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Abstract: This study aimed to obtain a comprehensive understanding on bamboo as a curve-member
manufacturing material by comparative analysis of how different treatment methods on bending
properties improve the effect on bamboo strips. In order to achieve this purpose, bamboo strips were
subjected to water boiling, 15% NaOH, and 25% NH3 impregnation; the impact of physical, mechani-
cal and chemical properties were explored. The results revealed that: (1) Water boiling significantly
affected crystallinity, cellulose, and lignin content, with a treatment duration of 10 h showing the
most favorable results for flexibility and plasticity, greatly improving bending performance. (2) An
amount of 15% NaOH treatment significantly increased bending MOE and plastic displacement by
73% and 122.7%. However, it led to a noticeable decrease in bending strength (MOR). A treatment
above 8 h could cause irreversible damage to bamboo strips. (3) The improvement of 25% NH3 on
bamboo bending ability was lower than water boiling. The effects of chemical composition were
obvious in the initial five days and changed little after five days. Generally, water boiling for over
10 h is suitable for applications with significant bending requirements. While for maintaining bamboo
color, original strength, and bending performance, 25% NH3 for five days was recommended, and
15% NaOH was not advised for improving bamboo bending performance and its applications.

Keywords: bamboo bending ability; treatment methods; comparison; toughness enhancement;
chemical composition

1. Introduction

China produces bamboo resources which are widely distributed. Bamboo has short
growth cycles, and possesses high strength and bending ability. Bamboo has extensive
applications in various fields such as construction, furniture, and handicraft production.
Despite the extensive research dedicated to the bending applications of wood [1], the
utilization of bamboo in bending modification and application are relatively constrained [2],
necessitating further exploration and investigation.

The bending performance of bamboo strips is influenced by treatment methods, such
as heat treatment and chemical treatment, which significantly alter the mechanical proper-
ties of bamboo strips [3]. In recent years, scholars have conducted preliminary studies on
the chemical composition changes of bamboo strips under different treatment temperatures
and conditions [4]. Fang et al. found that alkali water boiling not only removes extractives
but also affects the color of bamboo, thereby influencing its utilization [5]. Chu et al. in-
vestigated the structural changes of bamboo under different heat treatment temperatures
and acid-base or glycerol treatment media. An increase in crystallinity was found at a
hydrothermal temperature of 135 ◦C [6]. An et al. proposed that high crystallinity and
oriented structure are crucial factors leading to poor bamboo bending performance, sug-
gesting a reduction in crystallinity obtained through alkali treatment [7]. Xu suggested that
bamboo color darkens, MOE and flexural strength decreases, and weight loss increases
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after heat treatment [8]. Zhang et al. discovered a decrease in cellulose and hemicellu-
lose content in bamboo after heat treatment, accompanied by an increase in lignin and
extractives content [9]. The aforementioned studies mainly focused on the influences of
single variations by infrared spectroscopy, XRD changes, surface properties, or changes
in chemical composition, and were mostly about raw bamboo or bamboo fiber; therefore,
there is a lack of multidimensional comparison about bamboo strips [10].

Bamboo strips are the most widely used bamboo material in industrial applications.
A comprehensive understanding of the different treatment methods holds significant
importance for bamboo processing, offering insights that can be translated into practical
industrial considerations. In order to meet the demand for high flexibility in bending
applications, emphasizing the universality and versatility of bamboo, bamboo strips of
Phyllostachys edulis (Carrière) J. Houz., which is known as moso bamboo, were obtained as
the research object. Three different treatment methods, that is, water boiling, 15% NaOH
impregnation, and 25% NH3 impregnation, were used to enhance bending performance
and the processing advantages of bamboo in this study. The bamboo strips underwent
treatments of varying durations, and their physical and mechanical properties were tested.
The changes in cellulose, hemicellulose, and lignin content before and after treatment
were determined. Furthermore, X-ray diffraction (XRD) and Fourier-transform infrared
spectroscopy (FTIR) were employed to confirm the influence of different treatment methods
on the chemical composition and mechanical properties of bamboo [11]. The aim of this
study was to provide a theoretical foundation for toughness enhancement in bamboo
bending processing.

2. Materials and Methods
2.1. Materials

Moso bamboo strips were obtained from Zhejiang Sanjian Industrial & Trade Co., Ltd.,
Zhejiang province, Lishui, China. The selected bamboo strips were free from mold, discol-
oration, and were of uniform greenish-yellow color. Three-year-old bamboo tubes were
obtained through a systematic sampling approach. In order to guarantee uniformity of
the specimens, the green and yellow layers of the bamboo tube were eliminated, and the
middle of the bamboo was selected and processed into bamboo strips (Figure 1). The
bamboo strips were prepared according to the Chinese standard of GB/T 15780-1995 [12]
testing methods for physical and mechanical properties of bamboo, with dimensions of
160 mm × 20 mm × 5 mm (longitudinal × tangential × radial).
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Figure 1. Diagram of the sampling location.

2.2. Sample Treatment

Three different treatment methods were applied to the bamboo strips and different
treatment durations were used for each method (Table 1). The three treatment methods
were hydrothermal boiling, 15% NaOH (mass content), and 25% NH3 (mass content)
solution impregnation. Following the water boiling treatment, the bamboo strips were im-
mediately prepared for mechanical property testing. While after 15% NaOH and 25% NH3
solution impregnation, the samples’ surfaces were cleaned using water before mechanical
performance testing.
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Table 1. Treatment methods for bamboo strips.

Treatment Method Treatment Duration Other Information

Control - Room temperature
Water boiling 2 h, 4 h, 6 h, 8 h, 10 h 135 ◦C
15% NaOH 2 h, 4 h, 6 h, 8 h, 10 h Room temperature
25% NH3 5 days(d), 7 d, 9 d, 11 d, 13 d Room temperature

2.3. Testing Methods

The bamboo strips were first subjected to bending mechanical property testing, and
the destruction status after testing was recorded. Subsequently, their density was deter-
mined after drying. The dried bamboo was then ground into powder, and subjected to
chemical composition testing (cellulose, hemicellulose, lignin), Fourier-transform infrared
spectroscopy (FTIR), and X-ray diffraction (XRD) analysis.

A mechanical testing machine, MMW-50, Jinan Nair Testing Machine Co., Ltd., Shan-
dong province, Jinan, China, was utilized for mechanical property testing. The mechanical
property, modulus of rupture (MOR), and modulus of elasticity (MOE), were tested using
the three bending method, according to Chinese standard GB/T 15780-1995 [12], and load-
ing was at a rate of 10 mm/min. The elastic displacement (De) and plastic displacement
(Dp) were obtained from the load-displacement curve by the equivalent elasto-plastic
energy method (Figure 2). Each set of experiments was repeated 5 times, and the standard
deviation was set as error.
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Figure 2. Testing method for De and Dp.

Chemical composition determination followed the methods of the National Renewable
Energy Laboratory (NREL) in the United States. The treated bamboo strips were of the
same specifications, thoroughly dried in a dry oven (DHG-9070A, Shanghai Jinghong
Experiment Co., Ltd., Shanghai, China), and the content of cellulose, acid-insoluble lignin
(AIL), and hemicellulose was determined, with each sample undergoing six parallel tests.

Infrared spectroscopy analysis utilized a Fourier-transform infrared spectrometer
(VERTEX 80V, Bruker, Luken, Germany) and adopted the KBr pellet method. The powder,
sieved through a 200-mesh sieve, was dried and made into KBr pellets (the ratio of bamboo
power to KBr was 1:100). Infrared spectroscopy scanning was performed in transmission
mode, ranging from 400 cm−1 to 4000 cm−1, at a resolution of 4 cm−1 with 32 scans.

X-ray diffraction analysis utilized an X-ray diffractometer (AXIS UltraDLD, Shimadzu,
Milton Keynes, UK). The powder, sieved through a 200-mesh sieve, was dried, placed on
a test slide, and the crystallinity of the sample was analyzed using X-ray diffraction. The
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X-ray source was CuKa, with a voltage of 40 kV, and a current of 40 mA. The scanning rate
was 5◦/min, and the diffraction angle ranged from 5◦ to 80◦.

3. Results
3.1. Physical and Mechanical Properties

As water boiling time increased, the bamboo strips gradually changed from light
yellow to reddish-brown (Figure 3a). As treatment time increased, the color deepened.
Additionally, after drying, the volume and mass of the bamboo strips decreased. Mechanical
testing revealed a small amount of bamboo fiber fracture on the surface, with the main
body of bamboo strips remaining intact and maintaining relatively high strength.
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As water boiling time increased, both the modulus of rupture (MOR) (Figure 3d)
and modulus of elasticity (MOE) (Figure 3e) significantly decreased. After 10 h, the MOR
decreased by approximately 50% compared to 2 h, representing a reduction of 79.2%
compared to the control, while the bending MOE also decreased significantly, showing an
82.5% reduction compared to the control. The change in elastic displacement was evident.
At 10 h, elastic displacement increased by 387.9%, compared to the control (Figure 3b). The
density decreased as water boiling time increased (Figure 4a). Compared to the control,
the density decreased from 0.75 g/cm3 to 0.56 g/cm3 after 2 h of treatment. For 6 h
and 8 h, there was a further significant decrease in density, MOR, and MOE. The density
and mechanical performance reached minimum values after 8 h of treatment, with a 48%
reduction in density compared to the control.
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The results aligned with previous studies about the impact of different treatments on
bamboo properties. Furuta et al. [13–15] found that the MOE of bamboo slices decreased
with increasing water temperature. When the temperature was 160 ◦C and time was 6 min,
the softening effect on bamboo was better. As the temperature and duration increased, the
hemicellulose structure changed obviously, which facilitated the softening of the bamboo.
Similar to previous research, this study showed that a temperature of 135 ◦C and heating
time adjusted from 2 to 10 h would be a suitable method for bamboo strips. The water
boiling process provided reliable guidance for the batch processing and production of thick
bamboo strips.

With an increased duration of 15% NaOH treatment, the bamboo strips gradually
changed from light yellow to yellow-brown, which was darker than for the water boiling
treatment (Figure 5a). The sample surface exhibited a large area of alkali attachment
and residue. Moreover, the bamboo fiber damage was significant. As treatment time
increased, the yellow-brown color deepened, the area of alkali attachment increased, and
bamboo fiber damage intensified. After the mechanical test, bamboo fibers showed a brittle
fracture at the force application site. The number and extent of fractures increased with the
prolonged treatment duration. However, the volume and mass change after drying were
relatively small.

The MOR and MOE of bamboo strips decreased after 15% NaOH treatment and
exhibited an initial decrease followed by an increase between 2 and 8 h (Figure 5c–e). At
4 h, the MOR and MOE showed little change compared with 2 h. However, the MOR
significantly decreased after 6 h, and the MOE experienced a precipitous drop after 8 h.
Compared to the control, the MOR decreased by 57.3% and MOE decreased by 73% at
10 h. Elastic and plastic displacements (Figure 5b) decreased with the increasing treatment
duration, ultimately reducing by 52.2% and 122.7%, respectively. Density exhibited a
noticeable decline after treatment (Figure 4b). All mechanical properties reached their
minimum values at 10 h.
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As 25% NH3 treatment time increases, bamboo strips gradually changed from light
yellow to reddish-brown, and the deepening of the reddish-brown color was relatively
small (Figure 6a). After the mechanical test, bamboo fibers on the surface at 9 days(d)
showed little fractures. A small amount of NH3 solution residue was easily wiped clean.
At 13 d, there were noticeable fiber fractures on the sample surface, while the change in
volume and mass after drying was relatively small.
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MOR of bamboo strips decreased, while the MOE increased after 25% NH3 treatment.
Between 5 d and 11 d, it exhibited an initial decrease then increase, and there was a
slight decrease at 13 d compared to 11 d. The mechanical property was lowest at 9 d,
elastic displacement, plastic displacement, density (Figure 6c), MOR, and MOE decreased
by 43.4%, 12.6%, 63.8%, 40%, 66.8%, and 49.2%, respectively, compared to the control
(Figure 6b–e).

Li et al. [15] found that the concentration of ammonia solution was 25%, while the
sodium hydroxide solution between 10% and 15% was more suitable for the softening
treatment of bamboo strips. Based on the previous research, the processing time was
optimized and refined in this study, and the results of the alkali treatment were roughly
the same as previous studies in terms of ammonia treatment. However, in the sodium
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hydroxide treatment, this research found that it was more destructive to bamboo, which
might be due to the extended concentration and soaking time.

3.2. X-ray Diffraction (XRD)

The 2θ positions of the XRD diffraction peaks for bamboo were observed at 15.8◦

and 22◦, representing characteristic peaks of the cellulose structure [16]. Throughout the
treatment process, there was no significant change in the crystalline structure of cellu-
lose [17], while the crystal plane angles and crystallinity changed with treatment duration
(Figure 7, Table 2).
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Table 2. Crystallization characteristics of bamboo strips using different treatment methods.

Treatment
Method 2θ/◦ RC/% Treatment

Method 2θ/◦ RC/% Treatment
Method 2θ/◦ RC/%

Control - 21.65 51.45 - - - - - - - -

Water
boiling

2 h 22.15 59.66

15%
NaOH

2 h 22.02 61.32

25%
NH3

5d 21.85 53.32
4 h 22.42 61.89 4 h 21.96 59.45 7d 21.86 52.45
6 h 22.56 62.22 6 h 21.65 58.62 9d 22.02 52.43
8 h 22.64 63.34 8 h 21.45 57.78 11d 22.04 52.23
10 h 22.78 64.75 10 h 21.19 54.45 13d 22.03 51.89

Note: 2θ—002 crystal plane angle, RC—Relative crystallinity.

The diffraction peaks of the crystal plane were concentrated at a range of 21◦ to 22.7◦,
which indicates that the 101 crystal plane angle (2θ) of bamboo strips did not show sig-
nificant changes after processing [18]. The treatment could only reach the noncrystalline
region of cellulose and could not penetrate the crystalline region. It did not alter the results
in the crystalline region [19], and there was no change in the crystalline layer distance [20].
This result was consistent with the research findings of Sun.

As to the crystallinity, the crystallinity gradually increased as water boiling treatment
time increased. The crystallinity noticeably decreased with increasing treatment time in 15%
NaOH immersion, and the decrease in crystallinity was not significant, showing a relatively
small change in 25% NH3 immersion. The decrease in crystallinity after alkali treatment
indicated an irregular molecular arrangement inside the material, weakening its stability,
which was related to the degradation of cellulose in the crystalline region [21]. Additionally,
alkali treatment changed the microcrystal width of the bamboo microfibers, leading to
decreased stability. After water boiling treatment, the crystallinity of the bamboo strips
increased, causing changes in thermal stability [22]. Under the influence of heat, hydroxyl
groups between cellulose molecular chains in the amorphous region undergo condensation
reactions, causing a rearrangement of cellulose molecular chains and crystallization in
the quasi-crystalline region, thereby increasing the relative crystallinity of the bamboo
strips [23].
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3.3. Infrared Spectroscopy

In the infrared spectroscopy region of wavenumbers between 4000 cm−1 and 2000 cm−1,
the spectra mainly reflect stretching vibrations of hydrogen-containing groups and the
presence of triple bonds and cumulative double bonds. Strong absorption peaks at 3450 cm−1

and 2945 cm−1 represented the stretching vibrations of –CH and –OH groups, respectively.
This region underwent some shifts during water boiling, but the shift effects were relatively
minor in 15% NaOH and 25% NH3 treatments (Figure 8). Under water boiling, the hydroxyl
group became active, and the water in the bamboo provided space for the hydroxyl group to
move [24].
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In the infrared spectroscopy region of wavenumbers between 2000 cm−1 and 800 cm−1,
more information about the changes in chemical composition was provided. In the
water boiling and 15% NaOH treatments, the intensity of the absorption peaks gradu-
ally weakened with increasing treatment time, while there was almost no change in the
25% NH3 treatment.

Therefore, we primarily discussed the first two treatment methods. The highest peak at
wavenumber 1750 cm−1 was caused by ester bonds of acetyl, ester, or carboxyl groups [25].
The peak at 1632 cm−1 represented the stretching vibration of the conjugated carbonyl
group, and its weakening indicated the damage to hydroxyl and conjugated carbonyl
groups [26]. The absorption peaks at 1600−1 and 1500 cm−1 showed no significant changes,
suggesting the relative stability of the benzene ring framework without apparent alterations.
The weakening of the absorption peak at wavenumber 1244 cm−1 was due to the stretching
vibration between the benzene ring and oxygen bonds. Changes in the intensity of the
absorption peak at wavenumber 1376 cm−1 was caused by C–H stretching vibrations
on phenolic hydroxyl groups. The weakening of the absorption peak at wavenumber
1043 cm−1 indicated a reduction in the quantity of C–O bonds.

3.4. Chemical Composition

All three treatment methods affect the chemical constituent content. The relative
content of cellulose and hemicellulose all decreased. Compared with the control group,
after the three treatments, the relative contents of cellulose and hemicellulose decreased
significantly, while lignin increased slightly. In water boiling, the relative content of cellu-
lose and hemicellulose gradually increased, while lignin increased lightly as treatment time
increased. In the 15% NaOH treatment, the relative content of cellulose and hemicellulose
initially decreased and then increased, with a gradual increase in lignin’s relative content
as treatment time increased. In the 25% NH3 treatment, the relative content of cellulose
and hemicellulose changed slightly in a pattern; initially, it decreased and then increased,
with a slight decrease in lignin’s relative content as the duration of the treatment increased
(Figure 9).
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The chemical composition concentration changes of bamboo strip after water boil-
ing were the main reason for alterations in bamboo color, mechanical properties, and
density [27]. The result of the cellulose and hemicellulose relative content that increased
with treatment time was consistent with the findings of Meng et al., who suggested that
the chemical constituent content increase was due to the difficulty of macromolecules to
degrade and other small molecule substances were lost because of thermal reactions or
dissolution in the alkaline solution [28]. Due to the relatively good thermal stability of
lignin, its content was less affected but increased compared to the control. This increase
was not a substantial increase in lignin content, but rather a result of the degradation of
cellulose and hemicellulose, leading to an increase in lignin’s relative percentage content in
the bamboo matrix [29]. Additionally, the degradation of cellulose and hemicellulose, being
similar to lignin, would be mistakenly calculated as acid-insoluble lignin in the current
detection method, further increasing the relative content of lignin [30].

In 15% NaOH and 25% NH3 treatments, both were alkaline, and they had a certain
decomposition effect on cellulose and hemicellulose. Therefore, the relative content of
cellulose and hemicellulose initially decreased, reaching the lowest point at 6 h (15% NaOH)
and 5 d (25% NH3). With increasing treatment time, the alkaline solution disrupted the cell
wall structure of bamboo, causing more small molecule substances to dissolve [31], and the
relative content of cellulose and hemicellulose to increase again [32]. Regarding lignin, the
15% NaOH had a stronger decomposition ability compared to the 25% NH3, resulting in
much lower lignin content than the control and the other two treatment methods. Bamboo
strips treated with 15% NaOH also exhibited noticeable discoloration and structural damage
(Figure 2).

3.5. Correlation and Comprehensive Analysis

Based on the above data, a correlation was shown in Figure 10. The density of the
bamboo strips has a strong positive correlation with MOR, which was 0.92 and 0.93,
respectively. It has a weak positive correlation with the elastic displacement of 0.27, and
a weak negative correlation with the plastic displacement with a correlation of −0.35.
There was a moderate positive correlation between cellulose, hemicellulose, and MOR,
with a correlation of 0.59 and 0.52, respectively. Cellulose and hemicellulose both had a
weak positive correlation with plastic displacement, with a correlation of 0.36 and 0.40,
respectively. Lignin had a moderate positive correlation of 0.57 with plastic displacement,
but a weak positive correlation of 0.27 with elastic displacement. Lignin had more of an
effect on plastic displacement than on elasticity displacement. The correlation between
elastic displacement and all other parameters was low. Density, cellulose, and hemicellulose
of bamboo strips had a great impact on MOR, but had a relatively small impact on plastic
displacement. The modulus and elastic displacement were affected by multiple factors.
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After water boiling treatment, the MOE (the ability of the bamboo strips to resist
bending stress) showed a clear downward trend from untreated to 10 h. The plastic
displacement at 2 h was the highest, which had an obvious downward trend and reached a
minimum value after 8 h and remained unchanged (the higher the total displacements, the
better the deformation performance). This change was consistent with the decreasing trend
of crystallinity [33], and the relevant groups decreasing in the infrared spectrum. It showed
that water boiling changed the content and arrangement of cellulose and hemicellulose in
bamboo strips, while the crystallinity and the related groups decreased. The increase in
cellulose and lignin was the main reason for the increase in the deformation effect. The
significant reduction in MOE after 8 h also greatly enhanced flexibility and plasticity of
bamboo strips. Water boiling has a significant impact on the crystallinity, cellulose content
and arrangement [34,35], and lignin content of bamboo strips. A 10-h treatment was most
beneficial to its flexibility and plasticity.

MOR and plastic displacement of the bamboo strips treated with 15% NaOH all
showed a downward trend from untreated to 10 h. Compared with the control, MOR
showed a cliff-like decrease. This change was consistent with XRD. All the crystallinity,
cellulose, and lignin contents had a downward trend, indicating that 15% NaOH treatment
greatly changed the content and arrangement of cellulose and hemicellulose in bamboo
strips and reduced the crystallinity [36,37]. The MOR and MOE first decreased and then
increased in a small range at 6 h. The change dropped cliff-like at 10 h compared with
control. The overall change was consistent with the significant change in the XRD diffraction
intensity, indicating the damage caused by long-term alkali treatment. The effect of short-
term treatment on crystallinity, cellulose, and lignin was obvious [38] (Table 2, Figure 7b).
While the long treatment effect was mainly concentrated on crystallinity, it would have
a certain impact on cellulose and lignin in the short term [39]. If the treatment duration
exceeds 8 h, it would cause irreversible damage to the bamboo strips.

The mechanical properties of the bamboo strips treated with 25% NH3 first decreased
and then increased. Compared with the control group, MOR decreased precipitously. This
change was related to decreasing cellulose and lignin content [40]. As the treatment time
exceeded more than five days, the cellulose content changed significantly and was related
to mechanical properties. Meanwhile, hemicellulose and lignin had no obvious changes in
the more than five day samples. The 25% NH3 treatment affected the content of chemical
components in bamboo [41]. It had a certain impact on hemicellulose and lignin in a short
time. After five days, it mainly affected cellulose, and the best effect was nine days.
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Comparing these three treatment methods against MOE, 25% NH3 and water boiling
had similar effects, both were better than 15% NaOH treatment, while the change in elastic
displacement after water boiling was the smallest, and the strength properties of bamboo
strips after water boiling was the optimal. In MOE, the changes in 15% NaOH and water
boiling were similar, and the plastic displacement increased by water boiling was three
times that of 15% NaOH, and toughness and bending properties were significantly better
than the 15% NaOH treatment. The density change after these three treatment methods
decreased by 40%–50%, and the difference was small. As to the surface status changes, the
fiber breakage after water boiling and 25% NH3 treatment was significantly less than that
of the 15% NaOH treatment, and the color and texture retention was in a better condition
than 15% NaOH. Based on various data analysis and appearance changes, the treated
bamboo strips had excellent performance by water boiling in terms of toughness, bending
performance, strength and color and texture. The ranking for these three treatments was,
in order, water boiling > 25% NH3 > 15% NaOH in processing.

4. Conclusions

In terms of toughness, bending performance, strength, color, and texture, the ranking
of treatment methods was water boiling > 25% NH3 > 15% NaOH. Water boiling has a
significant impact on bamboo crystallinity, cellulose content and arrangement, and lignin
content, with a treatment duration of 10 h being the most favorable for flexibility and
plasticity, greatly enhancing its bending performance.

The 15% NaOH treatment effected bamboo destructively. Although MOE and plastic
displacement increased by 73% and 122.7%, respectively, compared to the control, 15%
NaOH treatment directly damaged the fiber structure, resulting in a significant decrease in
bamboo strength. A short treatment time had a certain impact on cellulose and lignin, with
the impact mainly concentrated on crystallinity. A prolonged treatment time exceeding 8 h
brought irreversible damage to bamboo.

The improvement of bamboo bending performance by 25% NH3 was lower than water
boiling, with the impact on various mechanical properties being approximately 50% of
water boiling. Its impact mainly changed the content of chemical components, with a short
treatment time having a certain impact on hemicellulose and lignin. The optimal effect
occurred after nine days.

This study provides a reference for improving the toughness and bending performance
of bamboo. In general, water boiling and 25% NH3 treatments were better than the
15% NaOH treatment for enhancing bamboo bending properties. Water boiling with a
treatment duration of 10 h was useful in optimal flexibility and plasticity in bamboo bending
applications. In order to maintain the natural color of bamboo, balancing original strength
and bending performance, 25% NH3 for nine days is recommended. Using 15% NaOH was
not recommended as it damaged the bamboo structure obviously. Based on these results,
further study could focus on refining process parameters of water boiling and 25% NH3
treatments, and also using multiple thicknesses of bamboo strips, to explore the optimal
treatment process to decrease production cost, improve applicability to bamboo material,
thus facilitating industrial production of bamboo strips with different specifications.

Author Contributions: Conceptualization, X.W.; formal analysis, S.C.; data curation, S.C. and H.Y.;
writing—original draft preparation, S.C.; writing—review and editing, H.Y.; project administra-
tion, J.J.; funding acquisition, X.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Natural Science Foundation of China, grant number 31800471.

Data Availability Statement: Data are contained within the article.

Acknowledgments: We thank Zhejiang Sanjian Industry & Trade Co., Ltd. for providing bamboo in
this test.



Forests 2024, 15, 406 13 of 14

Conflicts of Interest: Author Jiagui Ji is employed by the company Zhejiang Sanjian Industry & Trade
Co., Ltd. And the company provided bamboo strips in the research. The remaining authors declare
that the research was conducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the
decision to publish the results.

References
1. Tamang, M.; Nandy, S.; Srinet, R.; Das, A.K.; Padalia, H. Bamboo Mapping Using Earth Observation Data: A Systematic Review.

J. Indian Soc. Remote Sens. 2022, 50, 2055–2072. [CrossRef]
2. Zhao, Y.; Feng, S.; Huang, R. A Review of Researches on Wood Bending Techniques. World For. Res. 2010, 23, 40–44.
3. Tang, Y.; Li, J.; Shen, Y.; Jin, Y.; Wang, Y.; Li, Y. Phyllostachys edulis with high temperature heat treatments. J. Zhejiang A F Univ.

2014, 31, 167–171.
4. Fei, B.; Su, Q.; Liu, H.; Fang, C.; Ma, X.; Zhang, X.; Sun, F. Research progress of bamboo winding technology. J. For. Eng. 2022, 7, 25–33.
5. Fang, W.; Niu, S.; Shen, D.; Cai, J.; Zhuang, R.; Li, Y. XRD and FTIR Analysis on Bamboo Culm Treated by High-temperature Hot

Water Extraction. Zhejiang For. Sci. Technol. 2015, 35, 47–50.
6. Chu, J.; Ma, L.; Zhang, J. The Chemical Composition of Bamboo after Heat Pretreatment with Fourier Infrared Spectrum Analysis.

Spectrosc. Spectr. Anal. 2016, 36, 3557–3562.
7. An, X.; Wang, H.; Li, W.; Yu, Y. Tensile mechanical properties of fiber sheaths microdissected from moso bamboo. J. Nanjing For.

Univ. (Nat. Sci. Ed.) 2014, 38, 6–10.
8. Xu, X.; Liu, F.; Jiang, L.; Zhu, J.Y.; Haagenson, D.; Wiesenborn, D.P. Cellulose Nanocrystals vs. Cellulose Nanofibrils:

A Comparative Study on Their Microstructures and Effects as Polymer Reinforcing Agents. ACS Appl. Mater. Interfaces 2013, 5,
2999–3009. [CrossRef]

9. Zhang, Y.; Hosseinaei, O.; Wang, S.; Zhou, Z. Influence of hemicellulose extraction on water uptake behavior of wood strands.
Wood Fiber Sci. J. Soc. Wood Sci. Technol. 2011, 43, 244–250.

10. Xu, Y.; Liu, X.; Liu, X.; Tan, J.; Zhu, H. Influence of HNO3/H3PO4-NANO2 mediated oxidation on the structure and properties of
cellulose fibers. Carbohydr. Polym. 2014, 111, 955–963. [CrossRef]

11. Fang, X.; Xu, J.; Guo, H.; Liu, Y. The Effect of Alkali Treatment on the Crystallinity, Thermal Stability, and Surface Roughness of
Bamboo Fibers. Fibers Polym. 2023, 24, 505–514. [CrossRef]

12. GB/T 15780-1995; Testing Methods for Physical and Mechanical Properties of Bamboos. Institute of Chinese Academy of Forestry
Timber Industry: Beijing, China, 1996.

13. Furuta, Y.; Nakajima, M.; Nakatani, T.; Kojiro, K.; Ishimaru, Y. Effects of the Lignin on the Thermal-Softening Properties of the
Water-Swollen Wood. J. Soc. Mater. Sci. Japan 2008, 57, 344–349. [CrossRef]

14. Hao, J.; Liu, W.; Sun, D. Effect of heat treatment on color of bamboo strips. J. Bamboo Res. 2012, 31, 34–38.
15. Li, Q.; Lin, J.; Chen, Z.; Wu, Q.; Li, X. Influences of Visual Properties of Phyllostachys heterocycla cv.pubescens Surface by Alkaline

Hydrothermal Pretreatment. J. Northwest For. Univ. 2017, 32, 213–217.
16. Pandey, K.K.; Pitman, A.J. FTIR studies of the changes in wood chemistry following decay by brown-rot and white-rot fungi. Int.

Biodeterior. Biodegrad. 2003, 52, 151–160. [CrossRef]
17. Meng, F.; Yu, Y.; Zhang, Y.; Yu, W.; Gao, J. Surface chemical composition analysis of heat-treated bamboo. Appl. Surf. Sci. 2016,

371, 383–390. [CrossRef]
18. Yang, Z.; Jiang, Z.; Fei, B.; Liu, J. Application of Near Infrared(NIR) Spectroscopy to Wood Science. Sci. Silvae Sin. 2005, 41, 177–183.
19. Qin, L. Effect of Thermo-Treatment on Physical, Mechanical Properties and Durability of Reconstituted Bamboo Lumber; Chinese Academy

of Forestry: Beijing, China, 2010.
20. Sun, R.H.; Li, X.J.; Liu, Y.; Hou, R.G.; Qiao, J.Z. Effects of high temperature heat treatment on FTIR and XRD characteristics of

bamboo bundles. J. Cent. South Univ. For. Technol. 2013, 33, 97–100.
21. Hosseinaei, O.; Wang, S.; Rials, T.G.; Xing, C.; Taylor, A.M.; Kelley, S.S.; Hosseinaei, S.W.O.; He, C.; Yao, X.; Xue, J.; et al. Effect of

Hemicellulose Extraction on Physical and Mechanical Properties and Mold Susceptibility of Flakeboard. Prod. J. 2001, 61, 31–37.
[CrossRef]

22. Hosseinaei, O.; Wang, S.; Rials, T.G.; Xing, C.; Zhang, Y. Effects of Decreasing Carbohydrate Content on Properties of Wood
Strands. Cellulose 2011, 18, 841–850. [CrossRef]

23. Overend, R.P.; Chornet, E. Fractionation of Lignocellulosics by Steam-aqueous Pretreatments. Phys. Eng. Sci. 1987, 321, 523–536.
24. Yang, S.; Jiang, Z.; Ren, H. Determination of Crystallinity of Bamboo Fiber Using X-ray Diffraction. J. Northeast For. Univ. 2010, 38, 75–77.
25. Li, X.; Liu, Y.; Gao, J. FTIR and XRD Analysis of Wood Treated at High Temperatures. J. Beijing For. Univ. 2009, 31, 104–107.
26. Chen, F.; He, Y.; Wei, X.; Han, S.; Ji, J.; Wang, G. Advances in strength and toughness of hierarchical bamboo under humidity and

heat. J. For. Eng. 2023, 8, 10–18.
27. Huang, M.; Zhang, X.; Yu, W.; Li, W.; Liu, X.; Zhang, W. Mechanical Properties and Structural Characterization of Bamboo

Softened by High-Temperature Steam. J. For. Eng. 2016, 1, 64–68.
28. Zhu, J.; Yu, B.; Cao, M.; Wang, X. Effect of Microwave Treatment on Round Bamboo Softening. For. Ind. 2023, 60, 15–19.
29. Zhao, R.; Fu, D.; Sun, T. Influence of Different Softening Treatments on Bamboo Quality. J. Jiamusi Univ. (Nat. Sci. Ed.) 2009, 27, 637–640.

https://doi.org/10.1007/s12524-022-01600-0
https://doi.org/10.1021/am302624t
https://doi.org/10.1016/j.carbpol.2014.05.029
https://doi.org/10.1007/s12221-023-00093-z
https://doi.org/10.2472/jsms.57.344
https://doi.org/10.1016/S0964-8305(03)00052-0
https://doi.org/10.1016/j.apsusc.2016.03.015
https://doi.org/10.13073/0015-7473-61.1.31
https://doi.org/10.1007/s10570-011-9519-x


Forests 2024, 15, 406 14 of 14

30. Mo, J.; Zhang, W. Physical and Mechanical Properties of Thermally Treated Bamboo Based on Near-Infrared Spectroscopy
Technology. J. For. Eng. 2019, 4, 32–38.

31. Li, W.; Lin, W.; Yang, W.; Tang, K. Preparation and Structure Characterization of Bamboo Fiber by Alkali-Boiling and NaClO
Oxidation. For. Ind. 2021, 58, 6–10.

32. Ju, K.; Kil, M.; Ri, S.; Kim, T.; Kim, J.; Shi, W.; Zhang, L.; Yan, M.; Zhang, J.; Liu, G. Impacts of dietary supplementation of
bamboo vinegar and charcoal powder on growth performance, intestinal morphology, and gut microflora of large-scale loach
Paramisgurnus dabryanus. J. Oceanol. Limnol. 2023, 41, 1187–1196. [CrossRef] [PubMed]

33. Chen, B.; Hu, J.; Jin, Y.; Zheng, A.; Zhuan, S.; Lin, J.; Guan, X. Prediction for Compressive Strength Parallel to Grain of Zenia
insignis Plantation Based on Fourier Infrared Spectroscopy. J. Southwest For. Univ. (Nat. Sci.) 2022, 42, 178–183.

34. Shi, Y.; Liu, J.; Lü, W.; Wang, J.; Ni, L. Preparation and Properties of Wood Modified with Acidic and Alkaline Silica Sols. Wood
Ind. 2019, 33, 21–24+33.

35. Smith, C.A.; Want, E.J.; O’Maille, G.; Abagyan, R.; Siuzdak, G. XCMS: Processing mass spectrometry data for metabolite profiling
using nonlinear peak alignment, matching, and identification. Anal. Chem. 2006, 78, 779–787. [CrossRef] [PubMed]

36. Xia, J.; Sinelnikov, I.; Han, B.; Wishart, D.S. MetaboAnalyst 3.0—Making metabolomics more meaningful. Nucleic Acids Res. 2015,
43, W251–W257. [CrossRef] [PubMed]
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