range of 

4000 cm-1 to 400 cm-1 are shown in Fig. 29. The peak of the hydroxyl stretching bands 

was at 3392 cm-1, which indicates that a large amount of cellulose and hemicellulose was 

A B 
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present in the Eucalyptus globulus veneer. The peak at 2963 cm-1, attributed to the C-H 

stretching bands, represents the presence of cellulose, hemicellulose, and lignin. 

 

Figure 29. ATR-FTIR spectra of undyed (blue) and dyed (red) wood veneer in the range 

of 4000 cm-1 to 400 cm-1 

The cell walls of wood primarily consist of cellulose, hemicellulose, and lignin. 

Generally, O-H and C-H stretching bands have contributions from all three chemical 

components (Shi et al. 2012). Therefore, the fingerprint region in the range of 1800 cm-1 

to 800 cm-1 (Fig. 30) was selected to analyse the chemical functional groups present on 

the wood veneer surface, because this range is the most sensitive to chemical changes 

(Pucetaite 2012). The band assignments of the peaks in the range of the fingerprint region 

are summarised in Table 7. The assignments of the bands are approximate because the 

chemistry of wood is complex, and many different vibrations have input on the band 

positions and intensities. 

The ATR-FTIR spectra (Fig. 30) and band assignments (Table 23) demonstrate that there 

was reaction between the wood and the dye.  

Fingerprint region 

O-H stretch 

C-H stretch 
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Figure 30. ATR-FTIR spectra of undyed (blue) and dyed (red) wood veneer in the range 

of 1800 cm-1 to 800 cm-1 

Table 23. Characteristic Band Assignments of ATR-FTIR Spectra for Dyed Wood Veneer 

Wavenumber (cm-1) Chemical Structure Assignments 

1736 C=O stretch in functional groups in hemicelluloses 

1650 C=O stretching vibration of conjugated carbonyl of lignin 

1592 C=C stretching of the aromatic ring in lignin 

1489 C-C stretch, CH and OH wag in cellulose and hemicellulose, CH 

deformation in lignin 

1456 -CH3 and -CH2 unsymmetrical bending in lignin 

1424 CH and OH wag in cellulose and hemicellulose, CH deformation 

in lignin 

1370 Bending vibration of C-H in cellulose and hemicellulose 

1309 C-O stretch in syringyl ring in lignin, CH and OH wag in cellulose 

and hemicellulose 

1225 C-O stretch in syringyl ring in lignin, CH and OH wag in cellulose 

and hemicellulose 

1163 C-O-C bridge vibration, asymmetric C-O stretch in cellulose and 

hemicellulose 

1108 C-O and C-C stretch in cellulose and hemicellulose 

1033 C-O stretching vibration (cellulose, hemicellulose and lignin) 

976 C-O stretch in a ring in cellulose and hemicellulose 

898 C-H deformation in amorphous cellulose 

Sources: Pandey and Pitman 2003; Vu and Jian 2010; Pucetaite 2012; Shi et al. 2012; 

Hu et al. 2015; Liu et al. 2015; Malik et al. 2018  

1736 
1650 1592 

1489 

1456 1370 1309 

1225 1163 

1108 

1033 

976 

898 

1424 
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The chemical structure of lignin for a large number of the functional groups of the dyed 

wood veneer (1650 cm-1, 1592 cm-1, 1489 cm-1, 1456 cm-1, and 1424 cm-1) indicated 

degradation via phenoxy radical reactions. Moreover, it was apparent that the chemical 

structures of cellulose and hemicellulose of the dyed wood veneer (1489 cm-1, 1424 cm-

1, 1370 cm-1, 1309 cm-1, 1225 cm-1, 1163 cm-1, 1108 cm-1, 1033 cm-1, 976 cm-1, and 898 

cm-1) were degraded after the dyeing process. 

4.1.4 Conclusions 

1. The vacuum-pressure method, with application of vacuum followed by pressure for 

veneer dyeing, resulted in full dye penetration (100%) in both green and dry 

heartwood samples at a pressure of 1000 kPa and a vacuum of -100 kPa for 15 min 

with the reactive dye Procion Brown PX-2R, at a concentration of 2%. 

2. The greatest colour change in both green and dry veneer samples was achieved at a 

pressure level of 1000 kPa and a pressure time of 120 min. However, the colour 

change in the dry samples was approximately double that of the green samples. 

3. The ATR-FTIR analysis indicated that the dye was able to react with cellulose, 

hemicellulose, and lignin. The SEM analysis showed that the ray parenchyma cells 

provided an effective radial path for dye penetration. This path resulted in the ray 

parenchyma of the dyed wood veneers being filled with a large amount of the dye 

molecules compared to the undyed veneer sample. 

4. Based on the results of the colour differences of the dyed green and dry wood veneer, 

it is suggested that manufacturers in the furniture and interior design sector should 

consider the selection of dry or green veneers for the dyeing process in order to meet 

the consumers’ desire. 
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4.2. Comparison of two dye uptake measurement methods for dyed 

wood veneer assessment 

This sub-section 4.2 has been published as below: 

Nguyen, N.; Ozarska, B.; Fergusson, M. and Vinden, P. (2018b). Comparison of two dye 

uptake measurement methods for dyed wood veneer assessment. European Journal 

of Wood and Wood Products. https://doi.org/10.1007/s00107-018-1344-6 

Abstract 

Dyeing of veneer is an important value-adding process, particularly for young plantation 

hardwood species which often have uneven colour and “dull appearance”. An important 

indicator in the assessment of the performance of veneer dyeing process is the dye uptake. 

This study compared two different methods of measuring dye uptake of dyed veneers; by 

using either liquid uptake-based method or spectrophotometry method. The study 

revealed that there was a significant difference in the percentage of dye uptake determined 

by the two methods, but the overall results in the correlation between the percentage of 

dye uptake and the dyeing parameters had a similar trend. 

4.2.1 Introduction 

To achieve an optimal wood veneer dyeing process, various important criteria for 

selection of suitable dyeing parameters need to be established, such as dye uptake, dye 

penetration and colour uniformity. 

Dye uptake is one of the most important parameters for the wood veneer dyeing process 

because it affects the quality of dyed veneers and dye penetration. The greater the dye 

uptake, the higher the utilization of dye and the better appearance of dyed veneer (Deng 

& Liu, 2010).  

Measurement of dye uptake was carried out by different methods in various studies on 

different materials. It is stated by Yang et al. (2014), that the amount of dye absorbed 

directly into wood cannot be measured by weight change because the dye solution partly 

displaces the sap in wood. Therefore, the dye uptake is calculated according to the Beer-

Lambert law to determine the relationship between the dye concentration and absorption.  

Neutron radiography has been successful in quantifying the water transport and 

visualization of spatial distribution of water content in porous media with a high 
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resolution, up to 0.1 kg/m3 (Sedighi-Gilani et al., 2014). This accuracy is due to the high 

attenuation of the neutron beam by hydrogen nuclei, a component of water, which 

provides a high contrast for water versus the other wood components. 

Variations in dye concentration in the liquor can be accurately measured using a visible 

spectrophotometer. The absorption can be measured by spectrophotometry (or residue 

method). When the relationship between the dye concentration and absorption is 

determined, the dye concentration can be obtained by measuring the absorption at the 

maximum absorption wavelength. As every dye has its own specific maximum absorption 

wavelength, by selecting the maximum absorption wavelength and the measurement of 

dye solution absorbance, the dyeing rate can be selected (Li & Liu, 2012). 

Given an apparent data visualisation, the spectrophotometry method offers high level of 

accuracy in determining the absorption by measuring the concentration of dye solutions 

before and after dyeing process. This method has been used as a tool for chemical analysis 

over the last decades because it is fast, accurate and reliable (Pradhan & Tarafder, 2016). 

The aim of this study was to compare two different methods of dye uptake of the dyed 

veneer: liquid uptake-based method and spectrophotometry method.  

4.2.2 Materials and methods 

4.2.2.1 Samples collection and preparation 

Peeled veneers from plantation grown Eucalyptus globulus, 100x50x2.6 (mm) from 

sapwood and heartwood at the moisture content of 12 % were used to conduct dyeing 

experiments (Table 24). There were 12 samples for each combination of the experiments. 

The selection of the dyeing constant conditions and dyeing variables was based on a 

previous study conducted at the University of Melbourne and RMIT University. 

The experimental framework used for the dyeing study was as follows: 

• Reactive dye Procion Brown PX-2R and 2 % concentration of the dye solution 

• 20 g/l of sodium chloride was mixed with the dye 

• Vacuum-pressure method was used for the dyeing process 

• All experiments were carried out at the ambient temperature of 20 ± 3 0C 

• Vacuum of -100 kPa for 15 minutes prior to pressure was applied 

• Two pressure times, 60 min and 120 min, and 

• Two pressure levels, 500 kPa and 1000 kPa, were applied. 
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Table 24. Experimental framework used for the dyeing study 

Moisture content (MC), % 12 

Part of wood Sapwood Heartwood 

Pressure time, min  60  120  

Pressure level, kPa  500  1000  

4.2.2.2 Liquid uptake-based method (Method 1) 

The percentage uptake of liquid was used to measure the absorption of dye liquor via the 

change in weight of the veneer (Eq. 4.2.1). It was assumed that the weight only changed 

during liquid soaking due to the absorption of the liquid into the void volume of the wood. 

The maximum possible absorption of each specimen was calculated as a percentage of 

void volume filled (saturation) (Sugiyanto, 2003). 

𝑆, % = 100𝑥
𝑈1

𝐹𝑟
      (4.2.1) 

where S is a percentage saturation or percentage of uptake (%), U1 is an initial liquid 

uptake (kg/m3), Fr is maximum possible absorption of liquid (kg/m3) = F×Dr, F is 

maximum possible absorption of water, (L/m3) = 1000-(Dw(MC+66.7)/100), Dr is density 

of liquid (kg/L), Dw is basic density of wood (kg/m3), and MC is moisture content (%). 

4.2.2.3 Spectrophotometry method for dye bath absorption determination (Method 

2) 

An alternative method, dye uptake, as characterized by the dye absorption at the 

maximum absorption wavelength from dye bath to the veneer was determined using a UV 

visible spectrophotometer (Shimadzu Corp.). The spectrophotometer was used to 

measure the dye concentration used for the veneer dyeing process. Therefore, the 

percentage of dye uptake is the difference in dye concentration before and after dyeing. 

The maximum absorption wavelength (λmax) for the Procion Brown PX-2R dye at 420nm 

was found. The percent exhaustion or dye uptake (Eq. 4.2.2) of the dye solution was 

calculated based on the following equation:  

Ct, % = 100x(A0-At)/A0            (4.2.2) 

Where A0 and At represent the absorption of the dye solution at the maximum absorption 

wavelength (λmax) before and after the veneer samples dyeing, respectively.  
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4.2.3 Results and discussion 

The data shows the measured percentage of dye uptake of sapwood and heartwood 

samples dyed at different pressure time and pressure levels (Table 25). 

Table 25. Average results on the dye uptake measurements by the two methods 

MC, % Samples Pressure time, min Pressure level, kPa Method 1* Method 2** 

 12 

Sapwood 

60 
500 9.6 5.9 

1000 10.3 6.8 

120 
500 9.8 6.3 

1000 11.5 11.4 

Heartwood 

60 
500 9.1 5.4 

1000 10.1 5.9 

120 
500 9.3 5.5 

1000 10.1 9.6 

Note: *Percentage change in veneer weight due to dye liquor uptake; **Percentage change in dye 

concentration 

The results show that data variability from using the spectrophotometry was less than 

from the liquid uptake method at all the results. The values of percentage of dye uptake 

of two methods were statistically different with P value = 0.011 (P < 0.05) according to 

Analysis of Variance (ANOVA). 

The highest percentage of dye uptake was obtained for the pressure time of 120min and 

pressure level of 1000kPa. The dye uptake for sapwood veneers was higher than for the 

heartwood samples while determined by both methods: 11.5% in Method 1 and 11.4% in 

Method 2 for sapwood and 10.1% and 9.6% for heartwood, respectively. 

Interestingly, the percentage of dye uptake (measured by Method 1) of heartwood samples 

dyed at pressure level of 1000kPa for different pressure times of 60min and 120min was 

identical, 10.1%, while by Method 2 was 5.9% and 9.6% respectively. It could be argued 

that using two different methods of measuring the percentage of dye uptake may lead to 

different quality assessments.  

The spectrophotometric method is more accurate than the liquid uptake method as it is 

measuring changes in the concentration of the dye solution before and after dyeing.  The 

changes in dye concentration show the dyestuff that has been fixed onto the veneer which 

is a very accurate method of determining the dye uptake compared to the weighing 

method.  The weighing method measures not only the dye uptake but also the amount of 
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water that is added during the process, thus the result is not accurately showing the 

amount of dye that is fixed onto the veneer. However, this method is very useful for 

comparing the liquid uptake in veneer samples of different dyeing variables. 

The liquid uptake method requires more time than the spectrophotometry method as 

several sample’s measurements need to be made at three different directions 

(longitudinal, tangential and radial), and the samples need to be weighed before and after 

dyeing process. In addition, moisture content and basic density of the samples need to be 

measured in the Method 1. 

The results obtained by using both methods indicated a similar trend in the correlation 

between the percentage of dye uptake and the dyeing parameters. This means that despite 

differences in the percentage of dye uptake measured by using the two methods, the effect 

of the dyeing parameters on dye uptake was similar. Thus, in this study, the liquid uptake-

based method of determining dye uptake did not affect the results of the assessment of 

the performance of the dyed veneers. 

4.2.4 Conclusion 

Based on the statistical analysis of variance (ANOVA), there was significant difference 

between the two methods used in the dye uptake measurements of the veneer samples. 

However, a similar trend in the correlation between the percentage of dye uptake and the 

dyeing parameters was observed in the results obtained by the two methods. 

It is recommended that in addition to the dye uptake, the determination of the dye 

penetration into dyed veneer should be carried out to confirm the effect of the dyeing 

parameters on dye uptake measured by the two methods. This may provide an indication 

as to whether dye uptake can be used as an adequate criterion for selecting optimal dyeing 

parameters for the wood veneer dyeing process. 
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Chapter 5. UV-driven discolouration of dyed veneers. 

This chapter has been under-reviewed by Madera Ciencia Tecnologia Journal  as 

below: 

Nguyen, N.; Ozarska, B.; Fergusson, M. and Vinden, P. (2018d). UV-driven 

discolouration of dyed veneers. Madera Ciencia Tecnologia. (Manuscript under 

review). ID: MCT2018-0130 

 

Abstract 

This study investigated UV-driven discolouration of dyed wood veneers peeled from 

Eucalyptus globulus grown on plantations in Australia. The veneers from the tight and 

loose side of sapwood and heartwood samples with different moisture content (MC) 

levels were used and were called green veneer (80% ± 5% MC) and dried veneer (12% 

MC). The veneers were dyed with 2% concentration of the reactive dye Procion Brown 

PX-2R at a vacuum time of -100kPa for 15 minutes prior to a pressure of 1000 kPa. The 

dyed veneers were irradiated (1.2 W/m2/nm at 351 nm) in QUV accelerated weathering 

tester at a chamber temperature of 60 0C and the colour change of the dyed veneers were 

then measured by using the CIElab system after 12 different periods of the UV light 

exposure. A stable colour change was observed at 504 hours of UV exposure. Results 

showed that there was no significant difference in the colour change of the tight and 

loose sides of sapwood and heartwood of the dyed green and dry veneer samples after 

504 hours of the UV light exposure. 

5.1 Introduction 

Colour plays a very important role in hardwood appearance, and the colour uniformity 

has a direct impact on the value of a final product (Boardman, 2007; Derkyi et al., 2009). 

In recent years, dyed wood veneers have been used in furniture, joinery and interior 

applications. However, most of dyed veneers were produced from low density species 

such as Poplar, Basswood, Birch which are identified as having an even colour (Hu et al., 

2015; Liu et al., 2015). Conversely, most plantation eucalypts have many defects and are 

not homogeneous in colour.  
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Eucalyptus globulus plantations established in Australia have been grown mainly to 

produce pulpwood. This resource is unsuitable for the production of appearance products, 

principally because of low wood grades, many defects, indistinct grain and uneven colour. 

A study was conducted by Nguyen et al., 2018 with the aim to investigate the veneer 

dyeing process for eucalypt veneers. An effective method of wood dyeing process was 

developed by using the vacuum-pressure method for dyeing E. globulus veneers with the 

reactive dye - Procion Brown PX-2R at the ambient temperature 20 0C (±3). The study 

showed that the vacuum-pressure method had a remarkable influence on the dye uptake, 

dye penetration and colour change, especially when the wood veneer samples were dyed 

at a pressure of 1000 kPa and pressure time of 120 min. 

However, there have been evidences of severe discolouration of dyed veneers upon UV 

exposure (Daian et al., 2008). Thus, a research study was undertaken with the aim to 

investigate discolouration of loose and tight sides of E. globulus dyed veneers exposed to 

UV light. The focus on the differences between loose and tight sides was to determine if 

the difference between the surface structure and smoothness of the loose and tight sides 

of peeled veneers result in different colour changes.   

5.2 Materials and methods 

5.2.1 Selection of representative samples of dyed veneers for the UV exposure testing 

Veneers used for the UV exposure test were dyed using the optimal dyeing parameters 

determined by Nguyen et al. (2018c) and described in Table 26. The selection of the 

optimal dyeing parameters was based on the criteria of dye uptake and penetration in 

which the dyed veneers were obtained full dye penetration. The tight and loose side of 

the dyed veneers were tested. The sample dimensions were 100x50x2.6mm. 

Table 26. Optimal dyeing parameters determined for Eucalyptus globulus veneers 

(Nguyen et al., 2018c) 

Moisture content, % Green veneer 

(80%±5%) 

Dry veneer  

(12%) 

Part of wood Sapwood Heartwood 

Pressure time, min 120 

Pressure level, kPa 1000 

The following constant conditions were used in the study: 

• Procion Brown PX-2R and 2% concentration of the dye solution 

• 20 g/l of sodium chloride was mixed with the dye 
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• All experiments were carried out at the ambient temperature of 20 ± 3 0C 

• Vacuum of -100 kPa for 15 minutes prior to pressure was applied. 

5.2.2 Determination of QUV accelerated weathering exposure 

Test methodology 

The accelerated UV-light exposure testing of dyed veneers was carried out in QUV 

accelerated weathering tester according to ASTM Standard Practices for exposing non-

metallic materials in accelerated fluorescent light test devices (ASTM G151, 2006; 

ASTM G154, 2006). In this study, the solar irradiance level of 1.2 W/m2/nm, UVA-351 

lamps and the temperature of 60 0C were used (Daian et al., 2008). The veneers were 

exposed to UV-light until a stable colour change was observed. 

Colour measurement 

The colour measurements were recorded using a BYK-Gardner digital colour apparatus 

at ambient temperature of 20 ± 3 0C and the results of colour measurements were 

presented in CIELAB colour system. 

The L*, a*, b* colour coordinates were calculated based on the illuminant D65 

(representing Northern daylight at noon and the International standard for daylight 

exposure) and observation angle of 100 is the conditions used to measure the wood colour 

(Harold, 1987). 

Colour measurements were performed on the tight and loose sides of the dyed veneer 

samples. The colour of every sample was scanned at four spots and the result was 

automatically calculated by the BYK-Gardner digital colour apparatus as the average 

value of the four scans. The same spots were used for measuring the colour of the veneer 

before and after exposure. The spots for colour measurements in each test sample were 

carefully chosen to avoid knots and other defects. 

The L*, a* and b* colour coordinates for every sample were calculated before and after 

exposure to accelerated UV exposure. These values were used to determine the colour 

change ΔEL*a*b* as a function of the UV irradiation period according to the following 

equation: 

∆𝐸∗ =  √∆𝐿∗2 + ∆𝑎∗2 + ∆𝑏∗2    

Where ΔL*, Δa*, Δb* are the changes between the initial and several interval values.  
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Assessment of the colour change for the dyed veneer samples 

A low ΔEL*a*b* corresponds to a low colour change or a stable colour. It is generally 

considered that a colour change above five is perceived by the naked eye and depending 

on the application the change could be more or less significant. However, according to 

Lovrić et al. (2014), the colour differences of treated veneers can be classified by ΔE as 

given in Table 27. In this study, the assessment of colour changes of the dyed veneers 

was based on the following classification. 

Table 27. Classification of the colour difference by ΔE 

No Colour change (ΔE) Description 

1 ΔE < 0.2 No noticeable difference 

2 0.2 ≤ ΔE < 2 Small difference 

3 2 ≤ ΔE < 3 Colour differences noticeable at high quality screen 

4 3 ≤ ΔE < 6 Colour differences noticeable at middle quality screen 

5 6 ≤ ΔE < 12 Great difference 

6 ΔE ≥ 12 Different colours 

 

The changes of ΔL*, Δa*, Δb* between the initial and several interval values are 

evaluated as follows: 

+ ΔL* means that the sample is lighter than the standard 

- ΔL* means that the sample is darker than the standard 

+ Δa* means that the sample is redder than the standard 

- Δa* means that the sample is greener than the standard 

+ Δb* means that the sample is yellower than the standard 

- Δb* means that the sample is bluer than the standard 

5.2.3 Surface chemical analysis of the dyed wood veneer by ATR-FTIR spectroscopy 

Attenuated total reflectance - Fourier transform infrared (ATR-FTIR) spectroscopy was 

used to characterise the surface chemical composition of the dyed veneers. The spectra 

were obtained by Attenuated total reflectance (ATR) which were collected using a single 

reflection diamond accessory. 
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The background was collected with the crystal exposed to the air. All samples were placed 

onto the crystal surface of the FTIR spectrometer (Bruker ALPHA FTIR Spectrometer, 

USA). The spectra were collected in transmittance mode by a total of 32 scans in the 

range of 1800 to 800 cm-1 at a resolution of 2 cm-1. OPUS software was used to pick the 

peaks of the transmittance bands. 

The tight and loose side of the heartwood samples dyed at a pressure of 1000 kPa for 120 

min were used for ATR-FTIR analysis. 

5.3 Results and discussion 

5.3.1 Assessment of the colour change ΔE 

A summary of the colour change for the tight and loose sides of sapwood and heartwood 

of the dry and green samples is presented in Table 28 and graphically in Figures 31 and 

Figure 32. 

Table 28. Average colour change (ΔE) of the tight and loose sides of sapwood and 

heartwood of the dry and green dyed veneers. Note: GH-T: tight side of green heartwood 

sample; GS-T: tight side of green sapwood sample; DH-T: tight side of dry heartwood 

sample; DS-T: tight side of dry sapwood sample; GH-L: loose side of green heartwood 

sample; GS-L: loose side of green sapwood sample; DH-L: loose side of dry heartwood 

sample; DS-L: loose side of dry sapwood sample. ΔE24 mean: the average colour change 

after 24 hours of the UV light exposure. ΔE504mean is the average colour change after 504 

hours of the UV light exposure 

Veneer code GH-T GS-T DH-T DS-T GH-L GS-L DH-L DS-L 

ΔE24 mean 10.52 8.83 10.66 9.26 10.89 8.35 10.10 10.52 

ΔE48 mean 12.05 10.69 11.88 11.92 12.43 11.67 12.42 12.04 

ΔE72 mean 12.87 12.23 13.57 13.57 13.85 12.65 14.25 13.98 

ΔE96 mean 13.85 14.27 14.70 14.93 15.08 14.74 15.24 14.73 

ΔE120 mean 15.61 14.80 16.42 16.31 16.38 17.15 16.44 16.62 

ΔE144 mean 16.59 16.41 17.63 17.51 17.55 17.58 17.91 17.98 

ΔE192 mean 17.98 17.61 18.21 18.19 19.17 18.44 19.47 19.35 

ΔE240 mean 19.17 19.27 19.65 19.69 20.29 19.97 20.14 20.02 

ΔE288 mean 20.76 20.53 20.72 20.38 21.30 22.40 21.20 21.89 

ΔE360 mean 21.44 20.75 21.04 21.87 21.84 23.56 21.69 23.52 

ΔE432 mean 21.78 21.48 21.55 21.50 22.55 24.01 22.18 23.59 

ΔE504 mean 21.82 21.92 20.69 21.52 22.67 24.03 22.13 23.95 
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Figure 31. Colour change of the tight sides of the dyed veneer samples as a function of 

UV exposure time. Note: GH-T: tight side of green heartwood sample; GS-T: tight side 

of green sapwood sample; DH-T: tight side of dry heartwood sample; DS-T: tight side of 

dry sapwood sample. 

Based on the statistical analysis of variance (ANOVA), there was no significant 

difference (P = 0.97) in the colour change of the tight sides of sapwood and heartwood of 

the dyed dry and green veneer samples after 504 hours of the UV light exposure.  

However, as can be seen from Figure 31, the better performing sample was the tight side 

of the dyed dry heartwood veneer, DH-T. After 504 h of accelerated UV performing 

veneer exposure, this veneer resulted in a smallest change in ΔE of 20.69. This was 

closely followed by the tight sides of DS-T, GH-T and GS-T which gave a ΔE change of 

21.52, 21.82 and 21.92 after 504 h exposure, respectively.  
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Figure 32. Colour change of the loose sides of the dyed veneers as a function of UV 

exposure time. Note: GH-L: loose side of green heartwood sample; GS-L: loose side of 

green sapwood sample; DH-L: loose side of dry heartwood sample; DS-L: loose side of 

dry sapwood sample. 

There was a similar trend in the case of the loose sides of sapwood and heartwood of the 

dyed dry and green veneers (Figure 32). Based on the statistical analysis of variance 

(ANOVA), there was no significant difference (P = 0.99) in the colour change of the loose 

sides of sapwood and heartwood of the dyed dry and green veneer samples after 504 hours 

of the UV light exposure. However, the better performance was observed with the loose 

side of the dyed dry heartwood veneer, DH-L. This veneer gave a ΔE of 22.13 after the 

504 h of UV exposure. This was followed by a descending order of the performing 

veneers as GH-L, DS-L and GS-L which gave the changes in ΔE of 22.67, 23.95 and 

24.03, respectively. 

Overall, it can be concluded that the tight sides of either sapwood and heartwood of the 

dyed dry and green veneer samples showed a similar performance to the loose sides after 

the 504 h of UV exposure (P = 0.98). 

5.3.2 Assessment of the colour component ΔL 

The changes in ΔL are represented in Table 29 and graphically Figure 33. 

According to on the statistical analysis of variance (ANOVA), there was no significant 

difference (P = 0.31) in the overall trend in the tight and loose sides of sapwood and 
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heartwood of the dyed dry and green veneer samples after 504 hours of the UV light 

exposure. 

Table 29. Average results of the ΔL colour component. GH-T: tight side of green 

heartwood sample; GS-T: tight side of green sapwood sample; DH-T: tight side of dry 

heartwood sample; DS-T: tight side of dry sapwood sample; GH-L: loose side of green 

heartwood sample; GS-L: loose side of green sapwood sample; DH-L: loose side of dry 

heartwood sample; DS-L: loose side of dry sapwood sample. 

Veneer code GH-T GS-T DH-T DS-T GH-L GS-L DH-L DS-L 

ΔL24 mean 2.48 2.82 1.45 0.86 2.40 3.15 1.37 0.63 

ΔL48 mean 0.95 0.39 -1.13 0.33 0.48 1.31 -0.54 -0.86 

ΔL72 mean -0.69 -0.01 -1.82 -0.60 -0.31 1.34 -1.44 -1.75 

ΔL96 mean -1.01 -1.95 -3.57 -1.98 -1.38 -0.13 -2.29 -2.73 

ΔL120 mean -1.98 -1.84 -3.87 -3.87 -2.04 -0.28 -3.16 -3.81 

ΔL144 mean -3.10 -2.92 -4.96 -3.92 -2.50 -2.25 -4.09 -4.43 

ΔL192 mean -4.12 -4.08 -6.09 -5.05 -3.47 -2.97 -4.93 -4.62 

ΔL240 mean -4.92 -5.63 -7.05 -6.26 -4.24 -3.65 -5.10 -5.20 

ΔL288 mean -6.80 -6.55 -7.96 -8.21 -4.77 -3.95 -5.68 -6.58 

ΔL360 mean -7.09 -6.79 -8.44 -9.34 -4.80 -4.43 -6.04 -7.88 

ΔL432 mean -7.92 -9.24 -9.96 -10.83 -6.54 -6.75 -6.98 -9.73 

ΔL504 mean -8.08 -9.37 -10.25 -11.06 -6.76 -6.98 -7.02 -9.76 

 

Figure 33. ΔL colour component of the tight and loose sides of the dyed veneers as a 

function of UV exposure time. Note: GH-T: tight side of green heartwood sample; GS-T: 

tight side of green sapwood sample; DH-T: tight side of dry heartwood sample; DS-T: 

tight side of dry sapwood sample; GH-L: loose side of green heartwood sample; GS-L: 

loose side of green sapwood sample; DH-L: loose side of dry heartwood sample; DS-L: 

loose side of dry sapwood sample. 
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A positive shift in ΔL indicates that the sample became lighter compared to the unexposed 

control while a negative ΔL shift indicates that the sample was darker. Thus, the 

performance trend in the tight and loose sides of both sapwood and heartwood of the dyed 

dry and green veneer samples was a shift towards a positive ΔL, or a lighter colour at the 

24 h of the UV exposure. Then, the overall trend observed was a shift in ΔL in the negative 

direction. This means that the samples became darker compared to the controls with no 

UV exposure. The tight side of both green and dry samples were darker than the loose 

side of the samples, especially in DH-T and DS-T which gave the changes in ΔL of -

11.06 and -10.25, respectively. 

5.3.3 Assessment of the colour component Δa  

Another component contributing to the overall ΔE colour change is the red-green colour 

scale, or Δa. Table 30 and Figure 34 represent the changes in Δa as a function of UV 

exposure time.  

The statistical analysis of variance (ANOVA) showed that the performance trend of all 

the veneer samples with respect to the component of colour change Δa was no significant 

(P = 0.93) after the 504 hours of UV. 

Table 30. Average results of the Δa colour component. GH-T: tight side of green 

heartwood sample; GS-T: tight side of green sapwood sample; DH-T: tight side of dry 

heartwood sample; DS-T: tight side of dry sapwood sample; GH-L: loose side of green 

heartwood sample; GS-L: loose side of green sapwood sample; DH-L: loose side of dry 

heartwood sample; DS-L: loose side of dry sapwood sample. 

Veneer code GH-T GS-T DH-T DS-T GH-L GS-L DH-L DS-L 

Δa24 mean 7.81 8.17 6.95 6.56 8.01 7.62 7.53 8.88 

Δa48 mean 9.49 10.13 8.86 9.37 9.58 10.00 10.23 10.43 

Δa72 mean 10.48 11.32 10.17 10.25 11.04 11.19 11.59 11.91 

Δa96 mean 11.49 12.19 11.56 11.95 12.07 12.18 12.60 12.61 

Δa120 mean 12.78 13.09 12.00 13.74 13.22 13.11 13.83 14.04 

Δa144 mean 13.77 14.22 13.23 13.93 14.31 14.38 14.69 15.04 

Δa192 mean 14.99 15.12 14.23 14.19 15.09 15.27 15.86 16.02 

Δa240 mean 15.68 15.96 15.09 15.59 15.84 16.00 16.45 16.55 

Δa288 mean 16.69 16.54 15.86 17.40 16.75 16.73 17.59 17.98 

Δa360 mean 17.03 16.82 16.16 17.82 16.99 17.16 17.98 18.95 

Δa432 mean 17.17 16.84 16.39 17.63 16.81 16.94 17.58 18.88 

Δa504 mean 17.19 16.85 16.42 17.58 16.36 16.73 17.54 18.72 
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Figure 34. Δa colour component of the tight and loose sides of the dyed veneers as a 

function of UV exposure time. Note: GH-T: tight side of green heartwood sample; GS-T: 

tight side of green sapwood sample; DH-T: tight side of dry heartwood sample; DS-T: 

tight side of dry sapwood sample; GH-L: loose side of green heartwood sample; GS-L: 

loose side of green sapwood sample; DH-L: loose side of dry heartwood sample; DS-L: 

loose side of dry sapwood sample. 

A positive shift in Δa indicates that the sample has become redder compared to the 

unexposed standard while a negative Δa shift indicates that the sample is greener. 

Therefore, the performance trend of the veneer samples was a shift towards a positive Δa, 

or a redder colour from the 24 h to the 504 h of UV exposure. However, the red colour 

shifts of all the veneer samples were similar with respect to this component of colour 

change after the 504 h of UV exposure. 

5.3.4 Assessment of the colour component Δb 

The final component of the overall colour change is Δb. The changes in Δb are 

represented in Table 31 and graphically Figure 35. 

Similar to the colour components ΔL and Δa, the analysis of variance (ANOVA) of the 

colour component Δb also indicated that there was no significant difference (P=0.30) in 

the shift towards of the dyed veneer samples exposed to the UV light after 504 hours. 
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Table 31. Average results of the Δb colour component. GH-T: tight side of green 

heartwood sample; GS-T: tight side of green sapwood sample; DH-T: tight side of dry 

heartwood sample; DS-T: tight side of dry sapwood sample; GH-L: loose side of green 

heartwood sample; GS-L: loose side of green sapwood sample; DH-L: loose side of dry 

heartwood sample; DS-L: loose side of dry sapwood sample. 

Veneer code GH-T GS-T DH-T DS-T GH-L GS-L DH-L DS-L 

Δb24 mean 6.51 6.61 5.11 4.47 6.27 5.76 5.08 5.54 

Δb48 mean 7.23 7.15 5.83 6.57 6.73 7.21 6.08 5.82 

Δb72 mean 7.37 7.97 6.52 6.75 7.65 8.32 6.90 7.04 

Δb96 mean 7.58 8.55 7.55 8.08 8.09 8.92 7.63 7.05 

Δb120 mean 8.56 9.62 7.73 9.38 9.35 9.71 8.03 7.99 

Δb144 mean 8.70 9.85 8.32 9.76 9.80 10.41 8.58 8.74 

Δb192 mean 9.14 10.22 8.59 9.99 10.45 11.01 9.34 9.62 

Δb240 mean 9.86 11.04 9.69 10.33 10.67 11.66 9.53 9.92 

Δb288 mean 10.72 11.82 9.80 11.34 11.25 12.19 10.65 11.23 

Δb360 mean 10.88 12.14 9.89 12.08 11.27 12.43 10.84 11.44 

Δb432 mean 10.84 12.02 10.23 11.97 10.00 12.54 10.67 11.32 

Δb504 mean 10.73 11.85 10.25 11.92 10.45 12.61 10.25 11.30 

 

Figure 35. Δb colour component of the tight and loose sides of the dyed veneers as a 

function of UV exposure time. Note: GH-T: tight side of green heartwood sample; GS-T: 

tight side of green sapwood sample; DH-T: tight side of dry heartwood sample; DS-T: 

tight side of dry sapwood sample; GH-L: loose side of green heartwood sample; GS-L: 

loose side of green sapwood sample; DH-L: loose side of dry heartwood sample; DS-L: 

loose side of dry sapwood sample. 
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A positive shift in Δb values indicates that the sample is yellower compared to the 

unexposed control while a negative shift in Δb represents a bluer sample relative to the 

control. The tight side of the dyed dry heartwood veneers, DH-T showed the least amount 

of change (of 10.25) after the 504 h of UV exposure. However, the overall trend for the 

dyed veneer samples examined was a shift towards a more yellow colour. 

5.3.5 The colour changes in the dyed veneers at different stages of UV exposure  

Figure 36 demonstrates the colour changes in the dyed dry and green veneer samples at 

different stages of UV exposure, compared to the standard samples which were on the 

samples prior to UV exposure process. 

 

Figure 36. Examples of the colour change in the tight side of dyed dry and green veneer 

samples at the different UV exposure periods. The samples were scanned using Microtek 

ScanMaker 1000XL. 
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There were different colour changes at different stages of UV exposure in the dyed dry 

and green veneer samples. However, the trend of the colour change of dry and green 

veneers was similar after each stage. 

5.3.6 Surface chemical analysis of the dyed wood veneer by ATR-FTIR spectroscopy 

The ATR-FTIR spectra of the tight and loose side of the dyed wood veneer in the range 

of 1800 to 800 cm-1 are shown in Figure 37. 

The fingerprint region in the range of 1800 to 800 cm-1 was selected to analyse the 

chemical functional groups presenting on the wood veneer surface because this range is 

the most sensitive to the chemical changes (Pucetaite, 2012). The band assignments of 

the peaks in the range of the fingerprint region are summarised in Table 32. 

 

Figure 37. The ATR-FTIR spectra of the tight side (red) and loose side (blue) of the 

dyed wood veneer in the range of 1800 to 800 cm-1 

It can be seen from the ATR-FTIR spectra (Figure 37) and the band assignments (Table 

32) that the mechanism of reaction between the tight/loose side of wood and the dye was 

apparent. Compared with the loose side of the dyed wood veneer, all the peaks of the tight 

were increased because of the substitution reaction between the tight side of wood and 

the dye. The chemical structure of lignin for a large number of the functional groups of 

the loose side of the dyed wood veneer (1647 cm-1, 1593 cm-1, 1503 cm-1, 1460 cm-1, 

1416 cm-1) indicated a degradation via phenoxy radical reactions. Moreover, it was 

apparent that the chemical structure of cellulose and hemicellulose of the loose side of 
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the dyed wood veneer (1740 cm-1, 1416 cm-1, 1368 cm-1, 1322 cm-1, 1232 cm-1, 1160 cm-

1, 1106 cm-1, 1031 cm-1, 897 cm-1) was degraded after the dyeing process.  

Overall, the chemical structure of the loose side of the dyed wood veneer was damaged 

more than in the tight side because the penetration of the dye was easier on the loose side 

of veneer through the open peeler surface checks. Therefore, this resulted in the better 

performance of the tight side of the dyed wood veneers exposed to the UV light. 

Table 32. Characteristic band assignments of ATR-FTIR spectra of the dyed wood veneer 

(Hu et al., 2015; Liu et al., 2015; Malik et al., 2018; Pandey & Pitman, 2003; Pucetaite, 

2012; Shi et al., 2012; Vu & Jian, 2010) 

Wavenumber (cm-1) Chemical structure assignments 

1740 C=O stretch in functional groups in hemicelluloses 

1647 C=O stretching vibration of conjugated carbonyl of lignin 

1593 C=C stretching of the aromatic ring in lignin 

1503 C=C stretching of the aromatic ring in lignin 

1460 -CH3 and -CH2 unsymmetrical bending in lignin 

1416 CH and OH wag in cellulose and hemicellulose, CH 

deformation in lignin 

1368 Bending vibration of C-H in cellulose and hemicellulose 

1322 C-O stretch in syringyl ring in lignin, CH and OH wag in 

cellulose and hemicellulose 

1232 C-O stretch in syringyl ring in lignin, CH and OH wag in 

cellulose and hemicellulose 

1160 C-O-C bridge vibration, asymmetric C-O stretch in cellulose and 

hemicellulose 

1106 C-O and C-C stretch in cellulose and hemicellulose 

1031 C-O stretching vibration (cellulose, hemicellulose and lignin) 

897 C-H deformation in amorphous cellulose 

5.4 Conclusions 

1. The statistical analysis of variance (ANOVA) showed there was no significant 

difference in the colour change of the tight and loose sides of sapwood and heartwood of 

the dyed green and dry veneer samples after 504 hours of the UV light exposure.  

2. However, the tight and loose sides of the dyed dry heartwood samples performed better 

and showed the least amount of the UV discolouration after the 504 h of UV exposure. 

  



Page 129 of 167 

 

References 
 

ASTM G151. (2006). Standard Practice for Exposing Nonmetallic Materials in 

Accelerated Test Devices that Use Laboratory Light Sources. 

ASTM G154. (2006). Standard Practice for Operating Fluorescent Ultraviolet (UV) Lamp 

Apparatus for Exposure of Nonmetallic Materials. 

Boardman, B. E. (2007). Colorimetric analysis in grading black walnut veneer. Wood and 

fiber science, 24(1), 99.  

Daian, G., Ozarska, B., Ammala, A., Bell, C., Gutowski, V., & Spicer, M. (2008). 

Mitigation of the UV-driven discolouration of reconstituted and dyed veneers: 

Project No: PN07-2036. Retrieved from  

Derkyi, N., Bailleres, H., Chaix, G., Thevenon, M., Oteng-Amoako, A., & Adu-Bredu, S. 

(2009). Colour variation in teak (Tectona grandis) wood from plantations across 

the ecological zones of Ghana. Ghana J. Forestry, 25, 40.  

Harold, R. W. (1987). The measurement of appearance: John Wiley & Sons. 

Hu, J., Li, Y., Yi, L., Guo, H., & Li, L. (2015). Evaluation of the Dyeing Properties of 

Basswood Veneer Treated by Dichlorotriazine Reactive Dye Based on Gray 

Correlation Analysis. BioResources, 11(1), 466.  

Liu, Y., Hu, J., Gao, J., Guo, H., Chen, Y., Cheng, Q., & Via, B. K. (2015). Wood Veneer 

Dyeing Enhancement by Ultrasonic-assisted Treatment. BioResources, 10(1), 

1198-1212.  

Lovrić, A., Zdravković, V., & Furtula, M. (2014). Influence of thermal modification on 

colour of poplar (populus x euramaricana) rotery cut veneer. WOOD RESEARCH, 

59(2), 661-670.  

Malik, J., Ozarska, B., & Santoso, A. (2018). Colour changes and morphological 

performance of impregnated jabon wood using polymerised merbau extractives. 

Maderas. Ciencia y tecnología, 20(1).  

Nguyen, N. B., Ozarska, B., Fergusson, M., and Vinden, P. (2018c). “Dyeing of 

Eucalyptus globulus veneers with reactive dye using sequential vacuum and 

varied pressures”. (Manuscript accepted), BioResources.  ID: BioRes.14534 



Page 130 of 167 

 

Pandey, K. K., & Pitman, A. (2003). FTIR studies of the changes in wood chemistry 

following decay by brown-rot and white-rot fungi. International biodeterioration 

& biodegradation, 52(3), 151-160.  

Pucetaite, M. (2012). Archaeological wood from the Swedish warship Vasa studied by 

infrared microscopy.  

Shi, J., Xing, D., & Lia, J. (2012). FTIR studies of the changes in wood chemistry from 

wood forming tissue under inclined treatment. Energy Procedia, 16, 758-762.  

Vu, M. T., & Jian, L. (2010). Effect of heat treatment on the change in colour and 

dimensional stability of acacia hybrid wood. BioResources, 1257-1267.  

 

Photos related to this chapter are presented in Appendix 5.3 

 

  



Page 131 of 167 

 

Chapter 6. Synthesis 

This dissertation investigated a range of dyeing methods to determine the optimal method 

for dyeing Bluegum (Eucalyptus globulus) veneers. The methodology is outlined in 

Figure 6 of Chapter 1. The study was developed on the basis of preliminary experiments, 

which consisted of two stages. The first stage developed an understanding of dye uptake 

in Bluegum wood under different variables (moisture content, grain direction, and 

sapwood/ heartwood). The second stage was to investigate the dyeing methods (soaking 

and vacuum-pressure), types of dye (direct dye and reactive dye), and dyeing parameters 

(dye concentration, dyeing time, and temperature) used in the veneer dyeing process for 

Eucalyptus globulus grown on plantations in Australia. The third stage aimed to 

investigate the potential application of the vacuum-pressure method using suitable dyeing 

parameters determined by the preliminary experiments to find the optimal schedule for 

dyeing Eucalyptus globulus veneers. The final experiment was to investigate UV-driven 

discolouration of veneers dyed using the optimal dyeing parameters determined by the 

third stage.  

The first preliminary experiment, described in Chapter 2 was conducted with the aim of 

examining the effects of different dye solutions, moisture content, grain direction and 

sapwood/heartwood on the dye uptake by small wood blocks made from plantation-

grown Eucalyptus globulus in Australia. The hypothesis for the study was that soaking of 

small blocks of wood would provide an indication of the permeability of E. globulus 

veneer and the potential for using soaking as a means of dyeing the veneer of this species. 

The results, published in Nguyen et al. (2017), show that the longitudinal uptake was 

approximately 100 % higher than the dye uptake in radial and tangential directions in 

both green sapwood and heartwood of the species for all different solutions used. This 

result has significant implications for the veneer dyeing process where the dye penetration 

through the veneer thickness should be in a radial direction. Overall, dye uptake using the 

soaking method was not high. Therefore, the result indicated that the soaking method for 

veneer dyeing may not be suitable and a study should be undertaken to investigate the 

suitability of the soaking method for veneer dyeing; if not successful, an alternative 

method such as vacuum-pressure should be examined.   

The second preliminary experiment, described in Chapter 3, was one of the most 

important stages of this PhD study. The purpose of this study was to understand the 

different dyeing methods, the effects of the different dyeing apparatus, types of dyes and 
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dyeing parameters such as dye concentration, dyeing time, and temperature during the 

veneer dyeing process. The results, published in Nguyen et al. (2018a), are summarised 

as follows: 

- In relation to the soaking method, the colour of the dyed samples was evenly distributed 

on the veneer surface because of the use of sodium chloride. The dyed samples obtained 

almost full penetration at 60 °C and 120 min with 20 g/L of sodium chloride. However, 

the dyed samples were slightly damaged (curved) because of the high temperatures 

applied.  

- Soaking is not recommended as the dyeing method for this species because the dyed 

samples were severely damaged by the pre-treatments and high temperatures.  

- The vacuum-pressure method improved dye penetration and the effect was greatly 

increased by the use of a 15-min vacuum time at a pressure of 1000 kPa with a mixture 

of 20 g/L of sodium chloride and the reactive dye P2RN. Both the green and dry 

heartwood samples obtained full penetration (100%) with the reactive dye at a 

concentration of 2%, and the dyed samples were not damaged. 

- It is not recommended to use elevated temperatures or sodium hydroxide in the wood 

veneer dyeing process as the samples were damaged in this process. Therefore, an 

ambient temperature is recommended for further experiments. 

As outlined in chapter 4, Nguyen et al. (2018c) show that the vacuum-pressure method 

had a remarkable influence on the dye uptake, dye penetration, and colour change. Both 

green and dry heartwood samples dyed at a vacuum of -100 kPa for 15 min and a pressure 

of 1000 kPa for 120 min with the reactive dye Procion Brown PX-2R at a concentration 

of 2% resulted in full dye penetration (100%). The greatest colour change in both green 

and dry veneer samples was achieved at a pressure level of 1000 kPa and a pressure time 

of 120 min. However, the colour change in the dry samples was approximately double 

that of the green samples. The ATR-FTIR and SEM analyses indicated that the dye was 

able to react with cellulose, hemicellulose, and lignin. A large amount of the dye 

molecules diffused into wood lumens, and various dye molecules aggregated around the 

surface of wood fibres. Based on the results of the colour differences of the dyed green 

and dry wood veneer, it is suggested that manufacturers in the furniture and interior design 

sector should consider the consumer’s requirements when selecting either dry or green 

veneers for the dyeing process. 
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During the measurement of dye penetration of the wood veneer, it was revealed that it 

was very difficult to measure the cross-section of the wood veneer using a calliper, 

because the veneer was thin and, in most cases, contained irregular areas in which the 

penetrated dyes could not be found. Therefore, a further study was conducted and a new 

technique using the ImageJ program was introduced as it was believed this is an effective 

and accurate method for the measurement of dye penetration (Nguyen et al., 2018a). 

A comparison of two different dye uptake measurement methods of the dyed veneer 

(liquid uptake-based method and spectrophotometry method) was conducted (Chapter 4). 

Results, published in Nguyen et al. (2018b), revealed that there was a significant 

difference in the percentage of dye uptake between the two methods, but the overall 

results in the correlation between the percentage of dye uptake and the dyeing parameters 

had a similar trend. It is believed that the spectrophotometry method offers a high level 

of accuracy in determining absorption by measuring the concentration of dye solutions 

before and after the dyeing process. It is recommended that in addition to dye uptake, the 

determination of dye penetration into veneer should be carried out to confirm the effect 

of the dyeing parameters on dye uptake measured by the two methods. This may provide 

an indication as to whether dye uptake can be used as an adequate criterion for selecting 

optimal dyeing parameters for the wood veneer dyeing process. 

UV-driven discolouration of the dyed wood veneers was also studied (Chapter 5). Results 

showed that there was no significant difference in colour change of the tight and loose 

sides of sapwood and heartwood of the green and dry veneer samples dyed using the 

optimal dyeing parameters determined by Nguyen et al. (2018c) after 504 hours of UV 

light exposure. 

In summary, recent studies of wood veneer dyeing have been primarily focused on the 

dyeing processes of low-density species, such as Populus tomentosa Carr., Populus 

cathayana Rehd, Tilia americana, Betula, Ulmus, and Paulownia tomentosa (Deng and 

Liu 2010; Liu et al. 2014; Zhang et al. 2014; Hu et al. 2015; Liu et al. 2015), which are 

characterised by even colour, a small number of defects, and high permeability. 

Conversely, many plantation eucalypts have a medium to high density, many defects, 

uneven colour, and low permeability. The dyeing of eucalypt species has not been done 

anywhere in the world. Therefore, the novelty of the work is evident. As shown in the 

literature review, the majority of wood veneers have been coloured using solvent soluble 

acid dyes rather than reactive dyes. The penetration into the veneer is not uniform if 
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solvent soluble acid dyes are used. The reactive dye process has not been used extensively 

for veneer dyeing. The reactive dye reacts with the cellulose in the timber and is therefore 

more permanent and less likely to migrate if the wood veneer becomes wet. The methods 

are commonly used for preservative treatment of wood, but no study has been done on 

using these methods for dyeing eucalypt. 

The study has successfully developed a new method for dyeing Eucalyptus globulus 

veneers with a reactive dye at ambient temperature (20 0C ± 3 0C). A new technique using 

the ImageJ program was introduced to measure the dye penetration of the wood veneer, 

which has not been previously done. A comparation of the results of two different dye 

uptake measurement methods should be carried out to confirm the effect of the dyeing 

parameters as it is of crucial importance that the optimal dyeing parameters are selected 

for the wood veneer dyeing process. 

Further research is necessary to evaluate end-products of multilaminar veneers and an 

economic evaluation is also necessary to determine the potential profitability of the 

product. 
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Appendices 

Photos in the Appendices illustrate experimental activities conducted within various 

stages of the study 

Appendix 1. Harvesting and transport 

 

Eucalyptus Globulus plantation in Ballan, Victoria, Australia 

 

Harvesting E. Globulus trees at the site 
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Labelling the logs 

 

Logs end sealed with a wax emulsion to minimising degrade and drying out 
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The logs wrapped with hessian and plastic 

 

The wrapped logs ready for dispatch 
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Appendix 2. Veneer production 

2.1 Peeling process 

 

Logs preheated in the saturated steam in kiln 

 

Peeling process 
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Veneer ribbon and the veneer sheets labelled according to the tree ID 

 

Peeler core after the peeling process 
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The veneer ribbon trimmed into 0.6m wide sheets 
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2.2. Veneer drying 

 

 

 

Veneers stacked for drying process 
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Veneers drying in the solar kiln 

 

Veneers wrapped in plastic and ready for dispatch 
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Appendix 3. Preliminary Experiment 

3.1. Permeability experiment 

3.1.1. Sample preparation 

 

Discs cutting 

 

Wood specimens process 
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Cutting pattern to obtain clear grain directions of the samples 

    

Cubes dried in 12% conditioning room 
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Cubes in the freezer 

3.1.2. Permeability test 

 

Wood permeability test 
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3.2. Veneer dyeing 

3.2.1. Veneer sample preparation 

 

Veneer cutting process using CNC machine 
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Veneer samples 
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3.2.2. Preliminary dyeing experiment 

3.2.2.1. The equipment used for soaking method 

  

Atlas Launder-Ometer 

 

Magnetic stirring device 
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Ultrasonic bath 

 

 

AHIBA TurboColor apparatus 
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3.2.2.2. The equipment used for vacuum-pressure method 

 

Wood treatment plant 

3.2.2.1. Dyeing process 

 

Chemicals and stuff 
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Solutions preparation 

 

Veneers dyed using the soaking method 
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Veneers dyed using the soaking method with pre-treatment at high temperatures 
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Appendix 4. Veneer dyeing process 
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Appendix 5. Measurements 

5.1. Dye penetration measurement 

 

 

5.2. Colour measurement 
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The colour differences: dyed sapwood vs heartwood and dry vs green samples 

Dyed dry sapwood samples Dyed dry heartwood samples 

  
  

  
Dyed green sapwood samples Dyed green heartwood samples 
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5.3. The accelerated UV-light exposure test 

 

 

QUV Accelerated Weathering tester 
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Examples of the colour change in the tight side of dyed dry and green veneer samples at 

the different UV exposure periods 
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The samples scanned using Microtek ScanMaker 1000XL 

 

5.4. Scanning Electron Microscope (SEM) test 
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SEM micrographs of undyed and dyed wood veneer in three sections: radial, tangential 

and cross sections 

  

R1 R2 

T1 T2 

C1 C2 
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5.5. ATR-FTIR spectroscopy analysis 

 

FTIR spectrometer (Bruker ALPHA FTIR Spectrometer, USA) 

 

5.6. UV-Visible Spectrophotometer  
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THE END 
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