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structure of wood under heat treating 
temperature conditions
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Abstract 

In this study, changes in gas permeability and pore structure of wood are evaluated after heat treatment with tem-

peratures ranging from 190 to 230 °C for 6 h for both hardwood (yellow poplar: Liriodendron tulipifera) and softwood 

(Korean red pine: Pinus densiflora). The purpose of this study is to investigate changes in pore size, content of three 

pore types (through pore, blind pore, and closed pore), as defined by IUPAC, and gas permeability by increasing heat 

treatment temperatures in hardwood and softwood using capillary flow porometry and gas pycnometry. As the heat 

treatment temperature increased, only through pore porosity increased, causing an increase in gas permeability.
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Introduction

Wood is a non-homogeneous hygroscopic material and 

swells or shrinks due to changes in the equilibrium mois-

ture conditions. Additionally, its hygroscopicity causes 

poor durability, poor heat resistance, and easy decay [1].

Heat treatment is a method for improving the quality 

of wood to overcome these demerits. It is generally rec-

ognized as an environmentally friendly method because 

it uses only high temperature or steam without chemical 

additives [2].

Due to high-temperature heat treatment, the proper-

ties of wood are changed as follows: increase in the dura-

bility against decay, decrease in hygroscopicity due to a 

decrease in hydrophilic OH groups, decrease in the equi-

librium moisture content, increase in the dimensional 

stability, relief of the internal stress, change in the colora-

tion, and decrease in the thermal conductivity [2–6].

In addition, there are many studies on the permeability 

of wood improvement by heat treatment.

Yuan [7] reported that the gas permeability of heat-

treated Eucalyptus was remarkably improved, and the 

best results were obtained when it was treated at 140 °C 

for 5 h.

Taghiyari and Malek [8] reported that heat treatment 

affected gas permeability. At temperatures below 60  °C, 

permeability increased due to bound water reduction and 

shrinkage. Permeability increased due to structural mod-

ifications and chemical changes in cell wall components 

at temperatures above 75 °C.

Kang et al. [2] reported that gas permeability increased 

after the heat treatment of malas (Homalium foetidum) 

at 190  °C for 3  h. Also, they reported increased sound 

absorption coefficient of malas in longitudinal direction 

by heat treatment.

In recent years, there are many studies with a special 

focus on the effects of heat treatment on air permeabil-

ity and the effects of nano-materials (such as nanosilver, 

zinc-oxide nanoparticles, nanocopper) on heat treat-

ment of solid wood species. Heat treatment of wood 

and impregnation of nano-materials such as zinc oxide 

significantly inhibit growth of the fungus and conse-

quently reduce wood loss. Thus, wood impregnated with 

nanoparticles improves biological resistance [9–12]. 
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Nanoparticles also improve the thermal conductivity of 

solid wood [12, 13].

The purpose of this study is to estimate the relation-

ships between pore characteristics and gas permeability 

changes caused by heat treatment. This study analyzes 

the changes in the Darcy permeability constant, pore 

size, and pore structure defined by IUPAC [14] (through 

pore, blind pore, closed pore) depending on heat treat-

ment temperature conditions using yellow poplar (hard-

wood) and Korean red pine (softwood).

Materials and methods

Specimen preparation

Logs from 20-year-old yellow poplar trees (Liriodendron 

tulipifera) grown in Chodanglim Gangjin-gun Jeollanam-

do, Republic of Korea, and 20-year-old Korean pine trees 

(Pinus densiflora) grown in Changseong Jeollanam-do, 

Republic of Korea, were cut into lumber with the dimen-

sions of 120  mm for width, 30  mm for thickness, and 

1800 mm for length.

The lumber was heat treated at 190, 210, and 230  °C 

for 6  h using a high-temperature hot air dryer (model: 

BPH-9200A, Korea) at Chungnam National University. 

The control group was not subjected to heat treatment 

(20 °C).

The lumber was processed into several groups of sam-

ples. Each group contained five samples, which had a 

thickness of 10 mm and a diameter of 29 mm, as shown 

in Fig. 1.

To measure true density, these sample specimens were 

pulverized into wood sawdust, which was sieved by a 

sifter with a 200 mesh.

Morphology observation for pore cross section of wood 

using SEM

To observe the pore morphology of the cross section 

of wood, specimens were cut into samples with dimen-

sion of approximately 5 × 5 mm, and the surfaces of the 

sample were smoothly cut using a microtome (model: 

HM400S, Microm GmbH, Germany). They were coated 

with gold ions using an ion sputtering apparatus and 

observed at an acceleration voltage of 10  kV and 400 

magnification using a scanning electron microscope 

(SEM, model: Genesis-1000, Emcrafts, Korea).

Measurement of bulk density and moisture content

The bulk density and moisture content of the cylindrical 

specimens were measured according to KS F 2198 [15] 

and KS F 2199 [16].

Measurement of true density

The true density and porosity of the heat-treated wood 

were measured using a gas pycnometer (model: PYC-

100A-1, Porous Material Inc., USA) following the gas 

displacement principle according to ASTM C604 [17], 

D2638 [18], and D4892 [19]. Specifically, the true density 

and porosity of the cylindrical specimens and the saw-

dust of each heat treatment temperature condition were 

measured.

Measurement of gas permeability

Gas permeability was measured using a capillary flow 

porometer (model: CFP-1200AEL, Porous Materials, 

Inc., USA). To minimize the permeability variation due to 

the air leakage between the curved surface of the cylin-

drical specimen and sample chamber, the side surface of 

Fig. 1 Preparation of yellow poplar and Korean red pine specimens. From top to bottom, the rows denote the (control ≈ 20 °C) and heat treatment 

at 190, 210, and 230 °C, respectively
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the specimens was sealed with an O-ring and the pres-

sure was increased in the vertical direction. The vertical 

flow rate was measured by a pressure increase and con-

verted to the Darcy permeability constant according to 

Darcy’s law [20].

Alternatively, the flow through the wood can be mod-

eled as capillary flow in the method by Siau [21], in which 

case Poiseuille’s law is applied.

where Q = rate of flow (m/s); N = number of capillaries 

(number); r = capillary radius (m); p = differential pres-

sure (N/m2); η = viscosity of the fluid (N  s/m2); L = dis-

tance between the opposing surfaces (m).

Measurement of throat pore diameter of through pores

The pore size was measured using a capillary flow porom-

eter (model: CFP-1200AEL, Porous Materials, Inc., USA) 

according to the ASTM F316 [22] test method.

After measuring the gas permeability to detect the flow 

rate according to pressure, the same samples were wetted 

sufficiently in low surface tension and low volatility Gal-

wick solution (surface tension 0.0159 N/m) to penetrate 

into the pores and increase the pressure. At this time, 

the initial flow rate and increase in flow rate by pressure 

increase were measured.

The pressure at which the Galwick solution was 

extruded by air pressure was measured sequentially, and 

the pore size was determined according to the Washburn 

equation. The measured pores had the constricted pore 

diameter of through pores, as shown in Fig. 2.

where D: diameter of the pore assuming it is cylindrical 

(m); p: differential pressure (N/m2); γ: surface tension of 

(1)Q =

(

Nπr2�p
)

/(8ηL)

(2)D =

4γ cos θ

p

wetting liquid (N/m); θ: contact angle of wetting liquid 

(°).

Porosity measurement of three types of pores (through 

pore, blind pore, closed pore)

Jang et al. [23] reported that the pore types of wood can be 

classified as through pores, blind pores, and closed pores, 

and their contents were determined. In this study, the same 

method was used.

Total porosity φtotal (%) can be calculated using true vol-

ume (Vtrue) of the sawdust as measured by gas pycnometer 

and bulk volume (Vbulk) of the cylindrical specimen accord-

ing to the dimension method [14]

The volume of pores in the cylindrical specimen as meas-

ured by a gas pycnometer is the sum of through pore vol-

ume (Vthrough) and blind pore volume (Vblind). From these 

results, the sum of through pore porosity (φthrough) and 

blind pore porosity (φblind) can be obtained

The closed pore porosity (φclosed) is calculated from 

Eqs. (3) and (4) 

To separate blind pore porosity (φblind) and through pore 

porosity (φthrough), the cylindrical specimens were steeped 

in Galwick (surface tension 0.0159  N/m), and the liquid 

was intruded into the pores using a vacuum pump.

Then, the specimens were placed in a chamber, both 

sides of which were sealed with O-rings, and air pressure 

was applied in the vertical direction.

As the air pressure was increased, only Galwick in the 

through pores was extruded. The liquid inside blind pores 

could not be extruded because blind pores were blocked at 

one end.

The mass of Galwick in blind pores was calculated as the 

difference in specimen mass after extrusion (Mafter extrusion) 

and dried specimen mass (Mdried). Finally, the blind pore 

volume (Vblind) was calculated using the difference in speci-

men mass (Mafter extrusion − Mdried) and specific gravity of 

Galwick (ρGalwick)

(3)φtotal(% ) =

(

1 −

Vtrue

Vbulk

)

× 100

(4)φthrough + φblind =
Vthrough + Vblind

Vbulk
× 100

(5)φclosed = φtotal − φthrough + φblind

(6)Vblind =

Mafter extrusion − Mdried

ρGalwick

(7)φblind =

Vblind

Vbulk

× 100

(8)φthrough =
(

φthrough + φblind

)

− φblind

Fig. 2 Illustration of constricted pore diameter measured by capillary 

flow porometry
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Hence, according to the above equation, the through 

pore porosity (φthrough), blind pore porosity (φblind), and 

closed pore porosity (φclosed) of the heat-treated cylindri-

cal specimens are calculated.

Results and discussion

Results of morphology observation

As the heat treatment temperature increases, the pore 

morphology of the cross section changes, as shown in 

Figs. 3 and 4.

In this study, it was difficult to determine the difference 

of anatomical features in the surface pore morphology 

of the cross section by heat treatment in yellow poplar, 

similar to the findings in Kim et al. [24].

In contrast, in Korean red pine, the earlywood tracheid 

cell walls thinned in the heat-treated samples at 210  °C 

and 230 °C. The pore size and porosity may increase after 

the heat treatment.

Results of bulk density and moisture content (MC)

The bulk density and MC of the heat-treated wood speci-

mens are shown in Figs. 5 and 6.

The average bulk density of yellow poplar decreased 

from 0.42 g/cm3 of control (standard deviation SD = 0.03) 

to 0.38  g/cm3 (SD = 0.02), 0.36  g/cm3 (SD = 0.01), and 

0.35  g/cm3 (SD = 0.03) as the temperature increased to 

190  °C, 210  °C, and 230  °C, respectively. The deviation 

from untreated (control) specimens to that of specimens 

treated at 230 °C was 16.46%.

The average bulk density of Korean red pine decreased 

from 0.52  g/cm3 of control (SD = 0.03) to 0.51  g/cm3 

(SD = 0.06), 0.50  g/cm3 (SD = 0.06), and 0.44  g/cm3 

(SD = 0.02) as the temperature increased to 190, 210, and 

230  °C, respectively, and the deviation from untreated 

(control) specimens to that of specimens treated at 

230 °C was 14.14%.

In the previous studies, Zaman et  al. [25] reported 

that after heat treating Pine (Pinus sylvestris) and Birch 

Fig. 3 Typical SEM observations on the cross section of yellow poplar according to the heat treating temperature
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(Betula pendula), the mass loss of Birch was more than 

that of Pine.

Easteve et  al. [26] reported that Eucalyptus (Euca-

lyptus globulus) exhibited a greater mass loss than 

Pine (Pinus pinaster) under the same heat treatment 

conditions.

The MC of the yellow poplar was decreased from 

6.07% (control) to 4.22, 4.21 and 3.44% as the heat 

Fig. 4 Typical SEM observations on the cross section of Korean red pine according to the heat treating temperature
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treating temperature increased to 190, 210 and 230  °C, 

respectively.

The MC of Korean red pine decreased from 9.43% 

(control) to 5.67, 4.50, and 4.52% as the heat treating tem-

perature increased to 190, 210 and 230  °C, respectively. 

These results are attributed to the decrease in moisture 

content after high-temperature heat treatment.

For this reason, Jämsä and Vittaniemi [27] reported that 

the hygroscopicity by cell walls is reduced as the wood 

chemistry changes due to the decrease in the hydroxyl 

groups after heat treatment. It is also reported that water 

molecules are inaccessible to hydroxyl groups due to an 

increase in cellulose crystallinity [28–30].

Results of true density

The true density of the cylindrical specimens and the 

sawdust of each heat-treated wood specimen is shown in 

Figs. 7 and 8.

The true densities of the yellow poplar cylindrical 

specimens were 1.23 (SD = 0.02), 1.19 (SD = 0.09), 1.22 

(SD = 0.04), and 1.20  g/cm3 (SD = 0.05) for the control 

and with heat treating at 190, 210 and 230  °C, respec-

tively. There were no significant differences according to 

the heat treating temperature. The true density of a cylin-

drical specimen measured by a gas pycnometer assumes 

the sample has no interior closed pores [14].

In contrast, the true densities of the sawdust samples 

were 1.56 (SD = 0.01), 1.55 (SD = 0.03), 1.47 (SD = 0.02), 

and 1.47 g/cm3 (SD = 0.04) for the control and with heat 

treating at 190, 210, and 230 °C, respectively. As the heat 

treating temperature increases, the true density of the 

sawdust decreases.

As the wood is heat treated at over 160  °C, thermal 

hydrolysis occurs. In response, hemicellulose, having 

a high hydrophilicity, is decomposed first and then cel-

lulose and lignin are deformed [31]. For this reason, it 

seems that as the heat treating temperature increases, the 

true density of the sawdust of yellow poplar decreases.

The true densities of the Korean red pine cylindri-

cal specimens were 1.39 (SD = 0.04), 1.35 (SD = 0.10), 

1.36 (SD = 0.05), and 1.40  g/cm3 (SD = 0.02) for the 

control and with heat treating at 190, 210, and 230  °C, 

respectively. Similar to the yellow poplar, there was 

no significant difference according to the heat treating 

temperature. The true density of the sawdust was 1.57 

(SD = 0.01), 1.55 (SD = 0.01) 1.58 (SD = 0.01), and 1.59 g/

cm3 (SD = 0.02) for the control and with heat treating 

at 190, 210 and 230  °C, respectively. As the heat treat-

ing temperature increased, the true density tended to 

increase.

In Korean red pine, the tendency of the true density 

change in relation to the increase in heat treating temper-

ature was different from yellow poplar. It seems that these 

results were attributed to the composition ratio variance 

of hemicellulose in softwood and hardwood, and the 

thermal degradation of hardwood xylans is greater than 

that of softwood mannans [32].

Results of gas permeability

The values of the Darcy permeability constant and the 

mean values at each heat treating temperature for the 

samples are shown in Fig. 9.

The Darcy permeability of the yellow poplar was 

increased from 0.09 (SD = 0.04) to 0.14 (SD = 0.08), 0.18 

(SD = 0.09), and 0.28 (SD = 0.09) as the heat treating 

temperature increased from the control to 190, 210, and 

230  °C, respectively. After heat treatment, the gas per-

meability was 3.1 times higher than that of the untreated 

sample (control).

The Darcy permeability constant of Korean red pine 

was increased from 0.42 (SD = 0.09) to 0.59 (SD = 0.20), 

0.69 (SD = 0.10), and 0.77 (SD = 0.10) as the heat treat-

ing temperature increased from the control to 190, 

210, and 230  °C, respectively. After heat treatment, the 
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gas permeability was 1.81 times higher than that of the 

untreated sample (control).

These results agree with those of the previous studies 

[25, 26] showing that the increase in mass loss after heat 

treatment is greater in hardwood than in softwood.

Moreover, Chang et  al. [33] reported that micro-pore 

expansion in cell walls due to volatilization of the extract 

was observed during heat the treatment.

The mass loss might increase the amount of through 

pores in the wood by heat treatment. As a result, yellow 

poplar has higher gas permeability than Korean red pine 

after the heat treatment.

In the case of the Korean red pine specimens in this 

study, gas permeability was greater than the general 

extent of other red pine species, although there were no 

apparent cracks in the specimens. There are empty resin 

canals due to resin extraction by wood drying caused by a 

higher fluid current and increased gas permeability.

Results of through pore diameter

The maximum pore size and the mean pore size of 

through pores measured by the capillary flow porom-

etry and the average value of each part are presented in 

Figs. 10 and 11.

The maximum pore size of yellow popular was 

increased from 13.67 (SD = 13.80) to 14.54 (SD = 10.67), 

18.45 (SD = 12.11), and 22.77  μm (SD = 2.66) as the 

heat treating temperature increased from the control to 

190  °C, 210  °C, and 230  °C, respectively, and the mean 

pore size was also increased from 0.98 (SD = 1.24) to 0.59 

(SD = 0.43), 1.08 (SD = 1.15), and 1.32 μm (SD = 1.37) as 

the heat treating temperature increased from the control 

to 190, 210 and 230 °C, respectively.

The maximum pore size of Korean red pine was 

increased from 20.50 (SD = 3.09) to 27.01 (SD = 10.78), 

31.64 (SD = 8.38), and 38.04  μm (SD = 2.64) as the heat 

treating temperature increased from the control to 190, 

210, and 230  °C, respectively, and mean pore size was 

also increased from 0.26 (SD = 0.03) to 0.28 (SD = 0.22), 

0.34 (SD = 0.13), and 0.27  μm (SD = 0.01) as the heat 

treating temperature increased from the control to 190, 

210 and 230 °C, respectively.

From this study, the increase in pore size was caused by 

the degradation of wood components by heat treatment, 

and expansion of micro-pores in the cell wall, and the 

increase in gas permeability.

Results of the three types of porosity (through pore, blind 

pore, closed pore)

The pore types of heat-treated wood were classified as 

through pore, blind pore, and closed pore by the IUPAC 

definition [14] using gas pycnometry and capillary flow 

porometry. The amount of each pore type is shown in 

Figs. 12 and 13.
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The total porosity of yellow popular was increased from 

73.17 (SD = 2.09) to 75.62 (SD = 1.35), 75.43 (SD = 0.63), 

and 76.16% (SD = 1.74) as the heat treating tempera-

ture increased from the control to 190, 210, and 230 °C, 

respectively.

The through pore porosity increased from 21.12 

(SD = 2.64) to 26.57 (SD = 3.42), 28.52 (SD = 3.64), 

and 34.13% (SD = 5.02) as the heat treating tempera-

ture increased from the control to 190, 210, and 230 °C, 

respectively. Thus, blind pore porosity, closed pore 

porosity, and wood substance tended to decrease with an 

increase in through pore porosity.

The total porosity of Korean red pine was increased 

from 66.79 (SD = 1.90) to 66.12 (SD = 3.68), 68.42 

(SD = 3.66), and 72.23% (SD = 0.96) as the heat treat-

ing temperature increased from the control to 190, 210, 

and 230 °C, respectively.

The through pore porosity was 34.23 (SD = 2.82), 

34.68 (SD = 8.76), 33.35 (SD = 5.12), and 40.42% 

(SD = 4.45), respectively, and the through pore porosity 

tended to increase rapidly at 230 °C.

It is considered that the cellulose of Korean red pine 

was decomposed in the range of 210–220 °C.

Conclusions

The experimental results of gas permeability and pore 

structure depending on the heat treating temperature 

conditions for yellow poplar and Korean red pine are 

summarized as follows.

1. Based on observations of cross sections of wood after 

heat treatment using SEM, there is no significant 

change experienced in yellow poplar.

2. The higher the heat treating temperature, the greater 

the gas permeability and the increase in pore size 

in the cross sections of wood. As heat treating tem-

perature increased, the degree of increase in gas per-

meability of yellow poplar was greater than that of 

Korean red pine.

3. In yellow poplar, through pore porosity (%) increased 

with increasing heat treating temperature. On the 

contrary, in Korean red pine, the through pore poros-

ity (%) did not change significantly until 210  °C and 

showed a large increase by 230 °C.

The decrease in wood density caused by the increase 

in heat treatment temperature was attributed to decom-

position of cell wall compounds and changes in their 

chemical compositions. Additionally, it seems that these 

processes result in expanding the pores in the wood, 

increasing the through pore porosity (%) and increasing 

the gas permeability.

In addition, due to the different chemical changes 

depending on the heat treating temperature between 

hardwood (yellow popular) and softwood (Korean red 

pine), the change rate of mass loss varies, and thus, the 

variation of pore size, porosity, and gas permeability 

are different. To clarify these trends, further investiga-

tion of the characteristics of yellow poplar and Korean 

red pine depending on heat treating temperature is 

needed.
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