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Abstract
Binderless poplar/bismuth oxide wood alloy is prepared using the warm-press forming technology. The effect of
the forming temperatures on color changes and mechanical properties of the poplar/bismuth oxide wood alloy is
studied. The results show that the surface color of the specimen gradually darkened as the forming temperature
increased. There is the most obvious change from 140 to 160 °C. The CIE lightness color coordinate L* and chroma
coordinate b* decrease with the increase of the forming temperature, while chroma coordinate a* decreases initially, but later increases with treatment severity. The static bending strength (MOR), the elastic modulus (MOE) and
the surface hardness (HV) increase first and then decrease with the increase of the forming temperature. The X-ray
diffraction (XRD) analysis shows that the wood underwent carbonization at 180 °C, resulting in a decrease in the
density and mechanical properties of poplar/bismuth oxide wood alloy, and a deepening of the surface color. The
Fourier transform infrared spectroscopy (FTIR) analysis reveals that the pyrolysis of cellulose and hemicellulose, as
well as the pyrolysis and condensation of lignin led to the color of poplar/bismuth oxide wood alloy deepening. The
hydroxyl groups between the cellulose molecular chains are reduced and hydrogen bonds are formed at 140 °C,
which improve the mechanical properties of poplar/bismuth oxide wood alloy. However, the massive degradation of
hemicellulose weakens binding strength with cellulose and lignin at 160 °C above. It greatly reduces the mechanical
properties of specimen.
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Introduction
Wood is an environmentally friendly and renewable
material. The inherent defects of wood, such as cracking and easy discoloration, directly affect its performance and limit the application of wood products
[1]. Large amounts of residues are generated during
the harvesting, logging, processing and utilization
of wood. Therefore, the study of potential treatment
methods to increase the added value of wood residues and improve the properties of wood is of great
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importance for future applications. Warm-press forming is a new technology based on the theory of metal
powder warm-press forming and wood material nonglue hot-press forming theory [2]. The bonding power
of the glueless warm pressing technology is mainly
due to the thermosetting properties of lignin [3]. This
technology can improve the color and mechanical
properties of wood products by changing the forming temperature, the forming pressure and the holding time. Previous studies showed that wood with
proper heat treatment has higher mechanical properties. Kučerová et al. [4] investigated the effects of heat
treatment temperature on the mechanical properties
of fir wood. The results showed that the MOR and the
MOE slightly increased in the initial stages of thermal
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treatment (100 ~ 150 ℃). However, a severer treatment resulted in a reduction in their values. Van Dam
et al. [3, 5] used coconut husks with high lignin content to produce high strength-high density binderless
boards by hot pressing; they showed that the mechanical properties, water absorption and density of these
boards were superior to those of particleboard and
commercial medium-density fiberboard.
Another of the most significant changes related to
thermal modification is the color of the wood. It is
important for judging the performance of wood, especially for wood with decorative purposes [6]. Heat
treatment technology can be used to deepen the color
of the wood and reduce the color difference between
the core and the edge of the wood, so that wood can
exhibit the color of precious tree species [7, 8]. The
usual way to obtain the desired color of wood is to use
chemical dyes to react with the wood. However, the
dyes used have some problems such as toxic nature,
poor light resistance, poor biodegradability and low
color fastness. The dyeing process requires a lot of
water, and various penetrants and dyeing auxiliaries
need to be added. Such a process will not only lead
to waste of resources, but also cause water pollution.
Therefore, it is difficult to promote the use on a large
scale [9]. Yellow pigments based on bismuth compounds have some attractive color properties and high
solar reflectance. It does not contain Pb, Cr, Cd, etc., in
traditional yellow pigments, which is environmentally
friendly [10]. Šulcová et al. [11] studied new environmentally friendly inorganic pigments based on B
 i 2O 3
doped by metal ions and gave a direction for coloring
ceramic glazes. In addition, bismuth oxide has useful
chemical properties, such as high photocatalytic activity and stability. The photocatalytic activity of bismuth
oxide comes from its ability to oxidize organic pollution and produce highly active substances, which are
mostly used in the photocatalytic degradation of solar
cells, optical coatings, optoelectronics and organic
dyes [12].
In this paper, a mixture of poplar wood powder and
bismuth oxide powder is used for warm-press forming. The effect of the forming temperature on the color
properties and mechanical properties of the poplar/
bismuth oxide wood alloy is studied. The chemical
composition of the poplar/bismuth oxide wood alloy
before and after warm-press forming is analyzed. The
study method can provide a new, simple and environmentally friendly direction for wood coloring. These
results can provide a reference for the subsequent
research on the change law of the wood alloy color and
mechanical properties during warm-press forming.
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Material and method
Material

The material used in this study is the powder of naturally air-dried fast-growing poplar wood processing
residues (Linyi City, Shandong Province, China). The
particle size of poplar wood powder is less than 180 μm.
The initial moisture content of the poplar wood powder
is 8.7%. Commercially available nano-bismuth oxide
with an average particle size ≤ 300 nm is used as an
experimental auxiliary material.
Poplar/bismuth oxide wood alloy preparation

Poplar wood powder and bismuth oxide powder are
put into the FW-400A tilt type high speed universal crusher (Zhongxing Weiye Instrument Co., Ltd,
Beijing, China) according to the mass ratio of 9 to 1.
The mixture is mechanically stirred at 26,000 rpm for
15 min to obtain the homogeneously mixed powder
mixture with a total mass of 80 g. The mixed powder
is compressed and formed in the HX-100 compression molding machine (Institute of Thermal Processing Engineering, Huazhong University of Science and
Technology, Wuhan, China). The flowchart for the specific preparation of poplar/bismuth oxide wood alloy is
shown in Fig. 1. The forming pressure is set to 80 MPa.
The forming temperature is set to 100 ℃, 120 ℃, 140 ℃,
160 ℃, 180 ℃ and 200 ℃, respectively. After the mold
reaches the specified temperature, the compact is kept
at this temperature and pressure for 30 min. The compact is taken out when the mold cools to room temperature. In addition, the pressure slowly disappears
during the cooling process to reduce the rebound
effect. The dimension (length × width × thickness) of
the final specimen is 128 mm × 35 mm × 10 mm.
Density test

The mass of each specimen is determined with an electronic weighing scale (Guangzheng Medical Instrument
Co., Ltd, Shanghai, China) and the volume is determined with electronic digital caliper (Hangzhou Delixi
Group Co., Ltd). The length, width and thickness of the
specimen are accurately measured three times at different positions and averaged. The specimen density is
computed as the ratio of mass to volume (g/cm3).
Color properties test

The color parameters L*, a* and b* of the specimens are
analyzed by the CIE-L*a*b* system, in which L* denotes
the lightness axis [pure black (0) to pure white (100)], a*
denotes the green (−a) to red (+ a) axis, and b* denotes
the blue (−b) to yellow (+ b) axis, respectively. The
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Fig. 1 Poplar/bismuth oxide wood alloy preparation

high-definition pictures of the specimens are obtained
through the Ricoh 7502 high-definition printer scanner. 10 points are randomly selected as color measurement points in the specimen without defects and with
uniform color. The values L*, a* and b* are measured
through Photoshop CC2019 and then the average values are calculated. The overall color difference (∆E*) is
used to describe the overall color change of the specimen and calculated by using Eq. 1. The specimen with
the forming temperature of 100 °C is used as the control group.

�E ∗ = (L∗ − L∗0 )2 + (a∗ − a∗0 )2 + (b∗ − b0∗ )2 , (1)
where L∗0、a∗0 and b0∗ are the color parameters of the control group, L*, a* and b* are the color parameters of the
experimental group.

Fig. 2 Indentation image

the eyepiece. The surface hardness is calculated by using
Eq. 2.

HV =
Mechanical properties test

The values of MOR and the MOE are measured by using
a WDW-10 microcomputer-controlled electronic universal testing machine (New Shijin Testing Machine Co.,
Ltd, Jinan, China). The test method adopts three-point
bending with a span of 80 mm. Two parallel support rollers with the diameter of 15 mm and a loading roller with
the diameter of 30 mm are used. The loading roller is
loaded at a constant speed of 12 mm/min throughout the
experiment.
The HV is measured by using an HV-5 small load Vickers hardness tester (Dechuan Testing Instrument Co.,
Ltd, Laizhou, China). The experimental force is set to
0.5 kgf and the holding time is set to 12 s. After unloading, the indentation on the surface of the specimen was
observed and measured through a 40X objective lens.
Figure 2 shows the image of the indentation observed in

1.8544P
2

,

+d2
)
( d12C

(2)

where P is the experimental force (kgf ), d1, d2 are the
diagonal length value of indentation image (mm), C is the
magnification of objective lens, respectively.
Chemical composition test

The powder on the surface of the specimen is scraped
off and fully dried for chemical composition analysis. The mixed powder before warm-press forming
is selected as the control group, and the specimens
with the forming temperatures of 100 °C, 140 °C, and
180 °C are selected as the experimental group. The D8
Advance X-ray diffractometer (Bruker Co., Ltd, German) is used to obtain the phases in the specimens.
The functional groups in specimens are identified using
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Bruker VERTEX 70 & ALPHA infrared spectrometer
(Shimadzu Co., Ltd. Japan).

Results and discussion
Density change after warm‑press forming

Figure 3 shows the effect of the forming temperature on
the density of poplar/bismuth oxide wood alloy. It can
be seen that the density of the specimens first increases
slightly and then decreases. Compression leads to a
decrease in the void volume of the wood and an increase
in the amount of cell wall per unit volume, which leads
to an increase in density [13]. There is a rapid decrease
in density of the specimens at 160 ℃ above. This is due to
the severe loss of moisture and loss of quality caused by
high temperature. Boonstra et al. [14] believed that the
main reason for the decrease in wood density after heat
treatment is the degradation of hemicellulose and the
evaporation of extracts.
Color changes after warm‑press forming

The surface color of poplar/bismuth oxide wood alloy at
different temperatures is shown in Fig. 4. It can be seen
that the surface color of the specimens gradually darkens
with the increase of the forming temperature. This darkening of the wood surface can be explained by the formation of hemicellulose degradation products, changes in
extracts, and the formation of oxidation products such as
quinones [2]. It can be seen in Fig. 4 that the surface color
of the specimens changes most obviously in the temperature range of 140 ~ 160 ℃.
Figure 5 shows the effect of the forming temperature
on the color properties of poplar/bismuth oxide wood
alloy. It can be seen that the lightness value L* and the

Fig. 4 Surface color changes of poplar/bismuth oxide wood alloy at
different temperatures

chroma coordinate b* are gradually decreasing with the
increase of the forming temperature. When the forming temperature increases from 100 to 160 ℃, the values
of L* and b* decrease rapidly to 30 and 7, respectively.
When the forming temperature increases from 160 to
200 ℃, the values of L* and b* decrease slowly to 25 and
1, respectively. The change of the chroma coordinate a* is
relatively smooth. The a* value reaches a minimum value
of −9 at 140 °C and a maximum value of −3 at 200 °C. In
general, the forming temperature has a significant influence on the values of L* and b* of the surface color and a
slight influence on the value a*.
Figure 6 shows the overall color difference ∆E* of poplar/bismuth oxide wood alloy at different temperatures. It
can be seen that the value ∆E* increases at a rapid speed
before 160 ℃ and increases at a slow speed after 160 ℃.
This conclusion is consistent with the color change rule
of the specimens in Fig. 4. The maximum change in ΔE*
is 24.32 at approximately 140 to 160 ℃. On the contrary,
the change of the ∆E* is the smallest value between 180
and 200 ℃, and the change value is only 1.48. The results
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Fig. 3 Density of poplar/bismuth oxide wood alloy at different
temperatures
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Fig. 5 Color properties of poplar/bismuth oxide wood alloy at
different temperatures
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Fig. 6 Overall color difference of poplar/bismuth oxide wood alloy at
different temperatures

show that the forming temperature has a significant
influence on the surface color of poplar/bismuth oxide
wood alloy during warm-press forming. The ∆E* value is
most sensitive to the forming temperature range of 140
to 160 °C.
Mechanical properties change after warm‑press forming

The mechanical properties of poplar/bismuth oxide
wood alloy after warm pressing are measured and summarized in Table 1. Figure 7 shows the change in MOR
and MOR/density of poplar/bismuth oxide wood alloy at
different temperatures. The MOR and MOR/density values increase first and then decrease with the increase of
the forming temperature, and reach the maximum value
at 140 °C. The MOR and MOR/density values increase
by 37.74% and 37.75%, respectively, compared to 100 °C.
This is because a proper increase of temperature can
increase the plasticity of the wood, making the specimens
more compact and increasing its strength. The MOR
and MOR/density values of the specimens decrease
rapidly when the forming temperature exceeds 160 °C.
The increase in the forming temperature intensifies the
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Fig. 7 MOR and MOR/density values of poplar/bismuth oxide wood
alloy at different temperatures

massive degradation of hemicellulose, which leads to the
loss of hemicellulose binding in the cell wall and weakens
the binding strength with cellulose and lignin. In addition, the rapid degradation of hemicellulose produces a
large amount of acetic acid, which catalyzes the degradation reaction of cellulose. At this stage, the main chemical composition of the wood has undergone significant
changes, which results in a dramatic change in the MOR
of poplar/bismuth oxide wood alloy [15, 16].
Figure 8 shows the effect of the forming temperature
on the MOE and MOE/density of poplar/bismuth oxide
wood alloy. The MOE and MOE/density values of the
specimens initially increase gradually with the increase
of the forming temperature and reach the maximum
value at 140 °C. This may be due to the decrease in water
content [15, 17]. However, when the forming temperature exceeds 160 °C, the MOE and MOE/density values
decrease with a rapid velocity. Compared with the forming temperature of 160 °C, the MOE value decreases by
76.39% and the MOR/density value decreases by 74.75%
at 180 °C. This is because the degradation of the cell wall
has a greater impact on the MOE than the decrease in the
moisture content. The decrease in MOE caused by cell

Table 1 Specific data for mechanical properties and mechanical properties/density
Temperature
(℃)

Density (g/cm3)

MOR (MPa)

MOR/ density

MOE (MPa)

MOE/ density

HV (Kgf/mm2)

100

1.86

39.72

21.35

5136

2761.29

13.63

7.33

120

1.88

48.95

26.04

6420

3414.89

20.78

11.05

140

1.86

54.71

29.41

6424

3453.76

20.83

11.20

160

1.85

52.75

28.51

6069

3280.54

18.62

10.06

180

1.73

16.27

9.40

1433

828.32

13.78

7.97

200

1.69

7.13

4.22

861

509.47

10.66

6.31

HV/ density

Yan et al. Journal of Wood Science

(2022) 68:25

Page 6 of 9

7000
MOE
MOE/density

6000

3500
3000
2500

4000
2000
3000
1500

MOE/density

MOE (MPa)

5000

2000

between cellulose molecular chains undergo a "bridging"
reaction to form hydrogen bonds (O–H…O), which leads
to an increase in the crystallinity of cellulose molecules
[19, 20]. However, the HV and HV/density values of the
specimens gradually decrease with further increase in the
forming temperature, which could be attributed to the
density loss due to excessive temperature and thermal
decomposition of the composites, such as fracture and
fragmentation of the wood cell wall [18, 21].
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Fig. 8 MOE and MOE/density values of poplar/bismuth oxide wood
alloy at different temperatures

wall degradation cannot compensate for the increase in
MOE caused by the decrease in water content [17].
As shown in Fig. 9, the HV and HV/density values of
poplar/bismuth oxide wood alloy initially increases and
then decreases with the increase of the forming temperature. This is in accordance with the conclusion of
Pelit and Yorulmaz [18]. And the HV and HV/density
values reach the maximum at 140 ℃, which are 52.82%
and 52.80% higher than those at 100 ℃, respectively. This
may be due to the increase in cellulose crystallinity [17].
The hemicellulose in the wood cell wall is the first to
undergo partial structural reorganization or degradation
due to its poor thermal stability. The hydroxyl groups in
the molecular chains are shed. The loss of water in the
amorphous region of cellulose and the close proximity of
neighboring cellulose surfaces result in a tighter arrangement of cellulose molecular chains. The hydroxyl groups

22

Figure 10 displays the powder XRD diffractograms of
poplar/bismuth oxide wood alloy before and after warm
pressing. It can be seen that the mixed powder before
warm-press forming, as well as the specimens at 100 °C
and 140 °C all show a sharp and strong B
 i2O3 diffraction
peak at a 2θ value of 27.93°. However, when the forming temperature is 180 °C, the B
 i2O3 diffraction peak at
27.93° decreases significantly, and the B
 i2O3 diffraction
peaks at 46.19°, 46.84°, 54.25°, 55.44° and 57.71° basically
disappear. Moreover, the diffraction peak of C appears at
26.65° and the diffraction peak of Bi appears at 27.14°. It
shows that that the specimens are carbonized at a forming temperature of 180 °C and that Bi is formed by the
reaction of C with Bi2O3. The carbonization of the poplar/bismuth oxide wood alloy leads to a decrease in the
density and mechanical properties of specimens, and
a deepening of the surface color. And the formation of
Bi may be the reason for the rise of the chroma coordinate a*. The diffraction peak with 2θ value of 29.43° in
the XRD pattern is the diffraction peak of Bi2O4. And
this diffraction peak remains basically constant with the
increase of the forming temperature. The diffraction
peak at 30.9° is probably from CaMg(CO3)2 in poplar ash.
It’s peak remains essentially stable in this temperature
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Fig. 10 XRD pattern of poplar/bismuth oxide wood alloy before and
after warm pressing

Yan et al. Journal of Wood Science

(2022) 68:25

Page 7 of 9

range, indicating that the decomposition temperature of
CaMg(CO3)2 is higher than 180 °C.
FTIR analysis

The FTIR spectroscopy is employed to investigate the
chemical bonding of poplar/bismuth oxide wood alloy
in the range of 400 ~ 4000 cm−1. The FTIR spectra of
poplar/bismuth oxide wood alloy before and after warm
pressing are shown in Fig. 11. The characteristic bands
in FTIR spectra of poplar/bismuth oxide wood alloy are
summarized in Table 2. The peak at 464 cm−1 is attributed to Bi–O stretching vibration. This phenomenon is
consistent with the data reported by Irmawati et al. [22].
The absorption peak at 1456 cm−1 is attributed to methyl
C–H bending vibration. And the absorption peak at
1427 cm−1 corresponds to benzene ring skeleton structure combined with C–H bond vibration. The apparent
464

879 1240
1022

2929

1743

3421

1456

1427

Absorbance
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Fig. 11 FTIR spectra of poplar/bismuth oxide wood alloy before and
after warm pressing

change from bimodal to shoulder peaks indicates the softening and plasticization of lignin. The side chain break
of benzene ring makes the benzene ring skeleton relatively increased [23].
Hemicellulose-related bands in the spectra are
observed at approximately 1743 cm−1 and 1240 cm−1.
The peak at 1743 
cm−1 represents the linkage of the
acetyl group with the ester group or carboxyl group.
There is a significant decrease as the forming temperature increases, indicating the degradation of hemicellulose. The acetyl group on the hemicellulose is cleaved to
produce acetic acid, which reduces the number of carbonyl C = O bands. In addition, acetic acid can further
catalyze the pyrolysis of polysaccharides and the condensation and degradation of lignin structures, contributing
to wood discoloration. Phenolic compounds generated by
the pyrolysis of hemicellulose with chromogenic groups
can also cause changes in wood color. The absorption
peak near the C–O–C stretching vibration (1240 cm−1)
also decreases, which further confirms that the hemicellulose is substantially degraded during warm-press forming [15, 24, 25]. The massive degradation of hemicellulose
weakens the binding strength with cellulose and lignin. It
reduces the mechanical properties of specimens [15].
The absorption peaks of C–H stretching vibration in
the methyl and methylene groups is found in 2929 cm−1.
The functional groups of this absorption peaks are abundant in cellulose [24]. The intensity of the characteristic
peak at 2929 cm−1 is less affected by the temperature
change, indicating that the cellulose is more stable during
the warm pressing.
The main chemical components of wood (cellulose,
hemicelluloses, lignin) contain large amounts of free
hydroxyl groups. The hydroxyl groups may form intramolecular hydrogen bond and intermolecular hydrogen
bond [19, 26]. The intramolecular hydrogen bonding
does not change the position and shape of the spectral
band, but only increases the intensity of the absorption

Table 2 The characteristic bands in FTIR spectra of poplar/bismuth oxide composites
Wavenumber (cm−1)

Assignments

464

Bi–O stretching vibration

879

Cellulose β-glycosidic bond

1022

C–O stretching vibration of primary alcohols, saturated fatty ethers

1240

C–O–C stretching vibration

1427

Benzene ring skeleton structure combined with C-H bond vibration

1456

Methyl C–H bending vibration

1743

C–O stretching vibration of hemicellulose

2929

C–H stretching vibration in the methyl and methylene groups

3421

Hydroxy O–H stretching vibration
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peak. The absorbance at 3421 
cm−1 arising from the
hydroxyl groups. The peak at about 3421 cm−1 in the
spectra 100 °C to 140 °C is strengthened gradually. This
result is the hydroxyl groups form intramolecular hydrogen bonds. The formation of hydrogen bonds leads to
increased crystallinity, which facilitates the improvement of the mechanical properties of the poplar/bismuth
oxide wood alloy. As shown in Fig. 10, when the temperature is 180 ℃, the intensity of hydroxyl absorption at
3421 cm−1 decreases. This may be due to the fact that the
high forming temperature leads to a reaction of the free
hydroxyl groups between the cellulose molecules in the
wood, removing a water molecule and forming an ether
bond, so the number of free hydroxyl groups is greatly
reduced [19]. The ether bond structure formed in cellulose reduces the crystallinity of cellulose, which reduces
the mechanical properties of the poplar/bismuth oxide
wood alloy [15].

Conclusions
The forming temperature plays an important role in the
darkening of poplar/bismuth oxide wood alloy during
the warm-press forming. The carbonization of the wood
deepens the surface color of poplar/bismuth oxide wood
alloy. The pyrolysis of cellulose and hemicellulose, as well
as the pyrolysis and condensation of lignin are responsible for darker color. The lightness L* and the chroma
coordinate b* decrease with the increase of the forming temperature, while chroma coordinate a* decreases
initially, but later increases with treatment severity. The
effect of the forming temperature on the L* and b* is
greater than the effect on the a*. The overall color difference ∆E* increases with the increase of the forming
temperature. The color parameters are most sensitive to
temperature in the range of 140 ~ 160 ℃.
Appropriate increase of the forming temperature can
make a positive contribution to improve the mechanical properties of poplar/bismuth oxide wood alloy. The
hydroxyl groups between the cellulose molecular chains
form hydrogen bonds at 140 °C, which improves the
MOR, MOE and HV values of poplar/bismuth oxide
wood alloy. However, the massive degradation of hemicellulose leads to weakened binding strength with cellulose and lignin at 160 ℃ above. The change trend is
opposite to that at 140 ℃ when the forming temperature
is above 160 ℃. And the carbonization of wood at 180 °C
also results in a decrease in the density and mechanical
properties of specimens.
Abbreviations
MOR: Static bending strength; MOE: Elastic modulus; HV: Surface hardness;
XRD: X-ray diffraction; FTIR: Fourier transform infrared spectroscopy; L*:

Page 8 of 9

Lightness axis [pure black (0) to pure white (100)]; a*: Green (−a) to red (+ a)
axis; b*: Blue (−b) to yellow (+ b) axis; ∆E*: Overall color difference.
Author contributions
YJ contributed to the analysis of the results and writing of this manuscript.
ZLQ contributed to the review of this manuscript and supervised the entire
work. All authors have participated sufficiently in designing the experiments
and discussing the results. All authors read and approved the final manuscript.
Funding
This work was supported by the National Natural Science Foundation of China
(No. C161402), the Changsha Municipal Natural Science Foundation (No.
kp2202288), the Scientific Innovation Fund for Post-graduates of Hunan Province (No. CX20210877) and the Scientific Research Project of Hunan Provincial
Department of Education (No. 19A512).
Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations
Competing interests
The authors declare that they have no competing interests.
Author details
1
College of Mechanical and Electrical Engineering, Central South University
of Forestry and Technology, Changsha 410004, People’s Republic of China.
2
College of Materials Science and Engineering, Central South University of Forestry and Technology, Changsha 410004, People’s Republic of China.
Received: 29 January 2022 Accepted: 13 April 2022

References
1. Chai YB, Liu JL, Wang Z, Zhao Y (2017) Dimensional stability and
mechanical properties of plantation poplar wood esterified using acetic
anhydride. BioResources 12(1):912–922. https://doi.org/10.15376/biores.
12.1.912-922
2. Long ZZ, Zhang LQ, Wu QD, Tan ZL, Guo PC (2021) Effect of temperature
on color and chemical composition of poplar powder compacts during
warm-press forming. Eur J Wood Wood Prod 79(6):1461–1468. https://doi.
org/10.1007/s00107-021-01696-0
3. Van Dam JEG, Van Den Oever MJA, Teunissen W, Keijsers ERP, Peralta
AG (2004) Process for production of high density/high performance
binderless boards from whole coconut husk. Part 1: Lignin as intrinsic
thermosetting binder resin. Ind Crops Prod 19(3):207–216. https://doi.
org/10.1016/j.indcrop.2003.10.003
4. Kučerová V, Lagaňa R, Výbohová E, Hýrošová T (2016) The effect of chemical changes during heat treatment on the color and mechanical properties of fir wood. BioResources 11(4):9079–9094. https://doi.org/10.15376/
biores.11.4.9079-9094
5. Van Dam JEG, Van Den Oever MJA, Keijsers ERP (2004) Production process
for high density high performance binderless boards from whole coconut husk. Ind Crops Prod 20(1):97–101. https://doi.org/10.1016/j.indcrop.
2003.12.017
6. Bi ZJ, Yuan JY, Morrell Jeffrey J, Yan L (2021) Effects of extracts on the
colour of thermally modified Populus tomentosa Carr. Wood Sci Technol
55(4):1075–1090. https://doi.org/10.1007/s00226-021-01304-7
7. Gonzalez-Pena MM, Hale MDC (2009) Colour in thermally modified wood
of beech, Norway spruce and Scots pine. Part 1: colour evolution and
colour changes. Holzforschung 63(4):385–393. https://doi.org/10.1515/
HF.2009.078
8. Qu LJ, Qian J, Gao JJ, Wang ZY, He ZB, Yi SL (2021) Effect of aluminum
sulfate impregnation heat joint treatment on color changes of
Chinese fir. Wood Sci Technol 55(2):379–401. https://doi.org/10.1007/
s00226-020-01249-3

Yan et al. Journal of Wood Science

9.
10.
11.
12.
13.
14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.
26.

(2022) 68:25

Hu J, Liu Y, Wu ZH (2020) Structural color for wood coloring: a review.
BioResources 15(4):9917–9934
Zou J, Yu ZY (2019) Yellow β-Bi2O3/BaCO3 complex pigments with impressive near infrared reflectance and excellent color performance. Sol Energy
Mater Sol Cells 199:99–107. https://doi.org/10.1016/j.solmat.2019.04.031
Šulcová P, Večeřa J, Bystrzycki P (2012) Thermal analysis of doped Bi2O3. J
Therm Anal Calorim 108(2):525–529
Abu-Dief AM, Mohamed WS (2017) α-Bi2O3 nanorods: synthesis, characterization and UV-photocatalytic activity. Mater Res Express 4(3):035039.
https://doi.org/10.1088/2053-1591/aa6712
Pelit H, Yalçın M (2017) Resistance of mechanically densified and
thermally post-treated pine sapwood to wood decay fungi. J Wood Sci
63(5):514–522. https://doi.org/10.1007/s10086-017-1641-4
Boonstra MJ, Van Acker J, Tjeerdsma BF, Kegel EV (2007) Strength
properties of thermally modified softwoods and its relation to polymeric
structural wood constituents. Ann For Sci 64(7):679–690. https://doi.org/
10.1051/forest:2007048
Wang XZ, Cheng DL, Huang XN, Song LL, Gu WL, Liang XY, Li YJ, Xu B
(2020) Effect of high-temperature saturated steam treatment on the
physical, chemical, and mechanical properties of moso bamboo. J Wood
Sci 66(1):1–9. https://doi.org/10.1186/s10086-020-01899-8
Kačíková D, Kačík F, Cabalová I, Durkovič J (2013) Effects of thermal treatment on chemical, mechanical and colour traits in Norway spruce wood.
Biores Technol 144:669–674. https://doi.org/10.1016/j.biortech.2013.06.
110
Marcon B, Goli G, Matsuo-Ueda M, Denaud L, Umemura K, Gril J, Kawai S
(2018) Kinetic analysis of poplar wood properties by thermal modification
in conventional oven. iForest-Biogeosciences and Forestry 11(1):131–139.
https://doi.org/10.3832/ifor2422-010
Pelit H, Yorulmaz R (2019) Influence of densification on mechanical
properties of thermally pretreated spruce and poplar wood. BioResources
14(4):9739–9754. https://doi.org/10.15376/biores.14.4.9739-9754
Shen YH, Gao ZZ, Hou XF, Chen ZY, Jiang JY, Sun J (2019) Spectral and
thermal analysis of eucalyptus wood drying at different temperature and
methods. Drying Technol 38(3):313–320. https://doi.org/10.1080/07373
937.2019.1566742
Dang BK, Chen YP, Wang HW, Chen B, Jin CD, Sun QF (2018) Preparation
of high mechanical performance nano-Fe3O4/wood fiber binderless
composite boards for electromagnetic absorption via a facile and green
method. Nanomaterials 8(1):52. https://doi.org/10.3390/nano8010052
Budakçı M, Pelit H, Sönmez A, Korkmaz M (2016) The effects of densification and heat post-treatment on hardness and morphological properties
of wood materials. BioResources 11(3):7822–7838. https://doi.org/10.
15376/biores.11.3.7822-7838
Irmawati R, Noorfarizan Nasriah MN, Taufiq-Yap YH, Abdul Hamid SB
(2004) Characterization of bismuth oxide catalysts prepared from bismuth trinitrate pentahydrate: influence of bismuth concentration. Catal
Today 93–95:701–709. https://doi.org/10.1016/j.cattod.2004.06.065
Zhang LQ, Long ZZ, Tan ZL, Wu QD (2020) Temperature’s effect on color
change and mechanical properties of poplar powder compact formed
by warm compaction. BioResources 15(3):7009–7017. https://doi.org/10.
15376/biores.15.3.7009-7017
Chen LJ, Li JB, Lu MS, Guo XM, Zhang HY, Han LJ (2016) Integrated chemical and multi-scale structural analyses for the processes of acid pretreatment and enzymatic hydrolysis of corn stover. Carbohyd Polym 141:1–9.
https://doi.org/10.1016/j.carbpol.2015.12.079
Chen Y, Fan YM, Gao JM, Stark NM (2012) The effect of heat treatment on
the chemical and color change of black locust (Robinia pseudoacacia)
wood flour. BioResources 7(1):1157–1170
Gao ZZ, Fan Q, He ZS, Wang ZN, Wang XB, Sun J (2016) Effect of biodegradation on thermogravimetric and chemical characteristics of hardwood
and softwood by brown-rot fungus. Biores Technol 211:443–450. https://
doi.org/10.1016/j.biortech.2016.03.128

Page 9 of 9

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

