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Abstract: In light of continual societal advancement and escalating energy consumption, the pur-
suit of green, low-carbon, and environmentally friendly technologies has become pivotal. Bamboo,
renowned for its diverse advantages encompassing swift growth, ecological compatibility, robust re-
generative properties, commendable mechanical characteristics, heightened hardness, and abundant
availability, has discovered applications across various domains, including furniture and construction.
Nevertheless, natural bamboo materials are plagued by inherent limitations, prominently featuring
suboptimal hydrophobicity and vulnerability to fracture, thereby constraining their broad-scale ap-
plication. Thus, the paramount concern is to enhance the performance of bamboo materials through
modification. However, prevailing reviews of bamboo modification predominantly concentrate on
physical or chemical approaches, resulting in a conspicuous absence of a comprehensive overview of
bamboo modification techniques. This review explores an array of bamboo treatment modalities and
delivers a valuable assessment of bamboo modification, offering significant guidance for forthcoming
bamboo enhancement and utilization endeavors.

Keywords: bamboo; sustainability; modification

1. Introduction

With the intensification of global climate change and environmental pollution, embrac-
ing the path of green, low-carbon, and sustainable development is the inevitable choice for
humanity [1-3]. As countries around the world impose increasingly stringent requirements
on carbon emissions, bamboo resources, often referred to as “carbon-negative” materials,
have become notably significant [4—6]. The process of bamboo growth itself is a carbon
reduction process, as it can absorb carbon dioxide from the air, convert it into carbohydrates
through photosynthesis, and release oxygen. Enhancing the utilization value of renewable
bamboo forest resources, substituting traditional metals and petrochemical-based func-
tional materials is one of the most feasible methods to reduce carbon emissions, increase
carbon sequestration, and maintain atmospheric carbon balance [7].

Bamboo, an intriguing and adaptable natural resource, is distinguished by its swift
growth, distinctive structure, and composition. In the realm of production, bamboo show-
cases remarkable growth rates, with certain species capable of achieving several inches
of growth daily. Consequently, bamboo lends itself to sustainable harvesting, and its pro-
duction cycle notably outpaces that of many other materials. This attribute underpins its
standing as a readily renewable resource [8]. The structure of bamboo is a key compo-
nent of its appeal. It comprises hollow segments, or “culms”, joined by nodes, providing
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flexibility and strength. This segmented structure is not only aesthetically pleasing but
also offers exceptional mechanical properties, making it a favored choice in construction
and engineering [9-14]. The composition of bamboo includes cellulose, hemicellulose, and
lignin, similar to traditional hardwoods [15]. However, the proportion of these components
can vary by species. The high cellulose content contributes to its strength, while lignin
enhances its durability and resistance to pests and decay. The unique combination of these
constituents is part of what makes bamboo a valuable resource for various applications.
The remarkable production rate, segmented structure, and versatile composition of bam-
boo make it a valuable and sustainable resource. Its unique qualities have led to a wide
range of applications, from construction and furniture to textiles and eco-friendly products.
Bamboo’s prominence as a renewable and adaptable material underscores its significance
in addressing environmental and industrial challenges.

However, certain inherent characteristics of natural bamboo materials impose limita-
tions on their applications. Firstly, due to the presence of numerous free hydroxyl groups
and their porous structure, natural bamboo materials tend to absorb moisture, resulting
in poor dimensional stability [16,17]. This property implies that, under humid or wet
conditions, bamboo materials are prone to expansion or contraction, which is adverse
for various applications such as construction and furniture manufacturing that demand
superior dimensional stability. Secondly, natural bamboo materials exhibit relatively low
resistance to biological factors, making them susceptible to fungal, bacterial, and pest
attacks [18]. This susceptibility can lead to bamboo decay or degradation, ultimately re-
ducing their lifespan. Lastly, the mechanical properties of natural bamboo materials are
relatively unstable due to their porous structure. Different parts of bamboo may exhibit
varying mechanical properties, and even within the same bamboo pole, a gradual decrease
in strength can be observed from the outer to inner sections [19,20]. These drawbacks
collectively contribute to a reduced lifespan of natural bamboo materials and limit their
range of applications. Therefore, it becomes essential to subject natural bamboo materials
to appropriate treatments to meet the diverse requirements of various applications.

Researchers have been actively engaged in innovative bamboo-based material mod-
ification studies, imparting entirely new characteristics and performance capabilities to
bamboo. This enables bamboo to serve as a versatile alternative to traditional petroleum-
dependent derivative materials. This exploration in the field is primarily driven by sustain-
ability considerations, aiming to propel the development of green materials and eco-friendly
products. In recent years, novel modification methods (heat treatment, chemical modi-
fication, plasma, and microwave modification etc.) have continuously emerged in the
research field with the aim of imparting bamboo with multifunctionality and superior
performance [21-23]. For instance, Feng et al. subjected 4-year-old Moso bamboo to su-
perheated steam treatment at 160-220 °C for 1.5 h, resulting in improved hydrophobicity
and dimensional stability of the bamboo [24]. Huang et al. employed a chemical modi-
fication method that combined vinyl acetate acetylation and methyl methacrylate in situ
polymerization. The results indicated an enhancement in the dimensional stability, thermal
stability, and wettability of the modified bamboo [25]. These innovative methods include
enhancing bamboo fiber strength, improving its water resistance, and increasing its stability,
thereby expanding the scope of bamboo’s applications in areas such as construction, mate-
rials science, and environmental engineering. This potential for multifunctionality further
solidifies bamboo’s role in sustainable development and the realm of green materials.

Up to now, common techniques used to enhance the performance of natural bamboo
materials include chemical, physical, physicochemical, and biological treatments [26-28].
However, each of these methods has its own advantages and drawbacks, and researchers
must choose the most suitable, cost-effective, and efficient modification approach based on
their specific applications. For instance, biological treatments, such as enzymatic treatment,
are relatively expensive and not practical for large-scale processing [29]. Consequently,
chemical treatments, including alkali and acid treatments, are more commonly used [30].
Nevertheless, chemical treatments can generate harmful byproducts, leading to environ-
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mental pollution and potential health hazards [31,32]. In contrast, physical treatment
methods are favored for their eco-friendliness, simplicity, and safety but there are limi-
tations [33]. When selecting the most suitable modification technique for bamboo based
on specific requirements and application areas, the following criteria and considerations
should be primarily taken into account. On the one hand, it is essential to identify the
specific performance characteristics needed for the application, such as strength, durability,
water resistance, fire resistance, and appearance. On the other hand, evaluate the envi-
ronmental sustainability of the modification technique. Choose methods with minimal
environmental impact that align with sustainable development goals, and also consider
the cost-effectiveness of the modification. This article provides an overview of common
treatment methods for natural bamboo materials in recent years, summarizing their impacts
on the performance of bamboo materials. Additionally, this review serves not only as a
valuable resource for individuals and businesses engaged in bamboo material research, but
also provides clear guidance for future endeavors in this field.

2. Thermal Treatment

Bamboo heat treatment can be categorized based on the heat transfer medium used.
It includes steam heat treatment, oil heat treatment, and air or inert gas heat treatment.
Among these, steam heat treatment and oil heat treatment have gained significant popular-
ity in both research and industry [18].

2.1. Steam Heat Treatment

Steam heat treatment involves using steam as a medium to treat bamboo. Steam serves
the dual purpose of softening bamboo and isolating it from oxygen exposure. Depending
on the specific characteristics of steam, steam heat treatment can be further categorized
into saturated steam treatment and superheated steam treatment. The equipment diagrams
of superheated steam treatment and saturated steam treatment are shown in Figure 1.
Saturated steam is generated when the evaporation and condensation processes are in
dynamic equilibrium during water evaporation. It is characterized by a one-to-one cor-
respondence between temperature and pressure. Saturated steam, due to its remarkable
penetrating ability and capacity to lower the glass transition temperature, can soften bam-
boo at relatively low temperatures while minimizing the reduction in bamboo’s mechanical
properties. Notably, saturated steam heat treatment is highly efficient and environmentally
friendly, making it one of the foremost methods for bamboo modification in the realm of
heat treatments [34-36].
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Thermostat
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level
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Figure 1. (a) Superheated steam treatment equipment, (b) saturated steam treatment equipment [18].
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For example, Yuan et al. aimed to assess the impact of saturated steam treatment
on bamboo, exploring the influence of temperature and duration. Bamboo samples were
exposed to saturated steam at temperatures of 140 °C, 160 °C, and 180 °C for durations of
4, 6, 8, and 10 min, with an untreated control group. Findings revealed that at temperatures
above 160 °C, hemicellulose and cellulose content decreased, while lignin content increased,
reducing the equilibrium moisture content and enhancing hygroscopicity. Mechanical prop-
erties were significantly affected, with 140 °C treatment increasing the modulus of rupture
(MOR) and modulus of elasticity (MOE), but at 180 °C, 10 min treatment resulted in MOR
and MOE reductions. These findings have implications for bamboo modification and vari-
ous applications [34]. Superheated steam treatment was employed to modify Moso bamboo
by Feng et al. Under high-temperature hygrothermal treatment, bamboo undergoes a series
of positive transformations. It exhibits reduced hygroscopicity, with a 16.5% decrease in
volumetric swelling, signifying improved stability in high humidity environments. Addi-
tionally, dimensional stability is notably enhanced, as indicated by a three-fold increase in
the contact angle at 220 °C, making bamboo suitable for diverse environmental conditions.
Furthermore, microstructural changes, including fiber and parenchyma cell separation and
pore formation, contribute to improved structural stability. These affirmative experimen-
tal outcomes underscore the significant impact of hygrothermal treatment on bamboo’s
physical properties, rendering it a promising candidate for applications in high-humidity
environments [24].

2.2. Oil Heat Treatment

Oil heat treatment is a crucial method for bamboo thermal modification, employing
vegetable oils like tung oil, linseed oil, palm oil, or mineral oils such as methyl silicone oil
as the heat transfer medium [37-41]. Firstly, it achieves efficient heat transfer, ensuring
uniform heating throughout the material, thus avoiding issues of temperature irregularities.
Additionally, it enables precise temperature control, allowing researchers to finely adjust
treatment temperatures as needed for optimal results. This multifunctional and widely
applicable method has gained significant attention in the field of bamboo modification.

For example, the impact of methyl silicone oil at different temperatures (140 °C to
200 °C) and various durations (2 h to 6 h) on the chemical composition, physical-mechanical
properties, surface wettability, corrosion resistance, and mold resistance of bamboo was
systematically investigated by Hao et al. Under the conditions of 2 h of oil heat treatment
at 160 °C, the bamboo exhibited the highest parallel grain compressive strength, reaching
up to 109.52 MPa, which is 18.63% higher than that of untreated samples. The reason for
this performance improvement may be due to the increased crosslinking of lignin polymer
during heat treatment. When held at 180 °C for 2 h, the bamboo demonstrated its highest
flexural strength and modulus of elasticity values, reaching 142.42 MPa and 12,373.00 MPa,
respectively, which was caused by the decreased moisture content at the fiber saturation
point and the improved dimensional stability. Finally, as the heat treatment temperature
and duration increased, the mechanical properties of bamboo were reduced because the
content of cellulose and hemicellulose gradually decreased owing to its poor thermal
stability, while the material’s resistance to corrosion and mold resistance significantly
improved due to the blocked internal channels for nutrient exchange, decreased surface
wettability, and the degradation of polysaccharides and starch [40]. Similarly, the influence
of thermal oil treatment on the physical-mechanical properties of three Philippine bamboo
species was investigated by Manalo et al. The findings revealed that thermal oil treatment
led to improvements in water absorption and thickness expansion properties for all three
Philippine bamboo species [37]. These studies provide comprehensive process parameters
and microscopic mechanisms for bamboo oil heat treatment performance, offering practical
guidance for production.
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2.3. Air or Inert Gas Heat Treatment

Apart from steam and oil, air or inert gases, like nitrogen, can be utilized as heat
transfer media in bamboo thermal treatment [26,42,43]. Zhang et al. conducted four
cycles of thermal treatment on bamboo in the air, involving seven temperature levels
(100 °C to 220 °C) and durations ranging from 1 to 4 h. The results revealed that bamboo
experienced an increase in mass loss with rising temperature and extended treatment
time, with a maximum reduction of 29.0%. Interestingly, at temperatures below 200 °C,
the elastic modulus (MOE) of the samples was minimally affected, and in some cases, it
even showed a slight increase compared to the control samples [44]. In contrast, Nguyen
et al. conducted thermal treatment of bamboo in a nitrogen atmosphere to enhance its
durability and dimensional stability [45]. The variations in surface color of bamboo culms
specimens treated in different media are shown in Figure 2. The treatment in the air showed
a significant dark color at 170 °C, while the sample treated with nitrogen did not show
this change until 190 °C. This is because nitrogen is an inhibiting gas, and the pyrolysis
ratio is very low, so there is little change in color. When the temperature reaches 210 °C, all
the bamboo strips showed a deep red color. At the same time, the color is easy to change
under oil treatment, which is caused by the filling of oil molecules on the surface of the
bamboo. These findings suggest that bamboo thermal treatment holds significant potential
for enhancing bamboo quality.

(a) Air

Control _ 150°C 170°C 190°C 210°C

]h zh § 4h II 2h} 4h

(b) Nitrogen

Control  150°C
2 M

170°C 190°C 210°C

Control  150°C 170°C 190°C
I m ll I 2h § 4h

Figure 2. Variations in surface color of bamboo culm specimens treated in different media [42].

(¢) Oil

3. Chemical Modification

Chemical modification, a sophisticated approach, entails the utilization of chemical re-
actions to intentionally transform the chemical composition of bamboo [46—48]. Techniques
like alkali and acid treatments, acetylation and in-situ polymerization are employed in this
process, enabling precise control over the material’s characteristics. These modification
methods can significantly boost bamboo strength, making it more robust and durable.
Moreover, they enhance its resistance to water, which is particularly crucial for applications
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where moisture resistance is vital. Additionally, chemical modification increases bamboo
resistance to chemical corrosion, making it suitable for harsh environments. Beyond these
mechanical and chemical improvements, chemical modification also holds the potential
to modify the surface properties of bamboo, rendering it more compatible with various
materials and broadening its scope of application possibilities. This versatility and adapt-
ability of chemically modified bamboo make it a promising contender in the realm of
advanced materials.

For example, Chen et al. investigated the effects of alkali treatment on the microstruc-
ture, chemical composition, and thermal properties of bamboo parenchyma cells and fibers.
The results showed that alkali treatment could partially remove lignin from the parenchyma
cells but had little effect on the hemicellulose content, while both lignin and hemicellulose
were removed from the fibers [30]. Similarly, their team also examined the effects of alkali
treatment on the properties of individual bamboo fibers. Studies showed that alkali treat-
ment with low NaOH concentration (lower than 10%) improved the wettability and thermal
stability of bamboo fiber [49]. Wang et al. employed furfuryl alcohol (FA) as a modifier and
maleic anhydride (MA) as a catalyst in their study. They prepared various bamboo samples
with different levels of FA addition (10 wt%, 20 wt%, and 30 wt%). Detailed investigations
were conducted on the physical-mechanical properties of the materials, including weight
percent gain (WPG), water uptake (WU), thickness swelling (TS), modulus of rupture
(MOR), and modulus of elasticity (MOE). Furthermore, the resistance to decay of both
the original bamboo and furfurylated-bamboo samples was studied. The results revealed
that FA resin was incorporated into the bamboo and successfully polymerized within the
bamboo cell walls. When the FA content reached 30 wt%, significant improvements were
observed in all physical properties. Furfurylated bamboo exhibited enhanced thermal
stability and decay resistance compared to the original bamboo. Notably, after treatment
with 30% FA, furfurylated bamboo experienced only a 5.3% mass loss, reaching a high level
of decay resistance [50].

In order to enhance the mildew resistance of bamboo, Chen et al. modified citral and
applied it to bamboo processing [51]. The results showed that the resistance rate of modified
bamboo to common mold could reach 100%. Similarly, Fan et al. introduced cinnamalde-
hyde into bamboo by in situ Mannich reaction, which improved the surface hydrophobicity
of bamboo and effectively resisted the erosion of mold [52]. Sun et al. employed N-methylol
acrylamide (NMA), a cross-linking monomer with dual functional groups, for the modi-
fication of bamboo to enhance its resistance to mold. When the monomer concentration
reached 6% or higher, the surface of NMA-treated bamboo exhibited no fungal growth, as
shown in Figure 3. The main reasons for the improvement of the resistance to mold were
the coating effect of PNMA on starch and the antibacterial property of PNMA. Notably, the
thermal stability of bamboo remained relatively unchanged before and after modification.
The results further indicated that the mechanical properties of modified bamboo increased
by approximately 50%, primarily due to the denser cell wall structure achieved under
neutral reaction conditions. In summary, in situ polymerization of NMA presents a promis-
ing modification method with broad application potential [53]. Dong et al. used citric
acid (CA) and 1,2,3,4-butanetetracarboxylic acid (BTCA) to chemically modify bamboo
strips. The results showed that the esterification reaction between CA/BTCA and bamboo
components not only improved the mildew resistance and termite resistance of bamboo
but also improved the dimensional stability and thermal stability of bamboo [54].

Ma et al. proposed an anticorrosive method of coating an epoxy resin on the sur-
face of bamboo sheets to prevent the corrosion of bamboo sheets and carried out four
surface modifications: heat treatment, alkali treatment, coupling treatment, and acetylation
treatment. The results showed that the four modifications had different effects on the
surface and material of bamboo, which could reduce the ultimate tension of bamboo and
improve the interface bonding between bamboo surface and epoxy resin. They concluded
that acetylation was the most effective modification [55]. Hung et al. prepared different
degrees of acetylated and butylated bamboo particle/plastic composites (BPPC) by the
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plate pressing method and investigated the effects of esterification on the mechanical prop-
erties and interfacial properties of BPPC. The results showed that although the weight of
acetylated bamboo particles increased by only 2%, the internal bond of BPPC and the wood
screw-holding strength were significantly increased after acetylation, indicating that the
interface interaction between bamboo particles and polymer matrix could be enhanced by
acetylation [56].

/i i’/
\,

Figure 3. The mold resistance of modified and control bamboo [53].

4. Impregnation Modification

Impregnation modification involves soaking bamboo in specific chemical liquids to
allow it to absorb the modifiers. This process can enhance bamboo resistance to corrosion,
cracks, and improve its overall appearance. Impregnation modification can also be em-
ployed to confer bamboo with fire resistance, insect repellent properties, energy storage, and
other special characteristics, making it suitable for various specialized applications [57-60].

For example, Rao et al. employed three techniques to address the cracking issue of
bamboo: impregnation with a polyethylene glycol (PEG)-1000 solution, heat treatment
using paraffin alone, and a combination of PEG impregnation and paraffin heat treatment
(PEG-PH). The treated bamboo specimens were subjected to a 26-week exposure period to
assess crack development. Results revealed that cracks began appearing in the PEG-PH
treated bamboo after 22 weeks, whereas the control group exhibited cracking after only
2 weeks. As for the mechanism, PEG can diffuse into the fresh bamboo through the con-
centration difference instead of water, providing the bamboo with dimensional stability,
while the paraffin can form a protective layer on the surface of the bamboo, protecting
it from water and moisture. Hence, combining PEG impregnation with paraffin heating
proves to be an effective and viable method to prevent bamboo cracking [61]. Su et al.
prepared a hydrophobic rosin ethanol solution and impregnated bamboo with vacuum
pressure at room temperature to improve the limitations caused by bamboo hydrophilicity.
After rosin treatment, the water absorption of bamboo decreased by 24.7%, and the radial
and tangential expansion coefficients of bamboo from air drying to water saturation de-
creased by 23.11% and 21.36%, respectively. After rosin treatment, the surface wettability of
bamboo is reduced, and the contact angle is 93°, indicating that hydrophobicity is greatly
increased, which is beneficial to its application in building materials [62]. The mechanism
and effect of rosin impregnation modification shown in Figure 4. It can be seen that the
three infrared characteristic peaks (2931, 2868, and 1693 cm~!) of bamboo were enhanced
after rosin treatment, indicating that rosin was successfully impregnated into bamboo. In
addition, rosin forms a continuous uniform film on the surface of bamboo, covering the
main water channels in the bamboo body, and rosin itself is hydrophobic, resulting in
significantly improved hydrophobicity of the modified bamboo. Yu et al. impregnated
silver-loaded thermal-nanogels, an antifungal agent, into bamboo strips using two methods
of air compression and vacuum compression. The optimum parameters of impregnation
treatment were impregnation time 90 min, impregnation concentration 0.90 wt%, and
pressure 0.5 MPa. The results of the mildew control test showed that the modified bamboo
strips had a good mildew control effect and could be used in more fields [63].
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5. Plasma Modification

Plasma modification is an advanced technique used to enhance the surface charac-
teristics of bamboo through plasma treatment. This process can improve its wettability,
enhance adhesion, and refine dyeing capabilities, among other benefits. Plasma modifi-
cation allows for the customization of bamboo’s surface properties, making it suitable for
more sophisticated applications [64,65].

For example, oxygen plasma technology was employed by Rao et al. to functionalize
carbonized and non-carbonized bamboo surfaces for the production of advanced bamboo
composite materials. Oxygen plasma treatment effectively induced surface oxidation
and the formation of oxygen-containing groups, leading to significant alterations in the
surface structure of bamboo. This treatment greatly enhanced the surface wettability and
interface bonding strength of bamboo, resulting in remarkable improvements in its physical
and mechanical properties as a composite material. The SEM images of the untreated
and treated bamboo are shown in Figure 5. Specifically, the modulus of MOR reached
170 MPa after treatment, increasing by 47% compared to untreated bamboo composites [66].
However, plasma treatment has timeliness; that is, the bamboo surface will gradually return
to the original state after treatment, so it is necessary to minimize the delay between plasma
treatment and further processing. Peng et al. applied silver nanoparticles onto bamboo pulp
fabric that had undergone plasma pretreatment and conducted a series of characterizations.
The results revealed that, when compared to silver nanoparticles applied to bamboo pulp
fabric without plasma pretreatment, the plasma-treated bamboo pulp fabric exhibited a
higher deposition of silver nanoparticles. These nanoparticles were evenly distributed
across the bamboo pulp fabric. Furthermore, the bamboo pulp fabric coated with silver
nanoparticles following plasma pretreatment displayed excellent UV protection capabilities,
strong resistance to laundering, and hydrophobic properties [67]. The laminated bamboo
lumber (LBL) with superior performance through different forming methods were selected
by Wu et al., followed by O, plasma modification. With O, plasma modification times of
6 min and 12 min, the wet bonding strength of LBL products increased by 58.58% and an
impressive 75.69% when compared to conventional plywood. Additionally, the wettability
of both green bamboo and yellow bamboo significantly improved following O, plasma
modification [65].
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E F

Figure 5. SEM images of bamboo surface structure: (A) untreated, and (B) plasma treated bamboo
skin, (C) untreated and (D) plasma treated bamboo pulp, (E) untreated and (F) plasma treated
bamboo pith [66].

6. Other Modifications

In addition to the modification methods mentioned above, emerging techniques such
as enzymatic modification, microwave treatment, and nanotechnology treatment are gain-
ing prominence, injecting new vitality into the field of bamboo modification [68-70]. These
novel modification methods offer increased potential for enhancing bamboo performance
and adaptability. Depending on specific requirements and application areas, different
modification techniques can be chosen. This field is continuously evolving, and we can
expect more innovative methods to emerge in the future, further expanding the possibilities
for the widespread utilization of bamboo across various domains.

6.1. Enzymatic Modification

Enzymatic and fungal treatments employ biological approaches to process bamboo
by utilizing specific enzymes or fungi, which break down, alter, or degrade the bamboo’s
cellulose and lignin, thereby enhancing its workability, strength, and durability.

For example, Zhao et al. undertook a meticulous screening of fungal strains, culminat-
ing in the identification of Paracremonium sp. LCB1, Clonostachys compactiuscula LCD1,
and C. compactiuscula LCN1, which demonstrated the remarkable capability of producing
a plethora of ligninolytic enzymes. These strains, when co-cultivated, exhibited a remark-
able capacity to degrade hemicellulose and lignin within a relatively concise fermentation
period of merely 3-5 days, while the activity of cellulase remained conspicuously subdued.
Experimental findings unequivocally demonstrated that under meticulously controlled
conditions encompassing temperature (30 °C), pH (5), incubation duration (40 days), and a
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precise liquid-to-solid ratio of 1:25.5, the joint cultivation of LCB1 and LCN1 as a bamboo
pretreatment method resulted in a striking 76.37% reduction in lignin content. Furthermore,
the lignin-to-cellulose loss ratio soared above the 10-fold mark, unequivocally establishing
that the co-cultivation of LCB1 and LCN1 represents a highly effective strategy for lignin
extraction from bamboo materials [71]. The process of lignin extraction improves fiber
quality, reduces lignin content, and enhances the suitability of bamboo for various applica-
tions, such as papermaking, textiles, and composite materials. Additionally, the extracted
lignin finds broad applications in other fields, such as carbon fibers and antioxidants [72].
Chen et al. utilized a natural organic enzyme-7F (NOE-7F) biological solution for the
pretreatment of bamboo. The findings demonstrated that NOE-7F effectively eliminated
hemicellulose from bamboo, while also influencing the crystalline structure of cellulose to
enhance biomass uniformity. Consequently, the pre-treated bamboo exhibited potential for
bioethanol production through enzymatic hydrolysis. Moreover, compared to raw bamboo,
the ignition and burnout temperatures of pre-treated bamboo were elevated, indicating
reduced reactivity and improved storage safety [73]. In addition, El-Khatib et al. used
brewer’s yeast suspension to treat bamboo and bamboo-based knitted fabrics. After the
optimization of the treatment process, the wettability of bamboo-based knitted fabrics was
greatly improved, which was conducive to further dyeing [74]. Liu et al. treated natural
bamboo fibers with four enzymes, pectin lyase, xylanase, laccase, and cellulase. The experi-
mental results showed that the content of non-cellulose substances in the modified fibers
was significantly reduced, and the fineness was also significantly improved [75]. All these
results show that enzymes play an indispensable role in the modification of bamboo-based
materials, making bamboo-based materials have more extensive application value.

6.2. Microwave Modification

Microwave modification, on the other hand, rapidly heats the interior of bamboo to
promote chemical reactions and structural changes, leading to improvements in its physical
properties, water resistance, and durability.

Lv et al. delved into the intricate changes brought about by microwave irradiation on
the cellular structure of bamboo materials. This treatment yielded a sleeker surface on the
samples, instigating the deformation of thin-walled cells while concurrently augmenting
porosity. Microwave irradiation effectively reoriented microfibrils through the formation
of hydrogen bonds, concurrently resulting in a reduction of the O-H stretching peak at
3440 cm~ L. Furthermore, this treatment engendered the formation of both intermolecular
and intramolecular bonds, ultimately enhancing the uniformity of microfibrils. This intri-
cate process was accompanied by the condensation reaction of surface hydroxyl groups and
the formation of intramolecular hydroxyl groups within the amorphous region, thereby
contributing to a more orderly alignment of the fibers [76]. Improved fiber alignment en-
hances the mechanical performance of bamboo products, making them stronger and more
suitable for structural applications. In addition, they also studied the shrinkage rate and
chemical properties of bamboo stems after microwave drying [77]. Bamboo was selected
as a one-meter-long sample, with diameters ranging from 30 to 40 mm, wall thickness
ranging from 3.8 to 4.3 mm, and the water content was about 65%. The samples were
treated with microwave equipment at 80 °C until the moisture content reaches 10%. The
results showed that the shrinkage rate of microwave-dried bamboo was 3.88%, which was
lower than that of natural bamboo (4.36%). Liu et al. first delignified natural bamboo, then
impregnated it in resin, and finally shrink it after microwave heating to form a dense and
uniform bamboo-based composite material. Compared with natural bamboo, the stability
of the composite material is better, and the flexural strength and compressive strength of
the bamboo composite material are increased by 80.9% and 42.9%, respectively, making
it a prospective material for new furniture or construction [78]. Rai et al. used partially
delignified and microwave-treated bamboo to prepare mechanically robust, water-stable,
and biodegradable straws. The microwave-treated bamboo-based straws possess water
stability of up to 16 h and a contact angle of 87.8°, indicating low wettability and long-term
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water stability. After treatment, the tensile strength, Young’s modulus and bending strength
were increased by 59.3 MPa, 988 MPa, and 13.9 MPa, respectively. Compared to plastic
straws, microwave-irradiated bamboo straws significantly slow down the trend of global
warming during the production process. Therefore, microwave treatment is a fast and
low-cost physicochemical modification strategy for bamboo-based materials [79].

6.3. Nanomaterial Modification

Nanomaterial modification involves introducing nanoparticles or nanostructures to
enhance bamboo’s capabilities. For example, Sun et al. synthesized TiO, sol via a sol-
gel method under low-temperature conditions and prepared TiO, crystalline films with
diameters ranging from about 40 to 90 nm. They investigated the impact of temperature on
film crystalline morphology, antimicrobial performance, and mold resistance when coating
bamboo. The results indicate that modified bamboo primarily underwent rutile-phase
nano-TiO, film coverage at low-temperature solutions (20, 60, and 105 °C). The nanoscale
TiO,-modified bamboo retained the natural wood’s color, texture, and structure while
significantly enhancing its antimicrobial properties from non-antimicrobial to effectively
combating E. coli, achieving over a 99% sterilization rate. Furthermore, its resistance to
mold increased more than tenfold. Therefore, this method offers a promising approach for
enhancing bamboo’s functionality, with implications for the protection and improvement
of other biological materials [80]. Wang et al. soaked the dehydrated bamboo scaffold
in graphene oxide (GO) suspension and degassed it under vacuum for 10 min. Then,
hydrophobic SiO; coating was sprayed on the surface of the GO/bamboo scaffold, and the
sample was hot-pressed at 25 MPa and 120 °C for 8 h. Due to the well-preserved bamboo
scaffold and the strong hydrogen bond between the bamboo fiber and the GO nanosheets,
the bamboo-composite has extremely high tensile strength (641.6 MPa), excellent flexural
strength (428.4 MPa), and excellent toughness (17.5 MJ/ m3). It is about 480%, 250%, and
360% higher than natural bamboo, respectively, and is expected to be widely used in the
field of practical structural engineering [81]. More recently, Ba et al. transformed natural
bamboo into high-performance structural materials through high-pressure densification
of in situ hydrothermal synthesis of TiO, and delignified bamboo. It was found that the
introduction of nanoscale TiO, significantly increased the oxidation degree and hydrogen
bond formation of bamboo materials, and the resulting bamboo decorated with TiO,
material had more than twice the flexural strength and elastic stiffness of natural bamboo.
This work extends synthetic enhancement strategies for natural materials [82]. Similarly;,
Tang et al. also demonstrated that nano TiO, gel coating on the surface of bamboo after
heat treatment has improved the performance of bamboo [83].

Overall, these modification methods have unlocked new avenues for the widespread
use of bamboo, positioning it as a green and sustainable material with the potential to
drive innovation and environmental responsibility across various sectors. This further
underscores the versatility of bamboo as a multifunctional material and its critical role
in sustainable material development. Bamboo, with its outstanding renewability, and
continually evolving modification techniques, not only widens its application scope but
also promises boundless potential for the future of green materials. It will continue to play
a pivotal role in areas such as construction, furniture, and environmental conservation,
contributing to a more sustainable future.

7. Conclusions

The pursuit of efficient modification methods to overcome bamboo’s inherent limita-
tions has consistently been a goal for researchers. In this paper, we present a comprehensive
review of various bamboo modification methods, conducting an in-depth analysis of their
strengths and weaknesses, while also elucidating the fundamental mechanisms behind the
modifications. Looking towards the future, there is a compelling need to develop even
more efficient modification methods, such as high-efficiency enzyme treatment, advanced
nanotechnology, and composite modifications, to expand the range of bamboo applications.
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This review provides valuable insights and references for future research in the bamboo
sector, with the potential to drive the widespread utilization of bamboo. This, in turn, can
better cater to the diverse needs of various fields, advancing the realization of sustainability
and environmental conservation principles.

Author Contributions: Conceptualization, Z.Z. and N.Y.; writing—original draft preparation, Z.Z.,
N.Y, X.J., X.Z., RX. and S.C.; writing—review and editing, Z.Z., C.L., L.X. and Z.L.; supervision,
project administration, L.X. and Z.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Key R&D Program of China [2023YFE0108300],
the Natural Science Foundation of Jiangsu Province (BK20221336), Jiangsu Agricultural Science
and Technology Innovation Fund [CX(21)1010 and CX (23)3060], Jiangxi Forestry Bureau Forestry
Science and Technology Innovation Special Project [No. 202240], and open funding from the Key
Laboratory for Protected Agricultural Engineering in the Middle and Lower Reaches of Yangtze River
[ZX(23)3104].

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Zuo, Y.Q.; Feng, ].; Soyol-Erdene, T.O.; Wei, Z.; Hu, T.; Zhang, Y.; Tang, W.W. Recent advances in wood-derived monolithic
carbon materials: Synthesis approaches, modification methods and environmental applications. Chem. Eng. J. 2023, 463, 142332.
[CrossRef]

Aizuddin, K; Lai, K.S.; Baharum, N.A.; Yong, W.T.L.; Hoon, L.N.; Hamid, M.Z.A.; Cheng, W.H.; Abdullah, J].O. Bamboo for
biomass energy production. Bioresources 2023, 18, 2386-2407. [CrossRef]

Liu, LJ.; Yuan, Z.Q.; Fan, X.K,; Pan, C.Q.; Li, X.Y. A review of interfacial bonding mechanism of bamboo fiber reinforced polymer
composites. Cellulose 2022, 29, 83-100. [CrossRef]

Kalderis, D.; Seifi, A.; Trang, T.K.; Tsubota, T.; Anastopoulos, I.; Manariotis, I.; Pashalidis, I.; Khataee, A. Bamboo-derived
adsorbents for environmental remediation: A review of recent progress. Environ. Res. 2023, 224, 115533. [CrossRef]

Dlamini, L.C.; Fakudze, S.; Makombe, G.G.; Muse, S.; Zhu, ].G. Bamboo as a valuable resource and its utilization in historical and
modern-day china. Bioresources 2022, 17, 1926-1938. [CrossRef]

Iroegbu, A.O.C.; Ray, S.S. Bamboos: From bioresource to sustainable materials and chemicals. Sustainability 2021, 13, 12200.
[CrossRef]

Ding, Y,; Pang, Z.Q.; Lan, K,; Yao, Y.; Panzarasa, G.; Xu, L.; Lo Ricco, M.; Rammer, D.R.; Zhu, ].Y.; Hu, M.; et al. Emerging
engineered wood for building applications. Chem. Rev. 2023, 123, 1843-1888. [CrossRef]

Fang, C.H.; Jiang, Z.H.; Sun, Z.].; Liu, H.R.; Zhang, X.B.; Zhang, R.; Fei, B.H. An overview on bamboo culm flattening. Build.
Mater. 2018, 171, 65-74. [CrossRef]

Dauletbek, A.; Li, H.; Xiong, Z.; Lorenzo, R. A review of mechanical behavior of structural laminated bamboo lumber. Sustain.
Struct. 2021, 1, 116898. [CrossRef]

Mimendi, L.; Lorenzo, R.; Li, H. An innovative digital workflow to design, build and manage bamboo structures. Sustain. Struct.
2022, 2, 11. [CrossRef]

Su, J; Li, H.; Xiong, Z.; Lorenzo, R. Structural design and construction of an office building with laminated bamboo lumber.
Sustain. Struct. 2021, 1, 10. [CrossRef]

Xue, X.; Zhou, W.; Sayed, U.; Feng, Z.; Li, H; Li, Y,; Huang, Z.; Ashraf, M.; Lorenzo, R. Design and construction of “Bamboo
Cubic” facade with laminated bamboo lumber. Sustain. Struct. 2023, 3, 30. [CrossRef]

Dauletbek, A.; Xue, X; Shen, X.; Li, H.; Feng, Z.; Lorenzo, R.; Liu, K.; Zea Escamilla, E.; Yao, L.; Zheng, X. Lightweight bamboo
structures—Report on 2021 international collaboration on bamboo construction. Sustain. Struct. 2023, 3, 25. [CrossRef]
Alejandro Méndez Quintero, M.; Patricia Takeuchi Tam, C.; Li, H. Structural analysis of a guadua bamboo bridge in Colombia.
Sustain. Struct. 2022, 2, 20. [CrossRef]

Su, M.L.; Zhang, R.; Li, ].P,; Jin, X.B.; Zhang, X.E; Qin, D.C. Tailoring growth of MOF199 on hierarchical surface of bamboo and its
antibacterial property. Cellulose 2021, 28, 11713-11727. [CrossRef]

Huang, X.D.; Shupe, T.E,; Hse, C.Y. Study of moso bamboo’s permeability and mechanical properties. Mater. Res. 2015, 4, 130-138.
[CrossRef]

Arman, N.S.N.; Chen, R.S.; Ahmad, S. Review of state-of-the-art studies on the water absorption capacity of agricultural
fiber-reinforced polymer composites for sustainable construction. Constr. Build. Mater. 2021, 302, 124174. [CrossRef]

Li, Z.Z.; Luan, Y.; Hu, ].B.; Fang, C.H.; Liu, L.T.; Ma, Y.F; Liu, Y.; Fei, B.H. Bamboo heat treatments and their effects on bamboo
properties. Constr. Build. Mater. 2022, 331, 127320. [CrossRef]

Chen, G.W,; Luo, H.Y. Asymmetric flexural process and fracture behaviors of natural bamboo node with gradient discontinuous
fibers. Compos. Commun. 2021, 24, 100647. [CrossRef]


https://doi.org/10.1016/j.cej.2023.142332
https://doi.org/10.15376/biores.18.1.Aizuddin
https://doi.org/10.1007/s10570-021-04242-6
https://doi.org/10.1016/j.envres.2023.115533
https://doi.org/10.15376/biores.17.1.Dlamini
https://doi.org/10.3390/su132112200
https://doi.org/10.1021/acs.chemrev.2c00450
https://doi.org/10.1016/j.conbuildmat.2018.03.085
https://doi.org/10.54113/j.sust.2021.000004
https://doi.org/10.54113/j.sust.2022.000011
https://doi.org/10.54113/j.sust.2021.000010
https://doi.org/10.54113/j.sust.2023.000030
https://doi.org/10.54113/j.sust.2023.000025
https://doi.org/10.54113/j.sust.2022.000020
https://doi.org/10.1007/s10570-021-04265-z
https://doi.org/10.1680/emr.14.00034
https://doi.org/10.1016/j.conbuildmat.2021.124174
https://doi.org/10.1016/j.conbuildmat.2022.127320
https://doi.org/10.1016/j.coco.2021.100647

Forests 2023, 14, 2219 13 of 15

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Wang, X.Z.; Song, L.L.; Cheng, D.L.; Liang, X.Y.; Xu, B. Effects of saturated steam pretreatment on the drying quality of moso
bamboo culms. Eur. J. Wood Wood Prod. 2019, 77,949-951. [CrossRef]

Song, W.; Zhang, S.B.; Fei, B.H.; Zhao, R.J. Mussel-inspired polydopamine modification of bamboo flour for superior interfacial
compatibility of bamboo plastic composites: Influence of oxidant type. Cellulose 2021, 28, 8567-8580. [CrossRef]

Huang, ] K.; Young, W.B. The mechanical, hygral, and interfacial strength of continuous bamboo fiber reinforced epoxy composites.
Compos. B Eng. 2019, 166, 272-283. [CrossRef]

Du, J.; Yang, K.L,; Yuan, Z.Q.; Liu, ZM.; Li, X.Y;; Liu, S.J.; Li, C.C.; Meng, S.T.; Wu, R M. Effect of physical treatment methods on
the properties of natural bamboo materials. Constr. Build. Mater. 2023, 394, 132170. [CrossRef]

Feng, Q.M.; Huang, YH.; Ye, C.Y,; Fei, B.H.; Yang, S.M. Impact of hygrothermal treatment on the physical properties and chemical
composition of Moso bamboo (Phyllostachys edulis). Holzforschung 2021, 75, 614-625. [CrossRef]

Huang, S.S.; Jiang, Q.F; Yu, B.; Nie, Y.J.; Ma, Z.Q.; Ma, L.E. Combined chemical modification of bamboo material prepared using
vinyl acetate and methyl methacrylate: Dimensional stability, chemical structure, and dynamic mechanical properties. Polymers
2019, 11, 1651. [CrossRef]

Yang, T.H.; Lee, C.H.; Lee, C.J.; Cheng, Y.W. Effects of different thermal modification media on physical and mechanical properties
of moso bamboo. Constr. Build. Mater. 2016, 119, 251-259. [CrossRef]

Li, WJ.; Liu, M.H.; Zhai, H.B.; Wang, H.K.; Yu, Y. Preparing highly durable bamboo materials via bulk furfurylation. Constr. Build.
Mater. 2020, 262, 120726. [CrossRef]

Wu, CJ.; Zhou, S.E; Li,R.G.; Wang, D.Q.; Zhao, C.S. Reactivity Improvement of Bamboo Dissolving Pulp by Xylanase Modification.
Bioresources 2015, 10, 4970-4977. [CrossRef]

Fu, J.J.; Li, X.Q.; Gao, W.D.; Wang, H.B.; Cavaco-Paulo, A.; Silva, C. Bio-processing of bamboo fibres for textile applications: A
mini review. Biocatal. Biotransformation 2012, 30, 141-153. [CrossRef]

Chen, H.; Wu, J.Y,; Shi, J.J.; Zhang, W.E; Wang, H.K. Effect of alkali treatment on microstructure and thermal stability of
parenchyma cell compared with bamboo fiber. Ind. Crops Prod. 2021, 164, 113380. [CrossRef]

De, J.; Baxi, R.N. Experimental investigation and analysis of mercerized and citric acid surface treated bamboo fiber reinforced
composite. IOP Conf. Ser. Mater. Sci. Eng. 2017, 225, 12154. [CrossRef]

Rocky, B.P; Thompson, A.]. Production of natural bamboo fibers-1: Experimental approaches to different processes and analyses.
J. Text. Inst. 2018, 109, 1381-1391. [CrossRef]

He, Z.B.; Yang, F.; Yi, S.L.; Gao, ]. M. Effect of ultrasound pretreatment on vacuum drying of Chinese catalpa wood. Dry. Technol.
2012, 30, 1750-1755. [CrossRef]

Yuan, T.C.; Liu, J.; Hu, S.H.; Wang, X.Z.; Liu, X.M.; Li, Y.J. Multi-scale characterization of the effect of saturated steam on the
macroscale properties and surface changes of moso bamboo. Mater. Express 2021, 11, 740-748. [CrossRef]

Han, X.; Lou, Z.C.; Yuan, C.L.; Wu, XW,; Liu, J.; Weng, EJ.; Li, Y.J. Study on the effect of two-step saturated steam heat treatment
process on the properties of reconstituted bamboo. J. Renew. Mater. 2022, 10, 3313-3334. [CrossRef]

Wang, X.Z.; Cheng, D.L.; Huang, X.N.; Song, L.L.; Gu, W.L,; Liang, X.Y.; Li, Y.J.; Xu, B. Effect of high-temperature saturated steam
treatment on the physical, chemical, and mechanical properties of moso bamboo. J. Wood Sci. 2020, 66, 52. [CrossRef]

Manalo, R.D.; Acda, M.N. Effects of hot oil treatment on physical and mechanical properties of three species of philippine bamboo.
J. Trop. For. Sci. 2009, 21, 19-24.

Li, T.; Cheng, D.L.; Wélinder, M.E.P,; Zhou, D.G. Wettability of oil heat-treated bamboo and bonding strength of laminated
bamboo board. Ind. Crops Prod. 2015, 69, 15-20. [CrossRef]

Tang, T.; Chen, X.F; Zhang, B.; Liu, X.M.; Fei, B.H. Research on the physico-mechanical properties of moso bamboo with thermal
treatment in tung oil and its influencing factors. Materials 2019, 12, 599. [CrossRef]

Hao, X.M.; Wang, Q.Y.; Wang, Y.H.; Han, X.; Yuan, C.L.; Cao, Y.; Lou, Z.C.; Li, Y.J. The effect of oil heat treatment on biological,
mechanical and physical properties of bamboo. J. Wood Sci. 2021, 67, 26. [CrossRef]

Piao, X.X.; Zhao, Z.B.; Guo, H.X.; Wang, Z; Jin, C.D. Improved properties of bamboo by thermal treatment with wood wax oil.
Colloids Surf. A Physicochem. Eng. Asp. 2022, 643, 128807. [CrossRef]

Lee, C.H.; Yang, T.H.; Cheng, YYW.; Lee, C.]. Effects of thermal modification on the surface and chemical properties of moso
bamboo. Constr. Build. Mater. 2018, 178, 59-71. [CrossRef]

Deng, L.P.; Chen, EM.; Ren, X.Y,; Jiang, Z.H. An environmentally friendly and efficient method to improve the acoustic vibration
performance of bamboo for musical instruments: Nitrogen-protected heat treatment. Ind. Crops Prod. 2022, 188, 115554. [CrossRef]
Zhang, YM.; Yu, Y.L.; Yu, WJ. Effect of thermal treatment on the physical and mechanical properties of phyllostachys pubescen
bamboo. European Eur. J. Wood Wood Prod. 2013, 71, 61-67. [CrossRef]

Nguyen, C.T.; Wagenfiihr, A.; Phuong, L.X; Dai, V.H.; Bremer, M.; Fischer, S. The effects of thermal modification on the properties
of two vietnamese bamboo species, part I: Effects on physical properties. Bioresources 2012, 7, 5355-5366. [CrossRef]

Li, WJ.; Chen, L.E; Li, Y.X,; Li, X.W. Bamboo modification with 1,3-dimethylol-4,5-dihydroxyethyleneurea (DMDHEU) catalyzed
by maleic anhydride. J. Wood Chem. Technol. 2020, 40, 126-135. [CrossRef]

Wu, HP; Yang, X.S.; Rao, J.; Zhang, Y.; Sun, EL. Improvement of bamboo Properties via in situ construction of polyhydroxyethyl
methylacrylate and polymethyl methylacrylate networks. Bioresources 2018, 13, 6-14. [CrossRef]

Yao, X.L.; Peng, R.; Du, C.G.; Hua, Y.T;; Zhang, ].].; Huang, Q.L.; Liu, H.Z. A two-step method for fabricating bamboo culm coated
with MgAIl-LDHs and its fire resistance properties. Bioresources 2019, 14, 5150-5161. [CrossRef]


https://doi.org/10.1007/s00107-019-01421-y
https://doi.org/10.1007/s10570-021-04089-x
https://doi.org/10.1016/j.compositesb.2018.12.013
https://doi.org/10.1016/j.conbuildmat.2023.132170
https://doi.org/10.1515/hf-2020-0017
https://doi.org/10.3390/polym11101651
https://doi.org/10.1016/j.conbuildmat.2016.04.156
https://doi.org/10.1016/j.conbuildmat.2020.120726
https://doi.org/10.15376/biores.10.3.4970-4977
https://doi.org/10.3109/10242422.2012.650450
https://doi.org/10.1016/j.indcrop.2021.113380
https://doi.org/10.1088/1757-899X/225/1/012154
https://doi.org/10.1080/00405000.2018.1482639
https://doi.org/10.1080/07373937.2012.713420
https://doi.org/10.1166/mex.2021.1954
https://doi.org/10.32604/jrm.2022.021066
https://doi.org/10.1186/s10086-020-01899-8
https://doi.org/10.1016/j.indcrop.2015.02.008
https://doi.org/10.3390/ma12040599
https://doi.org/10.1186/s10086-021-01959-7
https://doi.org/10.1016/j.colsurfa.2022.128807
https://doi.org/10.1016/j.conbuildmat.2018.05.099
https://doi.org/10.1016/j.indcrop.2022.115554
https://doi.org/10.1007/s00107-012-0643-6
https://doi.org/10.15376/biores.7.4.5355-5366
https://doi.org/10.1080/02773813.2019.1697293
https://doi.org/10.15376/biores.13.1.6-14
https://doi.org/10.15376/biores.14.3.5150-5161

Forests 2023, 14, 2219 14 of 15

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Chen, H.; Zhang, W.F; Wang, X.H.; Wang, HK.; Wu, Y.; Zhong, T.H.; Fei, B.H. Effect of alkali treatment on wettability and
thermal stability of individual bamboo fibers. J. Wood Sci. 2018, 64, 398—405. [CrossRef]

Wang, Y.; Deng, L.Y.; Xiao, Z.H,; Li, X.J.; Fan, YH.; Li, C.Z. Preparation and properties of bamboo/polymer composites enhanced
by in situ polymerization of furfuryl alcohol. Mater. Express 2019, 9, 712-722. [CrossRef]

Chen, S.Q.; Li, Q.; Liu, C.L.; Du, C.G,; Shan, Y.Y.; Yin, W.X,; Yang, F; Shao, Y.R.; Wang, Y.T. Process and anti-mildew properties of
tea polyphenol-modified citral-treated bamboo. Molecules 2022, 27, 7549. [CrossRef] [PubMed]

Fan, Z.W.; Zhang, H.L.; Peng, D.D.; Wang, H.; Han, S.B.; Zhang, Y.; Wu, X.X,; Sun, FL. In-situ cinnamaldehyde modification
confers bamboo long-acting mold resistance and its reaction mechanisms. Ind. Crops Prod. 2023, 192, 116059. [CrossRef]

Sun, J.Y;; Lin, X.Y,; Qiu, YH.; Wang, R.Y.; Zhang, Y.E; Hu, C.S.; Zhang, W.W. In situ polymerization of N-methylol acrylamide
(NMA) for bamboo anti-mold modification. Constr. Build. Mater. 2023, 363, 129887. [CrossRef]

Dong, YM.; Liu, X.Y;; Liu, J.J.; Yan, Y.T,; Liu, X.R.; Wang, K.L.; Li, ].Z. Evaluation of anti-mold, termite resistance and physical-
mechanical properties of bamboo cross-linking modified by polycarboxylic acids. Constr. Build. Mater. 2021, 272, 121953.
[CrossRef]

Ma, Q.; Liu, Z.; Xiao, H.L.; Chen, Z. Tensile properties of surface modified bamboo slices coated with epoxy resin considering the
corrosion of acid and alkali environment. Wood Res. 2021, 66, 183-194. [CrossRef]

Hung, K.C.; Wy, ].H. Mechanical and interfacial properties of plastic composite panels made from esterified bamboo particles. J.
Wood Sci. 2010, 56, 216-221. [CrossRef]

Weng, B.B.; Wang, Z.G.; Wang, FL.; Xu, RM.; Cheng, D.; Zhang, K.T.; Hong, L.; Guo, Y.; Chen, Y.X. Synergistic effect of luffa seed
oil and microwave treatment on the physicochemical properties of bamboo slices. Ind. Crops Prod. 2023, 192, 116033. [CrossRef]
Yang, X.; Huang, Y.H.; Ye, C.Y.; Lin, X.Y.; Su, N.; Fei, B.H. Improving the dimensional stability of round bamboo by environment-
friendly modified rosin. Constr. Build. Mater. 2023, 365, 130078. [CrossRef]

Weng, B.B.; Xu, KK; Yan, B.; Zhang, Z,; Li, C.Y,; Tan, Y.Q.; Zhang, K.T.; Lv, Y.; Wang, FEL.; Guo, Y.; et al. Microcapsules of
chitosan-loaded luffa seed oil for improving the mold-resistance of bamboo. Ind. Crops Prod. 2023, 199, 116772. [CrossRef]
Jiang, J.; Han, S.B.; Ren, X.; Wang, H.; Yu, H.W.; Sun, F.L. Enhanced durability of round bamboo treated with copper naphthenate
under heat-cold impregnation. Royal Soc. Open Sci. 2022, 9, 220247. [CrossRef]

Rao, J.; Jiang, J.; Prosper, N.K.; Yang, X.S.; Liu, T.S.; Cai, W.; Wang, H.; Sun, FL. Combination of polyethylene glycol impregnation
and paraffin heat treatment to protect round bamboo from cracking. R. Soc. Open Sci. 2019, 6, 190105. [CrossRef] [PubMed]

Su, N.; Fang, C.H.; Zhou, H.; Tang, T.; Zhang, S.Q.; Fei, B.H. Hydrophobic treatment of bamboo with rosin. Constr. Build. Mater.
2021, 271, 121507. [CrossRef]

Yu, HL.; Du, C.G,; Liu, H.Z,; Wei, ].G.; Zhou, Z.X.; Huang, Q.L.; Yao, X.L. Preparation and characterization of bamboo strips
impregnation treated by silver-loaded thermo-sensitive nanogels. Bioresources 2017, 12, 8390-8401. [CrossRef]

Sun, C.W,; Liu, A.J.; Du, G. Plasma treatment of bamboo fibers on the tribological property of polyimide composite filled with
graphite. Surf. Interface Anal. 2018, 50, 234-239. [CrossRef]

Wu, .E; Yuan, HM.; Wang, W.; Wu, Q.R.; Guan, X; Lin, ].G; Li, ].Q. Development of laminated bamboo lumber with high bond
strength for structural uses by O, plasma. Constr. Build. Mater. 2021, 269, 121269. [CrossRef]

Rao, J.P; Bao, L.X.; Wang, B.W.; Fan, M.Z,; Feo, L. Plasma surface modification and bonding enhancement for bamboo composites.
Compos. B Eng. 2018, 138, 157-167. [CrossRef]

Peng, L.H.; Guo, RH,; Lan, ] W,; Jiang, S.X.; Wang, X.; Li, C.; Li, J. Synthesis of silver nanoparticles on bamboo pulp fabric after
plasma pretreatment. J. Mater. Sci. Mater. Electron. 2016, 27, 5925-5933. [CrossRef]

Sun, H.X,; Li, X.H,; Li, H.T.; Hui, D.; Gaff, M.; Lorenzo, R. Nanotechnology application on bamboo materials: A review.
Nanotechnol. Rev. 2022, 11, 1670-1695. [CrossRef]

Jin, C.D,; Yao, Q.F; Li, J.P; Fan, B.T,; Sun, Q.F. Fabrication, superhydrophobicity, and microwave absorbing properties of the
magnetic y-Fe,O3/bamboo composites. Mater. Des. 2015, 85, 205-210. [CrossRef]

Paul, D.; Gaff, M.; Tesarova, D.; Hui, D.; Li, H.T. Recent advancements in nanotechnology application on wood and bamboo
materials: A review. Nanotechnol. Rev. 2023, 12, 20220528. [CrossRef]

Zhao, B,; Liu, R.; Guo, Q.; Xu, G.; Zhang, L.; Sun, P,; Cao, Y.; Hu, S.L. The use of newly isolated fungal cultures for the selective
delignification of bamboo culms. Front. Bioeng. Biotechnol. 2023, 11, 1265420. [CrossRef] [PubMed]

Verma, S.; Hashmi, S.A.R.; Mili, M.; Hada, V.; Prashant, N.; Naik, A.; Rathore, S.K.S.; Srivastava, A K. Extraction and applications
of lignin from bamboo: A critical review. Eur. ]. Wood Wood Prod. 2021, 79, 1341-1357. [CrossRef]

Chen, WH.; Chu, Y.S.; Lee, W.J. Influence of bio-solution pretreatment on the structure, reactivity and torrefaction of bamboo.
Energy Convers. Manag. 2017, 141, 244-253. [CrossRef]

El-Khatib, H.S.; Badr, A.A.; Diyab, W.A.; Atia, R.M. Part I: Enzymatic treatment of Bamboo, Bamboo/Cotton knitted fabric using
brewer’s yeast suspension. Alex. Eng. . 2019, 58, 819-825. [CrossRef]

Liu, L.E; Cheng, L.D.; Huang, L.Q.; Yu, J.Y. Enzymatic treatment of mechanochemical modified natural bamboo fibers. Fibers
Polym. 2012, 13, 600-605. [CrossRef]

Lv, HE; Yang, S.; Zhu, Y.X; Shu, X.; Cao, W.S.; Xu, B.; Fei, B.H. Effects of microwave drying on the cell wall structures of round
bamboo. Bioresources 2023, 18, 4071-4084. [CrossRef]

Lv, HEFE; Lian, C.P; Xu, B.; Shu, X,; Yang, J.; Fei, B.H. Effects of microwave-assisted drying on the drying shrinkage and chemical
properties of bamboo stems. Ind. Crops Prod. 2022, 187, 115547. [CrossRef]


https://doi.org/10.1007/s10086-018-1713-0
https://doi.org/10.1166/mex.2019.1550
https://doi.org/10.3390/molecules27217549
https://www.ncbi.nlm.nih.gov/pubmed/36364374
https://doi.org/10.1016/j.indcrop.2022.116059
https://doi.org/10.1016/j.conbuildmat.2022.129887
https://doi.org/10.1016/j.conbuildmat.2020.121953
https://doi.org/10.37763/wr.1336-4561/66.2.183194
https://doi.org/10.1007/s10086-009-1090-9
https://doi.org/10.1016/j.indcrop.2022.116033
https://doi.org/10.1016/j.conbuildmat.2022.130078
https://doi.org/10.1016/j.indcrop.2023.116772
https://doi.org/10.1098/rsos.220247
https://doi.org/10.1098/rsos.190105
https://www.ncbi.nlm.nih.gov/pubmed/31827815
https://doi.org/10.1016/j.conbuildmat.2020.121507
https://doi.org/10.15376/biores.12.4.8390-8401
https://doi.org/10.1002/sia.6362
https://doi.org/10.1016/j.conbuildmat.2020.121269
https://doi.org/10.1016/j.compositesb.2017.11.025
https://doi.org/10.1007/s10854-016-4511-8
https://doi.org/10.1515/ntrev-2022-0101
https://doi.org/10.1016/j.matdes.2015.07.016
https://doi.org/10.1515/ntrev-2022-0528
https://doi.org/10.3389/fbioe.2023.1265420
https://www.ncbi.nlm.nih.gov/pubmed/37720322
https://doi.org/10.1007/s00107-021-01743-w
https://doi.org/10.1016/j.enconman.2016.08.043
https://doi.org/10.1016/j.aej.2019.05.017
https://doi.org/10.1007/s12221-012-0600-3
https://doi.org/10.15376/biores.18.2.4071-4084
https://doi.org/10.1016/j.indcrop.2022.115547

Forests 2023, 14, 2219 15 of 15

78.

79.

80.

81.

82.

83.

Liu, Z,; Yang, S.L.; Wang, ZW.; Ji, N.; Li, D.; Wu, Y.Q. Preparation of bamboo-epoxy resin materials with microwave assistance. J.
Mater. Res. Technol. 2022, 18, 3266-3272. [CrossRef]

Rai, R.; Ranjan, R.; Kant, C.; Ghosh, U.U.; Dhar, P. Environmentally benign partially delignified and microwave processed
bamboo-based drinking straws. Adv. Sustain. Syst. 2023, 7, 2300057. [CrossRef]

Sun, EB,; Yu, Y,; Jiang, Z.H.; Ren, H.Q.; Wang, G.; Liu, X.E. Nano TiO, modification of bamboo and its antibacterial and mildew
resistance performance. Spectrosc. Spect. Anal. 2010, 30, 1056-1060.

Wang, Y.Y,; Li, Y.Q.; Xue, S.S.; Zhu, W.B.; Wang, X.Q.; Huang, P,; Fu, S.Y. Superstrong, Lightweight, and Exceptional Environmen-
tally Stable Si0,@GO/Bamboo Composites. ACS Appl. Mater. Interfaces 2022, 14, 7311-7320. [CrossRef] [PubMed]

Ba, Z.Y.; Luo, H.Y;; Guan, J.; Luo, J.; Gao, ].J.; Wu, S.J.; Ritchie, R.O. Robust flexural performance and fracture behavior of TiO,
decorated densified bamboo as sustainable structural materials. Nat. Commun. 2023, 14, 1234. [CrossRef] [PubMed]

Tang, A.R.;; Huang, Y.Q.; Zhang, W.; Yu, Y.; Yang, Y.; Yuan, Z.R.; Wang, X.Z. Effect of the nano-titanium dioxide (nano-TiO;)
coating on the photoaging properties of thermally treated bamboo. Wood Mater. Sci. Eng. 2022, 17, 895-904. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jmrt.2022.04.007
https://doi.org/10.1002/adsu.202300057
https://doi.org/10.1021/acsami.1c22503
https://www.ncbi.nlm.nih.gov/pubmed/35078316
https://doi.org/10.1038/s41467-023-36939-6
https://www.ncbi.nlm.nih.gov/pubmed/36871036
https://doi.org/10.1080/17480272.2021.1972334

	Introduction 
	Thermal Treatment 
	Steam Heat Treatment 
	Oil Heat Treatment 
	Air or Inert Gas Heat Treatment 

	Chemical Modification 
	Impregnation Modification 
	Plasma Modification 
	Other Modifications 
	Enzymatic Modification 
	Microwave Modification 
	Nanomaterial Modification 

	Conclusions 
	References

