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ABSTRACT

Heat-treatment woods of Betula alnoides were prepared by using vapor as the heat-conducting 
medium. Effects of heat-treatment time and heat-treatment temperature on equilibrium 
moisture content, density, pH value, contact angle and bonding performance of Betula alnoides 
were discussed in this paper. The results indicated that: (1) With the increase of heat-treatment 
temperature, the equilibrium moisture content, density and pH value of Betula alnoides decreased 
gradually. (2) With the increase of heat-treatment temperature, the contact angle of Betula 
alnoides increased from 70.08° to about 100°, resulting in the reduction of bonding strength 
gradually. Bonding strength of Betula alnoides after heat-treatment was related with the used 
adhesive. Bonding strength of different adhesives decreased to different extents. The bonding 
strength of Betula alnoides wood with polyvinyl acetate (PVAC) resin was generally higher than 
that of melamine-urea-formaldehyde (MUF) resin. The former were 6.35-4.56 MPa, and the 
latter were 5.60-3.00 MPa. (3) Heat-treatment time influenced equilibrium moisture content, 
density, contact angle, pH value and bonding strength of Betula alnoides less than heat-treatment 
temperature. (4) Heat-treatment could affect strength and surface performance of Betula alnoides 
greatly and the processing medium should be extended. 

KEYWORDS: Vapor, heat-treatment, surface characteristics, bonding performance, Betula 
alnoides.
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INTRODUCTION

Wood is a kind of renewable green material and it is highly appreciated by the good visual 
characteristics, touching characteristics, temperature and humidity regulating functions and 
relatively high ratio of strength to weight. Recently, there’s a shortage of natural timber resources 
around the whole world and the major timber resources turn to artificial forest. Due to the 
short rotation of artificial forest, the proportion of juvenile wood is relatively high, which is 
characteristic of hemicelluloses and lignin contents, low quality and density as well as poor size 
stability and durability (Boonstra et al. 2007, Sernek et al. 2008, Tjeerdsma et al. 1998, Kaygin 
et al. 2009). These disadvantages restrict applications of juvenile woods. Therefore, it is urgent 
to develop a method of reasonable utilization of timber resources. Moreover, people propose 
increasingly higher requirements on environment with the improving of people’s living standard 
in the world.

Heat processing technique of wood not only can improve size stability, corrosion resistance 
and weather resistance and realize high-efficiency utilization of timber materials, but also can 
increase categories and improve quality of products (Esteve and Pereira 2009, Olek et al. 2013, 
Bal 2014, Cao et al. 2012, Dilik and Hiziroglu 2012). Heat-treatment of wood is an effective 
physical mean to improve utilization of wood materials. It can improve size stability, corrosion 
resistance and weather resistance of woods. Furthermore, heat processing of wood materials 
adds no chemical components and thereby has high significance of environmental protection. 
Different colors of heat-treatment woods could be gained, and even precious wood materials can 
be simulated by adjusting carbonization temperature and time of heat process. This is able to 
realize diversity of products and increase its added value (Ferrari et al. 2013, Ozcan et al. 2012, 
Fang et al. 2012, Olek et al. 2013, Jalaludin et al. 2010). 

Vapor was applied as the heat-conducting medium to prepare heat-treatment Betula alnoides 
in this study. Key attentions were paid to influences of heat-treatment on density, equilibrium 
moisture content, pH value, contact angle and bonding strength of Betula alnoides.

MATERIALS AND METHODS

Materials
Betula alnodies with a size of 130 × 50 × 20 mm and moisture content 8-10% were 

purchased for the preparation of glued wood. Polyvinyl acetate (PVAC) resin was obtained from 
Haoyao material Co., Ltd, China, whose molecular weight was about 50,000 and solid content 
was 50%. Melamine-urea-formaldehyde (MUF) resin with solid content 54% and viscosity  
126 mPa.s was prepared in the lab. Chemical reagents used in this work were all in analysis grade. 

Preparation of heat-treatment wood samples
Betula alnoides without cracks, corrosions and allochromatic defects were chosen and cut into 

the experiment required sizes. These wood samples were dried in a drying oven under 95°C for  
4 days before the heat processing test.

Three-stage heat processing technique was used: the dry-bulb temperature was heated to 
85°C and kept by 1 h to assure uniform heating of the wood. Next, the temperature was increased 
to the processing temperatures (160, 180, 200 and 220°C) at a rate of 10°C/h and then kept 
for a certain time (1 h and 2 h), followed by cooling and humidity adjustment. The wet-bulb 
temperature was adjusted to 70°C firstly and then it was adjusted to and kept at 95°C when the 
dry-bulb temperature exceeded 100°C. Samples were removed when the temperature was lower 
than 40°C. Samples were repeated by 10 times.
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Test of heat-treatment wood samples
The Betula alnoides wood after heat processing was cut according to following requirements 

(Fig. 1). ① and ② were used to test the bonding strength according to the China National 
Standard GB/T 14074-2006 and samples were cut in 30 × 25 × 10 mm. ③ was applied for pH 
test, and the samples were pulverized into powder and then mixed with water at a mass ratio of 
1:9 standing for 24 hours. ④ was used to density test according to the China National Standard 
GBT1933-2009, with a specification of 25 × 25 × 20 mm. ⑤ was used to test the equilibrium 
moisture content according to the China National Standard 1933-2009. ⑥ was applied to test 
a contact angle with a specification of 20 × 10 × 10 mm. Water was taken on the clean Betula 
alnoides, after stabilization, image of droplet was obtained by the microscope lens and camera 
of JC2000A static drop contact angle measuring instrument, and then the contact angle was 
measured by newjce2000 software.

 

Fig. 1: Cutting diagram of heat-treatment wood.

Preparation of glued wood and the test of shear strength
The PVAC and MUF adhesives were used for the preparation of two-layer glued Betula 

alnoides with a dimension of 30 × 25 × 10 mm. The wood with double sides adhesive loading was 
120 g.m-2 rested at room temperature for 15-20 min. The assembled samples were then sent into 
a single-layer hot press (XLB, Shanghai Rubber Machinery Plant) and pressed under a pressure 
of 1.5 MPa at 120°C for 10 min. A WDS-50KN mechanical testing machine from Shimadzu was 
used to shear strength of the glued specimens. The bonding strength was calculated from Eq. 1: 

σ = P/S    (MPa)  (1)

where: P  the glued area (kN),
 S - bond area 625 (mm2).

Fourier transform infrared spectroscopy (FT-IR)
0.001g Betula alnoides wood powder was mixed well with 1g KBr to prepare a pill. And then 

the pill was tested in an infrared spectrophotometer (Varian 1000, USA) within the range of 
400-4 000 cm-1 with a 4 cm-1 resolution using 32 scans.

RESULTS AND DISCUSION

Effects of heat-treatment on equilibrium moisture content of wood
Effects of heat-treatment on equilibrium moisture content of Betula alnoides are shown   in 

Fig. 2. 
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Fig. 2: Effects of heat-treatment on equilibrium moisture content of Betula alnoides.

The equilibrium moisture content of Betula alnoides was decreased significantly after the 
heat processing. Water in wood materials can be divided into chemically combined water, free 
water and absorbed water according to the bonding form and position with wood (Gunduz et al. 
2008, Engelund et al. 2013). After heat processing, free water was volatilized completely, whereas 
some absorbed water and chemically combined water were eliminated. With the increase of heat 
processing temperature, more adsorbed water and chemically combined water were removed, thus 
decreasing moisture content in wood. Moisture content at different positions of wood materials 
might be different, thus resulting in different water loss after heat processing of wood.

Equilibrium moisture content of Betula alnoides at 2h and under 160, 180, 200 and 220°C 
were 5.38%, 5.04%, 4.47%, and 4.30%, respectively. They were 27.30%, 31.89%, 39.59% and 
41.89 % lower than that of the control group (7.40%), indicating that heat processing decreased 
equilibrium moisture content of wood significantly.

It can be seen from Fig. 2 that given the same processing temperature, the equilibrium 
moisture content was similar as the processing time varies. The processing temperature had 
influence on equilibrium moisture content of Betula alnoides more significantly compared with 
processing time. This was because heat processing temperature was positively related with vapor 
pressure. 

Effects of heat-treatment on wood density
Mechanical properties of wood materials are significantly related with density. During 

heat processing, temperature determines the pyrolysis degree during the heat processing, and 
carbonization time reflects the degree of pyrolysis. Hence, density of samples under different heat 
processing temperatures and time was different It can be seen from Fig. 3 that density of wood 
materials decreased gradually with the increase of heat-treatment temperature and heat-treatment 
time.

Wood densities under 160, 180, 200 and 220°C at 1 h were 5.16%, 7.12%, 7.81% and 9.71% 
lower than that of the control group, indicating the strong pyrolysis of wood in the temperature 
range of 160-180°C. Under the same heat processing temperature, wood density was almost the 
same the processing continues. In a word, heat-treatment temperature influences wood density 
more significantly than heat-treatment time.

Wood is a kind of high polymer materials composed mainly of hemicelluloses, celluloses 
and lignin. Hemicelluloses are the substance with the poorest thermostability among wood 
components. Few acetyl groups in hemicelluloses are pyrolyzed firstly during the heat processing, 
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which the major cause of reduction of wood density. When heat-treatment temperature increased, 
most acetyl groups were split into acetic acids. The acetic acid concentration was increased with 
the increase of heat-treatment temperature and time, which further catalyzed structural changes 
or decomposition of lignin and celluloses. As a result, decomposition of chemical components in 
wood was strong and density was decreased gradually (Yao and Cai 2018, Hartley et al. 1992, 
Ding et al. 2015, Song et al. 2018). In addition, volatilization of volatile components like extract 
in wood was one of reasons of density reduction.

To sum up, there were complicated chemical changes in wood materials during the heat 
processing. The content of “real substances” in wood were decreased as a result of the degradation 
of hemicelluloses, few cellulose and lignin as well as volatilization of extracts, finally resulting in 
reduction of wood density.

 

Fig. 3: Effects of heat-treatment on the wood density.

Effects of heat-treatment on pH value of wood
Effects of heat-treatment on pH value of Betula alnoides are shown in Fig. 4. pH value of 

wood was decreased gradually after the heat processing. In other words, acidity of wood materials 
increased after the heat processing. In the heat processing, extract and wood components were 
oxidized or decomposed into acetic acid and formic acid. The increase of non-volatile acid 
substances decreased pH value of Betula alnoides.

Heat processing time influenced pH value of wood more than heat processing temperature. 
This is because more acid substances were produced under high temperature. Under the same 
heat-treatment, decomposition of wood components was influenced slightly by heat-treatment 
time.

 

Fig. 4: Effects of heat-treatment on pH of wood.
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Effects of heat-treatment on wettability of wood
Wood is a kind of wettable material. There are many free radicals on the surface, especially 

hydroxide radicals. Free radicals play a very important role in wetting of wood, thus influencing 
the contact angle indirectly. Effects of heat processing on contact angle of Betula alnoides were 
shown in Fig. 5.

 

Fig. 5: Effects of heat-treatment on wettability of surface of Betula alnoides.

The contact angle of wood generally increased with the increase of heat-treatment 
temperature. Since the number of free radicals on wood surface decreased with the increase of 
temperature, surface wettability declined. Therefore, the higher temperature was, the larger 
contact angle would be. Contact angle of all woods after heat processing were higher than that of 
the control group. Moreover, the effects of heat processing time on contact angle of wood were 
smaller than heat processing temperature.

The liquid can be spread out completely on wood surface only when the surface tension of 
the liquid is equal to or lower than surface free energy of wood, which is manifested by a small 
contact angle. Wood is a kind of anisotropic material and its surface wettability is influenced by 
many factors. A series of physical and chemical changes were taken place in wood during the heat 
processing, which reduced the quantity of polar groups on wood surface and thereby decreased 
polarity of wood surface. Consequently, surface free energy of wood materials was decreased. 
In addition, moisture content, porosity, surface roughness and microscopic arrangement all may 
influence surface wettability of wood (Liu 2018, Yamauchi et al. 2005).

Effects of heat-treatment on bonding strength of wood
Effects of heat-treatment on bonding strength of Betula alnoides were shown in Fig. 6. 

Shear strength of both PVAC and MUF was decreased to different extents. The shear strengths 
of PVAC at heat processing 2 h under 160, 180, 200 and 220°C were 6.35 MPa, 6.14 MPa,  
6.00 MPa and 4.56 MPa, which were 13.49 %, 16.35% 18.26% and 37.87% lower than that of the 
control group (7.34 MPa). Similarly, the shear strengths of MUF under 160, 180, 200 and 220°C 
were decreased by 13.85%, 24.77%, 35.85% and 53.85% compared with that of the control group.
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Fig. 6: Effects of heat-treatment on bonding strength of wood.

The reduction of bonding strength caused by heat processing might be attributed to 
following three reasons: (1) Bonding strength is closely related with strength of wood materials. 
After heat processing, the amorphous region composed of hemicelluloses and celluloses of wood 
materials was degraded after heat processing, so that wood density and strength decreased 
accordingly. Furthermore, translocation of lignin in processing increased brittleness of wood 
and thereby decreased bonding strength of wood. (2) Moisture content of wood materials 
influences bonding strength greatly. When the moisture content of wood was high, adhesives 
on wood surface was diluted and viscosity was decreased. Adhesives infiltrated into wood tissues 
excessively, this resulting in pure joints and decreasing the bonding strength. Long-time drying 
for wood under high temperature may cause excessive low moisture content, weaken wettability of 
adhesive and decrease bonding strength. PVAC and MUF are both water soluble adhesives. The 
reduction of equilibrium moisture content of Betula alnoides after heat processing can affect the 
wettability and permeability of PVAC and MUF on wood surface, which will further influence 
bonding performance of Betula alnoides. (3) pH value of wood materials influences curing degree 
of adhesives. PVAC was easy to be cured, while MUF resin could be cured completely under 
appropriate pH. After heat processing, acids were produced on wood surface, which might disturb 
curing of MUF. The bonding strength of MUF decreased with the deepening of heat processing.

FT-IR analysis
FT-IR results of non-processed wood (a) and processed Betula alnoides under 200°C (b) were 

compared in Fig. 7. 

 

Fig. 7: FT-IR curves of Betula alnoides.(a) Betula alnoides wood (b) Betula alnoides wood with  
heat-treatment.
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The absorption peak at about 1,425.5 cm-1 belonged to the stretching vibration of aromatic 
ring of lignin and the bending vibration of CH3 in -OCH3. This absorption peak decreased slightly 
after heat processing, which might be attributed to condensation reaction of lignin during the heat 
processing (Yin et al. 2017, Liu et al. 2019). The absorption peak at about 1,376.3 cm-1 was caused 
by bending vibration of CH in hemicelluloses and cellulose. This peak intensity was decreased 
after heat processing, indicating the degradation of polysaccharides in wood materials during the 
heat process. The absorption peak at about 1,329.4 cm-1 was caused by bending vibration of O-H 
of aliphatic series. This absorption peak was enhanced slightly after heat processing, which could 
be interpreted by depolymerization of lignin upon the condensation reaction of wood materials. 
Some β-aryl oxide bonds in lignin was depolymerized into carbocations in the heat processing 
and these carbocations further made condensation reaction under the catalysis of acetic acids 
produced from degradation of hemicelluloses under high temperature (Sivonen et al. 2002). 
The absorption peak at about 1,246.3 cm-1 belonged to hydroxyls and methoxy groups which 
connected with phenyl groups. This peak intensity decreased after heat processing, indicating that 
lignin experienced demethoxy reactions during the heat processing and it was also verified by the 
conclusions of Wikberg (Wikberg and Maunu 2004). 

CONCLUSIONS

Heat-treatment woods of Betula alnoides were prepared by using vapor as the heat-conducting 
medium. Effects of heat-treatment time and heat-treatment temperature on equilibrium moisture 
content, density, pH value, contact angle and bonding performance of Betula alnoides were 
discussed in this paper. The results indicated that:

(1) With the increase of heat-treatment temperature, the equilibrium moisture content, 
density and pH value of Betula alnoides decreased gradually.

(2) With the increase of heat-treatment temperature, the contact angle of Betula alnoides 
increased from 70.08° to about 100°, resulting in the reduction of bonding strength gradually. 
Bonding strength of Betula alnoides after heat-treatment was related with the used adhesive. 
Bonding strength of different adhesives decreased to different extents. The bonding strength of 
Betula alnoides wood with PVAC resin was generally higher than that of MUF resin. The former 
were 6.35-4.56 MPa, and the latter were 5.60-3.00 MPa. 

(3) Heat-treatment time influenced equilibrium moisture content, density, contact angle, 
pH value and bonding strength of Betula alnoides less than heat-treatment temperature.

(4) Heat-treatment could affect strength and surface performance of Betula alnoides  greatly 
and the processing medium should be extended.
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