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The effects of air heat treatment were evaluated on six Korean oak woods: 
Quercus serrata (Qs), Quercus mongolica (Qm), Quercus acutissima 
(Qac), Quercus aliena (Qal), Quercus dentata (Qd), and Quercus variabilis 
(Qv). Color change (ΔE*), weight loss, and density loss were examined 
using flat-sawn heartwood boards before and after treatment at 160 °C, 
180 °C, 200 °C, and 220 °C for 2 h. Overall, the ΔE*, weight loss, and 
density loss increased with temperature. The properties between 
temperature and species showed distinct differences. A change to a 
darker color was observed in all species after treatment at 200 °C. Qm and 
Qd exhibited the highest and lowest L*, a*, and b* values after treatment 
at 220 °C, respectively. The highest ΔE* values were obtained in Qd at 
160 °C, Qs at 180 °C and 200 °C, and Qv at 220 °C. Qd and Qv exhibited 
the highest and lowest weight losses at 160 °C, respectively. Qac and Qal 
showed the highest and lowest weight losses at 220 °C, respectively. Qm 
showed the highest density loss at all temperatures, whereas Qs had the 
lowest at 160 °C, and Qac had the lowest values at 180 °C, 200 °C, and 
220 °C. 
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INTRODUCTION 
 

The genus Quercus L. (oaks, Fagaceae) is the largest tree genus in temperate and 

subtropical areas of the Northern Hemisphere, with an extensive distribution range (Denk 

et al. 2010), and approximately 400 species in North and Central America, Colombia, 

Eurasia, and northern Africa (Nixon 1997; Fang et al. 2011). Oak wood has high economic 

value because of its beautiful appearance, superior mechanical properties, and natural 

durability. Therefore, oak wood is widely used in many applications, including carpentry, 

construction, furniture, veneers, flooring, charcoal production, and fuelwood (Santos et al. 

2012). Additionally, it is used in the production of pallets, railway ties, boarded roads, and 

timber mats (Bumgardner 2017). 

In Korea, forests cover 6,348,834 ha, accounting for 63.1% of the total 10,043,185 

ha. Six Korean oak species, Quercus serrata (Qs), Quercus mongolica (Qm), Quercus 

acutissima (Qac), Quercus aliena (Qal), Quercus dentata (Qd), and Quercus variabilis 

(Qv), are major wood resources, covering 1,037,650 ha, or 16.3% of the forested area, with 

a total growing stock of 159,261,862 m3 (Korea Forest Service 2022). These species play 
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crucial roles ecologically and economically in Korea. Historically, these oak species have 

been used for several purposes. During the late Joseon Dynasty (17th to 20th centuries), 

Korean oak wood was instrumental in the construction of shrines, fortresses, and palaces 

(Lee and Bae 2021). However, in modern times, these oaks are primarily used for low-

grade applications, including mushroom cultivation, firewood, and charcoal (Kim and 

Hanna 2006; Fang et al. 2011; Han and Chang 2019; Jeon et al. 2020; Korea Forest Service 

2022). 

Air heat treatment is an environment-friendly and simple process that does not 

require the addition of chemicals for wood modification (Lee et al. 2023). In addition, 

thermally treated wood is used in multiple applications, including windows, claddings, 

playground equipment, sauna interiors, bathrooms, parquet flooring, and decking (Militz 

and Altgen 2014). This treatment can alter the color of wood to a darker color, which is 

preferred by consumers (Hidayat et al. 2017; Suri et al. 2021), improve dimensional 

stability and hydrophobicity (Hidayat et al. 2015, 2016; Suri et al. 2023a), and enhance its 

durability against fungi (Suri et al. 2023b).  

Understanding the color properties and weight and density loss of heat-treated 

wood is essential for ensuring the suitability of wood material for various applications. 

Several studies have investigated the impact of air heat treatment on the physical properties 

of oak wood, specifically color change and weight and density loss. Barcík et al. (2015) 

reported on air heat treatment at 160 °C, 180 °C, 210 °C, and 240 °C for 5 h darkened 

pedunculate oak (Quercus robur L.) wood. The L* (lightness), a* (red/green chromaticity), 

and b* (yellow/blue chromaticity) values, and density decreased with increasing 

temperature, with the greatest color change (ΔE*) and the lowest density present at 240 °C. 

Perçin et al. (2016) reported the effects of heat treatment under atmospheric pressure at 

150 °C, 170 °C, 210 °C, and 240 °C for 2, 5, and 8 h on the wood properties of Q. petraea. 

The weight and density loss of Q. petraea wood increased with temperature and duration, 

with the most pronounced changes at 210 °C for 8 h. Veizović et al. (2018) reported that 

heat treatment at 180 °C for 4 h in a vacuum oven with a pressure of 100 bar reduced its 

density from 0.637 g/cm³ to 0.620 g/cm³. Čabalová et al. (2018) reported that air heat 

treatment of Q. robur grown in Slovakia at 160 °C, 180 °C, and 200 °C for 3, 6, 9, and 12 

h resulted in decreased density, L* values, and b* values. The a* value varied during the 

heat treatment, with maximum values observed at 160 °C.  

Currently, the utilization of six Korean oak woods has diminished to low-grade 

applications, such as mushroom cultivation, firewood, and charcoal. Thus far, there has 

been a lack of attempts to improve the quality of domestic oak wood for high-value 

applications in the Korean wood industry. Wood modification methods, such as air heat 

treatment, are necessary to improve wood color, dimensional stability, hydrophobicity, 

surface quality, and fungal durability to align with consumer preferences. This study aimed 

to determine and compare the effects of air heat treatment on the properties of the six 

Korean oak woods, including color change, weight loss, and density loss, to facilitate their 

further effective utilization. 

  

 
EXPERIMENTAL 
 

Materials 
In this study, previously employed samples were examined (Savero et al. 2023, 

2024). Three trees of each of the six oak species were harvested from the research forest 
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of Kangwon National University, Chuncheon-si, Gangwon-do, Korea (37° 47’ 2.8932” N, 

127° 49’ 13.368” E). The wood samples for this study were prepared as follows: 1) the 

logs were stored in a storage room for 1 year; 2) they were then cut into flat-sawn lumber 

with dimensions of 1000 to 1500 mm (longitudinal, L) × 200 to 260 mm (tangential, T) × 

25 to 30 mm (radial, R) and air-dried in a storage room for 2 months; 3) the flat-sawn 

lumbers were converted into flat-sawn boards with dimensions of 300 mm (L) × 90 mm 

(T) × 25 mm (R) from the heartwood of each species; 4) the surface of defect-free flat-

sawn boards was sanded using a sanding machine (BSM 6100, 1152 m/min, 1500 W, 

Topline International, Beijing, China) with AA80 coarse-grit sandpaper (Dae Sung 

Abrasive Co., Ltd., Incheon, Korea); 5) the boards were placed in a conditioning room with 

a relative humidity of 65 ± 3% and a temperature of 20 ± 3 °C for 2 weeks. While the wood 

boards were in the conditioning room, the weight of the samples was measured daily to 

ensure they stabilized before further testing. Essential information on the six Korean oak 

trees and wood samples is summarized in Tables 1 and 2, respectively. 

 

Table 1. Essential Information of the Sample Trees 

Trade 
Name 

Scientific Name 
Tree 
No. 

Breast Height 
Diameter (cm) 

Cambial 
Age (years) 

Location 

Jolcham 
Oak 

Quercus serrata 
Murray (Qs) 

1 22.2 69 

Research 
forest of 
Kangwon 
National 

University, 
Chuncheon-
si, Gangwon-

do, Korea 
(37° 47’ 

2.8932” N, 
127° 49’ 

13.368” E) 

2 28.3 54 

3 29.5 93 

Mongolian 
Oak 

Quercus mongolica 
Fisch. ex Ledeb 

(Qm) 

1 21.3 63 

2 23.7 65 

3 24.2 64 

Sawtooth 
Oak 

Quercus acutissima 
Carruth. (Qac) 

1 15.7 48 

2 23.6 48 

3 25.8 48 

Oriental 
White Oak 

Quercus aliena 
Blume (Qal) 

1 15.5 49 

2 20.6 44 

3 25.3 50 

Korean 
Oak 

Quercus dentata 
Thunb. (Qd) 

1 21.3 82 

2 21.5 66 

3 23.7 70 

Oriental 
Cork Oak 

Quercus variabilis 
Blume (Qv) 

1 21.1 63 

2 23.8 64 

3 29.7 61 

 

Table 2. Wood Sample Information 

Test 
Sample 

Dimension 
(mm) 

Species 

Air-dry 
Moisture 
Content 

(%) 

Temperature 
(°C) 

Sample 
Number* 

Total 

Color Change 
Density 

Weight loss 

300 (L) × 
90 (T) × 25 

(R) 

Qs 11.38 (0.25) 

160 
180 
200 
220 

3(R) × 
6(Sp) × 

4(T) 
72 

Qm 12.09 (0.22) 

Qac 11.26 (0.27) 

Qal 10.88 (0.26) 

Qd 11.60 (0.30) 

Qv 11.66 (0.29) 

*Sample number = replication (R) × species (Sp) × temperature (T) 
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Methods 

Air heat treatment 

Air heat treatment was performed, as described by Hidayat et al. (2015, 2016). The 

wood samples were treated in an electric oven with a programmable controller (L-Series, 

Jeio TECH Ltd., Daejeon, Korea) under low-oxygen conditions. The heat treatment started 

at approximately 20 ± 5 °C, and continued to target temperatures of 160 °C, 180 °C, 200 

°C, and 220 °C at a heating rate of 2 °C/min. The target temperature was then maintained 

for 2 h. In the final stage, the oven chamber was allowed to cool naturally until reaching 

30 ± 5 °C. Subsequently, the boards were removed and placed in a desiccator filled with 

silica gel for 1 day. Then, the boards were placed in a conditioning room with a relative 

humidity of 65 ± 3% and a temperature of 20 ± 3 °C for 2 weeks before further testing.  

 

Measurement of Some Physical Properties Before and After Air Heat 
Treatment 
Color change  

To observe the macroscopic color change, the tangential surfaces of the flat-sawn 

board samples before and after the air heat treatment at different temperatures were scanned 

using a Samsung printer (SL-M2893FW, color CIS, 1200 DPI, Samsung, Suwon-si, 

Korea). 

Forty-point measurements on both sides of each sample were performed before and 

after heat treatment using a chromameter (CR-20 Plus; Konica Minolta, Tokyo, Japan; Fig. 

1). The color change was determined using the CIE LAB system and characterized by three 

parameters: L* (lightness), a* (red/green chromaticity), and b* (yellow/blue chromaticity). 

The overall color change (∆E*) was calculated using Eq. 1, 

∆E*= (∆𝐿∗2 +  ∆𝑎∗2 + ∆𝑏∗2)
1

2      (1) 

where ΔL*, Δa*, Δb*, and ΔE* are the changes in lightness, red/green chromaticity, 

yellow/blue chromaticity, and overall color changes, respectively.  

 

 
 
Fig. 1. The measurement of the color properties (black circle) on the tangential surface of the flat-
sawn board samples  
 

Weight loss  

To determine the weight loss (WL) of six Korean oak woods before and after air 

heat treatment at different temperatures, the weight was measured using a precision balance 

with external calibration (FX-3000i, 3200 g × 0.01 g, A&D Company, Tokyo, Japan). The 

WL was calculated using Eq. 2,  

𝑊𝐿 =  ( 
𝑚1−𝑚2

𝑚1
) ×  100 (%)      (2) 
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where WL (%) is the weight loss, m1 (g) is the weight of the air-dried wood sample before 

heat treatment, and m2 (g) is the weight of the wood sample after heat treatment. 

 

Density 

To obtain the air-dried density of six Korean oak woods before and after air heat 

treatment at various temperatures, the weight and volume were measured using a precision 

balance with external calibration (FX-3000i, 3200 g × 0.01 g, A&D Company, Tokyo, 

Japan) and an absolute digimatic caliper (CD-45C, 500-500-10, Mitutoyo, Kanagawa, 

Japan), respectively. The air-dried densities of the untreated and heat-treated samples were 

determined according to KS F 2198 (2016) using Eq. 3,  

𝐷𝑎 =  
𝑀𝑎

𝑉𝑎
 (g/cm3)        (3) 

where Da is the density, Ma (g) is the weight, and Va (cm3) is the volume of the air-dried 

wood samples. The density loss (DL) was calculated using Eq. 4, 

𝐷𝐿 =  ( 
𝐷1−𝐷2

𝐷1
)  ×  100 (%)       (4) 

where DL (%) is the density loss, D1 (g) is the density of the air-dried wood samples before 

heat treatment, and D2 (g) is the density of the wood samples after heat treatment. 

 

Statistical analysis 

Statistical differences in overall color changes and weight and density loss between 

untreated and heat-treated samples and among species were analyzed using one-way 

analysis of variance, followed by post hoc Tukey’s honest significant difference test (SPSS 

ver. 24, IBM Corp., Armonk, NY, USA). 

 

 

RESULTS AND DISCUSSION 
 

Color Change 
 The wooden boards of the six Korean oaks before and after air heat treatment at 

different temperatures are shown in Fig. 2. The color of the wood darkened with an increase 

in temperature. Untreated Qm wood (Fig. 2 B0) showed the lightest color among the six 

oak species, whereas untreated Qal wood (Fig. 2 D0) showed the darkest color. Qd wood 

appeared darker than the other oaks at 160 °C (Fig. 2. E1). At 180 °C, Qs and Qd woods 

showed a darker color among the six oak species (Figs. 2. A2 and E2, respectively). At 200 

°C, a noticeable change was observed in all six oak species, particularly in Qs (Fig. 2. A3) 

and Qd (Fig. 2. E3) woods. All six oak species (Figs. 2. A4 through F4) showed a 

completely dark brown color at 220 °C. 
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Fig. 2. The appearance of Qs (A), Qm (B), Qac (C), Qal (D), Qd (E), and Qv (F) woods before 
and after air heat treatment at different temperatures: (0) Untreated, (1) 160 °C, (2) 180 °C, (3) 
200 °C, and (4) 220 °C; Scale bars: 3 cm 
 

 The L* (lightness), a* (red/green chromaticity), and b* (yellow/blue chromaticity) 

values of the six untreated and heat-treated Korean oak wood samples are shown in Fig. 3. 

The average L* values of the six untreated oak wood samples ranged from 59.3 to 67.7. 

Untreated Qm showed the highest L* value, whereas untreated Qd showed the lowest value. 

The L* value decreased considerably in all six Korean oak woods with increasing 

temperature. It is worth mentioning that Qd displayed a different pattern than the other oak 

species in terms of the change in L* value. The L* value in Qd decreased significantly at 

160 °C, slightly decreased at 180 to 200 °C, and then decreased considerably at 220 °C. 

Qm wood exhibited the highest L* value at 220 °C, whereas Qd exhibited the lowest L* 

value. 
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 The average a* values of the six untreated oak boards ranged from 5.8 to 9.3. 

Untreated Qv had the highest a* value, whereas untreated Qac had the lowest. The a* value 

in Qs, Qm, and Qac increased at 160 °C, 180 °C, and 200 °C, and then decreased 

significantly at 220 °C. In contrast, the a* values of Qd and Qv decreased with increasing 

temperature. Notably, the a* value of Qal decreased at 160 °C, increased from 180 °C to 

200 °C, and then decreased significantly at 220 °C. After heat treatment at 220 °C, the a* 

value of Qm was the highest, whereas that of Qd was the lowest. 

The b* values of untreated Qs, Qm, Qac, Qal, Qd, and Qv were 19.4, 19.6, 20.4, 

20.6, 22.4, and 19.0, respectively. Untreated Qd had the highest b* value, whereas 

untreated Qv had the lowest. Similar to the L* values, the b* values of Qac, Qal, Qd, and 

Qv decreased with increasing temperature. In contrast, the b* values in Qs and Qm 

increased at 160 °C and then decreased from 180 °C to 220 °C. At 220 °C, the b* value in 

Qd was the lowest, whereas that in Qm was the highest. 

Significant decreases in L* values and changes in a* and b* values were supported 

by previous studies. Srinivas and Pandey (2012) reported that the L* values of silver oak 

(Grevillea robusta) decreased rapidly from 69.3 to 30.4, 24.2, and 23.6 by air heat 

treatment at 210 °C, 225 °C, and 240 °C for 8 h, respectively, whereas a* and b* values 

initially increased and then decreased with longer exposure at all temperatures. Barcík et 

al. (2015) reported that the L* value of pedunculate oak (Q. robur L.) decreased 

significantly with increasing temperature. The a* value of the heat-treated wood of Q. 

robur at 160 °C was comparable to that of untreated wood, and then slightly decreased at 

180 °C, increased at 210 °C, and significantly decreased at 240 °C. The b* values gradually 

decreased up to 180 °C, slightly increased at 210 °C, and then significantly decreased at 

240 °C. The lowest L*, a*, and b* values were identified at 240 °C. Čabalová et al. (2018) 

reported that the L* value of pedunculate oak (Q. robur L.) grown in Slovakia had the most 

substantial change after heat treatment at 160 °C, 180 °C, and 200 °C. The a* value 

increased after heat treatment at 160 °C and 180 °C and decreased at 200 °C, whereas the 

b* value decreased with increasing temperature. Todorović et al. (2020) reported that the 

L*, a*, and b* values of heartwood from sessile oak (Quercus petraea L.) decreased after 

heat treatment at 170 °C, 190 °C, and 210 °C for 4 h. The L* value indicated a significantly 

greater change compared to a* and b* values after heat treatment at 210 °C.  

Bourgios et al. (1991) reported that the decrease in L* value of wood during heat 

treatment is caused by a reduction in hemicellulose content, particularly pentosane. Esteves 

et al. (2008) also explained that the reduction in L* value of wood due to heat treatment 

strongly correlated with changes in glucose and hemicellulose contents, with determination 

coefficients of 0.96 and 0.92, respectively. Additionally, Cirule and Kuka (2015) reported 

that the different trends in a* and b* values of wood during thermal treatment could be 

attributed to various treatment conditions, durations, and the particular species of wood. 

These factors lead to the formation of diverse chromophoric systems, which may be due to 

variations in the chemical composition of different species. 
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Fig. 3. Effect of treatment temperature on the L*, a*, and b* values of six Korean oak woods 
 

The overall color changes (∆E*) of six heat-treated Korean oak woods are depicted 

in Fig. 4, showing a significant increase with increasing temperature in all six species. In 

Qs wood, the ΔE* value gradually increased from 160 °C to 220 °C. In Qm wood, the ΔE* 

value gradually increased from 160 °C to 180 °C, steeply increased from 180 to 200 °C, 

and then gradually increased from 200 °C to 220 °C. The ΔE* values in the Qac, Qal, Qd, 

and Qv woods gradually increased from 160 °C to 200 °C, followed by a steep increase 

from 200 °C to 220 °C. 

Moreover, there were noticeable differences in ΔE* among the species. At 160 °C, 

Qd exhibited the highest ΔE* value, whereas Qac showed the smallest ΔE* value among 

the six species. Although there were significant differences in the ΔE* among the species, 

the other wood samples showed similar values. At 180 °C, the highest and lowest ΔE* 

values were observed for Qv and Qac, respectively. A significant difference in ΔE* value 

was found between Qv and the other oak species, except Qs. The ΔE* value in Qs was 

intermediate between Qv and Qd, and that in Qal was intermediate between Qm and Qac. 

At 200 °C, Qs exhibited the highest ΔE* value, followed by Qm, Qv, Qd, Qac, and Qal. 
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There was a significant difference in ΔE* between the six oak species, except between Qac 

and Qal. At 220 °C, Qv exhibited the highest ΔE* value, followed by Qd, Qs, Qac, Qm, 

and Qal. There was a significant difference in ΔE* value between Qv and the other oak 

species. There were no significant differences between Qac, Qm, and Qal or between Qd 

and Qs. 

In this study, the wood darkened and ΔE* increased with increasing temperature, 

which is consistent with previous studies. Srinivas and Pandey (2012) reported that the 

wood of G. robusta darkened after air heat treatment at 210 °C, 225 °C, and 240 °C for 8 

h, and ΔE* values increased with time and temperature. The maximum change in ΔE* 

values of G. robusta increased from 40 to 50.4 with increasing temperature from 210 °C 

to 240 °C. Barcík et al. (2015) reported that the ΔE* value of Q. robur increased sharply 

at 160 to 180 °C, was mitigated at 180 to 210 °C, and rapidly increased again at 210 to 240 

°C. Todorović et al. (2020) reported that the ΔE* value of heartwood in Q. petraea 

increased with increasing temperature, as 19.0 at 170 °C, 38.3 at 190 °C, and 46.8 at 210 

°C.  

Color changes during heat treatment can be attributed to various factors, such as 

the oxidation of phenolic compounds (Sandoval-Torres et al. 2010), the reduction of 

molecular sugars and amino acids (Sundqvist 2002), the emission of formaldehydes, the 

formation of quinones, or the caramelization of holocellulose components (Boonstra 2008). 

Kamperidou et al. (2013) also suggested that the darkening of the wood surface might 

result from the thermal degradation of hemicelluloses and extractives, or potential 

polymerization reactions of lignin. Oak wood is well-known for its high extractive content, 

which is extruded onto the wood surface during thermal modification (Barcík et al. 2015). 

Moreover, the degree of discoloration in wood varies based on the wood species, the 

temperature used, and the duration of the heat treatment (Hill 2006).  

 

 
 
Fig. 4. Effect of air heat treatment on the overall color change (ΔE*) of six Korean oak woods. 
Different lowercase and capital letters indicate significant differences at the 5% significance level 
for comparisons between temperatures and among the species, respectively. 
 

Weight Loss  
Table 3 shows the weight loss of the six Korean oak wood species after the air heat 

treatment. In all species, weight loss significantly increased with increasing temperature.  



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Prasetia et al. (2024). “Heat treatment of six Korean oak,” BioResources 19(3), 6530-6544.  6539 

At 160 °C, Qd exhibited the highest weight loss, followed by Qac, Qm, Qal, and Qs, 

whereas Qv showed the lowest. Weight loss in Qd was significantly higher than that in Qs 

and Qv. At 180 °C and 200 °C, weight loss was comparable among the six Korean oak 

woods. The highest weight loss was 23.59% in Qac wood after treatment at 220 °C, 

followed by Qv, Qm, Qd, and Qs, whereas the lowest weight loss was 20.36% in Qal. There 

was a significant difference in the weight loss between Qac and Qal at 220 °C.  

Several studies support these results regarding weight loss during air heat treatment. 

Srinivas and Pandey (2012) reported that the weight loss of G. robusta increased with 

temperature and treatment duration, observing a maximum weight loss of approximately 

18% at 240 °C for 8 h. Korkut and Hiziroglu (2014) reported that the weight loss of Q. 

falcate was 5.8% at 110 °C and 9.27% at 200 °C for 8 h. Perçin et al. (2016) reported that 

the weight loss of Q. petraea wood increased with increasing temperature and duration, 

showing the most pronounced weight loss at the highest temperature of 210 °C for 8 h.  

Todorović et al. (2020) reported that weight loss due to heat treatment strongly 

depends on various factors, such as wood species, moisture content, drying step, heating 

medium, and treatment intensity. Esteves and Pereira (2009), Korkut and Hiziroglu (2014), 

and Hidayat et al. (2016) explained that weight loss after heat treatment is primarily due to 

the degradation of extractives, hemicelluloses, and cellulose. Additionally, weight loss is 

attributed to the removal of bound water from the wood (Srinivas and Pandey 2012).  

 

Table 3. Weight Loss of Six Korean Oak Woods Treated at Different Temperatures 

Weight Loss (%) 

Treatment Qs Qm Qac Qal Qd Qv 

160 °C 
10.38aAB 

(0.28) 
10.78aABC 

(0.23) 
11.24aBC 

(0.46) 
10.7aABC 
(0.17) 

11.39aC 
(0.50) 

10.20aA 
(0.19) 

180 °C 
12.68bA 
(0.45) 

12.27bA 
(0.28) 

12.77bA 
(0.46) 

12.39bA 
(0.32) 

12.80bA 
(0.29) 

12.42bA 
(0.37) 

200 °C 
14.48cA 
(0.48) 

14.36cA 
(0.32) 

14.58cA 
(0.23) 

14.83cA 
(0.70) 

14.56cA 
(0.18) 

14.58cA 
(0.74) 

220 °C 
21.19dAB 

(0.02) 
21.96dAB 

(0.38) 
23.59dB 
(0.38) 

20.36dA 
(1.00) 

21.65dAB 
(0.97) 

22.10dAB 
(0.72) 

Numbers within parentheses represent standard deviations. Numbers in the same column with 
the same superscript lowercase letters indicate non-significant outcomes at the 5% significance 
level for temperature comparisons. The mean value in the same row followed by the same 
superscript capital letters indicates non-significant outcomes at the 5% significance level for 
species comparisons. 
 

Density 
The densities and density losses of the six Korean oak wood samples treated at 

different temperatures are presented in Table 4. The densities of untreated oak woods 

ranged from 0.78 g/cm3 in Qm to 0.93 g/cm3 in Qd. The densities of all species significantly 

decreased after air heat treatment. In heat-treated wood, Qd exhibited the highest density, 

followed by Qv, Qac, Qal, and Qs, whereas Qm had the lowest density. The reduction in 

densities of the oak woods at 160 °C ranged from 3.9% in Qs to 6.3% in Qm. The highest 

density loss was observed at 220 °C, showing a range from 14.7% in Qac to 19.9% in Qm. 

Qm showed the highest decrease for all temperatures, whereas the lowest density loss was 

observed in Qs at 160 °C and in Qac at 180 °C, 200 °C, and 220 °C.  

In this study, the density loss of six Korean oak woods after air heat treatment 

increased with increasing temperature. Several studies support these results regarding the 
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density loss of Quercus spp. during heat treatment (Korkut and Hiziroglu 2014; Barcík et 

al. 2015; Martinka et al. 2016; Perçin et al. 2016; Čabalová et al. 2018). In contrast, Aydin 

(2020) reported that the density of Q. petraea wood grown in Türkiye decreased 

insignificantly after air heat treatment in an oven at 120 °C, 150 °C, and 180 °C for 2, 5, 

and 8 h, whereas the density showed a significant decrease at 210 °C for 8 h. 

Regarding the reasons for density loss in wood due to heat treatment, Barcík et al. 

(2015) explained that density loss was caused by moisture loss during thermal 

modification, thereby reducing the volume of wood, and by the degradation of its structure. 

Boonstra et al. (2007) and Esteves and Pereira (2009) reported that a decrease in density 

could be attributed to the degradation of hemicellulose into volatile substances. In addition, 

the evaporation of moisture and extractives during heat treatment reduce the density of 

wood exposed to heat (Korkut  et al. 2008; Gunduz  et al. 2009). 

 

Table 4. Air-dry Density (Da) and Density Loss (DL) of Six Korean Oak Woods 
Treated at Different Temperatures 

Air-dry Density (g/cm3) and Density Loss (%) 

Treatment 
Qs Qm Qac Qal Qd Qv 

Da DL Da DL Da DL Da DL Da DL Da DL 

Untreated 
0.79dA 
(0.009) 

- 
0.78dA 
(0.011) 

- 
0.84dBC 
(0.026) 

- 
0.81dAB 
(0.014) 

- 
0.93dD 
(0.027) 

- 
0.87dC 
(0.020) 

- 

160 °C 
0.76cB 
(0.014) 

3.9 
0.73cA 
(0.021) 

6.3 
0.80cC 
(0.006) 

4.8 
0.76cB 
(0.005) 

6.2 
0.88cE 
(0.014) 

5.2 
0.83cD 
(0.005) 

5.2 

180 °C 
0.73cB 
(0.012) 

7.4 
0.70bcA 
(0.007) 

9.6 
0.78bcC 
(0.007) 

7.0 
0.74bcB 
(0.004) 

8.6 
0.86cE 
(0.012) 

7.5 
0.80bcD 
(0.006) 

8.4 

200 °C 
0.69bA 
(0.010) 

12.3 
0.68bA 
(0.005) 

13.1 
0.75bC 
(0.006) 

9.9 
0.72bB 
(0.007) 

10.6 
0.81bE 
(0.001) 

12.8 
0.78bD 
(0.008) 

10.6 

220 °C 
0.64aA 
(0.005) 

19.0 
0.62aA 
(0.012) 

19.9 
0.70aB 
(0.005) 

14.7 
0.68aB 
(0.005) 

16.6 
0.77aD 
(0.006) 

17.6 
0.74aC 
(0.006) 

14.8 

Numbers within parentheses represent standard deviations. Numbers in the same column with 
the same superscript lowercase letters indicate non-significant outcomes at the 5% significance 
level for temperature comparisons. The mean value in the same row followed by the same 
superscript capital letters indicates non-significant outcomes at the 5% significance level for 
species comparisons. 

 
 
CONCLUSIONS 
 

1. A change to a darker color was observed in all six oak species after air heat treatment 

at 200 °C, particularly in Qs and Qd. The ΔE* value and weight and density loss 

increased with increasing temperature. 

2. The L* values decreased with increasing temperature in all six Korean oak species. The 

a* value of Qal decreased at 160 °C, and then increased from 180 °C to 200 °C. 

Additionally, the a* value in all species decreased significantly at 220 °C. The b* value 

in Qac, Qal, Qd, and Qv decreased with increasing temperature, whereas that in Qs and 

Qm increased at 160 °C and then decreased from 180 °C to 220 °C. Qm exhibited the 

highest L*, a*, and b* values at 220 °C, whereas Qd exhibited the lowest. Qd, Qs, and 

Qv had the highest ΔE* values at 160 °C, 180 °C and 200 °C, and 220 °C, respectively. 

Qac showed the smallest ΔE* valued at 160 °C, 180 °C, and 200 °C. The lowest ΔE* 

value at 220 °C was observed in Qm. 
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3. Qd exhibited the highest weight loss at 160 °C, whereas Qv exhibited the lowest. 

Weight loss was comparable among the six oak species at 180 °C and 200 °C. At 220 

°C, Qac exhibited the highest weight loss, whereas Qal exhibited the lowest. 

4. Qm showed the highest density loss for all temperatures, whereas the lowest density 

losses were observed in Qs at 160 °C and in Qac at 180 °C, 200 °C, and 220 °C. 

 

In conclusion, air heat treatment significantly affected color change, as well as 

weight and density loss in six Korean oak woods. These findings may provide valuable 

information for understanding the effects of air heat treatment on the wood properties of 

six oak species for further utilization. 

 

 

ACKNOWLEDGMENTS 
 

This research was supported by the Science and Technology Support Program 

through the National Research Foundation of Korea (NRF), funded by the Ministry of 

Science and ICT (No. 2022R1A2C1006470); the Basic Science Research Program through 

the NRF, funded by the Ministry of Education (No. 2018R1A6A1A03025582); and the 

R&D Program for Forest Science Technology (Project No. 2021350C10-2323-AC03) 

provided by the Korea Forest Service (Korea Forestry Promotion Institute). 

 

 

REFERENCES CITED 
 

Aydin, T. Y. (2020). “Ultrasonic evaluation of time and temperature-dependent 

orthotropic compression properties of oak wood,” J. Mater. Res. Technol. 9(3), 6028-

6036. DOI: 10.1016/j.jmrt.2020.04.006 

Barcík, Š., Gašparík, M., and Razumov, E. Y. (2015). “Effect of thermal modification on 

the colour changes of oak wood,” Wood Res. 60(3), 385-396. 

Boonstra, M. J. (2008). A Two-Stage Thermal Modification of Wood, Ph.D. Dissertation 

in cosupervision Ghent University and Universite´ Henry Poincare´, Nancy, France. 

Boonstra, M. J., van Acker, J., Kegel, E., and Stevens, M. (2007). “Optimisation of a 

two-stage heat treatment process: Durability aspects,” Wood Sci. Technol. 41, 31-57. 

DOI: 10.1007/s00226-006-0087-4  

Bourgois, P. J., Guyonnet, R., and Janin, G. (1991). "La mesure de couleur: Une méthode 

d’etude et d’optimisation des transformations chimiques du bois thermolysé [The 

color measurement: A fast method to study and to optimize the chemical 

transformations undergone in the thermically treated wood]," Holzforschung 45(5), 

377-382. DOI: 10.1515/hfsg.1991.45.5.377 

Bumgardner, M. (2017). “Overview of oak markets and marketing,” in: Proceedings of 

the Oak Symposium: Sustaining Oak Forests in the 21st Century Through Science-

Based Management, Knoxville, TN, USA, pp. 113-115. DOI: 10.2737/SRS-GTR-237  

Čabalová, I., Kačík, F., Lagaňa, R., Výbohová, E., Bubeníková, T., Čaňová, I., and 

Ďurkovič, J. (2018). “Effect of thermal treatment on the chemical, physical, and 

mechanical properties of pedunculate oak (Quercus robur L.) wood,” BioResources 

13(1), 157-170. DOI: 10.15376/biores.13.1.157-170  



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Prasetia et al. (2024). “Heat treatment of six Korean oak,” BioResources 19(3), 6530-6544.  6542 

Cirule, D., and Kuka, E. (2015). “Effect of thermal modification on wood colour,” 

Forestry and Wood Processing 2, 87-92. 

Denk, T., Grímsson, F., and Zetter, R. (2010). “Episodic migration of oaks to Iceland: 

Evidence for a North Atlantic “land bridge” in the latest Miocene,” Am. J. Bot. 97(2), 

276-287. DOI: 10.3732/ajb.0900195  

Esteves, B., Marques, A. V., Domingos I., and Pereira H. (2008). “Heat-induced colour 

changes of pine (Pinus pinaster) and eucalypt (Eucalyptus globulus) wood,” Wood 

Sci. Technol. 42, 369-384. DOI: 10.1007/s00226-007-0157-2 

Esteves, B. M., and Pereira, H. M. (2009). “Wood modification by heat treatment: a 

review,” BioResources 4(1), 370-404. DOI: 10.153761biores.4.1.e.steves  

Fang, S., Liu, Z., Cao, Y., Liu, D., Yu, M., and Tang, L. (2011). “Sprout development, 

biomass accumulation and fuelwood characteristics from coppiced plantations of 

Quercus acutissima,” Biomass. Bioenerg. 35(7), 3104-3114. DOI: 

10.1016/j.biombioe.2011.04.017  

Gunduz, G., Korkut, S., Aydemir, D., and Bekar, Í. (2009). “The density, compression 

strength and surface hardness of heat treated hornbeam (Carpinus betulus) wood,” 

Maderas. Ciencia y Tecnología 11(1), 61-70. DOI: 10.4067/S0718-

221X2009000100005 

Han, Y., and Chang, Y. S. (2019). “Wood properties and drying characteristics of Korean 

sawtooth oak (Quercus acutissima Carruth.),” Eur. J. Wood Wood Prod. 78, 1023-

1029. DOI: 10.1007/s00107-020-01580-3  

Hidayat, W., Jang, J. H., Park, S. H., Qi, Y., Febrianto, F., Lee, S. H., and Kim, N. H. 

(2015). “Effect of temperature and clamping during heat treatment on physical and 

mechanical properties of okan (Cylicodiscus gabunensis [Taub.] Harms) wood,” 

BioResources 10(4), 6961-6974. DOI: 10.15376/biores.10.4.6961-6974 

Hidayat, W., Qi, Y., Jang, J. H., Febrianto, F., Lee, S. H., and Kim, N. H. (2016). “Effect 

of treatment duration and clamping on the properties heat-treated okan wood,” 

BioResources 11(4), 10070-10086. DOI: 10.15376/biores.11.4.10070-10086  

Hidayat, W., Qi, Y., Jang, J. H., Park, B. H., Banuwa, I. S., Febrianto, F., and Kim, N. H. 

(2017). “Color change and consumer preferences towards color of heat-treated 

Korean white pine and royal paulownia woods,” J. Korean Wood Sci. 45(2), 213-222. 

DOI: 10.5658/WOOD.2017.45.2.213  

Hill, C. A. S. (2006). Wood Modification: Chemical, Thermal and Other Processes, 

Wiley Series in Renewable Resources, John Wiley & Sons, Ltd., West Sussex, 

England. 

Jeon, W. S., Lee, H. M., and Park, J. H. (2020). “Comparison of anatomical 

characteristics for wood damaged by oak wilt and sound wood from Quercus 

mongolica,” J. Korean Wood Sci. Technol. 48(6), 807-819. DOI: 

10.5658/WOOD.2020.48.6.807  

Kim, N. H., and Hanna, R. B. (2006). “Morphological characteristics of Quercus 

variabilis charcoal prepared at different temperatures,” Wood Sci Technol. 40(2006), 

392-401. DOI: 10.1007/s00226-005-0062-5  

Korea Forest Service (2022). Statistical Yearbook of Forestry, Department of Forest 

Resources in Korea Forest Service, Daejeon, Republic of Korea. (In Korean) 

Korkut, S., Akgul, M., and Dundar, T. (2008). “The effects of heat treatment on some 

technological properties of Scotch pine (Pinus sylvestris L.) wood,” Bioresource 

Technol. 99(6), 1861-1868. DOI: 10.1016/j.biortech.2007.03.038  



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Prasetia et al. (2024). “Heat treatment of six Korean oak,” BioResources 19(3), 6530-6544.  6543 

Korkut, D. S., and Hiziroglu S. (2014). “Experimental test of heat treatment effect on 

physical properties of Red Oak (Quercus falcate Michx.) and Southern Pine (Pinus 

taeda L.),” Materials 7(11), 7314-7323. DOI: 10.3390/ma7117314  

Lee, H. M., and Bae, J. S. (2021). ”Major species and anatomical characteristics of the 

wood used for national use specified in Yeonggeon-Uigwes of the late Joseon 

Dynasty period,” J. Korean Wood Sci. Technol. 49(5), 462-470. DOI: 

10.5658/WOOD.2021.49.5.462 

Lee, H. S., Purusatama, B. D., Febrianto, F., Lee, S. H., and Kim, N. H. (2023). 

“Morphological, physical, chemical, and thermal decomposition properties of air-

heat-treated balsa fruit fibers at different temperatures,” Cellulose 30, 8369-8385. 

DOI: 10.1007/s10570-023-05390-7  

Martinka, J., Kačíková, D., Rantuch, P., and Balog, K. (2016). “Investigation of the 

influence of spruce and oak wood heat treatment upon heat release rate and 

propensity for fire propagation in the flashover phase,” Acta Facultatis Xylologiae 

Zvolen 58(1), 5-14. DOI: 10.17423/afx.2016.58.1.01  

Militz, H., and Altgen, M. (2014). “Processes and properties of thermally modified wood 

manufactured in Europe,” in: Deterioration and Protection of Sustainable 

Biomaterials, ACS Symposium Series 1158, T. P. Schultz, B. Goodell, and D. D. 

Nicholas (eds.), , Oxford University Pres, Oxford, UK, pp. 269-285. DOI: 

10.1021/bk-2014-1158.ch016  

Nixon, K. C. (1997). “Quercus Linnaeus,” in: Flora of North America North of Mexico 

Vol. 3 Magnoliophyta: Magnoliidae and Hamamelidae, Editorial Committee [ed.], 

Oxford University Press, New York, NY, USA, pp. 445-447. 

Perçin, O., Uzun, O., and Saçli, C. (2016). “Determination of some physical properties 

and surface roughness of heat-treated oak (Quercus petraea L.) wood,” in: 

Proceedings: International Furniture Congress, Mulga, Turkey, pp. 359-363. 

Sandoval-Torres, S., Jomaa, W., Marc, F., and Puiggali, J-R. (2010). “Causes of color 

changes in wood during drying,” For. Stud. China 12(4), 167-175. DOI: 

10.1007/s11632-010-0404-8.  

Santos, J. A., Carvalho, J. P. F., and Santosn, J. (2012). “Oak wood,” In: Oak: Ecology, 

Types and Management, C. A. Chuteira and A. B. Grão (eds.), Nova Science 

Publishers Inc., New York, NY, USA, pp. 119-150. 

Savero, A. M., Kim, J.-H., Purusatama, B. D., Prasetia, D., Wahyudi, I., Iswanto, A. H., 

Park, B. H., Lee, S. H., and Kim, N. H. (2023). “Macroscopic and microscopic 

anatomical characteristics of six Korean oak species,” Forests 14(12), Article 

Number 2449. DOI: 10.3390/f14122449  

Savero, A. M., Kim, J-H., Purusatama, B. D., Prasetia, D., Wahyudi, I., Iswanto, A. H., 

Lee, S-H., and Kim, N-H. (2024). “Radial variation of wood anatomical 

characteristics and maturation ages of six Korean oak species,” Forests 15(3), Article 

Number 433. DOI: 10.3390/f15030433  

Srinivas, K., and Pandey, K. K. (2012). “Effect of heat treatment on color changes, 

dimensional stability, and mechanical properties of wood,” J. Wood Chem. Technol. 

32(4), 304-316. DOI: 10.1080/02773813.2012.674170  

Sundqvist, B. (2002). “Color response of Scots pine (Pinus sylvestris), Norway spruce 

(Picea abies) and birch (Betula pubescens) subjected to heat treatment in capillary 

phase,” Holz Roh Werkst. 60, 106-114. DOI: 10.1007/s00107-001-0273-x  

Suri, I. F., Kim, J. H., Purusatama, B. D., Yang, G. U., Prasetia, D., Lee, S. H., Hidayat, 

W., Febrianto, F., Park, B. H., and Kim, N. H. (2021). “Comparison of the color and 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Prasetia et al. (2024). “Heat treatment of six Korean oak,” BioResources 19(3), 6530-6544.  6544 

weight change in Paulownia tomentosa and Pinus koraiensis wood heat-treated in hot 

oil and hot air,” BioResources 16(3), 5574-5585. DOI: 10.15376/biores.16.3.5574-

5585  

Suri, I. F., Purusatama, B. D., Kim, J.-H., Hidayat, W., Iswanto, A. H., Park, S-Y., Lee, 

S.-H., and Kim, N.-H. (2023a). “Artificial weathering effects on the physical and 

chemical properties of Paulownia tomentosa and Pinus koraiensis woods heat-treated 

in oil and air,” Forests 14(8), Article Number 1546. DOI: 10.3390/f14081546  

Suri, I. F., Purusatama, B. D., Kim, J.-H., Hidayat, W., Hwang, W. J., Iswanto, A. H., 

Park, S.-Y., Lee, S.-H., and Kim, N.-H. (2023b). “Durability of heat-treated 

Paulownia tomentosa and Pinus koraiensis woods in palm oil and air against brown- 

and white-rot fungi,” Sci. Rep. 13, Article ID 21929. DOI: 10.1038/s41598-023-

48971-z  

Todorović, N., Popović, Z., Milić, G., Veizović, M., and Popadić, R. (2020). “Quality 

evaluation of heat-treated sessile oak (Quercus petraea L.) wood by colour and FT-

NIR spectroscopy,” Wood Mater. Sci. Eng. 17(3), 202-209 DOI: 

10.1080/17480272.2020.1847188  

Veizović, M., Popović, Z., Todorović, N., and Milić, G. (2018). “Effect of heat treatment 

on colour, density and dimensional stability of subfossil oak wood,” International 

Journal - Wood, Design & Technology 7(1), 10-14. 

 

Article submitted: June 20, 2024; Peer review completed: July 17, 2024; Revisions 

accepted: July 23, 2024; Published: July 26, 2024. 

DOI:  10.15376/biores.19.3.6530-6544 


