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INTRODUCTION

Wood is used as a construction material because of its 
appearance, good mechanical properties and durability.  
However, it is a hygroscopic material in that the dimen-
sions changes due to humid environments and it is vul-
nerable to mold and other fungi infestations.  One solution 
is heat treatment, which enables physical modifications 
without the addition of chemicals.  Although this tech-
nique decreases the hygroscopicity while improving the 
dimensional stability, biological durability and enhanced 
weather resistance, but may be reduce the mechanical 
resistance of the bending strength (Stamm et al., 1946; 
Stamm 1956; Viitaniemi et al., 1997; Kubojima et al., 
2000; Jamsa and Viitaniemi, 2001; Rapp A. O. 2001; 
Kamdem et al., 2002; Bekhta and Niemz, 2003; Metsa–
Kortelainen et al., 2006; Esteves et al., 2007). 

Wood is a complex polymeric material which con-
sists primarily of cellulose, hemicellulose and lignin, with 
a minor proportion of extractives.  When wood is heated, 
its components degrade and reform.  The hemicelluloses 
are the first to degrade.  Hemicelluloses deacetylate and 
the released acetic acid act as a depolymerization catalyst 
(Tjeerdsma et al., 1998; Sivonen et al., 2002).  Degraded 
hemicelluloses change the hygroscopic behavior of wood, 

which in turn decreases the equilibrium of the moisture 
content.  Heat treatments have less effect on cellulose 
and lignin.  Cellulose crystallinity increases due to the 
degradation of amorphous cellulose and the β–O–4 link-
ages in lignin and the reduction in methoxyl leads to a 
more condensed structure (Wikberg and Maunu, 2004). 

Previous studies have argued that color is one of the 
important properties of wood, and that heat–treated 
wood darkens (Mitsui et al., 2001; Bekhta and Niemz, 
2003).  Therefore, many studies have used color as a pre-
dictor of wood properties, such as mechanical resistance 
(Bekhta and Niemz, 2003; Johansson and Moren, 2006), 
or as a factor in heat–treated wood characterization 
(Bruno Esteves et al., 2008).  Color measurement uses 
small samples and is a non–destructive method.  Color 
properties are often used for analysis in the food indus-
try and have successfully predicted food degradation. 

Most studies have measured wood color using the 
CIELab method of L*, a* and b*, and have calculated the 
difference between the lightness ΔL* and the total dif-
ference of color ΔE, analyzing the relationships between 
ΔL* and the wood’s properties or ΔE and the wood’s 
properties (Johansson and Moren, 2006).

Thus, this studies analyzed the color changes, mass 
loss, EMC, swelling and modulus of rupture (MOR) 
changes of four species of heat–treated woods, at five 
different temperatures (150 ˚C, 170 ˚C, 190 ˚C, 210 ˚C and 
230 ˚C) and three different times (2 h, 4 h and 6 h) in 
terms of the variations in the relationships between the 
three basic color variables and the physical properties.

MATERIALS AND METHODS

Sample specimens
Pine, Larch, Spruce and Yellow Poplar were cut par-

allel to the fiber direction into 20 mm × 20 mm × 30 mm 
(tangential × radial × longitudinal) to determine the mass 
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loss and equilibrium moisture content (EMC) changes, 
30 mm × 30 mm × 15 mm (tangential × radial × longitu-
dinal) for the dimensional stability test and 20 mm × 
20 mm × 320 mm (tangential × radial × longitudinal) to 
test for the bending strength.  Every sample was ran-
domly divided into 15 treatment groups of 10 specimens 
each.  A control group comprised of 10 specimens of 
untreated samples was also examined. 

Heat treatment
Prior to the heat treatment, the samples were dried 

until their moisture content was less than 15%, except 
for the samples for mass loss.  Splitting would occur if 
the moisture content of the material were too high (MC 
>15%) before the heat treatment.  The mass loss sam-
ples were oven dried and the weights were recorded.

Heat treatments were carried out at five different 
temperatures of 150 ˚C, 170 ˚C, 190 ˚C, 210 ˚C and 230 ˚C, 
and at three different times of 2h, 4h and 6h in a labora-
tory type heating unit controlled to an accuracy of ±1 ˚C 
under atmospheric pressure.  After the treatments, the 
temperature was decreased over a period of 24 hours. 

Color measurement
The color of the specimens was measured using a 

spectrophotometer (KONICA MINOLTA CR–400/410) 
with a D65 light source.  In this color space, color is 
defined by its cartesian chromatic coordinates.  The 
lightness L*, varies from 0 (black) to 100 (white), and the 
a* and b* coordinates define the chromaticity plane.  
The colors varied from green to red along the a* axis and 
from blue to yellow along the b* one.  The sensor head 
of the spectrophotometer was 8 mm in diameter, which 
was sufficient to eliminate the influence of early and late 
wood variation, because the average annual ring width 
was 1.0 mm and the specimens had a homogeneous grain.  
The CIELab color parameters (L*, a*, b*) were used to 
express color change.  From the L*, a* and b* values 
obtained, the differences in color parameters ΔL*, Δa*, 
Δb* and total color difference (ΔE) were calculated 
using the following formulae:

ΔL*= L*1 – L*0

Δa*= a*1 – a*0

Δb*= b*1 – b*0

ΔE= (ΔL*2 + Δa*2 + Δb*2)1/2

where 
L*1 : L* values after heat treatment
a*1 : a* values after heat treatment
b*1 : b* values after heat treatment
L*0 : L* values before heat treatment
a*0 : a* values before heat treatment
b*0 : b* values before heat treatment.

Mass loss and equilibrium moisture content
The equilibrium moisture content (EMC) was defined 

as the moisture content when the wood reached a con-
stant weight.  The treated wood samples were conditioned 
in a humidity chamber at 40±1 ˚C temperature and 
75±2% and 90±2% relative humidity and weighed every 
six hours until a constant weight was obtained.  After 
which the wood samples were weighed and then oven 
dried at 103 ˚C for 48 hours and weighed again.  The mass 
loss and EMC were estimated according to the formula: 

Mass Loss(%) =               ×100

EMC (%) =               ×100

Where M1 :  the weight of the oven–dried wood 
before the heat treatment

Mo : the weight of the oven dried heat treated wood 
Mr :  the weight of the heat treated wood with the 

moisture content.

Soaking/Oven Drying Test
After the heat treatment, the conditioning under 

atmosphere pressure and in the presence of air, the 
swelling thickness and water absorption ratios were eval-
uated using a soaking/oven drying test.  All of the treated 
and untreated specimens were saturated with distilled 
water.  The water absorption and thickness swelling ratios 
were measured after soaking the samples in distilled 
water for 48 hours.  The cross–section, longitudinal and 
volume (v) dimensions of the saturated specimens were 
then determined, after which all of the specimens were 
oven–dried to constant weights.  After these tests, the 
swelling and water absorption were calculated as:

Wa =                 ×100

where Wa : Water absorption ratio of the specimens;
Ww : Weight of the wet samples;
Wo : Weight of the oven–dried samples.

Swelling =             ×100 

Where ls : Length of the swollen samples
lo : Length of the oven–dried samples.

M1 − Mo

Mo

Mr − Mo

Mo

Ww − Wo

Wo

ls − lo

lo

Fig. 1. The three–dimensional CIEL*a*b* color space.  The L* 
coordinate is the level of lightness.  The a* and b* coor-
dinates give the color of the measurement.  (Adapted 
from internet)
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Three point bending test
Bending tests were performed using a universal test-

ing machine (AGS–1000G, Shimatsu Corporation).  Ten 
samples were conditioned at 65±2% relative humidity 
and room temperature for each set of parameters.  A 
vertical force, exerted by a cross head, was applied to 
the middle of the upper face of the sample in the radial 
direction.  The span (L) was 28 cm and the cross head 
advanced with a speed of 10 mm/min.  The modulus of 
rupture (MOR) was determined from the measured load–
deformation curves using the equations given below:

MOR =  

where P: the maximum load before rupture 
L: the length of span
b: the width of the samples
d: the thickness of the samples.

RESULTS AND DISCUSSION

Heat treatment of wood color
Increasing the temperature and treatment times 

caused the wood color to darken.  Table 1 presents the 
L*, a*, b* and the total color difference ΔE by the vary-
ing operation conditions.  The lightness (L*) for all spe-
cies decreased with increasing temperatures and treat-
ment times.  The lightness (L*) for Spruce decreased 
from 83.15 for the control sample to 44.56 at 230 ˚C and 
4 h, Yellow poplar decreased from 83.63 for the control 
sample to 43.58 at 230 ˚C and 6h, Pine wood decreased 

from 80.33 for the control sample to 40.81 at 230 ˚C and 
6 h.  Larch decreased from 73.07 for the control sample 
to 38.13 at 190 ˚C and 6 h.  The darkness of heat treated 
wood colored by degradation products from hemicellu-
loses and extractives participate in the color changing, 
especially for oxidization products such as quinones 
(Sundqvist, 2002; Sundqvist and Moren. 2002; Tjeerdsma 
et al., 1998). 

The parameter a* for all of the four species initially 
increased and then decreased later.  In the initial stage, 
the a* increased until the temperature was 190 ˚C, then 
decreased with increasing temperatures.  The b* 
increased in the initial stage, decreasing later for all four 
species; however, it increased only slightly up to a tem-
perature of 170 ˚C and then decreased later.  The speci-
mens initially became more red and yellow; however, as 
the temperatures increased, these colors were lost.  The 
samples became redder, due to the colored degradation 
products formed during the hydrolysis of hemicelluloses 
(Sehlstedt–Persson, 2003).  According to Terziev et al. 
(1993) and Terziev (1995), the yellowing of the samples 
is due to the enrichment of sugar and nitrogenous com-
pounds in the timber surfaces during the initial, capillary 
phase of heat treatment.  Quickly increasing temperatures 
lead to an increased enrichment of sugar and nitroge-
nous compounds toward the surface.  When this carbo-
hydrate–enriched zone is heated in the presence of amino 
acids working as catalysts, a degradation of the carbohy-
drates takes place and color degradation products are 
formed.  Furthermore, the water storage of timber might 
also lead to a pronounced surface yellowing after drying 

3PL

2bd2

Table 1.  The effect of heat treatment for different duration on color

Time
(h)

Heat–
Treatment 

(˚C)

Spruce Yellow Poplar Pine Larch

L* a* b* ΔE L* a* b* ΔE L* a* b* ΔE L* a* b* ΔE

Control 82.99 4.85 20.79 – 83.33 0.93 15.46 – 80.16 4.43 23.02 – 72.85 11.01 24.41 –

2 150 78.87 6.12 23.42 5.79 78.80 1.83 19.79 6.14 75.91 5.51 25.82 5.04 67.12 13.33 26.29 5.83

170 74.98 7.46 26.29 9.58 73.41 4.71 21.42 13.21 69.47 7.00 26.22 10.35 63.79 14.19 25.08 9.74

190 58.03 11.64 26.44 25.96 58.42 7.03 21.41 24.99 52.85 11.15 25.21 27.45 46.74 15.03 21.56 25.29

210 63.59 10.36 28.05 20.70 61.45 6.62 21.89 23.02 57.09 10.65 26.78 24.43 57.33 13.89 27.69 17.13

230 49.27 10.53 22.60 34.86 48.80 8.72 20.84 36.52 46.62 10.67 21.14 35.19 42.71 11.22 21.46 29.51

4 150 77.57 6.84 23.80 6.72 75.47 2.57 19.37 8.26 72.93 6.27 25.92 6.79 65.65 13.76 25.70 6.86

170 70.07 8.59 26.61 13.70 72.66 4.16 20.89 13.91 67.31 7.62 27.51 13.65 57.73 15.02 25.50 14.79

190 51.97 10.95 23.81 31.70 54.13 8.86 22.55 31.88 48.37 11.78 23.88 32.79 43.32 13.80 19.29 30.74

210 54.27 10.39 24.27 31.01 50.69 9.02 20.55 34.20 50.50 10.51 23.27 31.19 48.83 12.85 25.30 23.75

230 44.56 10.66 20.20 38.82 48.20 8.59 16.89 34.57 43.91 10.22 19.36 39.16 40.84 10.20 19.39 34.23

6 150 74.93 7.79 24.09 9.36 73.45 3.30 16.98 9.51 71.03 7.40 26.13 8.30 65.53 13.43 24.93 9.32

170 65.61 10.13 27.60 18.75 66.35 3.88 21.22 16.37 63.20 9.39 28.25 17.13 55.04 15.39 23.90 18.13

190 47.26 11.61 21.95 37.00 47.65 9.86 21.15 36.78 45.13 11.72 21.46 36.23 38.13 12.29 15.54 35.81

210 53.53 11.53 24.70 30.49 50.56 8.80 20.93 32.47 48.76 11.58 23.01 33.55 47.21 13.95 24.06 24.84

230 44.64 10.09 20.06 38.67 43.58 8.48 18.57 40.92 40.81 9.84 16.71 33.55 38.44 8.18 16.79 36.27

Note : L*: lightness varies from black to white; a*: the colors vary from green to red;  b*: the colors vary from blue to yellow; ΔE: the 
total color difference.
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(Theander et al., 1993).
The total color difference ΔE increased with the 

temperature and treatment times.  The L* decreased 
with the increasing temperatures, and the a* and b* ini-
tially increased and later decreased, finally losing their 
color.  These results, therefore, correspond to the changes 
in ΔE, dominated by L* and less effected by a* and b*.  
The color changes resulting from hemicelluloses degra-
dation might be due to hydrolysis from a reaction and 
extractives dissolution, oxidization, decomposition or 
migration (Sundqvist, 2002; Sundqvist and Moren.  2002; 
C. H .S. Del Menezzi et al., 2009; Carrier et al., 2002; 
Varga and Van der Zee, 2008).

Mass loss

Mass loss of wood is one of the most important fea-
tures in heat treatment and is commonly seen as an indi-
cation of degradation.  Esteves et al. (2007) reported 
that the mass loss with heat treatment depends on the 
wood species, heating temperature and treatment time.  
Mass loss caused by hemicellulose degradation and 
extractives migration substances in the cell wall under 
the high temperature (Sundqvist and Moren, 2002). 

Fig. 2 depicts the mass losses of the Spruce, Yellow 
poplar, Pine and Larch samples after the heat treatment.  
For Larch, the mass loss varied between 0.12% at 150 ˚C 
for 2 h and 12.28% at 230 ˚C for 6h.  For Pine, the mass 
loss varied between 0.44% at 150 ˚C for 2 h and 13.61% 
at 230 ˚C for 6 h.  Spruce showed a mass loss which varied 
between 0.04% at 150 ˚C for 2 h and 10.92% at 230 ˚C for 
6 h.  For Yellow poplar, the mass loss was between 0.44% 
at 150 ˚C for 2 h and 13.61% at 230 ˚C for 6 h.  Despite 
some differences between the species, their growth cor-
relating to variations in the temperatures and times were 
similar.  In general, the mass loss increased with increas-
ing temperatures and times for all of the wood species; 
however, they differed in terms of the species and kinet-
ics of the heat treatment induced mass loss.  No signifi-
cant mass loss was found for any of the four species 
tested at 150 and 170 ˚C, although the mass loss for Pine 
was higher than for the others at the same conditions.  
This may be due to high resin content of Pine.  
Conversely, at 190 ˚C, the mass loss of all of the species 
changed drastically, both in terms of treatment tempera-
ture and time.  Thus, the chemical degradation began at 
approximately 190 ˚C, which is similar to the degradation 
of polyoses which start at about 200 ˚C, as presented by 

Fig. 2. Changes in mass loss of all samples due to heat treat-
ment.

Table 2.  Equilibrium moisture content (EMC) and EMC changes of all samples at 40 ˚C, and 75% and 90% relative humidity

Time
(h)

Heat–
Treatment 

(˚C)

Spruce Yellow Poplar  Pine Larch

75%–RH 90%–RH 75%–RH 90%–RH 75%–RH 90%–RH 75%–RH 90%–RH

EMC ΔEMC EMC ΔEMC EMC ΔEMC EMC ΔEMC EMC ΔEMC EMC ΔEMC EMC ΔEMC EMC ΔEMC

Control 12.18 – 16.73 – 11.53 – 16.15 – 10.92 – 15.65 – 11.80 – 16.48 –

2 150 11.08 9.02 16.26 2.80 10.97 4.82 15.69 2.81 10.78 1.30 15.71 –0.41 10.81 8.43 15.44 6.31

170 10.42 14.44 14.78 11.65 10.00 13.27 14.98 7.20 9.74 10.86 14.60 6.71 10.28 12.93 15.02 8.90

190 9.94 18.42 13.45 19.64 9.19 20.28 13.20 18.23 9.82 10.08 13.55 13.41 10.00 15.26 14.14 14.20

210 8.22 32.51 11.79 29.56 6.85 40.55 10.96 32.11 7.86 28.07 11.51 26.48 8.22 30.35 11.82 28.29

230 6.10 49.90 9.46 43.46 5.22 54.68 8.18 49.31 6.42 41.18 9.37 40.14 6.97 40.92 10.58 35.84

4 150 12.51 –2.69 16.15 3.49 10.78 6.47 15.82 2.04 10.96 –0.34 15.54 0.70 11.10 5.91 15.92 3.41

170 12.01 1.36 15.47 7.55 10.26 10.97 14.39 10.88 10.12 7.36 14.51 7.30 10.45 11.46 14.88 9.72

190 7.80 35.95 11.72 29.97 7.17 37.84 11.02 31.71 8.04 26.35 12.41 20.70 8.36 29.20 12.55 23.87

210 8.59 29.45 11.33 32.27 6.97 39.57 9.76 39.57 8.65 20.81 11.27 27.97 8.22 30.34 11.35 31.14

230 6.31 48.22 9.00 46.22 5.38 53.33 7.90 51.06 6.25 42.74 9.68 38.13 6.13 48.06 8.99 45.47

6 150 12.61 –3.52 15.88 5.11 10.83 6.03 15.46 4.24 10.94 –0.16 15.39 1.62 11.00 6.82 15.91 3.50

170 10.72 11.95 14.52 13.20 10.03 13.04 14.36 11.08 10.27 5.94 14.55 7.02 10.29 12.80 12.95 21.45

190 9.14 24.99 12.25 26.80 7.86 31.78 11.15 30.95 8.85 19.00 11.97 23.50 9.48 19.70 13.30 19.31

210 8.60 29.36 11.19 33.12 7.24 37.22 10.10 37.46 8.57 21.49 11.27 28.00 8.56 27.44 12.01 27.13

230 5.88 51.73 9.06 45.88 5.17 55.14 8.05 50.11 5.53 49.33 8.67 44.58 5.44 53.88 7.90 52.05
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Byrne and Nagle (1997).  At 210 and 230 ˚C, the mass loss 
of Yellow poplar was much higher than for the other 
three species, due to the chemical structure differences 
between hardwood and softwood.  We found that the 
change in mass loss due to temperature was greater than 
for the treatment time.  Thus, temperature is a more 
important factor than time in terms of determining mass 
loss, mirroring the results of Mazela et al. (2004).

Equilibrium Moisture Content (EMC)
Table 2 represents the equilibrium moisture content 

(EMC) and EMC changes for all of the samples at 40 ˚C, 
and 75% and 90% relative humidity.  The EMC of heat 
treated wood decreased with the temperature increase.  
For all of the four species, the lowest values of the EMC 
appeared at 230 ˚C.  At 75% relative humidity, the lowest 
EMC value was 5.44% for Larch, 5.53% for Pine, 5.88% 
for Spruce and 5.17% for Yellow poplar at a temperature 
of 230 ˚C for 6 h.  At the 90% relative humidity, the lowest 
EMC value was 9.00% for Spruce and 7.90% for Yellow 
poplar at a temperature of 230 ˚C for 4 h and 7.90% for 
Larch and 8.67% for Pine at a temperature of 230 ˚C for 
6 h.  According to Jamsa and Viitanniemi (2001), the equi-
librium moisture content decreases because less water is 
absorbed by the cell walls after the heat treatment as a 
result of chemical changes, with a decrease in the 
hydroxyl groups.  Other research has argued that the 
enhanced inaccessibility is also significant (Bhuiyan and 
Hirai, 2005; Boonstra and Tjeerdsma, 2006).  Morever, it 
has been suggested that the polycondensation reactions 
in lignin result in further cross–linking that might also 
contribute to the decrease of equilibrium moisture con-

tent (Tjeerdsma and Miliz, 2005; Evteves et al., 2008).
As seen in Table 2, the decreasing magnitude of the 

heat treatment was greater with increasing treatment 
temperatures.  No significant EMC change was found in 
any of the four species for treatment times at the same 
temperature.  Thus, treatment temperature has a greater 
influence on EMC than treatment time.

The maximum EMC losses occured at 230 ˚C for 6h 
for Pine, Larch, Spruce and Yellow Poplar, with loss val-
ues of 53.88%, 49.33%, 51.93% and 55.14% respectively.  
The maximum EMC losses were obtained at a treatment 
temperature of 230 ˚C.  Previous research has shown 
similar results, arguing that the heat treatment process 
leads to a reduction in the EMC (Metsa–Kortelainen et 
al., 2006).  When wood is treated at 230 ˚C, the EMC can 

    Note : S – Spruce; YP – Yellow poplar; P– Pine; L – Larch.

Fig. 3. Changes in water absorption of all samples due to heat 
treatment.

Table 3.  Cross–sectional, longitudinal and volumetric swelling of heat treated and untreated samples

Heat–
Treatment 

(˚C)

Time
(h)

Pine Larch Spruce Yellow Poplar 

C L V C L V C L V C L V

Control 12.29 0.53 12.88 7.18 0.51 7.72 9.09 0.31 9.43 11.12 0.64 11.83

150 2 12.90 0.43 13.38 7.86 0.69 8.60 10.47 0.40 10.91 12.40 0.83 13.34

4 13.60 0.51 14.18 8.83 0.99 9.92 10.41 0.15 10.57 12.27 0.45 12.77

6 13.85 0.35 14.24 7.95 0.54 8.53 10.57 0.29 10.89 13.80 0.69 14.58

170 2 12.61 0.35 13.00 8.59 0.54 9.17 10.21 0.34 10.58 11.55 0.22 11.80

4 11.98 0.20 12.21 8.30 0.28 8.61 9.87 0.27 10.16 10.46 0.23 10.71

6 11.98 0.13 12.13 7.15 0.30 7.48 6.80 0.27 7.08 9.91 0.24 10.17

190 2 11.22 0.88 12.19 8.43 0.68 9.17 8.87 0.78 9.73 10.24 0.63 10.93

4 10.02 0.22 10.27 7.29 0.27 7.58 7.50 0.13 7.64 9.11 0.36 9.50

6 9.22 0.16 9.39 6.49 0.18 6.68 6.86 0.07 6.94 7.21 0.08 7.30

210 2 9.67 0.36 10.06 7.00 0.43 7.46 7.72 0.13 7.86 9.26 0.25 9.53

4 7.19 0.27 7.48 5.09 0.30 5.40 6.24 0.29 6.55 6.59 0.18 6.78

6 8.49 0.37 8.90 5.50 0.23 5.75 7.18 0.42 7.63 6.57 0.08 6.57

230 2 6.79 0.34 7.14 5.47 0.19 5.67 5.90 0.39 6.32 6.12 0.53 6.69

4 7.10 0.29 7.42 4.74 0.77 5.54 6.50 0.78 7.33 6.73 0.92 7.72

6 5.07 0.12 5.20 3.29 0.13 3.43 4.06 0.17 4.24 4.67 0.15 4.82 

Note : C–cross sectional swelling; L–longitudinal swelling; V–volumetric swelling 
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be reduced by approximately 40~50% compared to 
untreated wood. 

Water absorption and Swelling
The change in water absorption is primarily caused 

by the thermal degradation of hemicellulose.  
Theoretically, the hygroscopic OH groups of hemicellu-
lose have the most significant effect on the hygroscopic-
ity of wood.  As a result of the reduction in the number 
of hydroxyl groups, the water absorption and swelling 
ratio of heat treated woods decrease. 

The water absorption contents of the specimens 
after the soaking/oven drying tests are shown in Fig. 3.  
Each column represents the average of ten replications 
for each of the treatment groups.  For the Pine, Spruce 
and Yellow poplar, the water absorption initially increased 
and the water absorption decreased with increasing tem-
perature and treatment times.  For Larch, the water 
absorption decreased with increasing temperatures and 
changed slightly.  The smallest water sorption compared 
to the untreated samples appeared at 230 ˚C for 6 h, with 
water absorption decreasing 23.19% for Larch, 33.48% 
for Pine, 15.57% for Spruce and 26.49% for Yellow pop-
lar.  Thus, the chemical degradation started when the 
temperature exceeded 150 ˚C and the degradation rate 
increased with the temperature and time.

Furthermore, the cross–sectional and volumetric 
average swellings increased when the specimens were 
treated at 150 ˚C.  The decreasing of swelling is thus sim-
ilar to the water absorption.  The longitudinal swelling 
changed very little, with the smallest longitudinal swell-
ing percentage occuring at 230 ˚C for 6h for all of the 

species.  The micelle space acquires water molecules eas-
ier than the longitudinal direction of the micelle (Jung 
H. S., 1986).  The volumetric swelling was greater than 
the cross–sectional and longitudinal swelling, with the 
value was nearly equal to the sum of the cross–sectional 
and longitudinal swelling values.  The decrease in swell-
ing for heat treated wood is predominantly caused by 
the decrease in the wood’s hygroscopicity due to the 
chemical changes at high temperatures.  Shuichi Doi et 
al. (2005) reported that the swelling is the result of the 
formation of polymers from sugars that are less hygro-
scopic than the hemicelluloses from their derivation.  
Tjeerdsma et al. (1998a) noted that one of the probable 
reasons for a decreasing of swelling is the loss of methyl 
radicals for some of the guaiacylic and siringlic units of 
lignin and that those reactions lead to an increase in 
phenolic groups.  These chemical changes lead to higher 
lignin reactivity with the formation of several cross–links, 
contributing to decreases in swelling.  With the increase 
of cross–linking, the molecule becomes less elastic and 
the cellulose microfibrils have less expansion and water 
absorption possibilities; thus, the decrease in equilibrium 
moisture and swelling.

Bending strength
One of the main disadvantages of heat treated wood 

is the decrease in mechanical strength, making this wood 
unsuitable for most structural applications.  The compari-
son between the control and treated wood in MOR are 
presented in Table 5.  The MOR changes depended on 
the wood species and the heat treatment conditions.  For 
Spruce and Yellow poplar, the MOR values decreased 

Table 4.  MOR and MOR changes of all samples due to heat treatment

Time
(h)

Heat–
Treatment 

(˚C)

Spruce Yellow Poplar Pine Larch

MOR(N/mm) ΔMOR(%) MOR(N/mm) ΔMOR(%) MOR(N/mm) ΔMOR(%) MOR(N/mm) ΔMOR(%)

Control 9.95 – 9.66 – 10.01 – 10.13 –

2 150 6.32 36.53 6.45 33.22 10.53 –5.29 11.28 –11.38

170 7.30 26.65 8.66 10.38 9.80 2.01 9.74 3.86

190 6.92 30.43 7.86 18.64 7.64 23.66 8.65 14.65

210 7.57 23.90 7.93 17.86 9.22 7.84 8.56 15.50

230 6.74 32.30 7.43 23.04 6.98 30.27 6.32 37.65

4 150 7.76 22.06 8.40 13.01 10.52 –5.17 9.59 5.34

170 7.08 28.85 7.92 17.96 9.92 0.86 8.42 16.85

190 5.52 44.49 6.61 31.52 6.52 34.84 6.61 34.71

210 6.82 31.42 7.31 24.36 7.02 29.85 7.73 23.68

230 6.73 32.38 6.41 33.62 5.87 41.32 5.79 42.84

6 150 7.71 22.51 9.02 6.64 9.12 8.86 10.06 0.67

170 7.07 28.97 7.87 18.55 9.20 8.00 8.94 11.76

190 6.71 32.56 6.70 30.58 6.30 37.00 6.95 31.35

210 6.51 34.54 7.33 24.14 7.62 23.83 7.88 22.19

230 6.62 33.47 8.03 16.85 7.00 30.05 4.73 53.27

Note : MOR – the modulus of rupture; ΔMOR – the modulus of rupture changes
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Table 5.  Color variables significantly included in the models as predictors to estimate physical properties of heat treated wood using 
multiple stepwise regression

Property Species
Relative 
humidity

Color variables R2 Equation n

Mass loss

Spruce
– L* 0.686 y=16.625–0.220 L* 150

– L*and a* 0.813 y=34.572–0.352 L*–1.027a* 150

Yellow poplar
– L* 0.674 y=28.771–0.392 L* 150

– L* and b* 0.713 y=38.196–0.382L*–0.487b* 150

Pine
– L* 0.558 y=22.766–0.310L* 150

– L* and a* 0.615 y=40.340–0.457L*–0.975a* 150

Larch

– a* 0.580 y=19.628–1.239a* 150

– L* and a* 0.737 y=23.157–0.921a*–0.148L* 150

– L*, a* and b* 0.811 y=21.826–1.139a*–0.255L*–0.426b* 150

EMC

Spruce

75%

L* 0.729 y=0.62+0.153L* 150

L* and a* 0.765 y=0.201L*+0.372a*–6.433 150

L*, a* and b* 0.803 y=0.310L*+0.964a*–0.316b*–11.108 150

90%

L* 0.823 y=1.476+0.187L* 150

L* and a* 0.841 y=0.225L*+0.296a*–3.695 150

L*, a* and b* 0.863 y=0.321L*+0.814a*–0.276b*–7.784 150

Yellow poplar

75%

L* 0.776 y=0.144L*–0.354 150

L* and a* 0.789 y=2.294+0.116L*–0.150a* 150

L*, a* and b* 0.798 y=2.030+0.96L*–0.246a*+0.101b* 150

90%

L* 0.824 y=0.202L*–0.027 150

L* and a* 0.835 y=3.307+0.167L*–0.189a* 150

L*, a* and b* 0.847 y=2.894+0.136L*–0.340a*+0.159b* 150

Pine

75%
L* 0.477 y=2.049+0.120L* 150

L* and A* 0.500 y=0.158L*+0.257A*–2.578 150

90%

L* 0.756 y=2.876+0.172L* 150

L* and a* 0.769 y=0.205L*+0.219a*–1.076 150

L*, a* and b* 0.777 y=0.287L*+0.509a*–0.164b*–4.535 150

Larch

75%

L* 0.524 y=2.762+0.121L* 149

L* and a* 0.692 y=0.088L*+0.374a*–0.444 149

L*, a* and b* 0.829 y=0.467+0.160L*+0.518a*–0.285b 149

90%

L* 0.378 y=4.326+0.165L* 149

L* and a* 0.488 y=0.162+0.122L*+0.485a* 149

L*, a* and b* 0.605 y=1.511+0.228L*+0.699a*–0.423b* 149

Swelling

Spruce – L* 0.514 y=0.082+0.135L* 150

Yellow poplar

– L* 0.639 y=0.188L*–1.692 150

– L* and a* 0.652 y=2.136+0.147L*–0.217a* 150

– L*, a* and b* 0.663 y=1.713+0.115L*–0.371a*+0.163b* 150

Pine
– L* 0.592 y=0.205L*–1.183 149

– L* and a* 0.609 y=0.257L*+0.345a*–7.417 149

Larch

– L* 0.331 y=0.822+0.124L* 150

– L* and a* 0.407 y=0.095L*+0.323a*–1.873 150

– L*, a* and b* 0.463 y=0.154L*+0.444a*–0.237b*–1.134 150

MOR

Spruce – L* 0.074 y=0.024L*+5.405 146

Yellow poplar – L* 0.043 y=6.235+0.022L* 150

Pine – L* 0.405 y=1.436+0.119L* 150

Larch
– L* 0.443 y=0.607+0.144L* 150

– L* and a* 0.519 y=0.114L*+0.323a*–2.094 150

Note : The model is of the form: y = b0 + ∑bi xi.
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sharply at 150 ˚C, then decreased slightly with no signifi-
cant variation among the different treatment times.  For 
Pine, the MOR values showed significant variation until 
170 ˚C, and later decreased.  For Larch, the MOR values 
decreased with both treatment temperatures and times.  
Thus, the MOR values changes were caused by the dif-
ferent chemical structures, as well as the densities, mois-
ture contents and the directions of loading points.

Table 4 presents the MOR of the heat treated woods 
compared to the untreated woods for each treatment.  
For Larch, the maximum bending strength loss was 
53.27% at a treatment of 230 ˚C for 6 h.  For Pine, the 
maximum bending strength loss was 41.32% at a treat-
ment of 230 ˚C for 4 h.  For Spruce, the maximum bend-
ing strength loss was 44.49% at a treatment of 190 ˚C for 
4 h.  For Yellow poplar, the maximum bending strength 
loss was 33.62% at 230 ˚C for 4 h.  The maximum MOR 
decreased approximately 50% for Larch at a treatment 
of 230 ˚C for 6 h.  These results show that the samples 
became more and more fragile with increasing heat treat-
ments.  The reasons for decreased MORs have been 
extensively discussed by Boonstra et al. (2007).  The 
degradation of hemicellulose has been proposed as the 
major factor for the loss of mechanical strength, espe-
cially affecting bending strength; however, the crystalli-
zation of amorphous cellulose might also play an impor-
tant role.  Polycondensation reactions of lignin, resulting 
in cross–linking, indicated positive impacts in the longi-
tudinal direction.  Furthermore, the lower equilibrium 
moisture content might positively affect the strength 
properties of heat treated wood, but this effect is super-
seded by the degradation of the chemical compounds.  
The aforementioned researchers believe that the degra-
dation of hemicelluloses into volatile products and the 
evaporation of extractives are the main reasons for den-
sity decreases.  It was considered that the variations in 
bending strength loss between the four species were due 
to the different chemical compositions of each.

Relationships between color variables and physi-
cal properties

We analyzed the relationship between the color vari-
ables and the physical properties, such as the mass loss, 
EMC, swelling and MOR, using a multiple stepwise regres-
sion based on the most basic color variable L*, with a* 
and b* as independent variables.  The mass loss, EMC, 
swelling and MOR have a linear relationship with L*.  
Slightly increasing the number of independent variables 
led to larger coefficients of determination (R2), as shown 
in Table 5.  Conversely, the multiple stepwise regression 
significantly improved the estimation of most of the 
physical properties, compared to the linear regression, 
changing from 0.524 to 0.829 for EMC for Larch.  These 
results are due to the fact that the decreasing lightness 
L* was affected the most, with the chemical changing 
having less of an effect on a* and b*. 

Higher R2 values were found for the mass loss for 
Spruce and Larch, and the EMC for Spruce, Yellow pop-
lar and Larch.  Lower R2 values were found for the mass 
loss for Yellow poplar and Pine, the EMC in Pine, the 

swelling for all four species and the MOR in Pine and 
Larch.  The R2 values for Spruce and Yellow poplar varied 
between 0.074 and 0.043, respectively.  Based on these 
results, strong correlations were found between the 
three color variables (L*, a* and b*) and the mass loss, 
EMC and swelling.  Thus, color change, mass loss, EMC 
and swelling are all caused by the degradation of chemi-
cal compositions, especially those affected by the degra-
dation of hemicelluloses.  The degradation of hemicellu-
loses is the main determinant of color changes, mass 
losses, EMC and swelling.  In additionally, the different 
chemical compositions slightly affect the change in 
mechanical properties.  For instance, the dissolution, oxi-
dization, decomposition and migration of extractives 
affect color change, and the EMC and swelling are more 
or less affected by lignin.  The MOR changes are mainly 
due to chemical changes such as the degradation of hemi-
cellulose, the crystallization of amorphous cellulose and 
the polycondensation reactions of lignin.  A lower equi-
librium moisture content leads to a lower moisture con-
tent and a lower density might affect the mechanical 
properties.  Therefore, it is possible that the basic color 
variables (L*, a* and b*) in the heat treatment of wood 
can predict the mass loss, EMC and swelling.  Conversely 
the color variables cannot accurately determine the MOR 
in terms of bending strength. 

CONCLUSION

Four different species of wood were heat–treated at 
five different temperatures of 150 ˚C, 170 ˚C, 190 ˚C, 210 ˚C 
and 230 ˚C, and three different times of 2 h, 4 h and 6 h.  
We analyzed the relationship between the three basic 
color variables and the physical properties changes, with 
the following results:
1. The color specimens darkened with heat treatment.  

L* decreased with increasing temperatures and times, 
and a* and b* increased initially and then later 
decreased.  Thus, the specimens initially became more 
red and yellow and then lost those colors.  These 
results correspond to the increase in ΔE.  Temperature 
affects wood color more than time. 

2. At a temperature of 190 ˚C, the mass loss increased 
slightly with increasing temperatures and the treat-
ment time for all species then increased sharply with 
increasing the temperature and treatment time.  And, 
temperature has more affect than time on mass loss. 

3. The equilibrium moisture content (EMC) decreased 
increasing temperature and treatment times for all of 
the samples, with a maximum EMC loss for all species 
of approximately 50% at 230 ˚C. 

4. Water absorption swelling initially increased slightly, 
decreasing later with increased temperatures.  The 
smallest water sorption appeared at 230 ˚C, and the 
most decreasing water absorption ranged from 15.57% 
to 33.48%, compared to the untreated samples.  The 
volumetric swelling value was nearly equal to the sum 
of the cross–sectional and longitudinal swelling values.

5. The modulus of rupture (MOR) values for Spruce and 
Yellow poplar decreased, but these for Pine and Larch 
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increased slightly at the initial stage of heat treatment; 
however, the MOR values largely decreased at the later 
stages.

6. The physical properties and the MOR have a linear 
relationship with L*, and increasing the number of 
independent variables led to larger coefficients of 
determination (R2).  The MOR changes were affected 
by the density and moisture content; therefore, the 
coefficients of determination (R2) were lower than 
others.
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