
LULEL 
UNIVERSITY 

2000:38 

OF TECHNOLOGY 

Wood Colour 
Related to Kiln Drying 

1 JIIW�h@ 4@ 4iJl!!f ! &M#ZJ 

EXTRACTED NDN-EXTRACTED 

BROR SUNDQVIST 

SKELLEFTEÅ CAMPUS 
Division of Wood Physics 

UNTREATED 

� 

HYDRO

THERMAI 

TREATED 

� 

2000:38 • ISSN: 1402 - 1757 • ISRN: LTU - LIC - - 00/38 - - SE 



LULEÅ  
UNIVERSITY 

OF TECHNOLOGY 

Wood colour related to kiln drying 

By  

Bror  Sundqvist  

Division of Wood Physics  
Skellefteå  Campus  

Luleå  University of Technology 
SKERIA 3, S-931 87  Skellefteå,  Sweden 



Wood colour related to kiln drying 

Abstract 

Raised temperature in artificial drying has led to some changes in the characteristics of wood 
products such as colour, strength etc. High temperature and steam are often used industrially 
for special treatment of wood products when clearly modified properties, among them colour, 
are desired. Knowledge about colour arising in wood that is subjected to heat under humid 
conditions and/ or artificial drying, especially kiln drying, is thus of interest. It is also of 
interest to understand the chemical background for the colouring process, for the development 
of future treatment methods and for drying processes. The stability of the colour of wood 
exposed to UV/ Visible light is also of concern when considering the quality of wood 
products. 

The colour response of Scots pine (Pinus sylvestris), Norway spruce (Picea Abies) and birch 
(Betula pubescens) was studied when exposed to heat and humid air, either as a  hydrothermal  
treatment, where the wood contained capillary (free) water for certain times and temperatures, 
or a laboratory kiln drying. The wood subjected to  hydrothermal  treatment was also exposed 
to UV/ visible light to study colour stability. The chemical background for the colour change 
during  hydrothermal  treatment was briefly investigated using extraction, thin-layer 
chromatography (TLC) and UV/ Visible spectroscopy. 

The results show that multivariate modelling (PLS) of industrial wood colour is possible as 
average values for the whole batch ("batch colour"). Quite strong colour changes (AE*ab > 10) 
were formed using  hydrothermal  treatment at 80-95°  C  for 3-6 days. Furthermore, the quite 
strong colour formed is changed when exposed to UV/ visible light for 100 hours but to a 
degree less than untreated wood. Degradation products from wood polymers (hemicellulose 
and  lignin)  as well as extractive compounds (phenolic types) were both indicated to 
participate in colour formation during  hydrothermal  treatment, and the same is expected for 
kiln drying. 

Keywords: colour, wood, kiln drying, thermal treatment, UV/ Visible spectroscopy, UV/ 
Visible light exposure, TLC, extraction, phenolic compounds 
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1. Introduction 

Wood has since ancient times been an excellent choice for mankind as energy source and 
building material. At the same time it has attracted mankind for its aesthetic properties. 

In modern industrial wood manufacturing, drying is one of several processes important to 
achieving high quality products. As a consequence mainly of faster production rates, air 
circulation wood drying is developing towards higher temperatures, especially for Scots pine 
and Norway spruce. This development is inducing some changes in the physical properties of 
the wood, such as strength, hygroscopicity, and colour (Sehlstedt-Persson 1995, Wiberg 
1996). An example of hydrothermally induced colour change is shown in Figure 1. For high 
temperature drying or thermal treatment up to 250°  C  (Termowood) a marked enhancement of 
rot and mould resistance has been observed (Viitaniemi and Jämsä 1996). New products have 
in some sense occurred and the tendency is toward more types of specific wood products. 

Untreated 	Hydrothermally treated 

Figure 1. Example of hydrothermally treated and untreated Scots pine sapwood. To the left, dried at 
35°  C  for 2 days. To the right, treated at 95°  C  for 6 days in saturated moist condition 
followed by drying at 35°  C  for 2 days. 

These changes in wood properties have raised the idea of a more controlled drying process 
giving higher quality products. Preferably, the specification of a product and the conditions of 
the material and the drying equipment would govern the drying process. It is also of interest to 
understand more of the chemical background of these changes in order to further control and 
develop the wood drying process and new products. 

Colour is an important aesthetic property for many wood products, and the colour itself may 
also indirectly indicate some changes in other properties. This thesis investigates colour 
changes arising from  hydrothermal  treatment/ drying and their basic chemical background. 
The colour change resulting from UV/ visible light exposure of hydrothermally produced 
wood is investigated. A method to study the influence of extractive compounds and wood 
polymers on colour is suggested. 
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2 Wood and colour 

2.1 Anatomy, morphology and chemistry 

Wood is a biological material, thus having a cellular system. Different types of cells have 
different functions, such as supporting, water and nutritive conduction, nutrition storage, 
protection against fungi and insects, channels for resins etc. These different types of cells are 
organised into a well-functioning, living tree. 

Wood cells are generated by the cambium in two directions in a crosscut perspective, one 
towards the outside, producing the phloem, and the other towards the inside, producing the 
xylem, of a stem (Figure 2 below). Young cells differentiate when they age into all the 
different types of cells needed for a tree. 

PHLOEM 

CAMB I  LI  M 

Sapwood 

Heartwood 

Pith 
XYLEM 

Bark 

Figure 2. Section of a log showing its main component parts. 

The xylem of a tree, more commonly known as wood, has good mechanical strength and is 
the main supporting part of the stem. Its strength is generally the most important property in 
the industrial wood processing industry of today. The xylem can be divided into three regions. 
The outermost region is the sapwood, which besides the supporting ability has abilities such 
as conducting of water and nutrition, storage, defence etc (Figure 2). The inner region is the 
heartwood that has mainly supporting ability and is sometimes considered "dead", since most 
of its cells have no water and nutrition conductivity. For many species the heartwood has a 
characteristic and sometimes strong colour. The region centred in the cross section is the pith, 
which is the remains of every initial growth increment. The pith often has a brownish colour 
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Figure 3. Cross section of Norway spruce showing concentric growth rings. Darker parts are 
latewood and lighter parts are earlywood. 

In climate regions such as the Temperate Zone there are noticeable changes in temperature 
between different seasons. Trees living in these types of climates have an annual growth only 
around the summer season and none in winter. This gives the annual ring pattern well known 
when regarding a cross section of a stem (Figure 3). In late spring and early summer the 
earlywood is formed and from the middle of summer to the end latewood is formed. 
Latewood has smaller cells with thicker walls compared with earlywood. Latewood often 
appears darker than earlywood. The colour is slightly different dependent on what grain 
direction the wood is positioned at related to the incoming and reflected light (Hon and 
Shiraishi 1991). If the light and the wood grain direction are parallel to each other, the colour 
is slightly darker and more saturated compared to when the light and the wood grain direction 
being perpendicular to each other. Texture of the wood surface is influencing the colour 
slightly (Hagman 1996). Planed wood is somewhat redder and somewhat more saturated than 
sawed and sanded wood. Radial surfaces of wood show a lighter, less saturated and more 
yellow colour than tangential surfaces (Hagman 1996). 

Wood consists of cellulose, hemicellulose,  lignin  and extractives. Cellulose is a polymer with 
high molecular weight consisting of ß-D-glucose units and is the dominant compound in 
wood by 40-50%. Hemicellulose consists mainly of two types of polymers, glucomannan and 
xylan. They are of lower molecular weight and more amorphous than cellulose and wood 
contains 20-35% hemicellulose.  Lignin  is a complex irregular and branched polymer 
consisting of three types of phenylpropane units and wood contains 20-30%  lignin.  The 
compounds mentioned above are often nonextractable since they are large polymers. 
Compounds that can be extracted by solvents or water are called extractives, which make up 
approximately 5% of the wood. Extractives can be grouped into numerous different types of 
compounds such as sugar, fat, waxes, tannins, terpenes, phenols, cyclitols etc. Especially 
interesting in the perspective of natural colour are tannins in larger aggregates (condensed); 
phenols such as stilbenes, quinones, flavanoids etc; and organometallic complexes. Also 
mono and disaccharides is of interest since degradation products, induced by heat and 
chemicals etc., can participate in colour changes. 

3 
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2.2 The phenomena of colour 

Molecules with the ability to absorb visible and UV light contain special groups called 
chromophores. Sometimes are chromophores referred to as molecules that are involved in 
colour formation. They contain loosely bound electrons, delocalised, that can be excited by 
absorbing light in the visible range. Delocalised electrons can be found in carbon double 
bonds, carbonyls etc. Many groups with delocalised electrons that are connected to each other 
in a molecule, e.g. conjugated double bonds (every second bond is a double bond), is often 
needed for absorbance of visible light (Hon and Shiraishi 1991). There are also groups that 
support the action of chromophores, called auxochromes that contain isolated electron pairs 
such as hydroxyls. Organometallic complexes and free radicals are also considered as 
chromophores (Hon and Shiraishi 1991). Colour is recognised when light interacts with a 
substance. The interaction can be divided into transmittance, reflectance, scattering, and 
absorbance. For wood with thickness over 0.2 mm, transmittance is negligible. As an 
example, a mirror reflects almost all incoming visible light and appears to lack any colour of 
its own. If all incoming light is scattered the material seems to be very white and bright. If all 
incoming light is absorbed the material seems to be black (Hon and Shiraishi 1991). If all 
incoming light is absorbed except red light, e.g., then the appearance will be recognised as 
red. 

2.3 Measuring colour 

Colour can be measured by various methods based mainly on tristimulus or spectral 
absorbance/reflectance values. In this work a portable photoelectric colorimeter was used, 
Minolta chromameter CR 310, which is based on tristumulus measurements. It is easy to 
handle and is used for industrial purposes (Figure 4). 

Figure 4. Minolta CR 310. A portable photoelectric colorimeter. 

A method to translate these tristumulus values into colour parameters is stated by the CIE 
standard (Commision Internationale de I'Llairage) (Hunt 1995). For objects such as wood 
the L*, a* and  b*  co-ordinates are often used (Figure 5). L* is the lightness: 0 is black and 
100 is white. a* is green to red colour: -60 is strongly green and +60 is strongly red.  b*  is blue 
to yellow colour: -60 is strongly blue colour and +60 is strongly yellow colour. By making a 
cylindrical transformation of the L*a*b* co-ordinate system (Paper 11 2.1 and 2.2), the L*C*h 
co-ordinate system is formed (Figure 5).  C*  is the chroma, i.e. saturation: 0 represents colours 
only in the greyscale (along the L*-axis) and 60 represents strong colours.  h  is the hue: 0° is 
red, 90° is yellow, 180° is green and 270° is blue. The difference between two colours can be 

4 



180°  = green ."  

b*  

L" 

90" = yellow  

= "vivid" 

0 red 
0 = "grevislr" ° =  

270'= blue  

C" 

Wood colour related to kiln drying 

expressed as "the colour difference" (AE*,), (Paper 2.3). Since the L*C*h co-ordinate 
system is quite easy to relate to common human descriptions of colour, lightness/brightness, 
saturation and hue, it has found its use in many industrial purposes. 

Figure 5. The CIE L*a*b* and CIE L*C*h colour space. To the left, the colour sphere showing 
Lightness L*, Chroma  C*,  hue  h  and the colour difference between two colours AE*ab. To 
the right, the equatorial cross section of the sphere at L*= 50 showing green-red axis a* 
and blue-yellow axis  b*  besides  C*  and  h.  

2.4 Colour of natural wood 

In cellulose and hemicellulose scattering of visible light is the predominant interaction, and 
thus they contribute mainly to the to the greyish appearance. Native  lignin  is sometimes 
reported to absorb visible light in the blue range and has therefore a yellow colour (Hon and 
Shiraishi 1991). Little scattering occurs for  lignin  compared to cellulose and hemicellulose. 
Among the extractives are the phenols and the condensed tannins mentioned above, 
sometimes active in the visible range mainly by absorption in the green and blue range giving 
a yellowish-reddish colour. One example is the reddish Pinosylvins found in Scots pine 
(Fengel and Wegener 1989) (Figure 6). 

Ho 	 H3co,
o, 

 
'CLCH=CH 	 CH.CHID 

4-HydroxystIlberle 	4-Methoxysttlbene 

OH 

HO4CH=CH 

Pinosyt vin 

H3C0 

H3C0--öLCK,-C90 

Pinosylyin 
dirnethylether 

CH=CH0

, 

 

OH 
P iceid  

Figure 6. Examples of stilbenes found in softwoods. 
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2.5 Colour changes related to drying 

When wood is subjected to heat, moisture, oxygen, organic acids etc., the compounds alter 
and sometimes coloured compounds are produced. These changes can be observed when 
drying wood, and they are mainly believed to be a result of hydrolysis, oxidation and 
polymerisation. Cellulose is considered a rather stable component and little alteration 
probably occurs, giving small colour changes for low temperatures (below 150°C) (Fengel 
and Wegener 1989, Hon and Shiraishi 1991). Hemicellulose is degraded quite easily by 
hydrolytic processes producing residues of sugars, especially in acidic conditions (Tjeerdsma 
et al. 1998). Degradation of hemicellulose can produce aldehydes that can be involved in 
colour formation (Fengel and Wegener 1989). 

In food have since long "nonenzymic browning" been studied. The products formed are called 
coloured Maillard reaction products (CMRP) and little is known about them. CMRP can be 
defined as "aldolization/dehydration products of sugars which may or may not be attached to 
proteins or other sources of amino nitrogen" (Rizzi 1996). Extensive studies have been done 
since the 70s  in model systems to learn about the basic reactions that occur. In reality, CMRPs 
show great variety and most of the high molecular CMRPs remain unknown. Examples of 
CMRPs found when reacting glucose and glycine in a model system are shown in Figure 7. 
Caramelisation is the reaction when sugars solely react with themselves and the process 
generally takes place above 120°  C  and in acidic conditions. Catalysis by amines, amino acids 
etc leads to more colour formation at equal temperatures and pH (Rizzi 1996). Metal ions 
have long been known to catalyse Maillard reactions. For example iron (+II) can affect colour 
formation. One type of intermediate formed during certain Maillard reactions, a-
aminoketones, are called Amadori compounds, and consequently these types of reactions are 
called Amadori-Maillard reactions. In wood Amadori-Maillard reactions have been proposed 
to cause "kiln brown stain" in Radiata pine (McDonald et al. 2000). They showed that heat-
treated glucose, fructose and glutamatic acid formed similar chromophores as heat-treated sap 
from Radiata pine.  

a R = 

b 14 = M1le 

Figure 7. Yellow coloured Maillard reaction products from a spray-dried glucose/ glycine model 
system  

Lignin  is also quite easily degraded by hydrolytic processes, especially under acidic 
conditions (Tjeerdsma et al. 1998), and degradation products may be involved in colour 
changes.  Lignin  degradation may also induce colour changes. Extractives, phenolic 
compounds and tannins often show colour and by oxidation and condensation their colour 
may change (Fengel and Wegener 1989). 
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2.6 Soxhlet extraction, thin-layer chromatography (TLC) and UV/ Visible spectroscopy 

To evaluate coloured extractive compounds, an analysis procedure was performed (Figure 8). 
At first the green wood is placed into the Soxhlet apparatus (Figure 8 (la)) and the chosen 
solvent is placed in the flask below (Figure 8 (lb)). The solvent is by heat evaporated up to 
the Soxhlet-vessel where it condenses. Then the wood sample submerges in the condensed 
solvent. When the Soxhlet-vessel is filled the solvent flows down to the flask and empties the 
Soxhlet-vessel, then a new cycle continues  (Sjöström  and Alen 1999). Thus, extractives from 
the wood are concentrated in the flask (Figure 8 (lb)). 

Thin-layer chromatography (TLC) is a rather cheap and quick technique for separating 
compounds  (Sjöström  and Alen 1999). The extractives from the Soxhlet extraction are filtered 
and evaporated to a concentrate of approximately 5  ml.  Then the extractive concentrate and its 
compounds is applied onto the silica gel-layered glass plates (Figure 8 (2a)) at a level that will 
be above the eluent/solvents level inside the vessel. The vessel contains a solvent mixture 
called eluent at the bottom, which is chosen specifically for the compounds to be separated. 
The TLC plates are placed inside the vessel vertically and a lid encloses the vessel. The 
chromatography starts. Capillary forces draw the eluent upwards (Figure 8 (2b)) and dissolve 
the extractives. The different types of dissolved extractive compounds move upwards in 
different speeds dependent on their characteristics such as molecular size and polarity etc. The 
chromatography is stopped and the plates are dried and the different separated types of 
compounds can be localised visually and/ or by UV-light for silica-layers with fluorescent 
compounds included. The silica layer and the extractives are pulled off from the glass plate in 
sections, separately for each fraction of the extractive compounds. The fractions of the 
extractives are then dissolved and separated from the insoluble silica gel by filtration. 

UV/ Visible spectrometry is a useful method for quantitative and qualitative analysis of 
dissolved compounds (Figure 8 (3)),  Sjöström  and Alen 1999. However, qualitative analysis 
can be difficult with solutions having mixtures of compounds since the maximum absorption 
of each spectra overlap. This overlapping can sometimes be resolved by changing the 
conditions for the solution and recording differences in the spectra. Ultraviolet difference 
spectroscopy can be used for estimating the total content of phenolic substances involved, Lin 
and Dence 1992 (Figure 8 (4)). The difference for two scans of ultraviolet absorption of the 
dissolved compounds, one in neutral solution and the other in alkaline solution, is used when 
calculating the amount of phenolic compounds. The phenolic hydroxyls turns to a phenolate 
ion when changing from neutral to alkaline solution, which changes their absorption 
characteristics.  

Sohvnis 'noon 
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Figure 8. Schematic path for analysis of coloured extractive compounds. 
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3. The drying process and colour 

Kiln drying of wood may result in unwanted discoloration or in colour other than that which 
is preferred. Prevention of discoloration from drying has long been an important issue, 
especially for hardwoods. For softwoods, one example of a discoloration in Radiata pine is 
called kiln brown stain, which has been an economical drawback for the wood industry 
(Kreber and Haslet 1997). For European oak and walnut, many studies have been done to 
better control the colour by different drying techniques. Besides air circulation, drying in an 
inert atmosphere, oxygen free, nitrogen, saturated steam etc have been reported to reduce 
discoloration in hardwoods. Vacuum drying has also been used and studied with good results 
(Charrier et al. 1992) as well as microwave-based techniques (Antti 1999). 

Traditionally, kiln drying is based on air circulation, mostly governed by schedules that 
deliver parameters for the desired climate throughout the process. The theoretical explanation 
for drying is mostly based on diffusion of water in the wood, independent of moisture content. 
However, recent studies have shown that mass and heat transfer in the wood controls the 
drying rate when capillary water is present (Mora. 2000). Thus, a new approach for drying 
has emerged which divides the process into regimes dependent on the moisture content. Three 
regimes are proposed: the capillary regime, where the wood is saturated with capillary water; 
the transition regime, where the wood contains regions of capillary water; and the diffusion 
regime, where no capillary water is present. For this regime drying method, shorter drying 
time has been observed (Morin 2000, Björnstedt 2000). From a colour perspective on drying, 
hydrolysis is assumed to be predominant when capillary water is present, and oxidation and 
polymerisation are predominant when no capillary water is present (Fengel and Wegener 
1989, Hon and Shiraishi 1991). As a consequence, low temperature in the capillary regime is 
probably important to prevention of discoloration. Temperature in the diffusion regime can 
also be of importance. This approach has been used in Paper II, where the design was a two-
regime drying process. The transition regime was neglected since the major part of the 
transition regime was integrated in the late part of the capillary regime and the temperature 
changed quickly to enter the diffusion regime (less than 2 hours). 

4. Results and discussion 

Paper I is a study of colour stability when comparing untreated and hydrothermally treated 
wood ("capillary phase heat-treated", Paper II). This was done by artificial UV/ Visible light 
exposure. Paper II presents results from an investigation of colour change when capillary 
water is present in the wood, i.e. the capillary regime of drying. Paper In presents a study of 
the colour change induced by two-regime kiln drying. Paper IV is a brief document that 
presents the influence of extractive and degraded products from wood polymers  (lignin  and 
hemicellulose) on colour formation during  hydrothermal  treatment. 

4.1 Kiln drying and colour 

Both regimes, capillary and diffusion, were found similarly important for colour change 
during kiln drying (Paper HI). The capillary regime was more extensively studied in Paper II 
where the treatment included high temperatures and long times compared to the kiln drying in 
Paper III. The colour change for the capillary treatment was comparable to more than 1 day, 
but less than 3 days, for similar temperatures for kiln drying where approximately 1 to 2 days 
were needed to reach fibre saturation point (approximately 30% moisture content). When the 
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temperature used in the capillary treatment was 80°  C  and above and drying times 3 days or 
more, strong homogenous colour changes was observed compared with the results found in 
the two-regime drying (Paper III). The colour change that occurs during the diffusion regime, 
when no capillary water is present, has not separately been studied in this thesis. 

The results from the two-regime kiln drying showed that it is possible to PLS model batch 
colour (average colour values, Paper III, Chapter 3.2). These models are based only on dry-
bulb temperatures for the two regimes and a variable called "Side", an attempt to classify sap-
and heartwood, and should therefore be regarded as tentative. More process-related variables, 
especially for climate control, need to be tested in future studies. External validation by 
comparing new laboratory or industrial sets is required to further evaluate the possibility of 
controlling batch colour. 

Furthermore, it is also likely that sap- and heartwood can be classified into different average — 
colours, but validation with test sets containing definite sap- and heartwood is needed (Paper 
III, Chapter 4). The colour difference between sap- and heartwood is often quite small, and 
classification is probably important only for products subject to high aesthetic demands. The 
results from the kiln drying show a nonhomogeneous colour all through the wood. The dark 
and often unattractive surface of unplaned lumber dried at higher temperatures can sometimes 
be a negative experience, but planing removes the major colour change, even when 
temperatures are raised in the process (Paper III, Chapter 4). It is also pointed out that planing 
depth can be of importance when small but significant (5% level) colour differences were 
found between 1 mm and 3 min planing. 

The colour measurements forming the average colour values, batch colour, were found to 
have large variation, mostly around 1-2 units in standard deviation for the L*, *a,  *b, *C*  and  
h  co-ordinates, compared to differences found between different batch colour values. This 
variation was not dependent on temperature used in the drying (Paper III, Chapter 3.1). A 
similar variation around average colour values was also found in the capillary-phase heat 
treatment (Paper II, Chapter 3.1). However, in general the variation increased with increasing 
treatment temperature for the capillary phase heat treatment. This difference in temperature 
dependence may be due to the difference in time for the wood remaining in the condition with 
capillary water present. It is reasonable to assume that a long time in capillary condition is 
needed for temperature dependent colour variation to be registered. 

Thermal treatment in various forms has long been performed in order to modify properties 
such as hygroscopicity, colour, rot and mould resistance etc. Today some treatments are used 
industrially, such as "Termowood" in Finland (Viitanneimi and Jämsä 1996), "Torrefaction" 
in France (Girard 2000) and "Plato-wood" in The Netherlands (Tjeerdsma et al. 1998). These 
are using high temperatures in combination with supersaturated steam, nitrogen atmosphere 
etc. Our Experiments show that strong homogeneous colour changes can be produced by 
keeping wood well above fibre saturation point, capillary phase, up to 6 days at 65-95°  C  
(Paper II). For example, colour difference (AE*ab) well over 10 units could be produced. This 
could be an alternative to the above-mentioned treatment methods. Probably the loss in 
strength is less severe than in the high-temperature treatments mentioned above. Further tests 
of the properties for the capillary phase heat treated wood are needed to evaluate suitable 
future products. 
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4.2 Colour stability of wood exposed to UV-light 

The homogeneous strong colour that can be produced by  hydrothermal  treatment can be an 
aesthetic enhancement of wood products. UV, and in some cases also visible light often 
bleaches the colour of wood. In the work presented in Paper I, the colour generated by  
hydrothermal  treatment was compared with untreated wood when exposed to UV/ Visible 
light. Both treated and untreated samples show large colour changes during exposure. For 
longer times, 100 hours, the colour stability for treated wood was better than untreated wood. 
Untreated and treated samples converged in general at 100 hours towards the same saturation, 
chroma, and hue, while the lightness at the final 100 hours was darker for treated than for 
untreated wood. Birch was found more colour stable in general than Scots pine and Norway 
spruce. 

4.3 Wood components and colour 

An important issue how wood extractives compounds and wood influence wood colour. If a 
large portion of the colour derives from wood polymers, a decrease in strength properties 
might be expected. A study based on extraction experiments was done in Paper IV to evaluate 
the importance of different wood components participating in the colour change of 
hydrothermally treated wood. This study indicates that they participate, as well as extractive 
compounds (Figure 9). Wood that is not extracted before  hydrothermal  treatment shows quite 
large colour changes (AE*ab),  columns to the left (Figure 9), i.e. standard group. Wood that is 
extracted before treatment show smaller but notably colour changes compared to non-
extracted wood, columns in the middle, Thus it is reasonable to believe that compounds 
originating from wood polymers participate in the colour change. In Paper IV, the colour of 
extracted and thereafter mildly dried wood (30°C for 16h) was compared to non-extracted and 
mildly dried wood, columns to the right, i.e. colour portion from extractives of natural wood. 
This indicates that extractive compounds also participate in the colour change during 
treatment since it seems that the columns to the right can compensate for the difference 
between the corresponding columns in the middle and the ones to the left (Figure 9). No study 
of changes in strenght of hydrothermally treated wood was made in this thesis. 
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Figure 9. 	Colour difference AE*„b, of birch and Scots pine and subjected to  hydrothermal  
treatment and extraction. To the left: only  hydrothermal  treatment. In the middle: 
extraction followed  hydrothermal  treatment. To the right: the extracted colour from 
untreated wood. In parentheses: S is sapwood,  H  is heartwood. Colour differences are 
based on measurements for A3, AS, B5 and CS, Figure 1 (Paper IV). 

Extracts from green birch, extracted with acetone (Figure 8 (1)) and as excess water used in 
the  hydrothermal  treatment of birch (Paper IV), were analysed by thin-layer chromatography. 
(TLC), (Figure 8 (2)), (Chapter 2.6). For the TLC, petroleum ether/methanol (3:2) was used as 
solvent/eluent and a thin-layer silica gel plate was used (Merck  Kieselgel  60 254F). The 
separation by TLC gave two visually coloured fractions for both types of extractions (Figure 8 
(2)). 

The first coloured fractions (1) were more hydrophilic (affinity for polar compounds, e.g. 
sugar) than the second fractions (2) since they did not move during the TLC. The silica layer 
is considered rather hydrophilic. The second coloured fractions (2) were somewhat more 
lipophilic (affinity for nonpolar compounds, e.g. fat) since they moved.  RF  for the first 
fraction was 0 and for the second 0.4  (RF  = distance moved by substrate/distance moved by 
the solvent front). The second fractions were also more coloured than the first fractions 
(Figure 8 (2)). 

By the use of Ultraviolet difference spectroscopy, phenolic hydroxyl content can be estimated 
for  lignin  related compounds (Lin and Dence 1992), (Chapter 2.6, Figure 8 (3 & 4)). The 
difference in UV/ Visible absorbance between neutral and alkaline aqueous solutions (pH =5 
and = 11 respectively) of the two coloured TLC fractions (Figure 8 (2-4)) is shown in Figure 
10 below. The fractions from the water extract and the acetone extract are presented 
separately and are not considered quantitatively comparative since they were generated with 
different techniques and produce different amounts of extractives. 

No estimations of the phenolic contents were made since the structures of the coloured 
compounds are unknown. However, from Figure 10 it is indicated that some type of phenolic 
compounds are present in the coloured fractions and especially in the second ones (2). It is 
also indicated that different types of phenolic compounds are present in the water extract than 
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in the acetone extract. The second acetone fraction (2) shows maxima around 295  nm  and 325  
nm  while the second water fraction (2) shows maxima around 290  nm  and 360  nm.  To further 
evaluate the phenolic content related to the colour of wood, a larger study with 
complementary methods is needed. Kiln drying resembles the  hydrothermal  treatment used, 
despite the relatively short time in capillary regime, and similar results for colour formation 
are expected. 
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Figure 10. Ultraviolet difference spectroscopy (AA) for revealing compounds having phenolic 
hydroxyls. AA: difference in UV/  VIS  absorbance (A) between alkaline and neutral 
aqueous solution of samples. To the right: coloured compounds in solutions originating 
from acetone extraction of green birch. To the left: coloured compounds in solutions 
originating from excess water extraction of hydrothermally treated birch. In parentheses: 
1 is first coloured fractions and 2 are second coloured extractive fractions separated by 
thin-layer chromatography (TLC). Note that no estimations of concentrations were made. 
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5. Conclusions 

• Future control of batch colour of wood subjected to kiln drying is possible 
to obtain with partial least square (PLS) modelling. 

• Both the capillary and the diffusion regime were found important to the 
colour change induced by kiln drying. 

• Strong homogeneous colour changes for Scots pine, Norway spruce and 
birch were generated using  hydrothermal  treatment, 3-6 days at 80-95°  C  
in saturated steam. The generated colour stability was generally found 
better for treated wood than untreated wood at 100 hours accelerated UV/ 
Visible-light exposure. 

• Extractive compounds and degraded wood polymers  (lignin  and 
hemicellulose) were both indicated to be involved in colour formation 
during  hydrothermal  treatment and the same is expected for kiln drying. 
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Colour stability of capillary phase heat-treated wood exposed to 
UV-light  

Bror  Sundqvist 

Luleå  University of Technology, Div. of Wood 
Physics. Skeria 3, SE-931 87  Skellefteå,  Sweden 

ABSTRACT 

Industrial kiln drying of wood at temperatures in the range of 70-100°C changes the colour of the wood. The 
colour change takes place especially during the capillary phase, above the fibre saturation point. The colour 
change can be attractive and generates added value. The stability of the colour to light exposure is however 
an important issue. This study presents results and describes experiments of testing the colour stability of 
capillary phase heat-treated wood samples. Such heat-treated samples of birch sapwood, spruce and pine 
sapwood and heartwood were exposed to UV-light (metal halide radiator Philips  HPA  400 with a glass 
filter). In the capillary phase heat-treatment the green samples were kept in the capillary phase, above the 
fibre saturation point, for several days at higher temperatures and subsequently dried at 35°C for two days. 
Colour measurements during UV-exposure were made at intervals over a period of 100 hours. This was 
made with a Minolta chroinameter CR-310. The results are presented in AE*ab  and L.C.h co-ordinates 
according to the CIE-standard. The experiments show that the colour stability for heat treated wood are 
generally better during the 100 hours of exposure when compared to untreated wood, except for the first 4 
hours. Pine and spruce, heat-treated and untreated materials, show a larger colour change than birch, during 
exposure. There are indications that higher temperatures and longer times used in the heat-treatment alter the 
colour response of wood when exposed to UV-light. The chosen method shows promising results for 
evaluating the colour stability of wood when exposed to UV-light. 
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1. INTRODUCTION 

The interest for the aesthetic appearance of wood, especially kiln dried, has grown as a 
consequence of new drying techniques and increased drying temperatures. In this work, a 
comparison of the UV-light colour stability of capillary phase-heat treated and untreated 
wood was made. Many investigations have been done concerning the influence of UV and 
visible light on wood such as e.g. colour, chemical constituents, DRIFT-, UV- and  JR-
spectroscopy. 

The colour change initialised by light is also influenced by additional factors such as 
temperature, water and atmosphere, especially oxygen (Fengel and Wegener 1989). UV-
light penetrates approximately 75 pm and visible light approximately 200 gm. 
All wood components are attacked by UV-irradiation and  UV-absorption  is mainly 
determined by the  lignin  content. 

Leary 1994 gives a review of the recent progress of photoyellowing in  lignin.  3 pathways 
of mechanisms are identified. The formation of free phenoxy radicals, the excitation of 
carbonyl groups and the most recent which is the major pathway, formation of ketyl 
radicals producing a phenoxy radical and a ketone. 

Acetylated and non-acetylated Radiata pine were exposed to UV and visible light, Xenon 
irradiator, and subsequently evaluated by colour measurements: CIE L*a*b* colour 
system, and  IR  and UV spectroscopy (Dawson and  Torr  1992).  IR  spectroscopy showed 
that the exposure reduced the  lignin  aromaticity, caused deacetylation and accumulation of 
carbonyl and carboxyl containing compounds. The UV/  VIS  spectroscopy revealed that 
the concentration of chromophores around 430  nm  increased with time and inversely to 
the degree of acetylation. Acetylation suppressed the production of chromophores around 
530  nm.  Colour measurements revealed a fast colour change, AE*ab, for the first 20 hours 
of non-acetylated and acetylated Radiata pine. L* decreased, a* decreased up to 20  h  and 
thereafter increasing, and  b*  showed the largest change with increasing behaviour, "a 
yellowing effect". The results show that the photodegradation process is active within the 
first 20 hours of exposure. The photodegradation process involves oxidation of aromatic 
rings to aliphatic acids, oxidative cleavage of  lignin  side chains with the formation of 
aromatic acids and  depolymerisation  of hemicellulose. 

Fir (Abies  grandis),  MDF-boards (of Maritime pine) and oak wood were treated with 
antioxidants to achieve a protection against UV/ visible light; in this case a mercury lamp 
with glass filter was used (Grelier et al. 1997). It was found that AE*ab became around 9 
units for Fir at 8 hours of exposure. AE*ab  for oak became around 5 units and MDF-board 
around 3 units for 8 hours exposure. The change for all three materials was noticeably 
strong for the first hour of exposure. 

Spruce (Picea abies), pine (Pinus silvestris), larch (Larix decidua), poplar (Populus 
Euramericana) and locust (Robinia psudoacacia) were exposed to UV-light, a mercury 
lamp of 300W, for 200 hours (Tolvaj and Faix 1995). Colour measurements with the CIE 
L*a*b* colour system and DRIFT spectrometric analysis were made. A rapid change for 
all species in colour difference AE*ab, around 10 units, for the first 25 to 50 hours of 
exposure were reported. From 50 to 200 hours the change was comparatively small, AE*ab 
around 5 units. They all showed yellowing, an increase in a*, with spruce yellowing the 
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most and pine the second most in order, the two softwoods in the investigation. Locust 
showed the least yellowing but instead a noticeably shift toward red during exposure, an 
increase in  b*.  All species showed a similar pathway in the a* and  b*  direction except 
locust during exposure. Since the coloured compounds, produced during exposure, 
weren't removed to a large extent by water extraction it was assumed that the coloured 
compounds were oligomeric chromophores, probably originating from leuco 
chromophores of the  lignin  moiety. It is also assumed the yellow-reddish colour of locust 
is due to its extractives. 

Five lignans, and one neolignan, extractives, were detected as the main contributor to light 
induced discoloration in Western hemlock, Tsuga heterophylla (Kawamura et al. 1996). 
These were: cedrusin, allhydroxymatainresinol, hydroxymatainresinol, oxomatainresinol, 
a-conidendrin and pinoresinol. Also vanillic acid catechin and vanillin, degradation 
products of  lignin,  were detected playing a minor part in the discoloration. In a following 
study, Kawamura et al. 1998 used the five lignans and vanillin earlier identified in reaction 
systems to determine reactions and propose mechanisms during the photodiscoloration. It 
was found that formation of phenoxy radicals in the compounds initiated the 
photodiscoloration. The formation of quinonemethide intermediates during the progress is 
also assumed to occur in many of these compounds. It was suggested that phenoxy 
radicals and quinonemethide intermediates might be converted to quinone derivates and 
coloured oligomers. The conclusion is that photodiscoloration of Western hemlock do not 
depend on a few compounds in high concentrations but rather on the co-existence of many 
compounds. 

Photoyellowing of partial acetylation of groundwood pulps (of Picea abies) was used to 
indicate the mechanisms involved  (Ek  et al. 1992). Prepared handsheets or thin sheets 
were irradiated with UV and visible light. Quinones and quinone precursors, such as 
hydroquinones and catechols are probably important reactants in the yellowing process. 
Quinones and quinonoid structures absorb light in the wavelengths of the blue-green 
region, giving a yellow colour appearance. 

A pigment causing discoloration in the heartwood of Black walnut, Juglans nigra, was 
isolated (Kai et al. 1985). Black walnut heartwood has an attractive purple brown colour 
but light fades this colour to yellow. From the heartwood a purple pigment that was 
changed to yellow by light, using a mercury lamp for 3 hours or sunlight for 4 hours. 
Additionally fourteen filters were used with the sunlight to cut off chosen wavelengths 
under 700  nm  to 250  nm.  The ethyl acetate insoluble part of the pigment changed for 3 
hours of irradiation almost 3 units in AE*ab, L* decreased 3 units, a* increased 1 unit and  
b*  increased almost 4 units. In the ethyl acetate soluble part, the colour changed 3 units in 
AE*ab, L* decreased 2 units and a* and  b*  increased 1 unit upon 3 hours irradiation. The 
large increase in  b*,  for ethyl acetate insolubles, corresponds well to the change from 
purple to yellow in the Black walnut heartwood. With sunlight and cut off filters it was 
demonstrated that UV-light of approximately 350  nm  and visible light around 500  nm  
considerably contribute to the colour change. These results were verified with UV and  VIS  
spectrometric results of the coloured compounds isolated. 

Hon 1995 investigated the colour stability of acetylated and unacetylated Southern yellow 
pine (Pinus spp) by using a mercury lamp of 200 W. For the unacetylated wood A.E*ab 
rapidly reached, approximately 10 days, a change of around 20 units and no big change 
thereafter up to 56 days of exposure. It was found that acetylation is effective to stabilise 
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wood colour up to 28 hours of exposure and beyond this the effect diminish and 
discoloration accelerates. 

The yellowing of thermomechanical pulp (TMP) of Black fir was studied when exposed to 
UV-light in the range 300-400  nm  for 65 hours (Roberts et al. 1995). Four chromophores, 
with peaks around 360 and 425  nm,  were suggested to explain yellowing as a result of 
UV-spectroscopic analysis and photoelectric reflectance measurements. Colour changes 
were evaluated using the CIE L*a*b* colour system, which showed that UV-exposed 
unbleached TMP changed from 87.3 to 80.9 in L* units, 0.5 to 3 in a* units and 12.2 to 
32.6 in  b*  units. 

Ota et al. 1997, investigated the effect of acetylation on colour stability of kin  i  veneers 
(Paulownia tomentosa Steud). Sunlight for 433 hours and a mercury lamp for 720 hours 
were used as irradiation. Colour measurements were made with a photoelectric reflectance 
photometer with the CIE L*a*b* colour system. For untreated veneers exposed to sunlight 
for totally 350 hours. L* did not change throughout the test and stayed at approximately 78 
units, a* changed from approximately 2.5 to 1.5 units in 50 hours and thereafter increasing 
to 2.5 units at 350 hours.  b*  changed from 18 to 29 units in 170 hours and thereafter 
stagnating. Corresponding change in 	is approximately 12 units and the change for  
C*  is from 17 to 29 for 170 hours exposure of sunlight and prolonged time causes 
stagnation for both values. With mercury lamp irradiation L* did not change, 
approximately 78 units. a* changed from 2 to 1 unit within 20 hours of exposure, then 
increasing to 2.5 units at 720 hours.  b*  changed from 17 to 33 units within 200 hours, 
afterwards decreasing to 30 after 720 hours exposure. Corresponding change in AE*ab is 
15 units within 200 hours and then decreasing to 12 units after 720 hours exposure.  C*  
started at 18 and changed to 33 within 200 hours, thereafter decreasing to 30 at 720 hours 
of exposure. 

The aim of this study is to investigate the colour change of capillary phase heat-treated 
wood compared to untreated wood when irradiated to UV-light. These colour changes are 
used to evaluate the "colour stability" of the wood samples. The relation of Colour 
changes induced by exposure and differences in time and temperature in the capillary 
phase heat-treatment is also investigated. A comparison of the colour stability of the five 
materials used in the study, Pine sap-and heartwood, Spruce sap- and heartwood and Birch 
sapwood, is made. Additionally an estimation of the chosen method is made. 

2. MATERIAL & METHODS 

Green boards of spruce (Picea abies), pine (Pinus silvestris) and birch (Betula pubescens) 
were taken from local sawmills during winter of 97-98. From these boards samples with 
dimensions of approximately 13 mm x60 mm x100 mm were sawed. Both sapwood and 
heartwood samples were produced for spruce and pine whereas for birch only sapwood 
were produced. The samples have a random mixture of tangential and radial surfaces. The 
samples were put into sealed glass jars to keep them in capillary phase, approximately 
above 50% in moisture content, during the heat treatment. At the most the samples 
showed a weight decrease of approximately 10%, which indicated that treatment occurred 
only in the capillary phase. From these treatment sets a selection of samples was made for 
this investigation, Table 1. 
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Table 1. 	Capillary phase-heat treated sample sets used for UV irradiation 

Materialclass Temperatures  (°C)/  Times (days) 
Pine heartwood 80/6 
Pine sapwood 65/3 ;80/ 3 & 6 ;95/ 3 
Spruce heartwood 80/6 
Spruce sapwood 80/6 
Birch sapwood 65/ 3 ;80/ 3 & 6 ;95/ 3 

After the treatment the samples were dried in a laboratory oven at 35°C for 2 days, 
reaching moisture content of 4-6%. Also reference sets for each material class, no 
treatment but drying at 35°C for 2 days, were included in the experiments. Before the UV-
exposure the samples were planned approximately 3 mm to remove surface contamination 
and to resemble surfaces often used for e.g. joineries. For the UV-exposure an armature 
with a metal-halide irradiator (Philips  HPA  400) was used. To cut off wavelengths 
approximately beneath 350  nm  a glass filter was used. The distance from the armature to 
the samples was approximately 0.5 m during irradiation and the temperature was at the 
most approximately 40°C at the surface. The weight decrease for the samples was after 
100 hours of exposure around 1%. Colour measurements were done using a Minolta 
Chromameter CR 310 with CIE L*a*b* colour system chosen. The L*a*b* values were 
transformed into L*C*h and LIEtit, values which are presented in this work. AE*ab is the 
size of the colour difference, L* is lighmess,  C*  is chroma (saturation) and  h  is hue 
(shade). The transformations are made by using Equations 1-3. The colour stability of the 
wood samples is evaluated by examining the colour changes in the colour system 
presented above.  

c* a *2 

h = arctan (b a*) 

AE*
.b 
	 (Aal (Abl  

3. RESULTS ce DISCUSSIONS 

The results are presented in diagrams. Each point along the lines in the diagrams is 
average values of 12 to 15 samples. The corresponding 95% confidence intervals to most 
average sets are also presented as points around every line point. The sets of samples were 
the same measured during the whole UV exposure, for each material class. 

3.1 Colour stability of material classes 

The overall colour stability for all five material classes, untreated and heat treated at 80°C 
for 6 days, was evaluated by examining the colour difference, AE*ab, Figure 1. All 
materials have rapid changes for the first 2 hours of exposure. Especially treated materials 
show a strong colour change during the first 2 hours compared to untreated materials and 
afterward they change little throughout the 100 hours of exposure. All treated materials 
show continuos colour changes after 2 hours, during the whole 100 hours of exposure. The 
final colour changes at 100 hours were clearly stronger for untreated wood compared to 
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treated wood. Birch, treated and untreated, shows the smallest changes of the materials. 
For treated pine and spruce materials, spruce show smaller changes compared to pine and 
for untreated pine and spruce materials is the relationship opposite. From Figure 1 it is 
concluded that the colour changes, expressed as AE*ab  for treated and the untreated wood 
do not converge to the same final value after 100 hours of exposure. The final content of 
chromophoric compounds of capillary phase heat-treated wood is different from untreated 
wood. It is assumed that wood components, mainly hemicellulose,  lignin  and extractive 
compounds are degraded by the capillary phase heat-treatment and new chromophoric 
compounds are produced. The treated materials probably have a content of chromophoric 
compounds, which interacts faster and ceases earlier with UV-light compared to untreated 
materials 
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Figure 1. 	Colour difference, LIE*ab, of untreated and capillary phase heat-treated wood 
exposed to UV-light. Birch sapwood (BS), spruce heartwood  (SH)  and 
sapwood (SS), pine heartwood (PH) and sapwood (PS) 

3.2 Influence of temperature used in the capillary phase heat-treatment 
on colour stability 

The influence of temperature for capillary phase heat-treatment at 3 days on colour 
stability was studied for birch and pine sapwood by examining the colour values L*,  C*  
and  h  . No big differences in Chroma,  C*,  for pine and birch sapwood, untreated, 65°C, 
80°C and 95°C treated was observed, Figure 2. They all have minima around 2-4 hours of 
exposure and then they increase to finally converge for each species at 100 hours of 
exposure. All wood materials decrease in lightness; L* during exposure except samples of 
treated birch sapwood and samples of pine sapwood 95°C-treated, which indicate minima 
around 2 hours and afterward increase, Figure 3. Both pine and birch sapwood show three 
different levels of L* according to pre-treatment. The untreated materials are the lightest, 
95°C treated are the darkest and in between are 65°C and 80°C materials, showing similar 
lightness changes during exposure. The hue,  h,  show the most irregular changes for these 
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materials, Figure 4. Pine sapwood untreated, 80°C- and 95°C-treated converge at 100 
hours of exposure while 65°C-treated pine sapwood show a different change in hue during 
the late stage of exposure. For birch sapwood a rather similar case occurs but now has the 
95°C-treated material a different change during the late stage of the exposure, compared 
with the other three converging materials. Indications of minima in hue around 2-4 hours 
are also present in Figure 4 for all treated birch sapwood samples and for 95°C-treated 
pine sapwood sample. Afterward they all increase in  h.  These non-converging behaviours 
in hue may indicate transitions between different photo induced reactions in the materials. 
Notably, untreated material for both pine and birch sapwood indicates increase in the early 
stage of the exposure. 
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Figure 2. 	Chroma,  C*,  of untreated and treated wood exposed to UV-light. 3 different 
treatment temperatures was used in the capillary phase heat-treatment for 3 days, 
65°C, 80°C and 95°C. Birch sapwood (BS) and pine sapwood (PS) 
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Figure 3. 	Lightness, L*, of untreated and treated wood exposed to UV-light. 3 different 
treatment temperatures was used in the capillary phase heat-treatment for 3 days, 
65°C, 80°C and 95°C. Birch sapwood (BS) and sapwood (PS) 
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Figure 4. 	Hue,  h,  of untreated and treated wood exposed to UV-light. 3 different treatments 
temperatures was used in the capillary phase heat-treatment for 3 days, 65°C, 
80°C and 95°C. Birch sapwood (BS) and pine sapwood (PS) 

3.3 Influence of time used in the capillary phase heat-treatment 
on colour stability 

The importance of time used in the capillary phase heat-treatment on colour stability was 
evaluated by examining colour values L*,C* and  h.  This was done for untreated and 
treated pine and birch sapwood exposed to UV-light. For both species materials treated at 
80°C for 3 and 6 days were used. For chroma,  C*;  there are indications of minima around 
2-4 hours of exposure for all 6 materials and then they all increase throughout the whole 
exposure of 100 hours, except birch sapwood treated for 6 days, which shows a irregular 
change in  C*,  Figure 5. Pine sapwood materials show larger changes in  C*  during 
exposure compared to birch sapwood materials. Pine sapwood materials converge at 100 
hours and birch sapwood untreated and 3 day-treated also converge at 100 hours of 
exposure. Lightness, L*, decreases rapidly for all 6 materials during the 2 first hours of 
exposure, Figure 6. Pine sapwood, untreated and treated and birch sapwood untreated 
show continuos decrease in L* during exposure while treated birch sapwood materials 
indicate minima around 2-4 hours, and then they show an increase. Pine sapwood, 6 day-
treated, show a different change in Lightness for the last 30 hours of exposure. Hue,  h,  for 
pine and birch sapwood materials, untreated and treated, converge at 100 respectively 70 
hours of exposure, except 6 day-treated pine sapwood, Figure 7. During the exposure, 
birch sapwood, treated, indicates minima around 2-4 hours and show larger changes in hue 
compared to the 4 other materials. Another interesting change occurs for pine sapwood, 6 
day-treated, which decreases in hue for the last 30 hours of exposure. 
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Figure 5. 	Chroma,  C*,  of untreated and treated wood exposed to UV-light. 2 different 
treatment times was used in the capillary phase heat-treatment at 80°C, 3 and 
6 days. Birch sapwood (BS) and pine sapwood (PS) 
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Figure 6. 	Lightness, L*, of untreated and treated wood exposed to UV-light. 2 different 
treatment times was used in the capillary phase heat-treatment at 80°C, 3 and 
6 days. Birch sapwood (BS) and pine sapwood (PS) 
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Figure 7. 	Hue,  h,  of untreated and treated wood exposed to UV-light. 2 different 
treatment times was used in the capillary phase heat-treatment at 80°C, 3 and 6 
days. Birch sapwood (BS) and sapwood (PS) 

11 



Paper 1: Colour stability of capillary phase heat-treated wood exposed to UV-light 

4. CONCLUSIONS 

• The chosen irradiation method shows promising results for qualitative evaluation of 
colour stability for wood when exposed to UV-light. 

• In general a rapid colour change occurred during the early part of the exposure and 
especially during the first 4 hours. For many capillary phase heat-treated 
samples, local maxima or minima for lightness, chroma and hue were indicated 
around 4 hours of exposure. A more detailed analysis should therefore be done for 
the first 20 hours in future experiments. 

• Untreated and treated pine and spruce samples generally show larger colour changes 
compared to birch samples during UV-light exposure. 

• For each material, capillary phase heat-treated samples showed in general a faster 
colour change in AE*ab  during the first 4 hours of exposure compared to untreated 
samples. However the final colour change in AE*ab at 100 hours of exposure were 
in general smaller for capillary phase heat-treated samples than untreated samples. 

• Generally a convergent change was indicated for each material in chroma and hue 
during the UV-light exposure. For lightness no such general convergence was 
observed and treated samples showed a darker final colour than untreated wood. 

• 6 days and 95°C, used in the capillary phase heat-treatment, indicated differences in 
colour changes compared to the other conditions used in the capillary phase heat-
treatment, when exposed in UV-light, especially during the last 30 hours. 

• It is assumed that the different colour changes during UV-light exposure between 
birch sapwood, pine and spruce sap- and heartwood is due to their different contents 
of  lignin,  extractives and hemicellulose and their alteration during heat-treatment. 
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Colour response of Scots pine (Pinus sylvestris), Norway 

spruce (Picea abies) and birch (Betula pubescens) 

subjected to heat treatment in capillary phase  
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Abstract 

Clearwood of Scots pine, Norway spruce, and birch was subjected to heat treatment when capillary 
water was kept in the wood. The treatments were performed on initially green wood from 65°C to 
95°C from 0 to 6 days, followed by drying at 35°C for 2 days. Colour measurements, CIE L*C*h 
colour space, were made on dry planed samples using a photoelectric colorimeter. 

Treatment time was more important than temperature for Birch sapwood on the colour responses, 
while time and temperature were of similar importance for pine and spruce. Birch sapwood 
became much redder and darker compared with pine and spruce. The darkening accelerated 
generally when treatment temperature exceeded approximately 80°C. 

Pine and spruce showed generally similar colour responses, untreated and treated, except for pine 
heartwood untreated, which showed a more saturated colour. Pine treated at 65°C and 80°C 
showed red-yellow shift and yellow-red shift for sap- and heartwood respectively, as time elapsed. 
The colour homogeneity was less for Birch sapwood than for pine and spruce, and the 
homogeneity was generally indicated to decrease with increasing treatment temperature. 
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1. Introduction 

Colour changes often occur when temperatures are raised in industrial kiln drying 
and its relation to aesthetic appearance is an important issue. It is also of interest 
to know more about these the colour changes, since they imply alteration of wood 
components, which can have an affect on wood properties, such as strength. A 
kiln-drying process with controlled colour change is therefore desired. 

The colour of a solid material is attributed to the reflection, scattering and 
absorption of light within the visible range. The absorption of visible light for a 
material is characteristic and is caused by certain molecules called chromphores 
(Hon and Shiraishi 1991). In wood light is mainly absorbed by  lignin  below 500  
nm  and by phenolic extractives such as tannins, flavanoids, stilbenes and quinones 
above 500  nm  (Hon and Shiraishi 1991). This author also informs that cellulose 
and hemicellulose don't absorb light within the visible range. 

The phenolic extractives have been widely studied in relation to the natural colour 
of wood. A Coloured reaction product in walnut is mainly based on hydrojuglone 
glucoside  (Burtin  et al. 1998). Ellagitannins in oak cause discoloration (Charrier 
et al. 1995). Flavanoids in Hazenoki contribute strongly to the colour (Kondo and 
Imamura 1985). A reaction product of dihydroquercetin in Douglas fir is 
identified as causing discoloration  (Dellus  et al. 1997). 

The natural colour of wood is often unevenly distributed.  Burtin  et al. 1998, 
investigated the radial distribution of phenolic extractives, some of them strongly 
influencing the colour of wood, at three different heights in three walnut species. 
The phenolic extractives showed a clear difference in distributions in the radial 
direction for all three levels. In the longitudinal direction the test specimens at the 
lowest level contained more phenolic extractives than the other two higher levels. 

The natural colour of wood is dependent on age, both tree age and wood age 
(number of annual rings from the pith) for European oaks  (Klumpers  et al. 1993). 
Younger trees have a lighter and more yellowish colour than older trees, which 
have a reddish-brown colour and the colour of the wood becomes darker and more 
reddish towards the pith. Quercus  robur  was also found to produce a darker and 
more reddish colour when groundwater is abundant in spring. 

1.1 Influences of treatment on wood colour 

Treatments, generally at high temperatures and long times, produce a brown 
colour and hardwoods usually darken at lower temperatures than softwoods (Hon 
and Shiraishi 1991). The browning can be characterised as darkening, increased 
saturation and increased reddish colour. This was observed for Norway spruce and 
Scots pine sapwood during kiln drying, and these changes were stronger for Scots 
pine (Wiberg 1996). This was also observed for Yellow poplar, Silver maple, and 
White oak during pressure steam treatment (McGinnes et al. 1984). Besides 
treatment temperature and time, other factors can be of importance. Accelerated 
kiln drying without oxygen can prevent discoloration in European oak (Charrier et 
al. 1992). 
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In thermally treated wood, phenolic extractives such as stilbenes in Radiata pine 
can contribute to the colouring process (McDonald et al. 1997). Besides phenolic 
extractives, degradation products from hemicellulose and  lignin  resulting from 
thermal treatment, for example, can also be a reason for colouring processes. 
Increased extractive content is believed to be a result of hemicellulose degradation 
during pressure steam drying (McGinnes et al. 1984). The presence of arabinose 
in extraction from kiln dried Radiata pine is believed to be a result of 
hemicellulose degradation (Kreber et al. 1998). The liberation of acetic acid in 
thermally treated beech and Scots pine is a result of degradation of hemicellulose, 
and acetic acid catalyses further  lignin  degradation (Tjeerdsma et al. 1998). 

Furthermore, nutritive compounds such as low molecular sugars and amino acids 
have been observed to redistribute towards the surface in wood during thermal 
treatment, accumulating 0.5-1.5 mm below the surface to produce discoloration. 
This phenomenon has been known for some decades (Millet 1952, King et al. 
1976, Theander et al. 1993). The redistribution has been investigated in Scots pine 
(Terziev 1995) and the discoloration has been investigated in Radiata pine 
(Kreber and Haslett 1997), which called the discoloration "kiln brown stain". Kiln 
brown stain in Radiata pine is proposed to be a result of the Amadori-Maillard 
reaction of fructose, sucrose, or glucose with glutamatic acid (McDonald et al. 
1997). 

Oxidative and hydrolytic reactions are mainly considered to be the cause for 
production of chromophores during thermal treatment of wood, where hydrolytic 
reactions generally are the dominant process when moisture is present. (Fengel 
and Wegener 1989) 

1.2 Objective 

Since hydrolysis was assumed to be the dominant reaction in the colouring 
process (Fengel and Wegener 1989), the objective of this work was to investigate 
the colour changes for the first part of the drying process when there is capillary 
water in the wood. This phase is called the capillary phase and referred to as 
"capillary phase heat treatment" in the following text. The colour change in this 
phase was believed to be dominant when considering the whole drying process. 
The capillary phase was therefore controlled in the experimental procedure. 

The variability of wood colour dependent on capillary phase heat treatment was 
investigated in this work 

The colour responses and variables in the investigation were believed to be 
correlated, and therefore a multivariate approach using principal component 
analysis was performed, a powerful tool to investigate the structure of multivariate 
data. 

A discussion about the chemical alteration influencing the colour change of wood 
during capillary treatment was also made in conjunction with already known facts. 
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2. Material and methods 

Green pieces of boards, each with the length of 0.5 m, of Norway spruce, Scots 
pine and birch, were taken from local sawmills in the neighbourhood of  
Skellefteå,  Sweden, during a period from January to March 1998. These pieces of 
boards originated from separate full-length boards, in order to get a good 
association with inter-tree colour variance for the species Scots pine and Norway 
spruce. For birch, however, these pieces of boards originated from an unknown 
distribution of full-length boards. For pine and spruce, the centre sawn pieces of 
board were of dimensions 150 mm  x  75 mm and 150 mm  x  60 mm in cross 
section and approximately 200 mm long. The pieces of birch board were 
approximately 120 mm  x  25 mm in cross section and 150 mm long. 

From each piece of board of spruce and pine, separated sapwood and heartwood 
samples dimensioned approximately 60 mm  x  13 mm in cross section and 100 
mm long were sawn. Only samples of clear wood were selected, avoiding defects 
such as knots, rot, juvenile and reaction wood etc. The same procedure was 
followed for birch, except that no samples with heartwood were produced. 

Most of the wood products used for furniture, joinery and panels show a mixture 
of tangential and radial surfaces. Therefore, samples were randomly produced in 
terms of tangential or radial surface exposed. The samples produced were 
immediately marked according to board number and type of material, enclosed in 
plastic bags and stored in a freezer. 

The samples were divided into sets of 30 samples for each material (species and 
sap- or heartwood) and each treatment time and temperature of the capillary phase 
heat treatment (see Table 1 below). For each material there were sample sets for 
the different times at the same temperature in the capillary phase heat treatment 
originating from the same pieces of boards. This was done on purpose, since the 
presentation of colour responses versus time was the focus of this work. It also 
made it possible to study the colour responses for individual boards if desired. 
Samples originating from the same board were not perfectly matched; i.e. they did 
not necessarily contain adjacent wood surfaces. Norway spruce was only 
investigated at two temperatures (Table 1) since it is not considered as important 
as pine and Birch for joinery, flooring etc. Spruce is also considered less prone to 
discolour than pine (Wiberg 1996). 
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Table I. Sets of samples, 30 samples prepared per set, in temperatures and times for 
capillary phase heat treatment. 

Material Temperatures /  °C  Times / days 
Pine heartwood 
Pine sapwood 

65, 80 and 95 

65, 80 and 95 

0, 1, 3 and 6 

0, 1, 3 and 6 

Spruce heart-wood 
Spruce sapwood 

65 and 80 

65 and 80 

0, 1, 3 and 6 

0, 1,3 and 6 

Birch sapwood 65, 80 and 95 0, 1, 3 and 6 

In this investigation the green and frozen samples were put into 1000-ml  glass 
jars, 2-4 samples/jar, with metal lids, to ensure that capillary water was present in 
the wood during the heat treatment. The treatment was performed in a climate 
chamber, Arctest Arc-1500/0+110/RH. When the treatment was ended, the 
samples of wood were removed from the glass jars and dried in an another climate 
chamber, Forma Scientific 39732-011, at 35°C for 2 days to reach 4,5±1 % in 
moisture content. 

It is known that lumber dried at higher temperatures can produce a strongly 
coloured layer 0.5-1 mm thick 0.5 —2 mm beneath the surface in sapwood (Millet 
1952, King et al. 1976, Theander et al. 1993, Wiberg 1996, Kreber et al. 1997). 
Furthermore, when wood is used for joinery, furniture or panels, it is often planed 
2-3 mm. Therefore all samples in this investigation were planed approximately 3 
mm before measuring in order to avoid interference of this coloured layer (Hon 
and Shiraishi 1991). Samples visually observed to expose defects such as mixture 
of heartwood/sapwood and reaction wood after being dried and planed were 
removed from the investigation. 

Within 1 day after planing, colour measurements were made using a tristimulus 
photoelectric colorimeter, Minolta Chroma Meter CR310, with a measuring head 

* * * 
50mm in diameter. The colour system setting was L a  b  according to the CIE 
standard (Hunt 1995). The three measured co-ordinates, L*, a* and  b*,  were 
transformed to L*,  C*  and  h  co-ordinates and AF*ab  values, according to the 
equations below, (Hunt 1995):  

C*  = a 414 7---hb *2 	 (2.1) 

h = arctan (—
b*

) 
a * 

(2.2) 

AE*ab  = -j(AL*)2  + (Aa*)2  + (Ab*)2 	 (2.3) 
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L* is the lightness; 0 = black and 100 = white (Fig. 1 below).  C*  is the chroma or 
saturation; 0 represents only greyish colours and 60, for instance, represents very 
vivid colours.  h  is the hue of a colour; 0 or 360 degrees is red, 90 is yellow, 180 
is green and 270 is blue (Fig. 1. AE*ab is the colour difference between 
measurements. The L*C*h system was chosen since only one colour variable is 
needed to denote hue, i.e. red, green, blue or yellow, and furthermore, this system 
is easy to refer to our experience of colour characteristics such as lightness, 
saturation and hue. 

Figure 1. CIE L*a*b* colour space and the transformation to cylindrical colour space 
L*C*h. To the left: The colour sphere, where the circle of cross section at L* = 50 is 
denoted. The colour difference (z),E*ab  ) is the distance between two colours (points) 
within the colour sphere. To the right: Cross section at L* = 50 showing the axis from 
green to red (a*) and from blue to yellow  (b*),  and the co-ordinates chroma  (C*)  and hue  
(h).  

Each colour parameter, L*,  C*, h  and AE*ab, was measured for each material, time 
and temperature. The average colour values, standard deviations and 95% 
confidence intervals (5% significance level), based on t-distribution, were 
calculated assuming normal distribution. 

A multivariate approach was also made using principal component analysis 
(PCA), software SIMCA  P  7.01, Umetrics AB (Wold et al. 1987). In this 
investigation only average values were chosen for each set in the time-temperature 
domain for the colour variables. PCA is a useful method to evaluate the total 
structure of the data, or in other words, the relations/correlations between all 
variables/responses chosen and their importance. PCA also makes it easier to 
detect statistical outliers and groups of observations. PCA uses transformations to 
find latent variables, or in other words, orthogonal principal components, which 
are linear combinations of the original variables. The first principal component 
(PC) is fitted to explain the greater part of the variance among the observations. 
The second PC is fitted to explain the second greater part of the variance and so 
on. 

The validation of the PCA is mainly based on cross validation (Wold et al. 1987). 
Cross validation is a procedure that stepwise excludes parts of the data and creates 
modified PCA models. The differences between the modified models and the 
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original PCA model are then summed to produce values used for the validation. A 
"strong", i.e. reliable, model contains information with good precision, which 
usually does not change much from the exclusion of data parts. Cross validation is 
presented as the predicted variance (Q2). A Q2  near 100% means a reliable model 
with good predictability and close to 0% means an uncertain model. The 
explained variance is expressed as R2. Close to 100% explains most of the 
variance in the data and close to 0% almost none. 

In order to evaluate the colour variation of wood by means of co-ordinates L*,  C*  
and  h  and AE*ab  values, half of the 95% confidence intervals for the average 
values obtained were examined. Normal distribution, independent and identically 
distributed observations, was assumed. 

3. Results 

3.1 Colour values 

The colour responses, colour difference (AE*ab), lightness (L*), chroma  (C*)  and 
hue  (h),  for the capillary phase heat treatment were presented as series where 
colour response versus time was focused on for each material and temperature. 
Tables 2 and 3 are used to present the calculated average values of the colour 
variables as well as half of the corresponding estimated 95% confidence intervals. 
These confidence intervals were also used to make a study on the colour variation 
for different treatment conditions and materials. A colour difference (AE*ab) 
larger than around 2-3 units is considered to be the limit for the human eye's 
ability to observe a difference (Hon and Shiraishi 1991). 

Table 2. Colour difference (AE*ab) for capillary phase heat-treated wood. Measurements 
on 3 mm dried planed samples. Average values on top, based on 26-30 samples. Half of 
the 95% confidence interval below, assuming normal distribution. Grey shaded cells 
denote average values significantly separated from the one to the left, i.e. a significant 
change is observed with treatment time increased one step. 

Colour 
Variable 

Species Wood- 
type  

Temp/ 

°C  

Days 
0 1 3 6 

AE*m, 

Pine 

Sap 

65°C 0,0 0.8 1.6 
li  -2 

2.2  

80'C 
0,0 L9 4.0 5.8 

95°C 0,0 4.3 8.2 U.7 

Heart  

65°C 0,0 11 
t 14 

4 5 
(11  

80°C 0,0 3.4 
•2 5 

4.6 
r, 5 

6.8 
If 

95°C 0,0 6.2 9.6 11.9 

Spruce 

Sap 

65°C 0,0 0.9 
,...' 

1.0 
,, . 

2.6 
,...." 

80.0  0,0 2 3 4.2 6.5 

Heart 
65°C 

0 , 
0,0  

80°C OA 2.2 42 7.0 

Birch Sap 

65°C 0,0 13.1 14.8 15.7 

80'C 0,0 8.3 10.6 12.8 

95°C 0,0 11.6 16.0 
1 ,1 

20.4 
15 
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Table 3. Colour co-ordinates L*,  C*  and  h  for capillary phase heat treated wood. 
Measurements on 3 mm dried planed samples. Average values on top, based on 26-30 
samples. Half of the 95% confidence interval below, assuming normal distribution. Grey 
shaded areas denote average values significantly separated from the one to the left, i.e. a 
significant change is observed with treatment time increased one step. 

Colour 
Variable 

Species Wood- 
type  

Temp/ 
°C  

Days 
0 1 3 6 

L, 
 

Pine 

Sap 

65°C 84.3 84.5 84.4 84.2 

80°C 84.3 83.9 82.3 81.0 

95°C 84.0 
00 

81.6 
04 

789 
03 

74.8 
0,  

Heart 

65°C 84.3 
0 4 

82.8 
04 

82.1 
9" 

80.9 
11' 

80°C 842 
00 

8.16 80.6 
r10,  

789 
OG  

95°C 83.7 
0 4 

78.6 
06 

75.9 
03 

74.4 
O'' 

C  

Sap 

65°C 21.2 21.2 21.8 
u, 

22.3 

80°C 21.3 
02 

22.4 
Q.I' 

24.3 23.8 
0 ,  

95°C 21.4 24.6 27.3 28.6  

Heart  

65°C 22.7 
04 

23.3 
04 

23.8 
04 

24.5 

80"C 22.7 24.1 25.1 26.6 

95°C 23.0 2601 
o 0 

283 
43 

502 

h  

Sap 

65°C 76.7 
04 

77.8 
a4 

79 7 81.0 
E3 

80°C 76.9 80.1 80.6 80.2 

95°C 76.4 
04 

80.2 
;.r rf 

78.3 
02 

77.5  

Heart 

65°C 81.0 78.2 76.7 75.4 

80°C 81.1 
Oh 

77.5 
fi9 

77.2 76.9 

95°C 78.7 
,  

73.5 77.1 
n  i  

77A 

L 

Spruce 

Sap 
65°C 83A 83.2 

04 

82.5 82.2 

80°C 84.0 8.31 817 79.4 

Heart 
65°C 84.8 

00 

84.0 
04 

83.9 83.3 

80°C 84.9 
04 

819 
05  

79.1 
OJ  

C  

Sap 
65'C 19.1 19.3 

n"  
20.3 21.1  

80°C 19.0 20.9 22.2 23.4  

Heart 
65°C 18.7 

04 
19.2 
0 " 

19.8 
04 

20.5 

80°C 190 207 21.9 229 

h  

Sap 
65°C 78.7 79.0 

04 
79.0 
04 

79 9 

80,C  798 813 81.2 78.3  

Heart 
65°C 81.0 80.7 

04 
81.6 
0,3 

8.0.7 
03 

80°C 81.0 
9,  

81.0 
04 

80.4 
04 

78.2 
02 

L' 
 

Birch 

Sap 

65°C 85.6 73.7 71.9 
9" 

71.0 

80°C 81.3 74.0 71.8 695 

95°C 81.1 70,5 660 
0' 

61.4 
0 0 

C  Sap 

65°C 16.6 
04 

21,4 
0 5 

21.0 
0, 

21.0 
04 

80'C  19.3 21.3 
0 -1 

21.1 20 5  

95°C 19.5 20.1 20.0 20.6 

h  Sap 

65°C 82.0 
04 

76.2 
' , 4 

73 71.1 
04  

80°C 78.9 
0, 

73.4 694 66.4 

95°C 77.7 67.2 
0 ' 

62.6 63.3 
0 ,  
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3.2 Principal component analysis (PCA) 

All the results presented in chap. 3.1 (average values, Table 2 and 3) were also 
used in the principal component analysis (PCA) to evaluate the whole data 
structure for birch sapwood, pine sap- and heartwood and spruce sap- and 
heartwood. In the analysis there were four responses: lightness (L*), chroma  (C*),  
hue  (h)  and colour difference (AF*ab), and the variables time and temperature. 

The first model in the PCA included all materials and the R2  was 0.76 and Q2  was 
0.40 with two principal components. Note that the second principal component 
was weak and not considered significant by SIMCA, but was included to simplify 
the graphical evaluation, allowing two-dimensional plots.  

-6 	-4 	-2 	0 	2 	4 	6 
t(1) 

A Birch sapw 

El Pine sapw  

X  Pine heartw 

0 Spruce sapw 

-I- Spruce heartw 

Figure 2. Score-plot from a Principal Component Analysis (PCA) of capillary 
phase heat-treated wood. t(1) and t(2): The first and second Principal Component (PC). 
Six variables were used in the PCA: Treatment time and temperature, Lightness (L*), 
Chroma  (C*),  hue  (h)  and colour difference (AE*ab). 52 observations were used in the 
PCA, based on the measurement of 5 materials. Capillary phase heat treatment of wood 
formed separated groups in the PCA from untreated wood. Treated birch (Betula 
pubescens) showed a separate group and treated sap- and heartwood of both Scots pine 
(Pinus sylvestris) and Norway spruce (Picea abies) formed a separate group. Untreated 
heartwood of Scots pine indicated a separate group. 

The score plot, Fig. 2, shows the projected observations, scores, positioned in the 
transformed space spanned by the two PCs (the two principal components t(1) and 
t(2)). Capillary phase heat-treated wood was separated from untreated wood by 
the PCA. Birch sapwood, capillary phase heat treated, forms a separate group with 
a gradual change toward negative t(1) and t(2) values (Fig. 2). Treated Scots pine 
and Norway spruce, both sapwood and heartwood, showed a separate group with 
a common gradual direction upwards to the left, low t(1) and high t(2) values. All 
the scores related to untreated wood, except untreated pine heartwood, indicate a 
common group, low and furthest to the right. Untreated pine heartwood scores 
indicate a separate group above the other untreated wood materials (Fig. 2). 

Birch sapwood showed a different gradual change in comparison with that of pine 
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and spruce for capillary phase heat treatment in the first PCA model above (Fig. 
2). Consequently, the wood types were then evaluated in separate models for the 
PCA (Fig. 3a, 3b, 4a and 4b). At this stage in the multivariate analysis, it was also 
interesting to evaluate the relation between variables and responses and also their 
influence on the scores in loading plots. The loading plots show the strength and 
the relation of the variables and responses to the principal directions t(1) and t(2). 
The corresponding score and loading plot can be evaluated complementarily. 
The PCA model for birch sapwood alone had an R2  of 0.86 and Q2  of 0.53. The 

second PC was not significant according to SIMCA. This model showed a pattern 
in the score plot (Fig. 3a) where treatment time and temperature almost 
orthogonally span the distribution of the scores (Fig. 3b). In the score plot, 3b, 
time increases toward low t(1) and t(2), whereas temperature increases toward low 
t(1) and high t(2) values. The loading plot also showed that  C*  and AE*ab 
correlated positively, and L* and  h  correlated negatively with treatment time. 
Treatment temperature showed a low influence on the colouring process of treated 
Birch sapwood. Treatment temperature correlated wealdy negatively with L* and  
h  (Fig. 3b). 

For the PCA model of Scots pine and Norway spruce, R2  was 0.82 and Q2  was 
0.52, using two PCs. The second PC was not significant according to SIMCA. 
The score plot (Fig. 4a) showed no possibility of separating the species into 
groups. The scores for sap- and heartwood of both pine and spruce interfere, and a 
common pattern is formed. The corresponding loading plot, Fig. 4b, showed that 
increased treatment time is in the direction of increasing t(1) and t(2) values and 
increased treatment temperature is in the direction of increasing t(1) and 
decreasing t(2) values( Fig. 4a). Treatment time series for some temperatures 
showed curvilinear shapes in the score plot (Fig. 4a). Heartwood of Scots pine 
showed curvilinear series with the bow in opposite directions of its sapwood. For 
Scots pine and Norway spruce, L* and  h  were negatively correlated, and  C*  was 
positively correlated to treatment temperature, as they also were for treatment 
time, except that  h  correlated wealdy for treatment time. Both treatment 
temperature and time have an influence on the colouring process of Scots pine and 
Norway spruce sapwood and heartwood. 
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Figures 3a and 3b. Score plot and loading plot from a Principal Component Analysis 
(PCA) of capillary phase heat-treated birch sapwood. t(1) and t(2): The first and second 
Principal Component (PC). p(1) and p(2) loading components. Six variables were used in 
the PCA: Treatment time and temperature, Lightness (L*), Chroma  (C*),  hue  (h)  and 
colour difference (DE = AE*„b). 12 observations were used in the PCA. A colour response 
pattern was present, 3a, with directions for treatment time and temperature. Treatment 
time showed a stronger influence than temperature on the colour responses, 3b. 

3 	  

-4 	-2 	0 	2 	4 	6 

t(1) 

a 

• Temp  

• Ttme o Pine äapw  
X  Pine heartw 

0 Spruce sapw - 
/ + 

X C. \ X 

+ Spruce heart w X h 
\*„ +  DE  

p(l) 

b 

Figures 4a and 4b. Score plot and loading plot from a Principal Component Analysis 
(PCA) of capillary phase heat-treated Scots pine (Pinus sylvestris) and Norway spruce 
(Picea abies). t(1) and t(2): The first and second Principal Component (PC). p(1) and p(2) 
loading components. Six variables were used in the PCA: Treatment time and 
temperature, Lightness (L*), Chroma  (C*),  hue  (h)  and colour difference (DE=AE*,b). 40 
observations were used in the PCA, based on the measurement of 4 materialclasses. 
Curvilinear time series for different temperatures were present for the colour responses, 
4a. Scots pine heartwood indicated a subgroup by having curvilinear series with the bow 
in the opposite direction of sapwood, 4a. Treatment time and temperature showed an 
equally strong influence on the colour responses, 4b. 
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4. Discussion 

The capillary phase heat treatment induced colour changes for the species 
investigated. There was a difference for the colour change for birch compared 
with both Scots pine and Norway spruce (Chap. 3.1) and also the multivariate 
analysis in Chap. 3.2 and Fig. 2 (PCA). Birch responded faster and more 
markedly in colour difference (A.E*ab)  than pine and spruce (Chap. 3.1 and Table 
2). This difference in colour change was believed to be associated with the general 
difference in hemicellulosic content between softwoods and hardwoods, and the 
often characteristic composition of phenolic extractives for certain species (Hon 
and Shiraishi 1991, Fengel and Wegener 1989). 

When the colour co-ordinates were analysed, different types of responses were 
found. Birch sapwood decreased in lightness (L*), darkened, for increased 
treatment time and temperature, and this darkening was large compared with 
Scots pine and Norway spruce. Birch sapwood showed generally an increase in 
chroma  (C*)  (increased saturation) when comparing treated birch with untreated. 
Despite different treatment time and temperature used, no general difference in 
chroma was observed for treated birch sapwood. Scots pine and Norway spruce 
generally increased in chroma with increased treatment time and temperature. 
Birch decreased considerably in hue  (h)  (became redder) while pine and spruce 
showed small changes, both with increased and decreased hue (reddening and 
yellowing) during treatment (Chap. 3.1 and Table 3). 

Interestingly, the multivariate analysis showed that all untreated materials, pine 
sapwood, spruce sap- and heartwood and also birch sapwood, formed a separate 
group in the score plot (Fig. 2). In reality, this also what you find when you regard 
untreated clearwood of birch, pine and spruce, mostly a similar pale yellow 
surface. However, pine heartwood, untreated, seemed to form a separate group 
(Fig. 2) for the untreated materials investigated. This difference is not easy to 
discover by visual examination. Pine heartwood is known to have a different 
composition of phenolic extractives from pine sapwood (Fengel and Wegener 
1989), and many species are reported to have higher concentrations of phenolic 
extractives involved in colour appearance in the heartwood than in the sapwood  
(Dellus  et al. 1997,  Burtin  et al. 1998). 

When comparing Scots pine and Norway spruce, generally small differences in 
colour changes were found (Chap. 3.1 and 3.2). In the multivariate score plots 
(Fig. 2 and 4 (PCA)), treated pine and spruce formed an overlapping group with a 
common direction upon capillary phase heat treatment. 

Scots pine heartwood, untreated, showed higher hue, more yellow, and higher 
chroma, saturation, than pine sapwood (see Chap. 3.1 and Table 3). This 
difference was also found in the PCA (see above). During capillary phase heat 
treatment at 95°  C,  pine heartwood indicated a shift in hue from reddening to 
yellowing while pine sapwood indicated the opposite shift with increase in time 
(Table 3). This difference in red-yellow shift for Scots pine sap- and heartwood 
has not been found reported in any earlier work. The shifts found are probably an 
indication of stepwise reactions producing altered and degraded coloured 
compounds. Pine heartwood and sapwood treated at 95°  C  converge in hue at 6 
days (Table 3). It is assumed that the treatment has produced a similar final 
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content of chromophores for this temperature. 

For Norway spruce sap- and heartwood another type of behaviour in hue was 
found. Untreated spruce heartwood showed a more yellowish surface, higher hue, 
than sapwood for treatments at 65°  C  and 80°  C  (Table 4). When spruce was 
treated for 6 days, each treatment temperature seems to have caused convergence 
in hue for sap- and heartwood of spruce wood. It is known that sap- and 
heartwood have different contents of phenolic extractives (Hon and Shiraishi 
1991, Fengel and Wegener 1989) and it is assumed that the treatment has 
produced a similar final content of chromophores in the sap- and heartwood for 
each treatment temperature. This was the same assumption as for pine, but only 
when treated at 95°  C.  

From the multivariate analysis (PCA), time was found to be the dominating factor 
for the colour change of birch in the capillary phase heat treatment (Fig. 3b). 
Treatment temperature showed a weak influence compared with time for birch 
sapwood. For Scots pine and Norway spruce both treatment time and temperature 
showed influence on the colour responses (Fig. 4b) except for hue, which was 
influenced mostly by temperature. Thus, both time and temperature were found to 
be important influences on colour changes occurring in the capillary phase heat 
treatment, or in other words during the first part of drying, the capillary phase. 

The rate of decrease in lightness (L*), darkening rate, was found to increase in 
general around 80°  C  for Scots pine, Norway spruce and birch sapwood (Table 3). 
Treatments at 65°  C  and 80°  C  showed much lighter wood and slower darkening 
with increasing time than treatments at 95°  C.  This indication of a transition in 
accelerated darkening was believed to be associated mainly with an accelerating 
degradation of hemicellulose, which can be involved in the production of coloured 
compounds. Since capillary water was present, the degradation was assumed to be 
mainly hydrolytic (Fengel and Wegener 1989). 

The analysis of the colour variation revealed that Birch has in general more 
inhomogeneous colour than Scots pine and Norway spruce (Table 3). Of the 
colour co-ordinates L*,  C*  and  h, C*  showed the smallest colour variation while 
L* and  h  mostly showed larger and similar colour variation for all materials. 
However, pine heartwood showed a large colour variation of hue in general 
compared with pine sapwood and spruce sap- and heartwood. The variation for 
hue of pine heartwood and birch sapwood showed similar results (Table 3). 

The colour variation for the colour difference (AE*ab) was also in general found to 
be dependent on the temperature used in the capillary phase heat treatment (Table 
2). With increasing temperature, a more inhomogeneous colour of the wood was 
generated. This increased inhomogeneous colour was assumed to be due to 
varying concentrations of phenolic extractives involved in the colouring process 
for a material, acting like a magnifier, when the colour change is dependent on 
temperature. No general influence of treatment time on variation of the colour 
responses was observed. However, Scots pine sap- and heartwood indicated an 
increase in variation for the colour responses with increasing treatment time. 

Although the major average colour values presented were well fitted in the 
general trends and patterns, some deviating average colour values were observed. 
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For instance, (AE*.b) values for birch sapwood showed larger corresponding 
values at 65°  C  than at 80°  C  treatment, which was contrary to the general trend in 
the data (Table 2). Moreover, untreated sample sets of the same material were 
found to have separated average 95% confidence intervals in spite of the fact that 
they should have overlapped if the intervals were considered reliable. See Table 3 
(hue for 0 days treatment of pine heartwood, hue for 0 days treatment of spruce 
heartwood and lightness, chroma and hue for 0 days treatment of birch sapwood). 
These deviations were believed to be mainly caused by artefacts of the wood not 
found in the visual selection, such as infested wood, juvenile wood, reaction 
wood, mixtures of heart- and sapwood etc. Besides these suspicions, these colour 
deviations can indicate that the obtained 95% confidence average intervals do not 
represent a reliable colour variation for a large population, but merely reflect the 
colour variation for the wood materials used in the investigation. A larger 
population of boards, i.e. many more trees, would be needed to further investigate 
these matters. 

An acidic smell was noticed from many Scots pine and Norway spruce wood 
samples during capillary phase heat treatment. This was particularly distinct for 
pine heartwood and treatment at longer times and higher temperatures. Moreover, 
corrosion of the metal lids used with the jars occurred and the degree of corrosion 
seemed to be related to the intensity of the acidic smell. It is known that 
degradation of hemicellulose can produce acetic acid, sometimes called 
autohydrolysis (Tjerdsmaa et al. 1998, Hon and Shiraishi 1991). For birch 
sapwood a sweet and somewhat sour smell was noticed during treatment, and 
seemed to be more intense for longer times and higher temperatures. 

The multivariate approach, using principal component analysis (PCA) was found 
powerful to investigate complex data sets with correlation among the variables 
and responses. The PCA complemented and often confirmed the other results in 
this work. 

In future work it would be interesting to test new similar data sets to investigate 
the reliability of the colour response results obtained. Maybe species and types of 
wood (sap- and heartwood) are not satisfactory descriptors for dealing with colour 
of wood in a scientific sense. This work has dealt only with the phase of drying 
where capillary water and unbound water (in the cell walls) were present. 
Studying the colour responses of wood for treatments resembling kiln drying 
would be interesting, especially in relation to the results obtained in this work as 
guidance and for comparison. To understand more about the background of the 
colour responses, a chemical analysis could be helpful. An extractive analysis 
would be suitable. One important issue is the role of degradation of hemicellulose 
associated with the colour change for capillary phase heat treated wood. Degradation 

of hemicellulose can affect the wood strength. 
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5 Conclusions 

• In the capillary phase heat treatment, time was found to be more 
important than temperature on the colour responses for birch. For 
pine and spruce, treatment time and temperature showed similar 
importance, except for pine, where hue was mostly influenced by 
temperature. 

• Birch sapwood showed a different colour change compared with 
Scots pine and Norway spruce when capillary phase heat-treated. 
Birch sapwood became much redder and darker while Scots pine 
and Norway spruce became relatively somewhat darker and more 
saturated. 

• An accelerated darkening was observed for all materials 
investigated when approximately 80°  C  was exceeded in the 
capillary phase heat treatment. 

• Scots pine and Norway spruce showed in general similar colour 
responses, except for the untreated cases where pine heartwood was 
more saturated in colour. 

• Scots pine, capillary phase-heat treated at 65°  C  and 80°  C,  showed 
red-yellow shift and yellow-red shift for sap- and heartwood 
respectively as time elapsed. Indications of existing local maximal 
yellow and red appearances were found around 1 day for pine sap-
and heartwood when treated at 95°  C.  
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process  
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Abstract 

Clearwood of Scots pine (Pinus sylvestris), Norway spruce (Picea abies), and birch (Betula pubescens) was kiln-

dried using a two-regime process. The first regime has capillary water present in the wood and the second has no 

capillary water present. Colour measurements were made on uplaned and planed boards using a photoelectric 

colorimeter. Colour parameters presented were lightness (L*), chroma  (C*)  and hue  (h).  

Drying temperature was found similarly important for colour change in both regimes for all three species. Partial 

least square models (PLS) for the colour for each species was a useful method and the results indicated 

possibilities for future batch-colour control of kiln drying. 

Drying often gives wood a dark and unattractive colour on the surface. However, planing removes the major 

colour change induced by drying even when temperatures are raised. Colour homogeneity was not found to be 

affected by raised temperatures during drying. 
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1. Introduction 

In industrial wood processing, artificial wood drying is often required to achieve a fast and 
satisfying result. Many different drying techniques are used, and the basic principles can be 
circulation with hot air and steam, vacuum, microwaves etc. 

Kiln drying is a process using heat and steam with air circulation and has in general increased 
in temperature during recent decades, mainly to speed up the process. This increase has lead 
to wood with somewhat changed properties, such as lower hygroscopicity, increased 
brittleness, darker colour etc. 

Besides drying, heat treatments in various forms have been used since long ago to change the 
properties of wood. For instance, poles are still today burned on the surface at the end that is 
intended to be stuck into the ground, in order improve the rot resistance. Beech is often 
steamed, giving a more homogeneous and reddish appearance. In France, the colour of walnut 
is changed (Charrier et al. 1999) and in Hungary the colour of black locust is changed 
(Molnär et al. 1998) by the use of steaming processes. In Finland, a variety of species show 
improved rot resistance and severe change in colour with the use of supersaturated steam and 
high temperature. The product is called "Termowood" (Viitaniemi and Jämsä 1996). Similar 
modifications are called "Torrefaction" in France (Girard et al. 2000) and "Plato-wood" in 
The Netherlands (Tjeerdsma et al. 1998). 

The kiln drying process of today is often governed by schedules that regulate the climate 
parameters needed. These traditional schedules are mainly based on the theory of diffusion. 
The diffusion is in some models considered to control the drying rate independent of the 
moisture content in the wood. However, recent studies on drying have shown that diffusion is 
not the predominant mechanism when free water, capillary water, is present in the wood 
structure. In this phase heat and mass transfer control the drying rate (Morin 2000). 

In this work an attempt to deal with these mechanisms, dependent of the presence of capillary 
water, was to divide the process into two main regimes, called the capillary regime and the 
diffusion regime. In an earlier work the influence on colour during the capillary regime was 
studied extensively  (Sundqvist  2000). 

Wood exposed to heat and moisture at the same time often shows colour changes (Hon and 
Shiraishi 1991). It is therefore reasonable to assume that the capillary regime of drying is 
predominant for colour changes. It is also generally considered that hydrolysis (solvating of 
material when water is present) is the dominant degradation process in wood (Fengel and 
Wegener 1989). 

The objective of this study is to investigate the colour of wood dried in a laboratory kiln with 
a process using two regimes as described above. The species used are Scots pine, Norway 
spruce and birch, three common species in Scandinavia used for wood manufacturing. An 
attempt was also made to divide the species into sap- and heartwood by choosing the side of 
centre-sawn boards and by visual selection. 
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2. Material and methods 

Green boards of Scots pine (Pinus silvestris), Norway spruce (Picea abies) and birch (Betula 
pubescens) were taken from sawmills near  Skellefteå,  Sweden, in January to April of 2000, 
21-26 boards 4,5±1 m long for each species. The boards were cut into sections of 0,7-0,8m 
(which were marked according to individual full-length board, section and species. The board 
sections were divided into 9 groups of 30 pieces and stored outdoors, covered with snow to 
prevent drying until further experimental procedure. 

The boards were taken from centre-sawed small diameter logs (Figure 1). They were in the 
green condition, visually selected to possibly contain sapwood on the side directed towards 
the bark, called outer side in the following text, and heartwood on the side directed towards 
the pith, called inner side in the following text. This was of course a difficult and subjective 
selection, and this attempt to classify was also to be evaluated in this work. 

Sapwood 

Heartwood 

"Inner side" 

"Outer side" 

50mm x 100m m 
board  

Pith 
	

Bark 

Figure 1. Schematic view of position of a 50x100 mm board in cross section taken from a small 
diameter log. Two sides of the board are defined, "outer side" and "inner side". 

The experiments were mainly designed to have drying runs that could be comparative with 
each other for each species. This was done by distributing the sections from each board to be 
included in all drying runs. For each species, three runs of laboratory kiln drying were 
performed with different temperatures. Since the colour induced by drying is considered to be 
strong when capillary water is present (Hon and Shiraishi 1991, Fengel and Wegener 1989), 
lower temperatures were chosen in the capillary regime of drying (Figure 2 and Table 1). Due 
to the same consideration, higher temperatures were chosen in the diffusion regime. This also 
corresponds rather well to industrial practise. 
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Figure 2. Schematic plot for the two-regime drying design. The capillary regime (I). The diffusion 
regime (II). T: dry temperatures, AT: wet-bulb depression temperatures and t: times 
elapsed. Index 1 belongs to the capillary regime and index 2 to the diffusion regime. 

The laboratory kiln is based on air circulation, with heating, steaming and ventilation (Figure 
3). The kiln, made of stainless steel, has dimensions of approximately 0.3 m high and 0.8 m 
wide across the airflow, and 1.4 m long, in the direction of airflow. This made it possible to 
run 30 samples in three layers for each drying run. Stickers approximately 20mm thick were 
used at the bottom, in between the layers and on top, spaced approximately 0.7m. The heating 
unit has a maximum power of 6 kW and the steam generator has a maximum power of 6kW. 
The fan gives an air speed of approximately 2  m/s.  No cooling or dehumidification device is 
included, only two adjustable vent holes with diameters of 0.1 m. DOS laboratory software 
governs the control by using signals from thermocouples. The two signals are dry-bulb 
temperature and wet-bulb temperature. 

Figure 3. Schematic view of the laboratory drying kiln. To the left the climate generator. To the 
right the kiln. The principles are circulation of hot and humid air from a heating unit and 
a steam generator. The airflow is transverse to the direction of the boards. A PC using 
measurements from thermocouples controls the dryer. The PC also records the climate via 
thermocouples and the weight of a reference board using a balance with support. 
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For control of moisture content during drying, the weight of a reference board was recorded 
continuously (Figure 3). At the start of a drying run, the moisture content of the reference 
board was estimated by reference to a slice taken from it, whose moisture content was 
calculated by weighing and drying at 103°  C  for 16 hours. Thus, by using the estimated 
moisture content at start and the actual weight of the reference board, the point of time for 
transition from capillary regime to diffusion regime was decided as well as the final point of 
time for the drying run. The transition time point was set when the moisture content dropped 
to 30% and the final time point when the moisture content dropped to 8%. This was, of 
course, not a precise method for deciding transition and final time since the moisture content 
of the reference board represented the whole batch and was furthermore based on a slice from 
it.  

Table 1. 	Experimental parameters used for the two-regime drying. T: dry-bulb temperatures. AT: 
wet-bulb depression temperatures. t: time elapsed during a regime. Index 1: Capillary 
regime of drying. Index 2: Diffusion regime of drying. 

Species Run no t1  T1  ATi t2 T2 AT2 

1 47 48 . 	4 ' 	60 84 18 
Pine 2 49 65 4 37 82 17 

3 51 82 6 37 103 16 
4 20 63 3 38 92 17 

Spruce 5 25 73 4 35 100 16 
6 21 82 4 33 111 19 
7 37 40 4 58 69 17 

Birch 8 37 52 4 57 68 15 
9 40 57 3 54 85 17 

The colour measurements were done with a tristimulus colorimeter, Minolta CR 310, with a 
measuring head 50 mm in diameter. The colour system chosen was CIEL*C*h, a suitable 
system for industrial purposes and easy to relate to practical experience of colour, lightness 
(L*), saturation/chroma  (C*)  and hue  (h).  (Hunt 1995). Five measurements were performed 
on each side of each board for unplaned, lmm planed and 3mm planed. Each batch contained 
30 boards. This gives 300 measurements for each planing depth and each batch. 

By visual selection, only measurements on clearwood were included in the data, whereas 
measurements containing knots, dirt, mould, mixture of sap- and heartwood etc. were 
excluded. The data were then statistically treated, assuming normal distribution, independent 
and identical observations, which also allows the use of  T-distribution.  Average values and 
the corresponding 95% confidence intervals were calculated from the data. The choice of 
working with average colour values is due to the expected large variation within a drying run 
compared with the variation between different runs. Furthermore, the average colour values 
for each drying run and species can also be related to industrial practise where batch colour is 
an important issue. The use of 95% confidence intervals is of help when evaluating 
significant/insignificant differences between average colour values and also when studying 
the colour variation within a group and its dependence on different factors such as species, 
drying temperatures etc. 

Multivariate analysis, principal component analysis (PCA) and partial least squares (PLS), 
were done for 3mm planed boards. The colour responses at 3mm planed wood are considered 
the most important when relating to the manufacturing of furniture, joinery etc. PCA was 
done with SIMCA  P  7.02 statistical software (Umetrics AB) (Wold et al 1987). This is a 
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method that calculates correlation between variables and responses in a data set; i.e. examines 
the data structure, using the  NIPALS  algorithm (Lindgren 1994). The program presents 
different parameters to diagnose the data set and two important ones are R2  and Q2. R2  
expresses the explained variance. Close to 0 little variance is explained and close to 1 almost 
all. Q2, based on cross-validation, expresses the predicted variance, and predictability is often 
not acceptable below 0.3 and is satisfactory above 0.7. The difference between R2  and Q2  
should in general be below 0.2 if the analysis not to be suspected of overfitting the data set 
and containing unwanted noise. The above guidelines are not precise and should only be 
regarded as primary advice. Results are often presented in score and loading plots. The score 
plots show the observations (i.e. measuring points) projected in two dimensions spanned by 
the principal components. The first principal component is in the direction were the data has 
the largest variation, the second in the direction were the second most variation of the data is 
and so on. The loading plots reveal the relation between variables and/or responses in two 
dimensions and they are regarded as complementary to the corresponding score plots (i.e. it is 
possible to overlap them) (Wold et al. 1987). In an earlier and similar work, a multivariate 
analysis (PCA) was done  (Sundqvist  2000). 

Predictive models can also be investigated using the same software as mentioned above, 
partial least squares (PLS) (Geladi and Kowalski 1986). This method also uses the  NIPALS  
algorithm to investigate correlation. However, PLS in contrast to PCA also makes a linear 
least square fit between variables and responses and thus generates predictive models. R2, Q2  
and plots are also used similarly in PLS. The importance of each variable in the predictive 
model can be presented in a "Variable importance plot "(VIP), where values close to and over 
1 are considered important and values less than 0.5 are considered to be of low importance. 

3. Results 

In chapter 3.1 all colour measurements are presented as average values of each drying batch, 
side of the board and planing depth (Table 2). Half of the 95% confidence intervals are 
presented below each average colour value. For the 3 mm planed case, the same data is 
presented in column plots where comparison can be made more easily. On the inner side of 
the boards the attempt was to measure only heartwood, and on the outer side only sapwood by 
visual selection (Chap 2 and Fig 1). The variation around every average colour value can be 
evaluated by regarding the half of the 95% confidence intervals in Table 2. A graphic 
example is given in Figure 12. In chapter 3.2 the multivariate analyses are performed using 
PCA and PLS techniques. These are based on average colour values for each batch and side of 
the board at 3mm planing depth. Each average value used in PCA and PLS modelling is 
called an "observation". PLS modelling is done separately for each species. 

3.1 Colour values 
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Table 2. 	Colour of Scots pine, Norway spruce and birch subjected to kiln drying in a two-regime 
process. Conditions for each drying run are given in table 1. L*: lightness,  C*:  chroma 
and  h:  hue. Grey-shaded values denote a stepwise significant colour change, vertically 
downwards, between drying runs. All values are average values based on 70-150 
measurements from 20-30 boards. 

Species Run 
no 

Planing 
depth/ mm L*  

Outer 
C* 

side 
h  L*  

Inner side 
C* h  

1 
80.9 25.8 81.9 78.5 25.9 78.7 
02 03 02 04 03 04 

2 0   
77.4 27.8 80.6 77.7 26.6 78.4 
03 04 03 04 04 03 

73.0 29.6 79.3 73.4 39.4 75.7 
3 

0.3 0.3 02 0,7 0,6 06 

1 
83.9 21.9 81.8 83.4 ' 22.7 80.6 
03 02 03 02 02 04 

Pine 2 1 
81.3 24.0 80.5 82,9 23.3 80.6 
0.4 0+2 0.2 03 02 04 

77.4 26,3 78.7 81.1 26.1 80.3 
3 

, 04 02 03 02 0.2 04 

1 
83.7 ' ' 22.3 81.7 83.1 23.5 80.8 
03 02 03 02 02 04 

2 3 
82.4 23.3 80.6 82.7 23.5 80.0 
04 02 03 03 02 04 

3 79.9 25,5 79.5 81.5 26.9 81.3 
a/ 0.1 	..... 0.2 0.3 0.4 

4 
78.2 26.6 81.0 80.2 24.1 81.9 
04 02 02 03 02 03 

5 0 
74.0 26.6 79.6 79.0 25.5 81.2 

1,0 05 0.3 0.3 0,2 0,2 

6 
70.5 28.3 77.6 75.4 27.9 78.4 
i i 04 es 03 02 02 

4 
' 82.6 21.6' 81.5 83.7 .' 20.4 82.1 

02 02 02 02 02 02 

Spruce 5 1 81.0 22.2 80.3 83.2 20.9 81.8 
03 02 02 02 01 02 

6 
79.2 23.6 79.7 80.8 23.4 81.2 
02 0.20.2 . 0.2 02 0,2 

4 
82.3 21.5 81.2 83.3 20.9 82.1 
02 01 02 03 02 02 

5 3 
50.8 22.1 80.2 82.6 21.6 81.9 
0,3 al 0.2 02 0.2 02 

6 
78.7 24.2 79.7 79.9 24.8 81.0 
02 02 02 es 02 

.. 74.0 28.0 77.4 70.1 29.5 74.9 
7 

03 03 03 05 04 04 

8 0 70.1 27.5 75.0 67.2 27 2 73.6 
03 04 04 05 04 03 

9 
70.5 26.5 75,2 67.6 27.3 74.2 
04 03 03 	' 04 03 03 

78.7 18.8 75.3 74.5 21.0 73.2 
7 

04 03 02 04 02 02 

78.6 18.7 75.5 75.6 19.9 72.7 
Birch 8 1  

03 02 02 0.3 02 0,2 

74.7 20.1 72.8 70.6 20.8. 89.7 
9 

03 02 03 04 02 03 

75.4 20.2 74.1 72.1 21.3 71.9 
7 

04 02 02 04 02 02 

76.1 19.7 73.8 73.0 20.4 71.1 
8 3 

03 01 02 04 62 03 

9 
73.6 19.3 71.5 69.4 19.9 68.4 
02 02 0.2 04 0.2 0,3 
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1 2 3 	1 2 3 	4 5 6 	4 5 6 	7 8 9 	7 8 9 Run no 
Pine(0) Pine I) 	Spruce(0) Spruce(I) 	Birch(0) Birch(I) 

3c 
Figure 3. Colour of 3 mm planed Scots pine, Norway spruce and birch (Betula pubescens) 

subjected to kiln drying using a two regime process. 3a: Lightness (L*). 3b: Chroma  (C*)  
and 3c: hue  (h).  Nine drying runs performed, conditions given in Table 1. In parentheses: 
I is inner side and 0 is outer side. In brackets above the columns: 95% confidence 
interval for the average colour values. 

3.2 Multivariate analysis 

Table 3. 	Variables and responses used in the multivariate analysis. Pine, Spruce, Birch and Side, 
dummy-variables: 0 = false, 1 = true (Side = 0 means Inner side and Side = 1 means outer 
side). T1  and T2 dry-bulb temperatures. t1  and t2  times elapsed. AT I  and AT2  wet-bulb 
depression temperatures. Index 1 is for the capillary regime and index 2 is for the 
diffusion regime. Responses: L* is lightness,  C*  is chroma and  h  is hue. • : Denotes 
variables and responses used in the PLS modelling. 

Variables 
Pine 

Spruce 
Birch 

• Side 
• T1  

• T2 

ti 

t2 

AT, 

AT2  

Responses  
• L* 
• C* 
• h 

  

8 



Paper III: Colour response ofwood subjected to kiln drying in a two-regime process 

At first, in order to make an overview, a principal component analysis (PCA) was done on all 
three species involved (Figure 4). The variables used are presented in Table 3. In the PCA 
responses are treated as variables. 18 observations (averages colour values for each species, 
batch and outer side or inner side) were used, only for 3 mm planed wood. A model with two 
principal components was generated for the data with R2x=0.71 and Q2= 0.49. From Figure 
4a, the score plot, Scots pine, Norway spruce and birch can be indicated as three groups 
(Chapter 2). 

4 

3 

2 0 PO) 

1 

09-4- 

XP(0) 

La S( <-3- 	0 
0+ *S(0) 

-1 0 B0) 

-2 

x 0  
+B(0) 

4 

-4 	 -2 	 0 	 2 	 4 

• Pine 

• Spruce 
A Birch 

0 Side 
• 

o tr 
La  Ta  

XL'  

X  V  
h  

4a 
t(1) 4b 

w*c(1) 

Figure 4. Principal component analysis (PCA) of colour of kiln-dried Scots pine  (P),  Norway 
spruce (S) and birch  (B).  4a: score plot. In parentheses, I is inner side and 0 is outer side. 
4b: loading plot. Variables used are presented in Table 3. 

As a result of the PCA above, PLS models were created for the three species separately. The 
three species investigated were also treated at different conditions (Table 1). For these 
models, Three variables and three responses were used: board side (0 = inner side, 1 = outer 
side), temperature in the capillary regime, temperature in the diffusion regime, lightness, 
chroma and (Table 3). The times for the different drying regimes and the wet-bulb depression 
temperatures showed little and unsecured variation and were therefore excluded from PLS 
modelling (Table 1). Six observations for each model/species were used (average colour 
values for each batch and outer side or inner side) 

The model for Scots pine was quite weak: R2x= 0.94,  Ry=  0.66 and Q2= 0.33 (Figures 5a, 5b, 
8a, 8b and 8c). The model is defined by: 

L* = 90.540-0.466xSide-0.049xT1-0.055xT2  

C*  = 13.458-0.919xSide+0.051xT1+0.087xT2  

h  = 82.602-0.177xSide-0.012xT1-0.012xT2 

The variation of hue and the variable Side for Scots pine was not successfully modelled, 
which also affected the total results (Figures 8c and 11). However, for lightness and chroma 
the model for pine shows a very good fit (Figures 8a and 8b). The importance of the variables 
is given in Figure 11. 

Norway spruce was modelled in the same way as Scots pine above, and this generated a 
strong model with R2x = 0.997, R2y = 0.93 and Q2  = 0.85 (Figures 6a, 6b, 9a, 9b and 9c). The 
model is defined by: 

L* = 98.351 -1.351xS ide-0.091xT1  -0.097xT2  
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C* -= 6.898-0.153xSide+0.086xT1+0.091xT2 

h = 87.420-1.277xSide-0.032xT1-0.034xT2  

The importance of the variables is given in Figure 11. Birch was also modelled in the same 
way as Scots pine above, and this also generated a strong model with R2x = 0.89, R2y = 0.936 
and Q2  = 0.85 (Figures 7a, 7b, 10a, 10b and 10c). The model is defined by: 

L* = 81.511-3.654xSide-0.045xT1  -0.105xT2 

C* = 24.428-0.821xSide-0.043xT1-0.023xT2  

h -= 82.548+2.658xSide-0.074T1-0.113xT2 

The importance of the variables is given in Figure 11. For all species, score plots 5a, 6a and 
7a show well-distributed observations according to variables and responses. The loading plots 
reveal that Scots pine and Norway spruce become darker, redder and more saturated when 
drying temperatures are raised (Figures 5b and 6b). However, the loading for hue  (h)  of Scots 
pine is weak in the second component. Birch becomes darker, less saturated and redder when 
temperatures are increased. Furthermore, the loading plot also reveals that colour differences 
between outer side and inner side are distinguishable. Scots pine inner side is indicated 
lighter, more saturated and more yellow than outer side, but these loadings are weak in the 
second component (Figure 5b) and the variable "Side" is of low importance (Figure 11). 
Norway spruce inner side is clearly more yellow, lighter and indicated less saturated than 
outer side (Figure 6b). Birch inner side is clearly darker and redder than outer side (Figure 
7b). Birch inner side is also somewhat more saturated than outer side. 

The colour variation within each drying run and side is presented in Figure 12, where 
lightness for Norway spruce is one example. The distribution around the average values is 
acceptably normal and similar results are obtained for other colour values and species. 
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Figures 5-7. Partial least square (PLS) model of colour of kiln-dried Scots pine (5), Norway spruce 
(6) and birch (7) (Betula pubescens) planed 3 mm. a: Score plots and  b:  corresponding 
loading plots. I is inner side and 0 is outer side. Numbers denote run no. Variables: Side 
(0 = inner side and 1 = outer side), dry-bulb temperature in capillary regime (T1) and 
dry-bulb temperature in diffusion regime (T2) Responses: lightness (L*), chroma  (C*)  
and hue  (h).  The models were based on 6 observations (3 batches and outer side or inner 
side). 
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Figures 8-10. Observed vs. Predicted colour for a partial least square (PLS) model of kiln-dried 
Scots pine (8), Norway spruce (9) and birch (Betula pubescens) (10), planed 3 mm. a: 
lightness (L*),  b:  chroma  (C*)  and  c:  hue  (h).  Variables: Side, dry-bulb temperature in 
capillary regime (T1) and dry-bulb temperature in diffusion regime (T2) Responses: 
lightness (L*), chroma  (C*)  and hue  (h).  The models were based on 6 observations (3 
batches and outer side or inner side). Explained variance (R2y) and predicted variance 
(Q2) are given below each figure. 

1,4 

,2 

0.8 

0,6 

0,4 

0,2 

21 Side 

Scots pine 
	

Norway spruce 
	

Birch  

Figure 11. Variable importance plot (VIP) for partial least square (PLS) models of kiln-dried Scots 
pine, Norway spruce and birch  (Betala  pubescens), planed 3 mm. Variables: Side, dry 
temperature in capillary regime (T1 ) and dry temperature in diffusion regime (T2) 
Responses: lightness (L*), chroma  (C*)  and hue  (h).  The models were based on 6 
observations each (3 batches and outer side or inner side). 
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Figure 12. Observed vs. Predicted lightness (L*) for a partial least square (PLS) model of kiln-dried 
Norway spruce, planed 3 mm. The observed individual lightness values are presented as 
well as the average value versus the predicted average value for each drying run and side. 
Drying run no. is given in parentheses: I is inner side and 0 is outer side. The explained 
variance (R2) for all measurements and the average values fitted to the linear model is 
given below the figure. 

4. Discussion 

Note that in this work average colour values and the corresponding 95% confidence intervals 
were used for each species, side of board and planing depth. This method was chosen because 
large variation was expected within a batch and little variation between different batches and 
board sides. This was also confirmed (Figure 12). Individual measurements showed large 
variation. Furthermore, from an industrial perspective the average colour of each batch is an 
important issue, and the average colour values used in this work can be seen as such. 

The multivariate methods principal component analysis (PCA) and partial least square (PLS) 
were useful for analysing the data collected and for modelling, respectively (Chapter 3.2). The 
PLS modelling of each species showed stable and strong models, except for pine inner side, 
which was difficult to model due to small variation for hue (Table 2 and Figure 8c). The 
models indicate that it might be possible to govern batch-colour industrially. 

Both regimes were found similarly important for the colour change (Chapter 3.2). When 
comparing with an earlier colour study of kiln-dried Scots pine and Norway spruce (Wiberg 
1996) it is furthermore indicated that both regimes have importance for the colour change. 
This was not expected, since the capillary regime allows hydrolytic conditions, degradation in 
the presence of water, which are considered the most important degrading process in wood 
(Fengel and Wegener 1989). Many other investigations have also generated strong colour 
induced in treatments by the use of capillary water  (Sundqvist  2000) and steam  (Molnår  et al. 
1998, Charrier et al. 1999). However, in this investigation the time for the capillary regime 
was approximately 1-2 days, depending mainly on the species, which may be short times for 
inducing strong colour changes. It is therefore reasonable to assume that many different 
mechanisms are important for the production of coloured compounds. Hydrolysis, oxidation 
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and polymerisation probably occur more or less simultaneously in both regimes, depending 
mainly on the presence of water and oxygen. 

The two sides of the board, "inner side" and "outer side" (Figure 1) often showed significant 
colour differences (Table 2), and this was also indicated in the PLS models by the variable 
"Side" (Chapter 3.2). These colour differences are similar to those found in an earlier study  
(Sundqvist  2000). For inner side mainly radial surfaces were measured and on outer side 
mainly tangential surfaces. An earlier colour study on differences between radial and 
tangential surfaces of Scots pine (Hagman 1996) showed that the colour differences found in 
this study, between inner side and outer side, increase if compensation is made. It is 
reasonable to assume that outer side measurements represent sapwood and inner side 
measurements represent heartwood. Further measurements with verified sap- and heartwood 
are needed for a final evaluation. If there is truly a difference between sap- and heartwood, it 
might be considered in future manufacturing of wood products where there can be strong 
demands on the colour of the wood. 

In general the largest colour changes were found when comparing unplaned and planed wood 
(Table 2). Comparatively small colour changes were found between 1 mm- and 3 mm-planed 
wood. Unplaned wood is generally noticeably darker (lower L*) and more saturated (higher  
C*)  than planed wood. The colour difference for pine and spruce between unplaned and 
planed wood increases with increasing dry-bulb temperatures (Table 2), but not for birch, 
studied at lower temperatures. Measurements on planed and sawed Scots pine show 
differences in colour (Hagman 1996), but these were small in comparison with the differences 
found in this work. Thus, the surface of dried wood can be noticeably coloured, but planing 
removes the major colour change, even when temperatures are raised in the drying process. 

Significant colour changes for 1 mm- to 3 mm-planed wood were observed (Table 2). Similar 
observations have been made previously (Wiberg 1996). From this investigation, it also 
shown that 1 mm colour values are sometimes local maxima or minima. These are in general 
characterised as minima for  C*,  low saturation, and sometimes also as maxima for lightness. 
Sometimes a brownish layer just beneath the surface appears when drying wood (Wiberg 
1996, Kreber et al. 1998, Millet 1952) but no such layer was observed in this work. This may 
be due to the quite moderate temperatures used in this work or to the fact that brown stain was 
enriched closer to the surface than 1 min and then not registered. This shows that planning 
depth can be of importance if strong qualitative demands are stated for the colour. It also 
raises the question of whether or not an even deeper planing depth than 3mm will show colour 
changes. 

Colour homogeneity, the variation around each average value, was not in general found to be 
dependent on temperatures used (Table 2 and Figure 12). However, a general dependency of 
colour homogeneity upon temperature was found in an earlier work where the capillary 
regime was extensively studied  (Sundqvist  2000). 

Annual-ring density, location of boards within the logs used and colour changes during 
interior storage (Hagman 1996) can also be of importance, but have not been considered in 
this work. 
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5. Conclusions 

The influences on colour of dry-bulb temperature in the capillary regime and of 
dry-bulb temperature in the diffusion regime were of similar importance for the 
colour change. 

Multivariate PLS modelling of batch colour for Scots pine, Norway spruce and 
birch subjected to kiln drying showed that the method was suitable for this 
investigation and that future governing of industrial batch colour is possible. 

Generally, batchwise colour differences between the sides of the boards were 
found for each species. It is believed that this difference is attributable to the 
measurement of sap- and heartwood due to the way the samples were chosen. 

Planing removes the major colour changes induced by drying. The difference in 
colour between planed and unplaned Scots pine and Norway spruce increases by 
raising the dry-bulb temperatures used in the drying process. 
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The influence of wood polymers and extractive compounds on 
wood colour induced by  hydrothermal  treatment  

B. Sundqvist  and T. Mora  
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Department of Wood Physics. 
Campus in  Skellefteå.  
Skeria 3, S-931 87  Skellefteå,  Sweden 

Subject 
A method to evaluate the influence of wood polymers (hemicellulose and  lignin)  and 
extractive compounds on the colour of wood subjected to  hydrothermal  treatment is proposed. 
Research was done using extraction and colour measurements. 

Material and methods  
Three matched green-wood samples, 60 mm  x  55 mm  x  3 mm, each of Scots pine (Pinus 
sylvestris), both sap- and heartwood, and birch (Betula pubescens) were produced (Al,  Bl  
and  Cl,  Figure 1). A-samples were then acetone-extracted in a Soxhlet for 24 hours (A2). 
Acetone is considered a good solvent for most extractives  (Sjöström  and Al6n 1999). Then 
they were dried at 30°  C  for 16 hours and colour measurements were made (A3) using a 
tristimulus photoelectric colorimeter (Minolta chromameter CR 310) with CIELAB colour 
space chosen (Hunt 1995). This space contains the co-ordinates Lighmess (L*), green-red axis 
(a*) and blue-yellow axis  (b*).  The next step in the procedure was  hydrothermal  treatment of 
wood samples A and  B  (A4 and B4) at 95°  C  for 3 days, enclosed in glass jars with 20  ml  
added water. Thereafter samples A,  B  and  C  (A5, B5 and C5) were dried at 30°  C  for 16 hours 
and colour was measured after sanding of 2mm (Figure 1). 
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Al Bl  Cl  
Matched 
samples of 
green wood 

4, 
Extraction. 

A2 Soxhlet 24h in 
acetone 

4,  
Drying, 16h at 
30°  C  

A3 

Hydrothermal  

A4 B4 treatment, 3 
days at 95°  C  

4, 
Drying, 16h at 

A5  B5  C5 30°  C  

Figure 1: 	Flow diagram for experimental procedure. A,  B  and  C:  matched samples of 
wood. Grey-shaded blocks denote colour measurement after operations stated 
to the right. 

The difference in colour co-ordinates, AL*, 3ta* and AM, between only hydrothermally treated 
samples and reference samples was calculated (B5-05, Figure 1). Another difference in colour 
co-ordinates between extracted plus hydrothermally treated and reference samples was 
calculated (A5-05). Also the withdrawn colour from the extraction was calculated as the 
difference in colour co-ordinates compared with the reference (C5-A3). Note the reversed 
order for the difference since the colour was removed from the sample. From these differences 
in colour co-ordinates, the colour difference AF*ab  is calculated (Equation 2.1) (Hunt 1995) 
and presented in the study (Figure 2). 

AE*ab  =-%/(AL*)2  + (Aa*)2  + (Ab*)2 	 (2.1) 

Results and discussion  
The results are shown in Figure 2 as colour difference AF*ab for the differences A5-05, B5-05 
and C5-A3 (Figure 1). Both degradation products from wood polymers (hemicellulose and  
lignin)  and extractive compounds were indicated to be participant in the colour formation of 
wood subjected to  hydrothermal  treatment for all three materials. The "standard" group of 
wood non-extracted and hydrothermally treated, columns to the left, show a quite large colour 
change (AF*ab) (Figure 2). The extracted and hydrothermally treated wood, columns in the 
middle, show smaller but notably colour changes compared to the "standard" group". AE*ab = 
2-3 units is approximately the limit for the human eye to recognise a colour change. Thus it is 
indicated that degradation products of wood polymers participate in the formation of colour 
during treatment. The columns to the right, show the difference between extracted and non-
extracted wood, mildly dried. This group show that extractive compounds contribute notably 
to the natural colour and also seem to participate in the colour formation of hydrothermally 
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treated wood since it can be seen as compensation for the difference between the columns for  
hydrothermal  colour and the columns for extracted plus  hydrothermal  colour (Figure 2). 
However, note that these columns cannot be mathematically added (Equation 2.1). For 
qualitative estimations, a further development of the method is needed. 

AE*ab  
12,0 - 

10,0 

8,0 

6,0 - 

4,0 

2,0 - 

0,0 
Birch Pne(S Pine(H 

	
Birch Pi ne(S Pi ne(H 

	
Birch Pine(S Pine( 

Hydrothermal  treatment 
	

Extraction followed by  Hydrothermal 
	

Extracted colour (C5-43) 
(85-Ch) 
	

treatment (A5-05) 

Figure 2. 	Colour difference 3,E*ab, of birch and Scots pine and subjected to  hydrothermal  
treatment and extraction. To the left: only  hydrothermal  treatment. In the middle: 
extraction followed  hydrothermal  treatment. To the right: the extracted colour from 
untreated wood. In parentheses: S is sapwood,  H  is heartwood. Colour differences are 
based on measurements for A3, A5, B5 and C5, Figure 1. 
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