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Abstract 
 

The nutrients within bamboo are prone to absorbing moisture, which creates an environment conducive to mold growth and 
restricts the expanded use of bamboo. Although traditional hydrophobic coatings can impart superhydrophobic properties 
to the surface of bamboo, they are unable to penetrate its interior structure, thereby leaving the intrinsic hydrophilicity of 
bamboo unaltered. In this study, we have engineered an omni-surface hydrophobic bamboo exhibiting anti-mold and super-
hydrophobic properties through a methodology encompassing liquid deposition, hot pressing, and surface spraying 
techniques. The findings reveal that the water contact angle on the outer surface is 161.16°, the inner surface measures 
135.47°, and the sliding angle of the outer surface is a mere 8°. Notably, the bamboo was endowed with exceptional anti-
mold qualities by the omni-surface hydrophobic treatment, which greater than 99% control efficacy against Aspergillus niger, 
Trichoderma viride, and Penicillium citrinum. An omni-surface hydrophobic bamboo composite (SHDB-Ag-S) exhibiting 
superior pat of natural bamboo and its Young's modulus is 1.37 times that of natural bamboo. The omni-surface hydrophobic 
bamboo developed in this study demonstrates considerable potential for applications in architecture and interior design due 
to its mold-resistant and self-cleaning properties. 
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1. Introduction 

The escalating issue of plastic pollution necessitates the urgent 

identification of renewable resources to replace plastics.[1] In 

the context of facilitating transition in its energy structure, 

achieving peak carbon emissions, and attaining carbon 

neutrality, the development of renewable materials as 

alternatives to plastics is critically important.[2] Such materials 

not only reduce reliance on fossil fuels but also steer energy 

consumption towards a more sustainable and low-carbon 

future.[3] Bamboo emerges as a particularly promising 

renewable resource due to its exceptional strength, rapid 

growth cycle, and high yield.[4] By enhancing the hydrophobic 

properties of bamboo, it is possible to effectively prevent 

water and microbial intrusion, thereby minimizing the risk of 

mold growth, extending the lifespan of bamboo products, and 

broadening their potential applications.[5] 

Superhydrophobicity is a unique surface property that 

allows the surface to successfully reject liquids, including 

water, due to its extraordinarily low affinity for water.[6] This 

property is typically quantified by a water contact angle 

exceeding 150°, with a sliding angle generally below 10°.[7] 

Consequently, water droplets can easily roll off 

superhydrophobic surfaces, carrying away dust and other 

particles, thereby minimizing the adherence of 

microorganisms such as mold.[8] Various methodologies have 

been developed to fabricate superhydrophobic surfaces, 

including chemical vapor deposition (CVD), the sol-gel 

method, lamination assembly technology, plasma treatment, 

and the direct creation of micro/nano-scale rough structures on 

material surfaces through micro/nano-fabrication techniques.[9] 

Although there are many research methods discussed earlier, 
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there are still some deficiencies. CVD is usually carried out at 

high temperatures, which may cause damage to heat-sensitive 

substrate materials and limit its application in certain 

industries.[10] The sol-gel method faces many challenges in 

scale-up production, such as high equipment requirements and 

great difficulty in process control. Due to its sensitivity to 

reaction conditions, it is difficult to ensure the uniformity and 

consistency of the products during large-scale production.[11] 

The impregnation method involves immersing the base 

material in a solution containing superhydrophobic modifiers, 

and then completing the modification through simple 

processing steps such as drying.[12] It does not require complex 

equipment or advanced technology, is easy to implement, and 

is very convenient for both large-scale production and 

laboratory research.[13] Therefore, this experiment is more 

suitable for the immersion method. In a study by Lu et al., 

micro/nanocomposite structures were synthesized on bamboo 

surfaces using metal-organic framework (MOF) materials as a 

template via in situ growth and conversion processes.[14] This 

approach facilitated the application of sodium laurate to the 

bamboo surface, thereby reducing surface energy and 

establishing a superhydrophobic layer. Although bamboo 

gained superhydrophobicity and other desired qualities from 

the surface treatment, the hydrophobic coating only covers the 

outside of the bamboo, leaving its interior naturally 

hydrophilic.[15] This limitation of hydrophobic properties to the 

surface constrains bamboo's utility in applications requiring 

thorough hydrophobicity. Mael Nicolas synthesized a 

perfluoroalkyl alkyl pyrrole monomer that, upon electro 

polymerization, produces a surface with a multi-scale rough 

structure, demonstrating stable superhydrophobicity in both 

pure water and under acidic and basic conditions.[16] 

Conversely, perfluoroalkyl methane sulfonates exhibit 

prolonged environmental persistence due to their high stability 

and resistance to biodegradation.[17] These compounds pose 

significant risks to human and wildlife health due to their 

potential for bioaccumulation through the food chain.[18] 

Furthermore, many superhydrophobic coatings may become 

unstable or degrade when exposed to acids, bases, or other 

chemicals, as well as under mechanical stress and abrasion.[19] 

The insufficient durability of superhydrophobic surfaces or 

coatings severely limited their use in harsh environments or 

industrial settings.[20] The insufficient durability of 

superhydrophobic surfaces or coatings severely limited their 

use in harsh environments or industrial settings.[21] A 

multifaceted approach that includes research and innovation in 

materials science, surface science, chemical engineering, and 

environmental science is required to address these issues and 

challenges.[22] 

The hydrophobic properties of bamboo can be significantly 

enhanced through an omni-surface hydrophobic modification 

of its entire surface. This modification reduces water retention 

on the bamboo surface, thereby hindering mold adhesion and 

subsequently decreasing the likelihood of mold proliferation.[5] 

The water absorption of bamboo can be reduced by omni-

surface hydrophobic modification, which is key to 

maintaining its size and shape stability.[23] The acyl chloride 

group (-COCl) is a reactive chemical group that can interact 

with a variety of hydrogen-containing compounds, including 

alcohols and amines. Consequently, it is suitable for 

chemically modifying a broad spectrum of materials.[24] 

Because of its low surface energy characteristics, stearoyl 

chloride is a popular chemical molecule that is frequently 

employed to give materials hydrophobicity.  Furthermore, 

stearoyl chloride exhibits long-lasting efficacy as a modifier, 

attributed to its chemical stability at room temperature and its 

resistance to reacting with environmental compounds.[25] 

Because of these qualities, stearoyl chloride is frequently 

utilized in the rubber, plastics, coatings, adhesives, textile, and 

paper industries, particularly to increase the materials' 

hydrophobicity, wear resistance, and protection. Chlorine 

atoms from stearoyl chloride can coprecipitate with AgNO₃ to 

create AgCl nanoparticles (AgCl NPs). The surface of the 

bamboo has become extremely rough and hydrophobic by the 

deposition of AgCl NPs.[26] Silver chloride nanoparticles 

(AgCl NPs) exhibit the ability to bind to bacterial plasma 

membranes, enhance bacterial cells' adaptability to membrane 

perforation, and induce the generation of free radicals and 

reactive oxygen species (ROS), thereby inhibiting the 

proliferation of bacteria and mold.[27] Despite their broad-

spectrum antibacterial properties, AgCl NPs are infrequently 

employed for mold control and the treatment of hydrophobic 

bamboo.   

Superhydrophobicity can be achieved by increasing 

surface roughness and reducing surface energy. The AgCl NPs 

formed by the chlorine atoms provided by stearyl chloride and 

the Ag(Ⅰ) provided by AgNO₃ create certain protrusions and 

textures on the surface of bamboo materials, thereby 

increasing the surface roughness. This rough surface structure 

is conducive to increasing the contact angle with water, 

making it more difficult for water to spread on the bamboo 

surface and enhancing the hydrophobicity of the bamboo from 

a geometric perspective. Stearyl chloride molecules contain 

long-chain alkyl groups. After being grafted onto the surface 

of bamboo through chemical reactions, the long-chain alkyl 

groups will form a low-energy surface layer on the surface of 

the bamboo. Due to the non-polar nature of long-chain alkyl 

groups, the affinity of the bamboo surface for polar water 

molecules is reduced, thereby effectively lowering the surface 

energy of the bamboo.[28] Low surface energy materials usually 

exhibit superhydrophobic properties. The rough surface 

structure combined with the low surface energy organic layer 

can further increase the contact angle between the bamboo 

surface and water, thereby significantly enhancing the 

hydrophobicity of the bamboo.[29] AgCl NPs deposited on the 

surface of bamboo have good bactericidal and antibacterial 

properties. This characteristic enables the bamboo that has 

been synergistically modified not only to have excellent 

hydrophobicity but also to reduce the possibility of bacterial 

growth and mold, extend the service life of the bamboo, and 
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broaden the application fields of bamboo. 

Consequently, there is a critical need to develop bamboo 

materials with improved durability, dimensional stability, and 

hydrophobic characteristics across omni-surfaces. This study 

aims to create such bamboo materials by modifying their 

surface properties, specifically by increasing surface 

roughness and reducing surface energy to achieve omni-

surface hydrophobicity. We have rigorously investigated the 

impact of this omni-surface hydrophobic bamboo on mold 

control, as well as several key operational factors that may 

influence the longevity of the superhydrophobic layer. An 

innovative method for the creation, processing, and use of 

bamboo protection is provided by the omni-surface 

hydrophobic alteration, which effectively improves the 

antifungal qualities of bamboo (Fig. 1). 

 

2. Materials and methods 

2.1 Experimental material 

The main rods of Dendrocalamus giganteus, which were three 

years old and free from mildew and insects, were collected in 

Lincang City, Yunnan Province. Following the removal of the 

bamboo's outer green and inner yellow layers, the material was 

processed into pieces measuring 50 × 20 × 2 mm³ and 

subsequently dried at 103 ± 2°C until a constant weight was 

achieved. The reagents used in the experiment, such as sodium 

hydroxide (NaOH, ≥ 96%), anhydrous sodium sulfite 

(Na2SO3), silver nitrate (AgNO3), stearoyl chloride, toluene, 

ethanol (≥ 99.7%), sucrose, and agar, were all purchased from 

Macklin Biochemical Technology Co., Ltd. (Shanghai, China) 

and Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 

All reagents and solvents are AR grade and can be used 

without further separation or purification. The experimental 

strains of Aspergillus niger, Trichoderma viride, and 

Penicillium citrinum (A. niger, T. viride, and P. citrinum) were 

provided by the Microbiology Laboratory of Southwest 

Forestry University. The distilled water used in the experiment 

was made by the laboratory. 

 

2.2 Pretreatment of bamboo 

The natural bamboo (NB) samples underwent an initial 

treatment involving immersion in a solution of NaOH (2.5 M) 

and Na₂SO₃ (0.4 M) at 70 °C for a duration of 2 hours. This 

was followed by extensive rinsing with deionized water until 

a neutral pH was attained. The treated samples were then 

subjected to freeze-drying and labeled as pre-DB. 

 

2.3 Modification 

Subsequently, pre-DB samples were immersed in a 0.1 M 

AgNO₃ solution and subjected to a vacuum of –0.075 MPa for 

2 hours to ensure the solution penetrated the bamboo channels 

effectively.[30] Upon the disappearance of internal bubbles, 

signifying complete solution penetration, the samples were 

transferred to a controlled environment maintained at 20°C 

and 60% relative humidity for 12 hours to facilitate the 

comprehensive deposition of Ag(Ⅰ) on both the internal and 

external surfaces of the bamboo. 

Both pre-DB and pre-DB-Ag samples were then immersed 

in a 5% (V/V) solution of stearoyl chloride in toluene and 

placed in a vacuum chamber at –0.075 MPa for 1 hour to 

facilitate soaking. The samples were subsequently air-dried in 

a ventilation cabinet and named pre-DB-Ag-S and pre-DB-S, 

respectively. 

The pre-DB, pre-DB-Ag, pre-DB-S, and pre-DB-Ag-S 

samples underwent hot pressing at 60℃ and 5 MPa for 20 

minutes to yield DB, DB-Ag, DB-S, and DB-Ag-S, 

respectively. To achieve omni-surface hydrophobic bamboo, 

the DB-Ag-S samples were evenly coated with hard acyl 

chloride and quickly sprayed, followed by drying in a 

ventilation cabinet to obtain the SHDB-Ag-S, an omni-surface 

hydrophobic bamboo product. The distance between the spray 

bottle and the bamboo surface is generally 15 to 25 cm. The 

spray bottle should be kept as vertical as possible to the 

bamboo surface to ensure that the solution can be evenly 

covered on the surface. 

 

2.4 Structure and characterization 

The chemical structures of NB, DB, DB-Ag, DB-S, DB-Ag-S, 

and SHDB-Ag-S were characterized by Fourier transform 

infrared spectroscopy (FTIR) and X-ray photoelectron 

spectroscopy (XPS). Their crystalline structures were 

analyzed by X-ray diffraction (XRD). The scattered radiation 

was recorded in a range of 5–90° at a rate of 5°/min. The 

chemical composition of NB and DB was determined using 

the National Renewable Energy Laboratory (NREL) method. 

The microscopic morphology and structure of all samples 

were analyzed by field emission scanning electron microscopy  

 

Fig. 1: Reaction mechanism of omni-surface hydrophobic bamboo. 
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(SEM). The samples are sprayed with gold before scanning to 

improve their electrical conductivity. The thermal properties 

of NB, DB, DB-Ag, DB-S, DB-Ag-S, and SHDB-Ag-S were 

analyzed using thermogravimetry (TG) at a rate of 10 ℃/min 

in a nitrogen atmosphere from 30 ℃ to 800 ℃. 

 

2.5 Surface water wettability analysis 

The water contact angle (WCA) measurements for the samples 

NB, DB, DB-Ag, DB-Ag-S, DB-S, and SHDB-Ag-S, along 

with the sliding angle (SA) of SHDB-Ag-S, were conducted 

using an optical contact angle meter. This analysis aimed to 

evaluate how Ag(Ⅰ) impregnation and hard acylation influence 

the surface wettability. The WCA values were derived from 

the mean of five distinct measurements on each sample. To 

further assess the dynamic water wettability, 4 µL droplets of 

deionized water were placed on the bamboo surfaces, with 

contact angle changes documented every 60 seconds over a 

180-second period. 

In many industrial and daily applications, the durability of 

the SHDB-Ag-S samples was divided into 6 groups and placed 

in different environments (G1-G6), and their contact angles 

were measured and compared with those of the G0 group 

(blank group). 

G0: Untreated SHDB-Ag-S samples, acting as a control 

group. 

G1: Samples were immersed in deionized water for 48 

hours. 

G2: Samples were immersed in an HCl solution at pH 1 for 

48 hours. 

G3: Samples were immersed in a NaOH solution at pH 12 

for 48 hours. 

G4: Samples were subjected to ultrasonic treatment in 

deionized water for 1 hour at a frequency of 40 kHz and a 

power of 100 W. 

G5: Samples were exposed to ultraviolet light with a power 

output of 40 W and a wavelength of 365 nm for a duration of 

10 days. 

G6: Samples underwent abrasion testing with 120 mesh 

sandpaper for 50 cycles using a wear testing machine. 

 

2.6 Physical properties of bamboo  

To investigate the water resistance and dimensional stability 

of the bamboo samples, strips were submerged in deionized 

water at ambient temperature, with their weights and 

dimensions monitored every 12 hours until they reached a 

state of dimensional equilibrium. The water uptake (WU) was 

calculated using Eq. (1): 

WU (%) = (W2 – W1) / W1 × 100                    (1) 

where W1 and W2 represent the weights of the samples before 

and after immersion in deionized water, respectively.  

Concurrently, the water uptake rate (h) was determined by 

Eq. (2): 

Water uptake rate (% / h) = WU / Δt                 (2) 

After 180 hours of immersion, the radial, tangential, and 

volumetric swelling were measured with a digital micrometer 

accurate to ± 0.01 mm. The volumetric swelling (S) was then 

calculated using the Eq. (3): 

S (%) = (V2 – V1) / V1 × 100                       (3)  

where V1 and V2 are the volumes of the samples before and 

after immersion in deionized water, respectively.  

The water resistance and dimensional stability of the 

samples were assessed by determining the mean water 

repellency efficiency (WRE) and anti-swelling efficiency 

(ASE) with the following Eqs. (4) and (5): 

WRE (%) = (WUu − WUt) / WUu × 100                (4) 

ASE (%) = (Su − St) / Su × 1                        (5) 

where WUu and WUt are the WU of an untreated sample and 

a treated bamboo sample after water immersion for a certain 

time, respectively, while Su and St are the S corresponding to 

WUu and WUt, respectively. 

 

2.7 Mildew resistance test 

In accordance with the Chinese standard GB/T18261–2013, 

this study aimed to assess the mildew resistance of NB, DB, 

DB-Ag, DB-S, DB-Ag-S, and SHDB-Ag-S. The sample size 

for the mildew test was determined, and the molds A. niger, T. 

viride, and P. citrinum were utilized in the testing, as detailed 

in a previous study by Yang et al., 2021. The extent of mold 

infection on the samples was monitored daily. A rating scale 

of 0 to 4 was employed to denote the percentage of mold 

coverage on the samples, where 0 signifies the absence of 

mold, and each increment by 1 on the scale represents an 

additional 25% of coverage, culminating in 100% at the 

maximum score of 4. 

Employing Eq. (6), we calculated and assessed the mildew 

resistance capabilities of the high-strength, mildew-resistant 

bamboo materials: 

E = (1 – D1/D2) × 100%                       (6) 

where E is the prevention and control effect; D1 is the average 

infected area of treated samples; D2 is the mean infected area 

of the control sample. 

 

3. Results and discussion 

3.1 Chemical composition and structure 

The functional groups of NB, DB, DB-Ag, DB-S, DB-Ag-S, 

and SHDB-Ag-S were studied by FTIR spectroscopy, as 

shown in Fig. 2a. In the spectrum of SHDB-Ag-S, two strong 

adsorption peaks appear at 2918 cm⁻¹ and 2854 cm⁻¹, which 

can be attributed to the asymmetric stretching vibration of –

CH₃ and the symmetric stretching vibration of –CH₂ in the long 

alkyl chain of stearoyl chloride.[25] A new carbon–based 

signature peak appeared at 1700 cm−1, indicating that stearyl 

chloride was successfully attached to the bamboo cell wall via 

ester bonds.[31] Compared to SHDB-Ag-S and DB-Ag-S, these 

peaks were heightened in the spectrum of SHDB-Ag-S, which 
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proved that stearoyl chloride has been loaded onto the bambo 

by spraying. The absorption peaks at 1560, 1515, and 1249 

cm⁻¹ were weakened significantly in the DB spectrum, which 

indicates that the lignin was largely removed.[32] In addition, 

the –OH tensile peak at 3419 cm⁻¹ was enhanced after stearoyl 

chloride treatment, indicating that stearoyl chloride treatment 

had a great effect on the hydrogen bonding of bamboo, and 

there was hydrogen bonding between stearoyl chloride and 

bamboo.[33] 

The chemical composition of NB and DB was analyzed 

using high-performance liquid chromatography (HPLC), as 

illustrated in Table.1. NB was found to contain 54.77% 

cellulose, 14.68% hemicellulose, and 25.68% lignin. 

Following the alkali treatment process, the composition of DB 

changed significantly: the lignin content was reduced from 

25.68% to 19.29%, the hemicellulose content decreased from 

14.68% to 10.46%, and the cellulose content increased from 

54.77% to 61.18%. This indicates that the alkali treatment 

partially removed hemicellulose and lignin components.[34]  

Fig. 2b presents the X-ray diffraction patterns for NB, DB, 

DB-Ag, DB-S, DB-Ag-S, and SHDB-Ag-S. The unmodified 

NB and the lye-treated DB display similar diffraction 

profiles,characterized by three distinct peaks at 2θ angles of 

15.93°, 22.24°, and 34.60°. These peaks are associated with 

 
Fig. 2: FTIR spectra (a); XRD spectra (b); XPS, NB, DB, DB-Ag; DB-Ag-S and DB-S (c); the wide sweep spectrum; C1s core-level 

of SHDB-Ag-S (d); Cl2p core-level of SHDB-Ag-S (e); Ag3d core-level of SHDB-Ag-S (f). 
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Table 1: Chemical composition of bamboo (% dry matter). 

Samples Cellulose (%) Hemicellulose (%) Lignin (%) 

NB 54.77 14.68 25.68 

DB 61.18 10.46 19.29 

 

the (110), (002), and (004) crystallographic planes of cellulose, 

respectively.[35] The findings revealed an increase in the 

crystallinity index (CrI) of cellulose from 53.16% in NB to 

57.95% in DB. This enhancement in CrI is due to the removal 

and partial removal of hemicellulose and lignin through alkali 

treatment, which leads to a reorganization of the crystal 

structure and a relative decrease in the amorphous region 

content.[36] Additionally, eight new diffraction peaks appeared 

at 27.8°, 32.2°, 46.2°, 54.8°, 57.5°, 67.5°, 74.5°, and 76.7° for 

the c phase, corresponding to the (111), (200), (220), (311), 

(222), (400), (331), and (420) crystallographic planes of AgCl 

(PDF card 31–1238), respectively. The SHDB-Ag-S displayed 

additional peaks at 2θ angles of 21.5°, 23.9°, 29.9°, 36.1°, 

39.2°, 40.6°, 41.1°, 42.5°, and 43.8°, which are associated with 

the (110), (200), (210), (020), (011), (310), (111), (201), and 

(220) diffraction peaks from N-Paraffin (PDF card 40–1995). 

As anticipated, the XRD pattern of SHDB-Ag-S showed the 

coexistence of diffraction peaks from both AgCl and N-

paraffin, indicating the presence of AgCl NPs and long alkyl 

chains from stearoyl chloride within the SHDB-Ag-S. This 

observation is consistent with the results obtained from FTIR, 

XPS, and SEM. 

The surface element state and chemical composition of 

modified bamboo were further determined by XPS analysis. 

As shown in Fig. 2c, the characteristic peaks of C, Cl, and Ag 

can be observed. In addition, the XPS high-resolution curve of 

SHDB-Ag-S is shown by peak-splitting fitting in Fig. 2e–f. In 

the XPS spectrum of C1s shown by Fig. 2d, the three peaks at 

284.7, 286.4, and 287.8 eV correspond to the C–C/C–O signal 

and the C=O signal, respectively.[37] Besides, the high-

resolution XPS spectra of Cl2P3/2 and Cl2P1/2 in Fig. 2e 

showed that the binding energies were 197.9 eV and 199.5 eV, 

respectively.[38] Two shake-up satellites for Cl2P1/2 and 

Cl2P3/2 were also detected, resulting in a spin energy 

difference of 1.6 eV, confirming the formation of the chloride. 

The high-resolution XPS spectra of Ag in Fig. 2f showed that 

the binding energies of Ag3d5/2 and Ag3d3/2 were 367.8 eV 

and 373.8 eV.[39] In addition, two shake-up satellites for 

Ag3d3/2and Ag3d5/2 were also detected, resulting in a spin 

energy difference of 6.0 eV, confirming the formation of the 

halides. Notably, the peak intensities of C1s and O1s in DB 

are lower than in NB, which is due to the partial removal of 

hemicellulose.[40] And the peak intensities of Ag3d in DB-Ag-

S were lower than those of DB-Ag, which may be caused by 

the introduction of stearyl chloride as an organic component. 

 

3.2 Fabrication process and reaction mechanism 

In this research, omni-surface hydrophobic bamboo SHDB-

Ag-S was prepared by liquid deposition, hot pressing, and the 

spray method. The reaction mechanism is shown in Fig. 1; 

cellulose molecules contain multiple hydroxyl groups (–

OH).[41] When dissolved in water, silver nitrate forms Ag (I), 

which forms a coordination bond with the hydroxyl group on 

the cellulose, resulting in the hydrogen on the hydroxyl group 

on the cellulose being replaced by Ag(I).[42] Stearyl chloride is 

a commonly used organic acylation reagent, which can 

esterify the hydroxyl group in cellulose.[43] The acyl chloride 

(–COCl) in stearyl chloride is a good leaving group and can 

be replaced by the cellulose hydroxyl group (–OH) in the 

reaction. Stearyl chloride can react with cellulose in bamboo 

to produce cellulose stearate, a robust hydrophobic compound. 

This reaction facilitates the omni-surface hydrophobic 

modification of bamboo.[44] This provides the conditions for 

the omni-surface hydrophobic modification of bamboo. 

The bamboo prepared under six different conditions (NB, 

DB, DB-Ag, DB-Ag-S BD–S, SHDB-Ag-S) was 

characterized by scanning electron microscopy, and the 

changes of its surface morphology were observed, as shown in 

Fig. 3a. After pretreatment, the gap between DB Fig. 3a2 

fibers increased, providing an active site for Ag(Ⅰ) loading. 

DB-Ag Fig. 3a3 can clearly observe many nanoparticles 

attached to the bamboo surface.[45] SEM images of bamboo 

sections showed that NB Fig. 3b1 cell cavities were round and 

full, and DB Fig. 3b2 cell walls collapsed after pretreatment. 

The collapse of the cell wall is attributed to the partial removal 

of hemicellulose and lignin, which are crucial components of 

the cell wall, during the pretreatment process.[46] In Figs. 3b4-

b5, it can be obviously observed that the pores between 

bamboo cells of DB-Ag-S and DB-S are filled with stearoyl 

chloride. The layered structure of SHDB-Ag-S is shown in Fig. 

3b6, which is a flat particle formed by rapid cooling and 

solidification after the molten chlorine stearate particles hit the 

bamboo at high speed during the spraying process.[47] These 

particles accumulate layer by layer to form a coating with a 

typical layered structure.[48] EDS element mapping and 

energy-dispersive X-ray (EDX) spectroscopy were used to 

confirm the successful loading of Ag. As shown in Figs. 3c2-

c6, it can be clearly observed that C, N, O, Ag, and Cl elements 

are evenly distributed on the surface of bamboo SHDB-Ag-S. 

As shown in Fig. 3d, the peak of Ag element in the sample 

SHDB-Ag-S can be observed, and the mass fraction of Ag 

element is 3.41%, which further determines the loading of Ag. 

 

3.3 Thermal properties of composites 

Fig. 4h1 and Fig. 4h2 show the TGA-DTG curves of NB, DB, 

DB-Ag, DB-S, DB-Ag-S, and SHDB-Ag-S. The initial weight 

loss before 100 °C is caused by the evaporation of water in the 

bamboo. The 100 to 380 °C range is the main mass loss area 
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for cellulose, hemicellulose, and lignin in bamboo.[49] The 

mass loss observed in the 160-280 ℃ range may be associated 

with the incomplete degradation of stearoyl chloride. The 

380–600℃ range represents the carbonization zone, where 

further degradation of L-glucose occurs, leading to the 

formation of low molecular weight products.[50] The final 

residual mass in the TGA and DTG diagrams is 14.89% (NB), 

26.98% (DB), 22.95% (DB-Ag), 22.13% (DB-S), 19.19% 

(DB-Ag-S), and 18.85% (SHDB-Ag-S), respectively. 

3.4 Surface wettability, water repellency and dimensional 

stability 

The WCA test results of the composite material are shown in 

Fig. 4a. Natural bamboo has a strong hydrophilicity, with an 

outer surface WCA of 55.77° and an inner surface WCA of 

51.07°. When the water drops on the surface of natural 

bamboo, the water droplets are rapidly absorbed by 

naturalbamboo, and the WCA drops to 0° at the inner and outer 

surfaces in 60 s. After AgNO₃ impregnation, the outer surface 

 

Fig. 3: SEM images (a-surface, b-cross-section) of NB (a1, b1), DB (a2, b2), DB-Ag (a3, b3), DB-Ag-S (a4, b4), DB-S (a5, 

b5), SHDB-Ag-S (a6, b6). EDS mapping images of SHDB-Ag-S (d) (c2:C, c3:O, c4: N, c5: Ag, c6: Cl); the SEM images (e) 

of the sample infected by mold. 

https://www.espublisher.com/


Research article                                                                                                                                                                                Engineered Science 

 

8 | Eng. Sci., 2025, 35, 1593                                                                                                                                                                  Engineered Science Publisher 

 
Fig. 4: Image of water contact angle on the inner and outer surfaces (a); the contact angle change image of the droplet resting (b); 

image of contact angle change within 180s after the SHDB-Ag-S durability test (c); water uptake (d), water uptake rate (e), volumetric 

swelling (f), water repellency efficiency, and anti-swelling efficiency (g); the TG (h1) and DTG (h2) curves of NB, DB, DB-Ag, DB-

S, DB-Ag-S, and SHDB-Ag-S. 
 

WCA of DB-Ag increased to 120.10° and the inner surface 

WCA increased to 95.34°. Through the AgNO₃ impregnation 

process, Ag(Ⅰ) ions were successfully introduced into the 

bamboo's microporous network. Subsequent reaction with 

NaOH solution induced the formation of Ag₂O deposits, which 

were preferentially localized within the internal voids and on 

the external surfaces of the bamboo.[51] This surface 

modification process contributed to the enhanced roughness 

observed on both the interior and exterior regions of the 

bamboo matrix. Surface roughness is an important factor 

affecting hydrophobicity, and the hydrophobicity of a surface 

can be enhanced by increasing roughness.[52] Following the 

grafting of stearyl chloride, the water contact angle (WCA) of 

DB-S rose to 123.67° on the outer surface and 107.78° on the 

inner surface. This increase in WCA is attributed to the long-

chain alkyl groups present in the hard acyl chloride, which 

lower the surface energy of the bamboo. Consequently, the 

reduced surface energy contributes to the enhanced 

hydrophobicity of the bamboo material.[53]  

Furthermore, when stearyl chloride and Ag(Ⅰ) were 

introduced simultaneously, the water contact angle (WCA) on 

the outer surface of DB-Ag-S increased to 140.59°, and the 

inner surface WCA rose to 134.63°. These findings indicate 

that both the augmentation of surface roughness and the 

reduction of surface energy can significantly elevate the WCA 

values. However, the SHDB-Ag-S, which was treated with a 

superhydrophobic surface spray, demonstrated exceptional 

hydrophobic characteristics across all areas, with an outer 

surface WCA of 161.16°, an inner surface WCA of 135.47° (as 

shown in Fig. S1), and a sliding angle of 8° (as depicted in Fig. 

S5c). During the experimental observations, it was noticeable 

that water droplets on the bamboo surface did not penetrate 

but instead exhibited a propensity to roll off.[54] The WCA 

images of droplets remaining on the surfaces of NB, DB, DB-

Ag, DB-S, DB-Ag-S, and SHDB-Ag-S for 180 seconds are 

presented in Fig. 4b. The outer surface WCA of NB 

plummeted from 55.77° to 0° within a minute, marking it as 

the least hydrophobic. In contrast, the outer surface WCA of 

SHDB-Ag-S only slightly decreased from 161.16° to 160.23° 

over 180 seconds, suggesting that water droplets could not 

readily infiltrate the interior of SHDB-Ag-S, thereby 

highlighting its superb overall surface hydrophobicity. This 

superhydrophobic quality endows bamboo with self-cleaning 

capabilities. Photographs illustrating the self-cleaning 

properties of SHDB-Ag-S are provided in Fig. S2 and Videos 

1 and 2.

https://www.espublisher.com/


Engineered Science                                                                                                                                                                                Research article        

 

Engineered Science Publisher                                                                                                                                    Eng. Sci., 2025, 35, 1593 | 9  

In many industrial and daily applications, the durability of 

the superhydrophobic layer on the material surface is a key 

factor determining the service life of the material. In order to 

test the durability of superhydrophobic surfaces, the SHDB-

Ag-S samples were divided into 6 groups and placed in 

different environments (G1-G6), and their contact angles were 

measured and compared with those of the G0 group (blank 

group). After 6 groups of tests, WCA within 180 s was 

measured, and the results were shown as follows (Fig. 4c): G1 

had almost no effect on the surface hydrophobicity of SHDB-

Ag-S, while G4 had the greatest effect on the surface 

hydrophobicity of SHDB-Ag-S, which may be caused by 

ultrasonic cleaning away part of the stearoyl chloride 

coating.[55] The six sets of tests may simulate different 

environmental conditions, such as pH changes, UV aging, and 

mechanical friction, which can fully assess the challenges that 

superhydrophobic layer may encounter in practical use. Even 

after several tests, the surface contact angle of SHDB-Ag-S 

remains at a very high level, which indicates that its 

hydrophobic layer has good chemical and physical stability 

and is not easily destroyed or stripped. Comprehensive testing 

allows for a thorough understanding of the performance of 

superhydrophobic layer under various environmental 

conditions encountered in actual use, thereby ensuring its 

reliability and durability for its intended applications. 

To evaluate the water uptake of NB, DB, DB-Ag, DB-S, 

DB-Ag-S, and SHDB-Ag-S, the samples were submerged in 

deionized water for a duration of 360 hours, with the 

experimental outcomes displayed in Fig. 4d and Fig. S3. As 

depicted in Fig. 4e, all samples exhibited similar patterns of 

water absorption. Notably, the initial 24 hours saw a rapid 

increase in water absorption across all samples, after which the 

rate of absorption progressively slowed. After a 360-hour 

period, the water uptake of DB reached 75.57%, whereas 

SHDB-Ag-S recorded a significantly lower uptake of only 

8.76%. The removal of certain non-cellulosic components 

during treatment exposes a multitude of hydroxyl groups in 

the cellulose, rendering DB more hydrophilic, which is the 

primary reason for its substantial water uptake of 160.19%.[35] 

The soaking process for NB and SHDB-Ag-S is illustrated in  
 

 
Fig. 5: Sample before and after mold infection.
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Fig. S4. It is evident that NB displayed a pronounced wicking 

phenomenon after being immersed in water, whereas SHDB-

Ag-S remained completely non-wettable. The water uptake of 

the omni-surface hydrophobic bamboo was reduced by 88.41% 

compared to that of natural bamboo, dropping from 75.57% to 

8.76%. Furthermore, Figs. 4f-g presents the volumetric 

swelling coefficient and anti-swelling efficiency of the 

bamboo before and after treatment. The average volumetric 

swelling for NB and SHDB-Ag-S was 25.77% and 7.35%, 

respectively, with corresponding anti-swelling efficiency 

values of 0% and 71.48%. The water repellency efficiency of 

SHDB-Ag-S saw an increase from 0% to 88.41% when 

compared to the original bamboo. These findings indicate that 

the omni-surface hydrophobic bamboo significantly enhances 

the dimensional stability of the material.  

3.5 Anti-mildew performances 

Fig. 5 is a photo of samples tested for 28-day mildew 

protection against A. niger, T. viride, and P. citrinum. As 

shown in Fig. 6, NB were infected by A. niger, T. viride, and 

P. citrinum on the 3rd day. On the 9th day, the area of NB 

infected with A. niger, T. viride, and P. citrinum was more than 

75%, and the infection grade was 4, suggesting that they are 

very poorly resistant to A. niger, T. viride, and P. citrinum. 

Because bamboo is not only nutritious, it is also very 

hygroscopic, which provides conditions for the growth of 

mold. Whereas DB was not infected by A. niger over the first 

2 days, hyphae appeared on the surface on the 3rd. After 28 

days, the infection grading values were 3, with only 60% of 

the area infected, as shown in Fig. 5a and Fig. 6a2. This means 

that DB had an antifungal effect, and the growth of A. niger 
 

 
Fig. 6: Mold control efficacy (a) of NB, DB, DB-Ag, DB-Ag-S, SHDB-Ag-S, and DB-S samples infected by mold were obtained; 

the control grade of the sample against mold of A. niger (a2), T. viride (a3), and P. citrinun (a4); the anti-mildew mechanism of AgCl 

NPs (b). 
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Fig. 7: Stress-strain curve (a) and the tensile strength and tensile modulus (b) of NB, DB, DB-Ag, DB-Ag-S, DB-S and SHDB-Ag-

S. 
 

was inhibited. It was attributed to the partial removal of 

nutrients such as hemicellulose and the collapse of bamboo 

parenchyma cells to form interlocking structures after alkali 

treatment.[56] Whereas DB-Ag, DB-S, and DB-Ag-S were not 

infected by A. niger over the first 10 days, hyphae appeared on 

the surface on the 17th, 11th, and 18th days, respectively. After 

28 days, the infection grading values were 2, 2, and 1, with 

only 30%, 30%, and 10% of the area infected, respectively 

(Fig. 5a and Fig. 6a2). This means that DB-Ag, DB-S, and DB-

Ag-S had antifungal effects, and the growth of A. niger was 

significantly inhibited. Ag(Ⅰ) can be slowly released by 

elemental silver and silver oxide.[57] Ag(Ⅰ) has high biological 

activity and can interact with proteins and enzymes on the cell 

membrane of microorganisms, destroying the integrity of the 

cell membrane and causing the cell contents to leak, thereby 

inhibiting or killing microorganisms.[58] During the 28-day 

observation, no A. niger, T. viride, or P. citrinum was found on 

the surface of SHDB-Ag-S (Fig. 5 and Fig. 6a). Fig. 3e is the 

SEM image of the sample infected by mold 28 days later. The 

surface of NB Fig. 6b was fully covered with mycelia and 

spores, while the surface of SHDB-Ag-S remained clean and 

uninfected by mold. The anti-mildew efficacy of SHDB-Ag-S 

against three kinds of mold was greater than 99%. The 

superhydrophobic surface is not easy to moisten with water, 

which reduces the retention of water on the surface of the 

material and provides an unfavorable environment for mold 

growth.[59] The special structure and chemical properties of the 

omni-surface hydrophobic can inhibit the attachment and 

growth of mold. Neither DB-Ag nor DB-S could achieve 

greater than 99% of the control efficacy of the three molds, but 

the superhydrophobic modified SHDB-Ag-S could achieve 

greater than 99% of the control efficacy of the three molds, 

indicating that loaded silver and stearyl acylation modification 

had a synergistic effect on the control of mold. 

 

3.6 Mechanical strength of composites 

Figs. 7a and b describe the typical stress-strain curves of NB, 

DB, DB-Ag, DB-Ag-S, SHDB-Ag-S, and DB-S with the 

corresponding tensile strength and Young's modulus. As 

shown in Fig. 7a, compared with other bamboo materials, DB-

S has the highest tensile strength of 250.79 MPa and its tensile 

modulus is 84.63 GPa. After adding Ag(Ⅰ), the tensile strength 

and Young's modulus of DB-Ag decreased to 214.58MPa and 

71.02 GPa respectively due to the destruction of hydrogen 

bond between fibers.[50] The esterification reaction may 

enhance the interaction between stearyl chloride and bamboo 

fiber, such as hydrogen bonding, which increased the stress of 

the composite bamboo and increased the tensile strength and 

Young's modulus of DB-Ag-S to 237.023MPa and 94.82 GPa, 

respectively. Compared with untreated natural bamboo, the 

tensile strength and Young's modulus of the SHDB-Ag-S 

increased to 239.83MPa and 96.83 GPa, respectively. 

 

4. Conclusion 

An omni-surface hydrophobic bamboo composite (SHDB-

Ag-S) exhibiting superior properties was effectively 

synthesized through a combination of liquid deposition, hot-

pressing, and spraying techniques. The inhibitory effect of 

SHDB-Ag-S on A. niger, T. viride and P. citrinum orange is all 

greater than 99%, while natural bamboo has no inhibitory 

effect on mold. Stearyl chloride spraying further enhances the 

superhydrophobicity of bamboo. The water contact Angle on 

its outer surface is 161.16°, which is 2.89 times that of natural 

bamboo (55.77°), and the water contact Angle on its inner 

surface is 135.47°; the sliding angle is 8°. The improvement 

of hydrophobicity further enhances the dimensional stability 

of bamboo materials. The water repellency and anti-expansion 

rate of SHDB-Ag-S have increased to 88.41% and 71.48% 

respectively. The tensile strength of SHDB-Ag-S is 1.47 times 

that of natural bamboo and its Young's modulus is 1.37 times 

that of natural bamboo. Omni-surface hydrophobic bamboo 

composite (SHDB-Ag-S) can be used in interior decoration, 

furniture boards and bamboo handicrafts, etc., and has 

extensive and diverse application prospects. 
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