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ABSTRACT • Heat treatments are related to the action of temperature in successive stages and under controlled 
conditions, changing the chemical structure of wood. However, the method of treatment used may have a signifi -
cant effect on the properties of the heat treated wood. In order to assess the effect of the heat treatments on the 
wood properties, two conifer species were considered, as well as the absence of the air through water and vapor 
and three levels of temperature (130, 145 and 160 °C). The experiments resulted in twelve treatments or interac-
tions plus controls. This study describes the changes in chemical composition of wood at relatively low tempera-
tures and its interactions with the physical and mechanical properties of the new thermally-modifi ed wood. The 
analysis of the results indicates that the extractives and degradation products that remain in the wood processed 
in a closed reactor seem to be a very important factor affecting the results.
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SAŽETAK • Toplinske obrade povezane su s djelovanjem temperature u kontroliranim uvjetima pri čemu se 
mijenja kemijska struktura drva. Međutim, upotrijebljena metoda toplinske obrade može imati znatan učinak na 
svojstva toplinski obrađenog drva. Kako bi se procijenio učinak toplinske obrade na svojstva drva, napravljen je 
eksperiment na dvije vrste drva četinjača, koje su obrađene uz odsutnost zraka upotrebom vode i pare te pri tri 
različite temperature (130, 145 i 160 °C). Eksperiment je napravljen uz dvanaest kombinacija uvjeta obrade te 
na kontrolnom uzorku. U radu se opisuju promjene kemijskog sastava drva pri relativno niskim temperaturama i 
interakcije tih promjena s promjenama fi zikalnih i mehaničkih svojstava toplinski modifi ciranog drva. Analiza re-
zultata pokazuje da su ekstraktivne tvari i tvari nastale u drvu pri procesu toplinske modifi kacije vrlo važni činitelji 
koji utječu na fi zikalna i mehanička svojstva drva.

Ključne riječi: toplinska obrada, ekstraktivne tvari, utezanje, modul elastičnosti
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1  INTRODUCTION
1.  UVOD

Heat treatments are based on the action of tempe-
rature in successive stages and under controlled condi-
tions, changing the polymeric chemical structures of 
wood. In general, these treatments cause the wood to 
exhibit a small loss in strength, in exchange for increa-
sed dimensional stability, aesthetic improvements and 
increased durability.

These improvements were explained through the 
degradation of pentosans to aldehydes and subsequent 
condensation of these carbonyl groups to the components 
of lignin phenols, thus generating a hydrophobic com-
plex that improves the natural properties of wood. The 
modifi cation of polymers should be done at relatively 
mild temperatures. When increasing the temperature, si-
de-reactions begin to happen, whereby the pentosans, 
instead of being transformed into aldehydes, are conver-
ted into acids, which catalyze chemical degradation of all 
polymeric structures of wood (Mohebby, 2003).

However, the method of treatment may have a 
signifi cant effect on the properties of the heat treated 
wood. Differences between the processes may be rela-
ted to the process conditions, i.e. the heating of wood 
in a sealed reactor allows for the build-up of degrada-
tion products that can affect the chemical changes ta-
king place in the wood (Stamm, 1956).

Therefore, the main objective of this study was to 
assess the infl uence of thermal treatments, in a closed 
reactor using a low range of temperature in the absence 
of the air through water and vapor, on some wood pro-
perties of Pinus radiata and Pseudotsuga menziesii.

2  MATERIAL AND METHODS
2.  MATERIJAL I METODE

Pinus radiata and Pseudotsuga menziesii wood 
was supplied by a wood industry. Samples (70 × 70 × 
100 mm) were obtained from both species, and a total 
of 56 samples were prepared for this experiment. The 
samples were used to assess the wood properties before 
the heat treatments, as well as to assess the infl uence of 
heat treatments on the properties of modifi ed wood.

In this study, an autoclave was used with a capa-
city of 200 l with a maximum temperature of 160 °C. A 
wood dryer was also used. Appropriate instrumentation 
and equipment were used to characterize chemically 
the wood, as well as its physical and mechanical pro-
perties. 

The experimental design used in this study, see 
Table 1, considered the following variables to assess 
the effect of heat treatments on wood properties: two 
species (Pinus radiata and Pseudotsuga menziesii), the 
absence of the air through water and vapor (hydrother-
mal and hygrothermal) and three levels of temperature 
(130, 145 and 160 °C), with each level of temperature 
being applied for fi ve hours. The experiments resulted 
in twelve treatments or interactions plus controls. Sub-
sequently, the heat treated wood was dried until rea-
ching an equilibrium moisture content (EMC) near to 

10 %. The wood was then put inside an oven for two 
hours at 200 °C to consolidate the new polymeric struc-
tures (Militz, 2002). 

Finally, steam conditioning was applied to resto-
re an EMC ranging between 8 to 10 %, allowing for the 
heat treated wood to be machined afterwards.

The characterization of wood before and after the 
heat treatment is described as follows. Chemical com-
position: solvent extractives in boiling water, and etha-
nol toluene according to TAPPI T 204-om-88.1 % so-
dium hydroxide solubility TAPPI T 212-os-76 and 
lignin (TAPPI T 222 om-88); Physical and Mechanical 
properties: moisture content, anhydrous density, tan-
gential and radial shrinkage by NCh176/1, 2 and 3 
were determined; tests for MOE were also conducted 
using standard DIN 52 186.

For the analysis, the results were processed to 
know their distribution and decide on the use of para-
metric or non parametric statistics.

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

3.1 Chemical changes in wood by hydro- and 
hygro-thermal treatments

3.1. Kemijske promjene u drvu nakon hidrotermičke i 
higrotermičke obrade

Table 2 shows an average increase of total extrac-
tives content, 1 % sodium hydroxide solubility and li-
gnin values in heat treated wood, in comparison with 
the controls for both conifer species.

However, when comparing between heat treat-
ments, both Pinus radiate and Pseudotsuga menziesii 
show that total extractive content values tend to decre-

Table 1 Experimental designs and resulting treatments or 
interactions
Tablica 1. Parametri eksperimenta i rezultirajuće obrade 
odnosno interakcije

Heat treatments
Toplinska obrada

Species
Vrsta

Treat-
ment 
Code
Ozna-

ka 
obrade

Absence of 
air through
Odsutnost 
zraka uz 
upotrebu

Tempera-
ture, °C
Tempera-
tura, °C

without treatment / bez 
obrade

Pinus radiata (control) C1
Pseudotzuga menziesii 
(control)

C2

water
vode

130 Pinus radiata 1
145 Pinus radiata 2
160 Pinus radiata 3

water
vode

130 Pseudotzuga menziesii 4
145 Pseudotzuga menziesii 5
160 Pseudotzuga menziesii 6

vapor
pare

130 Pinus radiata 7
145 Pinus radiata 8
160 Pinus radiata 9

vapor
pare

130 Pseudotzuga menziesii 10
145 Pseudotzuga menziesii 11
160 Pseudotzuga menziesii 12
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probably due to the fact that most of the wood samples 
came from the central part of the tree. 

As shown in Table 3, the shrinkage in tangential 
and radial directions was improved for Pinus radiata 
and Pseudotsuga menziesii when using both water and 
vapor. In tangential directions, the control samples 
coincidentally had the same value for both species 
(6 %) and some treatments reduced this value to appro-
ximately 4 %. On the other hand, after some treatments, 
the values of control samples for Pinus radiata and 
Pseudotsuga menziesii (3.3 % and 3.63 %) were redu-
ced to approximately 2.4 % in the radial directions. 

Table 3 also shows the modulus of elasticity 
(MOE) of Pinus radiata and Pseudotsuga menziesii 
wood after a hydro- and hygro−thermal treatment. In ge-
neral, a loss in strength was observed as temperature in-
creased for both species, either in water or vapor treat-
ment in comparison with the control values. However, 
for Pinus radiata the MOE was higher at 130 °C and 
then decreased as a function of temperature. This beha-
vior of MOE was also reported for Eucalyptus globules, 
where the apparent modulus of elasticity of the treated 
wood was a little bit higher than MOE of the original 
wood (Santos, 2000). Kim et al. 1998 found close rela-
tionship between the decrease of bending properties in 
MOE and the temperature in Pinus radiata wood treated 
at 120 °C, 150 °C and 180 °C for 6 to 96 hours.

3.3 Tangential and radial shrinkage in function of 
hydro- and hygro-thermal treatment

3.3. Tangencijalno i radijalno utezanje u ovisnosti o 
hidrotermičkoj i higrotermičkoj obradi

Thermally treated wood shows an improvement 
in both tangential and radial shrinkage, however, these 
improvements vary depending on the treatment ap-
plied.

ase in water when the temperature increases. Conver-
sely, under vapor conditions for both species, the ex-
tractive content values tend to increase. 

In case of the 1 % sodium hydroxide, in water as 
well as vapor, the values tend to decrease with the in-
crease of temperature; the degradation of hemicellulo-
se can be inferred because these soluble products re-
present the portion of holocellulose content that 
remains after boiling water and ethanol. 

As shown in Table 2, the use of water or vapor is 
an important factor to be considered, because they have 
an effect on the chemical composition of the heat-trea-
ted wood. The results in Table 2 suggest that the water 
heat treatment facilitates the diffusion of degraded su-
gars and extractives out of the wood, unlike the vapor 
heat treatment where the degraded sugars and extracti-
ves remain in the wood.

Subsequently, the lignin generally increases kee-
ping proportion with the loss of polysaccharide mate-
rial in heating. Sandermann and Augustin (1964) sug-
gest that, although lignin is thermally more stable than 
polysaccharide component of the cell wall, some ther-
mal degradation of lignin occurs at relatively low tem-
peratures, with the production of various phenolic de-
gradation products.

3.2  Physical and mechanical changes in wood by 
hydro- and hygro-thermal treatments

3.2.  Promjena fi zikalnih i mehaničkih svojstava drva 
nakon hidrotermičke i higrotermičke obrade

The referential values of density of Pinus radiata 
and Pseudotsuga menziesii are approximately 0.45 g/
cm3 and 0.41 g/cm3, respectively, while the density of 
the samples for both species were 0.39 g/cm3 and 0.36 
g/cm3, respectively (see Table 3). This difference is 

Table 2 Chemical analysis of hydro- and hygro-thermal treated wood
Tablica 2. Kemijska analiza hidrotermički i higrotermički obrađenog drva

Heat treatment
Toplinska obrada

Species
Vrsta

Treat-
ment
code

Ozna-
ka 

obra de

Chemical composition, %
Kemijski sastav, %

Absence of 
air through
Odsutnost 
zraka uz 
upotrebu

Tempera-
ture, °C
Tempera -
tura, °C

Boiling 
water 

extractives
Ekstraktivi u 
kipućoj vodi

Ethanol 
toluene 

extractives
Ekstraktivi u 

etanol toluenu

Total 
extra c ti-

ves
Ukupno 

ekstraktivi

1 % sodium 
hydro xide 
solubility

1 % Otopina 
na trijeva hidroksida

Lignin
Lignin

without treatment
bez obrade

P. radiata 
(control) C1 2.7 0.4 3.2 12.7 30.7

P. menziesii
(control) C2 3.7 2.9 4.7 12.6 30.9

water
vode

130 P. radiata 1 8.8 5.5 10.2 21.5 31.1
145 P. radiata 2 9.4 6.9 10.3 20.3 34.4
160 P. radiata 3 6 7.4 9.3 14 40.3

water
vode

130 P. menziesii 4 13.6 10.7 14.4 22.9 43.9
145 P. menziesii 5 12.1 11.8 14.2 20.6 38.7
160 P. menziesii 6 9.4 10.4 12.2 15.7 50.9

vapor
pare

130 P. radiata 7 5 3.3 6 20.7 28.1
145 P. radiata 8 9.7 6.3 11.5 21.4 31.8
160 P. radiata 9 7.7 10.2 12.3 19 37.1

vapor
pare

130 P. menziesii 10 8 4.5 8.3 18.8 35.3
145 P. menziesii 11 14 10.4 13.6 21.5 38.3
160 P. menziesii 12 13.8 14.3 16.2 21.2 44.4
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A comparison between heat treatment indicates 
that tangential and radial shrinkage tend to decrease as a 
function of temperature. This trend is altered by the effect 
of wood density and the total extractives content remai-
ning after treatment. Table 3 shows that tangential shrin-
kage values  are high in those treatments where extracti-
ves are found in smaller amounts, see Table 2. Conver sely, 
low tangential shrinkage values are found in the treat-
ments where there are more extractives, see Table 2. 

Moreover, when comparing the two species, Pseu-
dotsuga menziesii has lower tangential shrinkage than 
Pinus radiate in both water and vapor. This is possibly 
due to the lower density of Pseudotsuga menziesii.

On the other hand, the Kruskal−Wallis test was 
used to compare the effect of treatments on some phy-
sical and mechanical responses in heat-treated wood, 
because the obtained responses did not fi t a normal di-
stribution even after transformation of the data. 

The Kruskal-Wallis test compares the medians of 
tangential shrinkage within 12 levels of treatment. Sin-
ce the p-value is less than 0.05, there is statistically si-
gnifi cant difference between the medians at a confi den-
ce level of 95.0 %.

Figure 1 and 2 show the behavior of tangential 
and radial shrinkage values, respectively, as a function 
of the treatments. 

The Kruskal−Wallis test compares the medians, 
which indicate that there are signifi cant differences 
between treatments. By using the medians, it is also 
possible to identify which group of treatment is diffe-
rent from the other. Figure 1 shows the treatments 11, 
4, 5, 6 and 9 with similar medians. These treatments 
present the lower median values in tangential shrinka-
ge than the rest of treatments. These results could be 
explained through the extractives contents, which are 
high in these treatments, see Table 2. Figures 1 and 2 
also show that the lower tangential and radial shrinka-

ge for Pinus radiata was the treatment that showed 
more total extractives content remaining for this spe-
cies, the treatment 9, see Table 2. Taylor (1974) found 
that the removal of extractives increases the shrinkage 
and swelling of wood. 

3.4 Modulus of elasticity in the function of hydro- 
and hygro-thermal treatment

3.4. Modul elastičnosti u ovisnosti o hidrotermičkoj i 
higrotermičkoj obradi

The Kruskal-Wallis test was used for both physi-
cal and mechanical properties to compare the medians 
of the modulus of elasticity within the 12 levels of tre-
atment. Since the p-value is less than 0.05, there is a 

Table 3 Physical and mechanical properties of hydro- and hygro−thermal treated wood
Tablica 3. Fizikalna i mehanička svojstva hidrotermički i higrotermički obrađenog drva

Heat treatment
Toplinska obrada

Species
Vrsta

Treatment
code

Oznaka 
obrade

Physical and mechanical properties
Fizikalna i mehanička svojstva

Absence of 
air through
Odsutnost zraka 
uz upotrebu

Temperature, 
°C

Temperatura, 
°C

Density
Gustoća

g/cm3

Shrinkage
Utezanje

MOE
MPaRadial

radijalno
%

Tangential
Tangencijalno

%
without treatment
bez obrade

C1 0.39 3.30 6.00 8728
P. menziesii (control) C2 0.36 3.63 6.00 10219

water
vode

130 P. radiata 1 0.37 3.24 5.95 10920
145 P. radiata 2 0.35 2.67 5.02 8874
160 P. radiata 3 0.38 3.00 5.70 7274

water
vode

130 P. menziesii 4 0.36 2.62 4.41 8679
145 P. menziesii 5 0.36 2.74 4.40 8238
160 P. menziesii 6 0.34 2.74 4.08 3197

vapor
pare

130 P. radiata 7 0.40 3.61 6.94 11477
145 P. radiata 8 0.36 2.50 5.24 9576
160 P. radiata 9 0.40 2.38 4.37 5279

vapor
pare

130 P. menziesii 10 0.36 3.13 5.15 9993
145 P. menziesii 11 0.36 2.55 4.07 8963
160 P. menziesii 12 0.34 2.67 4.84 3481
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Figure 1 Tangential shrinkage after hydro- and hygro-ther-
mal treatment
Slika 1. Tangencijalno utezanje drva nakon hidrotermičke i 
higrotermičke obrade
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statistically signifi cant difference between the medians 
at a confi dence level of 95.0 %. Figure 3 shows the 
behavior of the modulus of elasticity values as a fun-
ction of the treatments.

Figure 3 shows that treatments 6 and 12 produce 
the lowest values of MOE. These treatments corre-
spond to Pseudotzuga menziessii at 160 °C in water 
and vapor, respectively, possibly due to the lower den-
sity of this species.

In the case of Pinus radiate, treatment 9, with va-
por at 160 °C, showed a MOE lower than treatment 3 
(water). 

The differences among treatments 9 and 3 could 
be explained by the wood density, which was higher in 

samples used for the treatment 9. However, the wood 
samples used for treatments 12 and 6 have the same ave-
rage density, and 6 produced a lower MOE than 12, see 
Table 3. In this case, a possible explanation could be the 
high level of remaining lignin in comparison with the 
holocellulose, which indicates a strong degradation of 
those treatments when using water, see Table 2. 

Finally, considering that heat treatments alter the 
relationship between water and wood, it is expected that 
a reduction in the cell wall moisture content will produ-
ce changes in mechanical properties of the wood.

4  CONCLUSION
4.  ZAKLJUČAK

Hydro- and hygro-thermal treatments have an ef-
fect on the original chemical composition and, therefo-
re, on the properties of Pinus radiata and Pseutozuga 
menziesii wood.

The extractives and degradation products that re-
main in wood processed at low temperature range in a 
closed reactor seem to be a very important factor affec-
ting the results.
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Figure 2 Radial shrinkage after hydro- and hygro-thermal 
treatment
Slika 2. Radijalno utezanje drva nakon hidrotermičke i 
higrotermičke obrade

Figure 3 Modulus of elasticity of Pinus radiata and 
Pseudotsuga menziesii wood after hydro- and hygro-thermal 
treatment
Slika 3. Modul elastičnosti drva bora i duglazije nakon 
hidrotermičke i higrotermičke obrade




