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ABSTRACT

With the aim of utilizing reconstituted bamboo as a carbon cycle-oriented material, the improvement of physical
and mechanical properties has been actively studied to solve using problems. The saturated steam heat treatment
process has been widely used in worldwide. With the development and exploration of this technology, two-step satu-
rated steam heat treatment process appears in some practical production, that is, after a period of saturated steam
heat treatment at a lower temperature, the bamboo bundles are taken out and seasoned for a period of time, and
then put back into the heat tank again, and heated at a higher temperature for another period of time. During the
two-step saturated steam heat treatment, the physical and mechanical properties of bamboo changed. However, the
mechanism of two-step saturated steam heat treatment has not been thoroughly discussed. For purpose that this
paper all discuss and find out the mechanism of two-step saturated steam heat treatment on the change of physical
and mechanical properties of reconstituted bamboo. In this work, the one and two-step saturated steam heat treat-
ments were carried out according to the actual production parameters, and the physical and mechanical properties
of the reconstituted bamboo board made of treated bamboo bundles were analyzed, including the color change, the
thickness swelling (TS), modulus of elasticity (MOE), modulus of rupture (MOR) and shear strength. The results
indicate that two-step saturated steam heat treatment is better than one-step. Based on the detailed study of the
chemical composition, crystallinity and micro-morphological characteristics of the heated bamboo bundles, it is
further revealed that during two-step saturated steam heat treatment, oxygen air is added to the reaction system
between the two heat treatment processes to further catalyze the oxidation of hemicellulose and enhance the crystal-
linity of cellulose, so as to improve the properties of the final products. Our work has optimized the saturated steam
heat treatment process which is widely used in industry, pointing out a new idea in the experimental and theoretical
basis for the development of recombinant bamboo manufacturing industry.
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1 Introduction

With the rapid economic growth and the continuous improvement of people’s living standards, home
furnishing and building decoration industry put forward higher requirements for the use of green eco-
friendly materials [1,2]. Bamboo is a raw material for engineering structural decoration materials because
of its abundant reserves, fast growth, high strength and rigidity, good processing performance and local
availability [3]. Especially in China, bamboo forest area accounts for 1/3 of the world’s total area, making
bamboo become an important sustainable and renewable non-wood resource [4–6]. Among various
bamboo-based products, reconstituted bamboo is widely used in many fields including construction,
furniture and flooring [7,8]. Therefore, it is a key issue to develop a kind of reconstituted bamboo with
good physical and mechanical properties and dimensional stability [9,10].

In view of the above problems, people have carried out a lot of work to explore [11]. Studies have shown
that low molecular weight adhesives can enter a large number of broken cell cavities causing by the
defibering process, which contributes to immobilize parenchyma cells in the subsequent process of hot
pressing. Thus, it is beneficial for the adhesive strength. However, the low molecular weight adhesives
penetrate the cell wall directly into the cell cavity, resulting in several weak links at the interface that lack
adhesive lines. Therefore, the chemical bond reaction on the interface between the adhesive and the
bamboo bundle is meaningless and the adhesive strength is affected [12,13]. Heat treatment, as a
candidate way to improve the properties of bamboo, has attracted extensive attention recently [14]. At
present, the heat treatment of bamboo bundles mainly includes hydrothermal treatment, oil heat treatment
and gas phase heat treatment [15,16]. However, the downsides such as low efficiency and the induced
environmental pollution limit the industrial application of the first two methods [17,18].

Comparatively, the gas phase heat treatment uses saturated steam as the medium. The moisture adsorbed
inside the bamboo can be transferred efficiently during this heat treatment process, thus improving the
physical and mechanical properties and removing nutrients. However, the traditional one-step saturated
steam heat treatment process generally requests high temperature of 180°C–200°C. The saturated steam
heat treatment temperature and corresponding absolute pressure are shown in Table S1. Under such
conditions, cellulose which acts as frameworks for mechanical support in biomass materials, should
degrade, followed by the decrease of the physical and mechanical properties of the treated samples. In
addition, according to the practical industrial production in factories, we found bamboo bundles softened
and collapsed. We analyze the problems of uneven color and unstable performance, but there are no
relevant references.

The two-step saturated steam heat treatment method is developed based on the traditional one-step
saturated steam heat treatment process. The expectation of two-step saturated steam heat treatment is to
reduce the temperature. When the temperature is reduced, the energy consumption of the of the factory
will be greatly reduced. Therefore, the temperature of two-step saturated steam heat treatment is 140°C–
160°C. During the two-step saturated steam heat treatment, the physical and mechanical properties of
bamboo changed. However, the mechanism of two-step saturated steam heat treatment has not been
thoroughly discussed. For purpose that this paper all discuss and find out the mechanism of two-step
saturated steam heat treatment on the change of physical and mechanical properties of reconstituted bamboo.

2 Materials and Methods

2.1 Materials
Four-year-old moso bamboo from the Lishui County, Zhejiang Province in China was cut off, peeled off

the green outside and the yellow inside, and rolled to get completely released bamboo bundles. The obtained
bamboo bundles were transverse, unbroken, and longitudinal unconsolidated.

3314 JRM, 2022, vol.10, no.12



2.2 Fabrication of Reconstituted Bamboo Boards
Taking saturated steam heat treatment as medium. The bamboo bundles were divided into 31 groups.

The first group was untreated as control group. The other 3 groups were subjected to a one-step heat
treatment by saturated steam (temperature was 180°C, time were 10, 20 and 30 min, respectively). And
another 27 groups were subjected to a two-step heat treatment by saturated steam. First, the bamboo
bundles were subjected to the first heat treatment process (the first heat treatment temperature (T1) were
140°C and the first heat treatment time (τ1) were 1, 2 and 3 h, respectively). Taking out the bamboo
bundles after one-step heat treatment. Then natural conservation and cooling to room temperature of
25°C, and restacking. Next, the bamboo bundles were subjected to the second heat treatment process (the
second heat treatment temperature (T2) were 140°C, 150°C and 160°C, and second the heat treatment
time (τ2) were 1, 2 and 3 h, respectively). Based on Table S2, named Table S2, as shown in Table S2.

The bamboo bundles were impregnated in phenolic resin (the phenolic resin was obtained from Taier
adhesive) for 15 min. The bamboo bundles were dried to a moisture content of 12% at 55°C, followed by
parallel lay-up and being hot pressed into boards at 140°C with 5.0 MPa for 20 min. Reconstituted
bamboo boards with a density of 1.1 g/cm3 were successfully fabricated. Fig. 1 shows the process figure
for the preparation of reconstituted bamboo boards. Fig. 2 shows the Flowchart for the preparation of
reconstituted bamboo boards.

Figure 1: Process figure for the preparation of reconstituted bamboo boards

Figure 2: Flowchart for the preparation of reconstituted bamboo boards

JRM, 2022, vol.10, no.12 3315



2.3 X-Ray Diffraction (XRD) Analysis
A step-by-step scanning method with powder X-ray diffractometer T-6000 (Malvern Panalytical, UK)

was used. The scanning angle was 5� to 50� and the scanning speed was 2�/min. The crystallinity (CrI)
and lattice spacing of cellulose before and after saturated steam heat treatment was calculated by Segal
method (Eqs. (1) and (2)).

CrI ¼ I002�Iam

I002

� �
� 100% (1)

nk ¼ 2d sin h (2)

where CrI is the relative crystallinity. d is the lattice spacing. I002 is the maximum intensity of diffraction peak
of crystal (002) plane. Iam is the diffraction intensity of amorphous. n = 1 is the diffraction series. λ is the
wavelength of X-ray, which is 0.15406 Å, and θ is the peak position.

2.4 Chemical Compositions Analyses
The spectra were determined by the VERTEX-80 V (Bruker, Germany) infrared spectrometer. Before

determination, the dried bamboo powder was mixed with KBr and pressed into a thin sheet. The scanning
range was 500–4000 cm−1, and the scanning times were 32 and the resolution is 4 cm−1. The thin sheet
was placed in the Fourier infrared spectrometer for determination. Finally, the infrared spectrum was
drawn for analysis.

The contents of three major components (cellulose, hemicellulose and lignin) in bamboo before and after
treatment were determined by reported method [19]. The sugar content in the supernatant was determined
by high-performance liquid chromatography (HPLC). H2SO4 solution was used as eluent at a flow rate of
0.6 mL/min.

2.5 Physical and Mechanical Properties Test
The thickness swelling (TS), modulus of elasticity (MOE), modulus of rupture (MOR) and shear

strength of the obtained reconstituted were tested using a DNS50 electronic universal testing machine,
referring to the Chinese national standard “Testing methods for physical and chemical properties of
wood-based panels and veneered wood-based panels” [20].

2.6 Material Color Test
Commission International de l’Éclairage (CIE) L*, a* and b* standard colorimetric system was used for

analysis [21]. The value L* indicated the brightness in the range of 0 to 100 (0∼100, 0 for black, 100 for
perfect reflection of light). The value a* indicates the red-green feature in the color value (−60∼+60,
−60 for green, +60 for red). And the value b* indicated the yellow-blue feature in the color (−60∼+60,
−60 for blue, +60 for yellow). Calculate the measured mean value according to the Eqs. (3)–(6).

DL� ¼ L� � L0 (3)

Da� ¼ a� � a0 (4)

Db� ¼ b� � b0 (5)

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDL�Þ2 þ ðDa�Þ2 þ ðDb�Þ2

q
(6)

L0, a0 and b0 are the data of control group respectively. ΔL*, Δa* and Δb* are the corresponding change
difference. ΔE* is the total color difference before and after treatment.
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2.7 Statistical Product and Service Solutions Analyses (SPSS)
SPSS was used to analyze the test results. In order to further analyze the significance of the experimental

effects, multivariate analysis of variance (ANOVA) test was used. Sig < 0.05 was considered to indicate a
statistically significant difference. The specific corresponding relationship is shown in Table S3.

3 Results

3.1 Modulus of Elasticity and Modulus of Rupture of Reconstituted Bamboo Boards
Figs. 3a and 3b show the MOE and MOR of reconstituted bamboo which was fabricated with the two-

step heated bundles, respectively. Fig. S1 shows the MOE andMOR of untreated sample. The mean values of
MOE and MOR of the untreated sample are 12.89 GPa and 90.75 MPa. As shown in Fig. 3a, the MOE of
most heat-treated samples are higher compared with untreated sample. From Sample 1 to Sample 27, the
MOE shows an overall decreasing trend. In particular, form Sample 10 to Sample 12, Sample 13 to
Sample 15 and Sample 16 to Sample 18, the MOE first increases and then decreases. For Sample 17, the
MOE reaches the maximum value of 16.23 GPa. Compared with Sample 8, Sample 17 and Sample 26,
the MOE (Sample 9, Sample 18 and Sample 27) dramatically decreases by 62.74%, 56.89% and 45.41%,
respectively. In particular, for Sample 27, MOE reaches the lowest of 11.07 GPa and is lower than
untreated sample. The MOR is consistent with the change rules of MOE.

3.2 The Shear Strength of Reconstituted Bamboo Boards
Fig. 4 shows the shear strength of reconstituted bamboo which was fabricated with the two-step heated

bundles. Fig. S2 shows the shear strength of the untreated sample. As shown in Fig. 4, the shear strength of
most heat-treated samples is higher compared with untreated sample (11.02 MPa). Especially, compared with
Sample 8, Sample 17 and Sample 26, the shear strength (Sample 9, Sample 18 and Sample 27) occurring a
significant decrease in shear strength. For Sample 9, Sample 18 and Sample 27 decreasing by 35.3%, 33.1%,
and 43.8% compared with untreated sample, respectively. From Sample 1 to Sample 9, Sample 10 to Sample
18 and Sample 19 to Sample 27, the shear strength shows an overall decreasing trend. In particular, from
Sample 1 to Sample 3, Sample 10 to Sample 12 and Sample 19 to Sample 21, the shear strength first
increases and then decreases. For Sample 16, the shear strength reaches the maximum with a mean value
of 16.57 MPa.

Figure 3: (a) The modulus of elasticity and (b) the modulus of rupture of reconstituted bamboo which was
fabricated with the two-step heated bundles
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3.3 The Thickness Swelling (TS) of Reconstituted Bamboo Boards
Fig. 5 shows the TS of reconstituted bamboo which was fabricated with the two-step heated bundles.

Fig. S2 shows the TS of untreated sample. The mean value of TS of untreated sample is 1.25%. As
shown in Fig. 5, from Sample 1 to Sample 27, the TS shows an overall decreasing trend. For Sample 27,
the TS reaches the minimum value of 1.51%, indicating the best dimensional stability under this heat
treatment condition. For Samples 10–18, the TS values of the heat-treated samples increases except for
Sample 15 and Sample 18. Specifically, the TS values of Sample 15 and Sample 18 decrease by 45.3%
and 47.4% compared with untreated sample, respectively. Form Sample 8 to Sample 9, sample 17 to
Sample 18 and Sample 26 to Sample 27, the TS dramatically decreases by 62.74%, 56.89% and 45.41%,
respectively.

3.4 The Color of Reconstituted Bamboo Boards
Table S4 shows the change in color of untreated sample and reconstituted bamboo which was fabricated

with the two-step heated bundles. The mean values of a*, b*, L* of untreated sample are 3.5, 25 and 60,
respectively. Comparing with the untreated sample, the a* of heat-treated samples increases, indicating
that the color of heat-treated samples turns red. For Sample 7, Sample 16 and Sample 25, a* decreases
significantly. As shown in Table S4. The treatment process parameters negatively affect the b* and L*
values. From Sample 1 to Sample 27, b* and L* decrease indicating the color of the heat-treated samples

Figure 4: The shear strength of reconstituted bamboo which was fabricated with the two-step heated bundles

Figure 5: The thickness swelling of reconstituted bamboo which was fabricated with the two-step heated
bundles
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turns blue and dark. In other words, the heat-treated samples change from light yellow to reddish brown.
Especially, for Sample 27, b* and L* reach the minimum values of 25 and 60, respectively.

As shown in Table S4, when T2 and τ2 are constant, T1 and τ1 have no influence on the changes of Δa*,
Δb*, ΔL* and ΔE*. From Sample 1 to Sample 27, the value of Δ a* is in the range of 0.2–2.3.
Δa* > 0 indicates the color of reconstituted bamboo boards turns red [22]. As shown in Table S4, the
Δb* and ΔL* are negative and the values of Δb* and ΔL* are higher than Δa*. Δb* and ΔL* show a
decreasing trend, indicating that the color of heat-treated samples turns blue and dark. For Sample 27
ΔL* reaches the maximum value of 43.69. It is indicated that the color difference between heat-treated
samples and untreated sample is increasing.

3.5 SPSS Analysis
From Figs. 3–5 and Table S4, it can be seen that the T1 and τ1 have no effect on the physical and

mechanical properties and the color. Therefore, Tables 1 and 2 show T2 and τ2 and interactions (T2 × τ2)
on the MOE and shear strength multivariate ANOVA, respectively. As shown in Table 1, τ2 has more
significant effect on the MOE of treated samples (p < 0.05). In contrast, the T2 and (T2 × τ2) have no
significant effect on MOE of treated samples (p > 0.05). As shown in Table 2, T2 has no significance
effect on the shear strength of the heat-treated samples (p > 0.05). The τ2 and (T2 × τ2) have significant
effects on the shear strength of the heat-treated samples (p < 0.05).

3.6 Comparison of One-Step and Two-Step Saturated Steam Heat Treatment
At present, the commonly used one-step saturated steam heat treatment temperature is 180°C and time is

10 min, 20 min and 30 min. As shown in Table 3. The MOE, MOR and the shear strength of one-step heat
treatment saturated steam increase with the time increases. The TS decreases with the increase of one-step
heat treatment time. When the one-step heat treatment temperature is 180°C, time is 30 min (180-3), the
mechanical properties of the heat-treated samples reaches the highest which the MOE is 10.04 GPa,
MOR is 90.25 MPa, and the shear strength is 14.32 MPa. In the meantime, the TS reaches the minimum
of 4.02%, the dimensional stability is the best. Thus, the optimal one-step heat treatment process is 180-3.

Table 1: The multivariate ANOVA for modulus of elasticity

Sources of divergence Sun of squares Degree of freedom Mean square F p-valor

Intercept distance 5040.5 1 5040.6 4091.1 0.000

T2 9.3 2 4.6 3.8 0.083

τ2 51.4 2 25.7 20.9 0.000

T2 × τ2 55.0 4 13.8 11.2 0.000
Notes: R2 ¼ 0.839.

Table 2: The multivariate ANOVA for shear strength

Sources of divergence Sun of squares Degree of freedom Mean square F p-valor

Intercept distance 5361959245.0 1 5361959245.0 7770.2 0.000

T2 2261687.8 2 1130843.924.9 1.6 0.222

τ2 26648531.7 2 13324265.8 19.3 0.000

T2 × τ2 8134852.1 4 2033713.1 2.9 0.059
Notes: R2 = 0.749.
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According to the variation and conclusion of Figs. 3–5 and Table S4, it can be concluded that the optimal
two-step saturated steam heat treatment process is Sample 17. Comparison of the optimal process of two-step
saturated steam heat treatment and one-step saturated steam heat treatment is shown in Table 3. The result
indicates that the two-step saturated steam heat treatment not only improves the physical and mechanical
properties, but also improves the dimensional stability. Besides, in the industrialized production of
bamboo industry, the two-step saturated steam heat treatment of 140°C and 160°C relative to the high
temperature of 180°C of one-step heat treatment greatly reduces the energy consumption of production.

4 Discussion

4.1 SEM Analyses
Fig. 6 shows the SEM images of untreated sample, one-step and two-step heat treated bamboo bundles.

The cross section and longitudinal section of untreated sample are shown in Figs. 6a–6d, respectively.
Figs. 6a–6d show typical bamboo microstructure. Figs. 6e–6h show the microstructure of longitudinal
section of one-step and two-step heat treated, respectively. As shown in Figs. 6e–6h, the edge of
parenchyma cells become smooth and the cell walls become thinner of heat-treated samples. However,
the whole longitudinal microstructure still keeps the original rules.

Table 3: Comparison of physical and mechanical properties of reconstituted bamboo boards between two-
step saturated steam heat treatment and one-step saturated steam heat treatment

Bamboo properties Temperature (°C)-Time (min) Temperature (°C)-Time (h)

180-10 180-20 180-30 Sample 17

MOE (GPa) 7.67 8.19 10.04 16.23

MOR (MPa) 71.68 82.66 90.25 143.42

Shear strength (MPa) 10.31 13.58 14.32 15.51

TS (%) 4.87 4.28 4.02 3.48
Note: MOE: modulus of elasticity; MOR: modulus of rupture; TS: thickness swelling.

Figure 6: SEM images of untreated sample, one-step and two-step saturated steam heat treatment bamboo
bundles. (a), (b) Cross section of untreated sample, (c), (d) Longitudinal section of untreated sample, (e), (f)
Longitudinal section of one-step saturated steam heat treatment and (g), (h) Longitudinal section of two-step
saturated steam heat treatment, respectively
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4.2 FTIR Analyses
In order to reveal the difference between one-step saturated steam heat treatment (The treatment

temperature is 140°C, the treatment time is 2 h and 3 h) and two-step saturated steam heat treatment
(Sample 1, Sample 3 and Sample 10). We compare the three major components and FTIR of continuous
and discontinuous treatment for 2 h and 3 h. As shown in Fig. 7, compared with untreated sample, the
hemicellulose content of heat-treated samples decreases and the cellulose and lignin of heat-treated
samples increases. As shown in Fig. 8, 3420 cm−1 is near the hydroxyl absorption peak. 1700–1750 cm−1

is the acetyl absorption peak of hemicellulose xylan, where 1605 cm−1 represents the lignin C=O and
C=C aromatic skeletal vibrational bands, and the 1515 cm−1 represents the lignin aromatic ring.
Compared with untreated sample, the absorption peaks (1605 cm−1 and 1515 cm−1) of heat-treated
samples are higher than untreated sample [23,24]. And the absorption peaks (1700–1750 cm−1) of heat-
treated samples is lower than untreated sample.

As mentioned in Figs. 6e–6h, the smooth and thin parenchyma cells of heat-treated samples may be
related to the degradation of the three components. As supposed, the heat treatment time and temperature
are constant, the resulted contents of three major components and absorption peaks of components should
be the same for one-step and two-step processes. However, as shown in Fig. 7a, we may see that the
content of hemicellulose of Sample 1 is lower than that of 140-2. And as shown in Fig. 8a, the acetyl
absorption peak of hemicellulose xylan of Sample 1 is lower than that of 140-2. The same trend can be

Figure 7: The percentage of cellulose, hemicellulose and lignin of the one-step and two-step heated bamboo
bundles. (a) 2 h, (b) 3 h

Figure 8: FTIR spectra of the untreated sample, one-step and two-step heated bamboo bundles. (a) 2 h, (b) 3 h
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observed for the heat treatment time of 3 h in Figs. 7b and 8b. To explain this, the further oxidation of
hemicellulose should be considered.

Because there is a natural conservation during the two-step saturated steam heat treatment process, a
large amount of O2 enters into the gap of bamboo bundles. Compared with the continuous one-step
saturated steam heat treatment, O2 is supplemented. The increase of O2 content makes the hemicellulose
undergo violent oxidation reaction again. Fig. 9 summarizes the different routes of hemicelluloses
oxidation. One can see that the hemicelluloses oxidation is very complex. And a series of reaction routes
is proposed. First of all, a predominant route is the fragmentation. The sugars hydrolyzed hemicelluloses
are randomly fragmented and fragmented-oxidized into organic alcohols (C2–C4) and acids (C3–C6),
respectively. Then side reactions such as oxidation are occurred among available organic alcohols and
acids. Besides, the larger molecular fragments of sugars are formed by oxidation, fllowed by self-
lactonization [25].

4.3 XRD Analyses
The cellulose in the three major components of bamboo is a linear polymer with uniform chain structure,

which is synthesized by the polymerization of dehydrated glucopyranose units. Therefore, cellulose plays a
supporting role in the main components of the bamboo cell wall, endowing bamboo with elasticity and
strength. The relative crystallinity is the percentage of cellulose crystalline regions in total, with the
increase of relative crystallinity, the MOE and MOR of heat-treated samples are improved [26]. Due to
the branched-chain structure and amorphous structure, polysaccharides in hemicellulose have low thermal
stability at high temperature, which makes hemicellulose easier to decompose than other chemical
components in bamboo. In addition, lignin is the main component of the interlayer, and the crosslinking
of lignin polymer enhances the strength of the intermediate layer and affects the strength nature of cell wall.

The XRD diffraction patterns of untreated sample and the two-step heated bamboo bundles are shown in
Fig. 10. The XRD patterns of heat-treated samples are basically consistent, which show two characteristic
peaks. An obvious high diffraction peak at 2θ = 22.00� corresponds to the (002) plane of cellulose
crystal. The peak at 2θ = 15.60� corresponds to the (101) and (10�1Þ planes of cellulose [27,28]. The
diffraction angle of (002) crystal plane, relative crystallinity and the lattice spacing of untreated sample
and the heat-treated samples are shown in Table S5. As shown in Table S5, (002) the crystal plane angles
are all between 21.82�∼22.18� with no change. The D crystal plane spacing has no different, indicating
that two-step heat treatment does not form a significant effect on the bamboo bundles crystallization regions.

4.4 Three Major Components Analyses
The changes in cellulose content of untreated sample and heat-treated samples are shown in Fig. 11a.

Fig. S3 shows the three element contents of untreated sample. As shown in Fig. 11a, the cellulose content
of most heat-treated samples is higher than untreated sample. The relative crystallinity obtained in
Table S5 is consistent with the change trend of cellulose content. With the development of saturated
steam heat treatment, the -OH between the cellulose molecular chains in the amorphous region undergo
“Bridge reaction” to form ether bonds [29]. Formation of ether bond increases the relative crystallinity. At
the same time, the cellulose content increases due to the closer arrangement between microfibrils.

From Sample 1 to Sample 27, the cellulose shows an overall decreasing trend. In particular, form Sample
10 to Sample 12, Sample 13 to Sample 15 and Sample 16 to Sample 18, the cellulose first increases and then
decreases. For Sample 17, the cellulose and relative crystallinity reach the maximum value, the values of
cellulose and relative crystallinity are 54.05% and 57.12%. This is due to that the dehydration of the
cellulose in the presence of saturated steam, which reduces the distance between microfibrils and
increases the intermolecular forces in the non-crystalline region of the cellulose [30,31]. Furthermore,
closer arrangement of the microfibrils leads to the cellulose content increases. Then, with the increase of
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heat treatment time, a large amount of hemicellulose is degraded to produce a large amount of acetic acid.
And the cellulose in the amorphous region is degraded in acidic environment, resulting in the decrease of
cellulose content [32–34]. These are consistent with the change trends of MOE and MOR.

Figure 9: Different routes of hemicellulose oxidation [25]
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The increase of lignin relative content has a positive effect on the strength and hardness of reconstituted
bamboo. The change in lignin content of reconstituted bamboo which was fabricated with the two-step

Figure 10: The XRD diffraction patterns of (a) two-step heated bamboo bundles and (b) untreated sample

Figure 11: The percentage of (a) cellulose, (b) hemicellulose and (c) lignin of the two-step heated bamboo
bundles
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heated bundles is shown in Fig. 11c. The lignin of heat-treated samples is increase compared with untreated
sample. For Samples 10 – 18, the lignin increases from Sample 10 to Sample 12, Sample 13 to Sample 15 and
Samples 16 to 18. The degradation of polysaccharide substances during the heat-treated resulting in an
increase in the relative lignin content. The lignin content decreases from Sample 12 to Sample 13 and
Samples 15 to 16. This is because that the heat treatment temperature increases further, the lignin occurs
a degree of thermal degradation, resulting in a decrease in the relative lignin content [35].

Hemicellulose, one of the three major components of bamboo, endowing bamboo shear strength. The
change of hemicellulose content of reconstituted bamboo which was fabricated with the two-step heated
bundles is shown in Fig. 11b. The hemicellulose content of heat-treated samples decreases compared with
untreated sample. The acetyl group of hemicellulose begins to hydrolyze and produces acetic acid, which
makes the content of hemicellulose gradually decrease [36]. The decrease of hemicellulose leads to the
decrease of shear strength of reconstituted bamboo. Besides, with the development of saturated steam
heat treatment, the formation of ether bond between cellulose leads to the decrease of hydrogen bonds.
And that is also one of the reasons why the shear strength of reconstituted bamboo decreases rapidly at
the Sample 9, Sample 18 and Sample 27.

Bamboo is a porous material with high porosity and high specific surface area and there are abundant
hydroxyl groups on the cell wall. Therefore, bamboo has high water absorption. Swelling coefficient is a
key parameter to measure the dimensional stability of bamboo products [37]. The hemicellulose content
of reconstituted bamboo which was fabricated with the two-step heated bundles is shown in Fig. 11b.
From Sample 1 to Sample 27, the hemicellulose decreases. Volatilization of free water and extract and a
reduction of hydrophilic groups on the hemicellulose main and side chains, resulting in hemicellulose
content of heat-treated samples lower than untreated sample. In particular, from Sample 1 to Sample 27,
the cellulose shows an overall decreasing trend, due to the continuous increase of temperature and the
extension of heat treatment time, the thermal degradation of hemicellulose generates formaldehyde and
furfural substances. Formaldehyde and furfural substances have worse water absorption than
hemicellulose, which can effectively reduce the moisture absorption of bamboo and improve the
dimensional stability [38,39].

4.5 Color Analyses
The color change is partly caused by the pyrolysis of hemicellulose and polysaccharides [40]. The

hemicellulose content of reconstituted bamboo which was fabricated with the two-step heated bundles is
shown in Fig. 11b. A large amount of hemicellulose is degraded during the two-step saturated steam heat
treatment process, making the color of reconstituted bamboo turns red. With the reaction proceeds, the
volatile organic compounds produced by the closed-vapour pressure system polymerise with the
reconstituted bamboo, thereby inhibiting further a* enhancement [18,41]. In addition, the heat treatment
process is accompanied by the degradation of oxygen-containing groups of hemicellulose such as acetyl
and carboxyl groups. At the same time, there is also the occurrence of lignin side chain condensation
reaction, which generates new β-β and β-5 condensed structures and new conjugated double bonds, and the
conjugated system becomes longer. The shift of the ultraviolet (UV) absorption band to the visible region
makes b* and L* decrease, which leads to the color of heat-treated samples becomes blue and dark [42].

5 Conclusion

In this work, the one-step and two-step saturated steam heat treatments were carried out according to the
actual production parameters, and the physical and mechanical properties of the reconstituted bamboo board
made of treated bamboo bundles were analyzed, including the color change, modulus of elasticity (MOE),
modulus of rupture (MOR), the shear strength and the thickness swelling (TS). Based on the analysis of the
test results, the following conclusions can be drawn.

JRM, 2022, vol.10, no.12 3325



1. In the two-step saturated steam heat treatment process, with the increase of heat treatment
temperature time, the content of cellulose and hemicellulose decreases overall due to the
acidolysis and dehydration condensation. The degradation of polysaccharide substances during the
heat-treated resulting in an increase in the relative lignin content.

2. When the first heat treatment temperature is 140°C, the time is 2 h, the second heat treatment
temperature is 160°C, the time is 2 h (Sample 17), the reconstituted bamboo which was fabricated
with the two-step heated bundles has the optimal performance. The MOE is 16.23 GPa, the MOR
is 143.20 MPa, the shear strength is 15.99 MPa, the TS is 3.48% and the color is light brown.

3. Compared with the one-step saturated steam heat treatment, the two-step saturated steam heat
treatment has better performance. Besides, in the industrialized production of bamboo industry,
the two-step saturated steam heat treatment of 140°C and 160°C relative to the high temperature
of 180°C of one-step heat treatment greatly reduces the energy consumption of production.
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Appendix A:

The following formulas are the calculation formulas of the sum of squares (Eqs. S(1)–S(6)).

yijk ¼ lþ ai þ bj þ cij þ eijk (1)
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SST ¼
XI

i¼1

XJ
j¼1

XK
k¼1

ðyijk � yÞ2 (2)

SSA ¼ JK
XI

i¼1

ð�Y i� � yÞ2 (3)

SSB ¼ IK
XJ
j¼1

ð�y�j � yÞ2 (4)

SSAB ¼ K
XI

i¼1

XJ
j¼1

ð�yij � �yi� � �y�j þ yÞ2 (5)

R2 ¼ SSAþ SSBþ SSAB

SST
(6)

p-valor indicates whether the source of variance has a significant effect on the test results, where when
the significance is less than 0.05, it means that the source of variance has a significant effect on the
experimental results.

The above equation is the mathematical model of the two-factor interaction test ANOVA. yijk is the kth
observation value of the combination of the i-th level of influencing factor A and the j-th level of influencing
factor B. μ denotes the total average of the observed values without considering the influence of factors A and
B, and it is the constant term (intercept) of the model. αi is the effect of level Ai. βj is the effect of level Bj. γij
represents the interaction effect of the level I of the influencing factor A and the j level collocation of the
influencing factor B. εijk is the random error of the kth observation value in the combination of the i-th
level of influencing factor A and the j-th level of influencing factor B.�yi�denotes the sample mean of the
ith level of the influence factor A. �y�j denotes the sample mean of the j-th level of the influence factor B.
�yij denotes the sample mean of the combination of the i-th level of influence factor A and the j-th level of
influence factor B. y is the total mean value of all IJK observations. SST is the total sum of squares. SSA
is the sum of squares of influence factor A. SSB is the sum of squares of the influence factor B. SSAB is
the sum of squared interaction effects. SSE error sum of squares.
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Table S1: The saturated steam heat treatment temperature and corresponding absolute pressure

Temperature (°C) Absolute pressure (MPa)

180 10.027

181 10.259

182 10.496

183 10.738

184 10.983

185 11.233

186 11.488

187 11.747

188 12.010

189 12.278

190 12.551

191 12.829

192 13.111

193 13.398

194 13.690

195 13.987

196 14.298

197 14.596

198 14.909

199 15.226

200 15.549

Table S2: Breakdown or composition of the panels obtained

Sample number First heat treatment process Second heat treatment process

Temperature (T1, °C) Time (τ1, h) Temperature (T2, °C) Time (τ2, h)

1 140 1 140 1

2 140 1 140 2

3 140 1 140 3

4 140 1 150 1

5 140 1 150 2

6 140 1 150 3

7 140 1 160 1

8 140 1 160 2

9 140 1 160 3
(Continued)
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Table S2 (continued)

Sample number First heat treatment process Second heat treatment process

Temperature (T1, °C) Time (τ1, h) Temperature (T2, °C) Time (τ2, h)

10 140 2 140 1

11 140 2 140 2

12 140 2 140 3

13 140 2 150 1

14 140 2 150 2

15 140 2 150 3

16 140 2 160 1

17 140 2 160 2

18 140 2 160 3

19 140 3 140 1

20 140 3 140 2

21 140 3 140 3

22 140 3 150 1

23 140 3 150 2

24 140 3 150 3

25 140 3 160 1

26 140 3 160 2

27 140 3 160 3

Table S3: The specific corresponding relationship in statistical product and service solutions analyses (SPSS)
statistical system

Sources of
divergence

Sun of
squares
(SS)

Degree of
freedom

Mean square (MS) F p-valor

Influencing
factor A (FA)

SSA I-1
MSA =

SSA

I � 1
FA =

MSA

MSE
p-valor = Zest
(Selected values:
Average value)

Influencing
factor B (FB)

SSB J-1
MSB =

SSB

J � 1
FB =

MSB

MSE
p-valor = Zest
(Selected values:
Average value)

Interaction
(FAB)

SSAB (I-1)(J-1)
MSAB =

SSAB

ðI � 1ÞðJ � 1Þ FAB =
MSAB

MSE
p-valor = Zest
(Selected values:
Average value)

Notes: R2 =
SSAþ SSBþ SSAB

SST
; SSA: sun of quadrados (factor A, I); SSB: sun of quadrados (factors B, J); SSAB: sun of quadrados (factor A x

factorB, I x J).
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Table S4: The change in color of untreated sample and reconstituted bamboo which was fabricated with the
two-step heated bundles

Two-step treatment a* b* L* Δ a* Δ b* ΔL* ΔE

1 5.24 12.89 44.92 2.23 −12.12 −15.06 19.47

2 5.79 9.07 38.12 1.29 −15.93 −21.88 25.10

3 4.78 6.62 33.51 0.78 −18.38 −26.47 32.33

4 5.49 10.06 35.77 1.96 −14.97 −20.22 25.27

5 5.15 9.51 34.85 0.90 −15.49 −25.12 29.65

6 5.54 11.32 40.06 2.29 −13.52 −19.94 24.21

7 5.17 10.72 39.28 1.87 −14.28 −20.72 25.26

8 3.17 6.82 34.67 0.33 −18.18 −25.33 31.19

9 2.67 0.76 22.86 0.05 −24.23 −37.15 44.44

10 4.92 10.44 40.18 1.42 −14.56 −19.82 24.65

11 5.34 9.96 39.5 1.84 −14.04 −20.50 25.93

12 5.28 7.70 34.91 0.67 −17.30 −25.09 30.49

13 4.22 6.85 33.40 0.76 −18.15 −26.59 32.22

14 4.86 6.78 33.05 1.20 −18.22 −26.95 32.55

15 4.76 9.20 37.04 1.26 −15.80 −22.96 27.91

16 4.09 7.85 33.36 0.59 −17.15 −26.64 31.69

17 2.95 5.88 32.91 0.55 −19.11 −27.09 33.17

18 2.26 1.96 22.79 0.24 −23.04 −37.21 43.82

19 4.00 7.25 35.07 0.50 −17.75 −24.94 30.62

20 4.77 8.19 34.91 1.27 −16.81 −25.09 30.25

21 4.54 9.45 35.99 1.85 −15.82 −24.00 28.82

22 4.76 7.60 34.26 0.72 −17.40 −25.74 31.09

23 4.47 4.38 30.34 0.30 −20.75 −29.67 36.24

24 4.50 7.52 33.88 1.00 −17.48 −26.12 31.47

25 4.13 7.74 34.93 0.63 −17.09 −25.07 30.37

26 3.71 7.19 32.91 0.21 −17.81 −27.09 32.44

27 2.12 1.71 23.11 0.37 −23.29 −36.89 43.69

Untreated 3.50 25.00 60.00
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Table S5: The diffraction angle (2θ), relative crystallinity and lattice spacing of untreated and reconstituted
bamboo which was fabricated with the two-step heated bundles

Two-step treatment 2θ (°) Relative crystallinity (%) Lattice spacing (nm)

1 21.96 51.61 4.00

2 21.88 50.72 4.00

3 21.90 47.00 4.00

4 21.90 53.43 4.00

5 21.84 48.32 4.00

6 21.90 47.01 4.00

7 22.08 56.56 4.00

8 22.08 56.43 4.00

9 21.96 45.65 4.00

10 22.04 47.94 4.00

11 21.82 54.43 4.00

12 22.10 53.14 4.00

13 22.10 48.72 4.00

14 21.92 52.22 4.00

15 21.92 47.92 4.00

16 21.92 49.51 4.00

17 22.18 57.12 4.00

18 22.18 45.93 4.00

19 21.90 49.11 4.00

20 21.70 48.14 4.00

21 22.06 46.33 4.00

22 21.70 52.54 4.00

23 21.70 46.01 4.00

24 21.98 46.20 4.00

25 22.00 52.32 4.00

26 21.80 50.35 4.00

27 22.10 45.83 4.00

Untreated 21.82 46.00 4.00
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Figure S1: Modulus of elasticity and modulus of rupture of the untreated sample

Figure S2: Shear strength and thickness swelling of untreated sample

Figure S3: Three major components of untreated sample
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