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ABSTRACT: Herein, the surface of Moso bamboo was hydrophobically modified by combining O2/N2 plasma
treatments with polydimethylsiloxane (PDMS) solution treatment as the hydrophobic solution. The effects of plasma
treatment process (power and time), PDMS solution concentration, and maceration time on the hydrophobic
performance of bamboo specimens were studied, and the optimal treatment conditions for improving the hydropho-
bicity were determined. Scanning electron microscopy (SEM), fourier transform infrared (FTIR), X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS) were used to analyze the surface morphology, chemical struc-
ture, and functional groups in the specimens before and after the plasma and PDMS solution treatments under
optimal conditions. Response surface analysis was also performed to determine the optimal treatment conditions.
Results show that the hydrophobic performance of the Moso bamboo surface is effectively improved and the
surface energy is reduced after the coordinated treatment. The optimal conditions for improving the hydrophobic
performance of Moso bamboo surface are a treatment power of 800 W, treatment time of 15 s, O2 flow rate of
1.5 L/min, PDMS solution concentration of 5%, and maceration time of 60 min for O2 plasma treatment and a treatment
power of 1000 W, treatment time of 15 s, N2 flow rate of 1.5 L/min, PDMS solution concentration of 5%, and maceration
time of 60 min for N2 plasma treatment. After treatment, silicone oil particles and plasma etching traces are observed
on the bamboo surface. Moreover, Si-O bonds in the PDMS solution are grafted to the bamboo surface via covalent
bonds, thereby increasing the contact angle and decreasing the surface energy to achieve the hydrophobic effect.
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1 Introduction
Bamboo has a high capacity for water absorption because it contains abundant hydrophilic groups

and has a porous structure; thus, it is highly prone to phenomena such as deformation and cracking [1].
To enhance its stability and broaden its applicability, bamboo must be transformed into a hydrophobic
material. Several studies have focused on improving the hydrophobicity of bamboo surfaces in recent
years. For instance, polydimethylsiloxane (PDMS) has been used to improve the hydrophobicity of bamboo
owing to its high ultraviolet resistance, heat resistance, and chemical stability as well as low surface energy
[2–5]; polysiloxanes with reactive groups such as hydroxyl, amino, epoxy, and anhydride which can improve
the hydrophobicity of bamboo via chemical bonding [6]. He et al. used PDMS as a stamp and fabricated a
hydrophobic rose-like/TiO2 micro-nano structure on the bamboo surface via soft printing. The results show
that the water contact angle of this surface was as high as 154○, indicating that it is superhydrophobic [7]. Guo
et al. performed comparative tests on the surfaces of cotton fabrics used in wearable textiles treated with low
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press RF and an atmospheric-pressure cold plasma jet. Results show that the cold plasma jet considerably
enhanced the hydrophobicity of the material, endowing it with a water contact angle of 153○. Moreover, the
modified fabrics retained their high hydrophobicity even after 25 washes [8]. Zhang et al. comprehensively
investigated the effects of PDMS heat treatment on bamboo. Results show that with increasing heat-treatment
temperature, the equilibrium moisture content, linear expansion rate, and surface wettability of heat-treated
bamboo specimens decreased along with the moduli of rupture and elasticity. Thermogravimetric (TG)
analysis indicated that with increasing heat-treatment temperature, the relative content of hemicellulose in
bamboo decreased, whereas those of lignin and cellulose increased [9].

Plasma treatment can effectively modify the surface properties of bamboo materials such as their
wetting behavior. Xuehua Wang and Jianhua Zheng used the contact angle measurement method, noncontact
confocal profilometry, and scanning electron microscopy (SEM) to investigate the effects of plasma treatment
on green bamboo. Results reveal that plasma technology etched the green bamboo surface and made it
rougher, thereby effectively transforming its hydrophobic surface into a hydrophilic surface. However, this
effect was temporary and the contact angle increased and recovered to approximately 30% of its original
value after 24 h [10]. Parvinzadeh Gashti et al. investigated and characterized HAp on PET surface treated
with Ar/O2 and NH3/C2H4 plasma, followed by incubation in SBF. Results show that HAp was successfully
synthesized on the treated PET surface and plasma treatment promoted the penetration of pigments
into PET and enhanced the bonding ability [11]. Although plasma treatment can modify the surface of
materials, the relationship between plasma treatment (treatment power and time) and the modification effect
remains unclear.

Herein, the surface of Moso bamboo was hydrophobically modified via O2/N2 plasma etching, followed
by PDMS solution treatment. The effects of plasma treatment parameters such as power, time, and gas flow
rate as well as PDMS solution concentration and maceration time on the hydrophobicity of Moso bamboo
surface were investigated. The surface micro-structure and chemical composition of the Moso bamboo
surface before and after treatments were analyzed. Response surface method was used to optimize plasma
treatment, and a response surface model of surface energy and plasma treatment process was developed to
support the coordinated plasma and PDMS solution treatment of hydrophobic Moso bamboo.

2 Materials and Methods

2.1 Materials
Moso bamboo purchased from Millennium Boat New Material Technology Group Co., Ltd. (Hangzhou,

China) was cut in to 80 mm3 × 25 mm3 × 0.5 mm3 with moisture content 10%–12%, the density of PDMS was
0.9630 g/cm3 purchased from Chengdu Kelong Chemicals Co., Ltd. (Chengdu, China), the purity of
diiodomethane (CH2I2) was ≥ 99.0%, purchased from Shanghai Macklin Biochemical Technology Co., Ltd.
(Shanghai, China), the purity of anhydrous ethanol was ≥99.9%, purchased Chengdu Kelong Chemicals Co.,
Ltd., the distilled water in this paper was self-made in the laborator, the purity of O2 and N2 was 99.9%,
purchased frome Shanghai Yunguang Industrial Gas Co., Ltd. (Shanghai, China) and Hangzhou Yuetong Gas
Technology Co., Ltd. (Hangzhou, China), respectively.

2.2 Equipment
The cold-temperature plasma (model number PG-3000K, produced by Nanjing Suman Plasma Tech-

nology Co., Ltd., Nanjing, China) was used to treated the surface of Moso bamboo, the video optical
contact angle measuring instrument (model number DSA100, produced by Kruss GmbH, Germany) was
used to test the contact angles, the scanning electron microscope (model number S-3400N, produced by
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Hitachi Limited, Japan), the X-ray diffractometer (model numberX’Pert Pro, produced by PANalytical B.V.,
Netherlands) and the fourier transform infrared spectrometer (model number iS10, produced by Thermo
Fisher Scientific, USA) were used to analyze the surface morphology, chemical structure, and functional
groups of the Moso bamboo.

2.3 Methods
2.3.1 Cold-Temperature Plasma Treatment

To avoid the adverse effects of bamboo nodes, Moso bamboo slices (80 mm× 25 mm× 0.5 mm) without
nodes near the flesh were used. They were then dried to absolute dryness in an oven and placed in a sealed
bag for subsequent treatment [10]. The dried slices were subjected to cold-temperature plasma treatment
using O2/N2 as the working gases. Plasma treatment was performed at powers of 800, 1000, and 1200 W and
processing times of 5, 10, and 15 s, respectively, under a gas flow rate of 1.5 L/min.

2.3.2 PDMS Solution Impregnation
PDMS and anhydrous ethanol were mixed to form an intolerant solution at room temperature; the

solution was shaken and mixed for 20 min, then the PDMS solution was completely preparation, in which
the plasma-treated Moso bamboo specimens were immersed for a period of time. The soaked specimens
were then placed in an oven and dried to absolute dryness. Solutions with different concentrations of 1%,
3%, 5%, and 10% were obtained after maceration time of 10, 20, 40, and 60 min, respectively (Fig. 1).

Figure 1: Test flow chart of cold-temperature plasma and PDMS solution treatments performed on the Moso bamboo
surface

2.3.3 Performance Tests
The effects of different plasma treatment gases, treatment powers, treatment time, solution concentra-

tions, and maceration time on the surface energy of Moso bamboo (represented by the contact angle) were
investigated using the single factor method. SEM, XRD, FTIR and XPS were performed to analyze the surface
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morphology and chemical composition of Moso bamboo specimens before and after modification. These
characterizations also revealed the optimal process of plasma modification and the optimal hydrophobic
process of Moso bamboo.

(1) Contact angle measurements

The dynamic droplet method was used for the contact angle measurements of Moso bamboo surface
by employing H2O and CH2I2 as the testing liquids. The angle at which the droplet contacted the bamboo
surface was considered the contact angle. Each sample was tested at nine points, and the average contact
angle was taken as the final result. Surface energy was calculated using the Young–Good–Girifalco–Fowkes
(YGGF) equation [12], where γL and γS are the surface energies of liquids and solids, respectively; γd

L and
γP

L are the dispersive and nondispersive forces on the liquid surface, respectively; and γd
S and γP

S are the
dispersive and nondispersive forces on the solid surface, respectively. These values were used to determine
the optimal O2 and N2 plasma treatment processes.

γL(1 + cosθ) = 2[(γd
s γd

L + (γP
s γP

L)
1
2 ] , (1)

γs = γd
s + γP

L . (2)

(2) SEM

Before the SEM test, the bamboo specimens were attached to a disk using a conductive adhesive for
applying a thin gold coating. During SEM test, the acceleration voltage was 12.5 kV.

(3) XRD

The treated and untreated Moso bamboo specimens were scanned using an X-ray diffractometer, with
the scanning angle of 5○–80○ at a rate of 2○/min; the voltage and current were set to 40 kV and 40 mA,
respectively.

(4) FTIR

The changes in the surface functional groups of Moso bamboo specimens before and after modification
were tested via FTIR spectroscopy using the press cake method at wavenumbers of 400–4000 with 32 times
of scanning.

(5) XPS

Surface elemental composition was analyzed via XPS using a monochromatic Cu Kα X-ray source.
Binding energies were calibrated based on the C1s peak (284.8 eV).

2.3.4 Response Surface Analysis
The results of the single factor method were used for response surface analysis using plasma treatment

power and time, PDMS solution concentration, and maceration time as the experimental parameters. Three-
level experimental designs were created for each factor, with surface energy as the response value. Results
were fitted with a multivariate regression equation using Design-Expert 11.0 and subjected to variance
analysis. Table 1 shows the experimental parameters.
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Table 1: Experimental parameters of responsive surface analysis

Factor Level

−1 0 1
Treatment power (W) 800 1000 1200

Treatment time (s) 5 10 15
Solution concentration (%) 1 5 10

Maceration time (s) 20 40 60

3 Results and Discussion

3.1 Influence of Different Plasma Treatments on the Contact Angle and Surface Energy of Moso Bamboo
Specimens
O2 plasma treatment was performed under an O2 flow rate of 1.5 L/min for 10 s, with a solution

concentration of 3% and maceration time of 10 min, whereas N2 plasma treatment was performed under a N2
flow rate of 1.5 L/min for 10 s, with a solution concentration of 5% and maceration time of 10 min. The effects
of these treatments on the surface wettability of Moso bamboo specimens at different treatment powers were
investigated. The corresponding results of the influence of different treatment powers and treatment times
on the surface contact angle and surface energy of specimens are plotted (Tables 2 and 3, Figs. 2 and 3). The
H2O and CH2I2 contact angles of untreated Moso bamboo specimens were 54.98○ and 24.28○, respectively.
These values considerably increased after O2 and N2 plasma treatments. The maximum contact angle was
achieved during O2 and N2 plasma treatments at 800 and 1000 W, respectively, for 15 s.

Table 2: Impact of O2 plasma on the surface properties of Moso bamboo specimens

Power/W Time/s H2O CH2I2 Surface energy/10−7J⋅cm−2

Contact
angle/○

Standard
deviation

Contact
angle/○

Standard
deviation

/ / 54.98 / 24.28 / 53.43

800
5 99.6 4.3 35.01 5.03 40.13
10 109.69 5.89 31.22 5.54 12.42
15 119.13 7.9 54.44 6.14 5.58

1000
5 98.59 4.42 30.22 2.1 41.45
10 104.35 5.22 34.19 0.58 24.68
15 108.67 1.63 32.63 8.80 14.47

1200
5 113.11 5.87 47.58 3.66 10.93
10 108.79 3.89 43.4 2.17 17.44
15 110.17 2.71 45.38 2.82 15.33
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Table 3: Impact of N2 plasma on the surface properties of Moso bamboo specimens

Power/W Time/s H2O CH2I2 Surface energy/10−7J⋅cm−2

Contact
angle/○

Standard
deviation

Contact
angle/○

Standard
deviation

/ / 54.98 / 24.28 / 53.43

800
5 103.8 2.95 43.2 3.31 30.39
10 119.52 9.83 41.36 3.56 4.69
15 116.04 5.32 40.42 3.61 6.38

1000
5 116.84 4.92 31.07 3.58 5.49
10 115.47 4.25 34.14 3.26 6.3
15 124.17 3.25 50.8 4.77 3.95

1200
5 114.59 3.60 37.49 5.42 7.28
10 119.82 2.58 48.25 3.46 4.68
15 116.62 2.91 40.75 5.99 5.99

Figure 2: Contact angle and surface energy of O2 plasma–treated Moso bamboo surface

Figure 3: Contact angle and surface energy of N2 plasma–treated Moso bamboo surface

After N2 plasma treatment, the surface energy of specimens slightly decreased and varied similar to that
of the contact angle. After O2 plasma treatment, the surface energy of specimens first increased and then
decreased with increasing treatment power and carbon spots appeared on their surface, thereby impacting
the surface energy and contact angle. At a treatment power of 800 W and time of 15 s, the surface energy
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was 5.58 (10−7 J⋅cm−2); this value was 89.5% lower than that observed for the untreated specimen (53.43).
Thus, a treatment power of 800 W and time of 15 s were considered ideal conditions for O2 plasma treatment.
After N2 plasma treatment, the surface energy of specimens decreased with increasing treatment power. The
surface energy was 6.38 at a treatment power of 800 W and time of 15 s and decreased to 3.95 when the
treatment power was further increased to 1000 W; this value was 92.6% lower than that reported for untreated
specimens. Upon further increasing the treatment power to 1200 W for 15 s, the surface energy increased
from 3.95 to 5.99. Thus, a treatment power of 1000 W and time of 15 s were considered ideal conditions for
N2 plasma treatment.

In summary, the hydrophobicity of Moso bamboo surface was considerably enhanced after O2 or N2
plasma treatment, and its surface energy considerably decreased. The optimal treatment powers were 800
and 1000 W for O2 and N2 plasma treatments, respectively, with a treatment time of 15 s.

3.2 Influence of PDMS Solution on the Hydrophobic Properties of Moso Bamboo Surface
3.2.1 Effect of PDMS Solution Concentration on the Surface Wettability of Moso Bamboo Specimens

The influence of different PDMS solution concentrations on the hydrophobic properties of the Moso
bamboo surface (characterized by the contact angle) was studied. The solution concentrations were 1%, 3%,
5%, and 10%; maceration time was 10 min; O2 plasma treatment conditions were 800 W and 15 s; and N2
plasma treatment conditions were 1000 W and 15 s.

Tables 4 and 5, Figs. 4 and 5 show the contact angles and surface energy of Moso bamboo specimens
soaked in different concentrations of PDMS solutions after O2/N2 plasma treatment under optimal condi-
tions. The water contact angles on the treated specimens first increased and then decreased as the PDMS
solution concentration increased. This is possibly because the adsorption capacity on the Moso bamboo
surface reached saturation.

At a PDMS solution concentration of 5%, the H2O and CH2I2 contact angles of O2 plasma treatment
specimen were 117.48○ and 38.06○, respectively. The surface energy was 5.36, which was 89.97% lower than
that of the untreated specimen (53.43). Similarly, the H2O and CH2I2 contact angles of N2 plasma treatment
specimen reached a maximum of 124.7○ and 50.8○, respectively, at a PDMS solution concentration of 5%.
The surface energy decreased to 3.95, which was 92.61% lower than that of the untreated specimen (53.43).

Based on these findings, the optimal PDMS solution concentration was deemed 5%.
Table 4: Impact of PDMS solution concentration on the hydrophobic properties of O2 plasma–treated Moso bamboo
surface

Solution concentration/% H2O CH2I2 Surface energy/10−7J⋅cm−2

Contact
angle/○

Standard
deviation

Contact
angle/○

Standard
deviation

/ 54.98 / 24.28 / 53.43
1% 106.51 7.29 38.66 4.04 20.86
3% 119.13 7.9 54.44 6.14 5.58
5% 117.48 5.12 38.06 4.13 5.36
10% 116.71 7.09 42.97 6.38 6.11
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Table 5: Impact of PDMS solution concentration on the hydrophobic properties of N2 plasma–treated Moso bamboo
surface

Solution concentration/% H2O CH2I2 Surface energy/10−7J⋅cm−2

Contact
angle/○

Standard
deviation

Contact
angle/○

Standard
deviation

/ 54.98 / 24.28 / 53.43
1 110.34 5.59 41.58 3.69 13.8
3 113.9 4.23 31.69 4.79 7.32
5 124.17 3.25 50.8 4.77 3.95
10 111.49 4.06 36.98 3.83 10.83

Figure 4: Contact angle and surface energy of Moso bamboo surface subjected to O2 plasma treatment under different
PDMS solution concentrations

Figure 5: Contact angle and surface energy of Moso bamboo surface subjected to N2 plasma treatment under different
PDMS solution concentrations
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3.2.2 Impact of PDMS Solution Maceration Times on the Surface Wettability of Moso Bamboo Specimens
The influence of different maceration times on the hydrophobic properties of Moso bamboo surface was

studied under optimal treatment conditions: treatment powers of 800 W (O2) and 1000 W (N2); treatment
time of 15 s; and maceration time of 10, 20, 40, and 60 min.

Tables 6 and 7, Figs. 6 and 7 show the effect of PDMS solution maceration time on the hydrophobic
properties of O2/N2 plasma treatment bamboo specimens under optimal treatment conditions. The contact
angles of O2 plasma treatment specimens considerably increased with increasing maceration time. At a
maceration time of 60 min, the H2O and CH2I2 contact angles reached their maximum values of 122.35○
and 42.36○, respectively. The surface energy reached its minimum value of 4.50, which was 91.58% lower
than that of the untreated specimen (53.43). The H2O and CH2I2 contact angles of N2 plasma treatment
specimen reached 123.66○ and 52.91○ respectively at a maceration time of 60 min. The surface energy reached
its minimum value of 3.77, which was 92.94% lower than the untreated specimen (53.43). As the PDMS
penetration reached saturation, the increase rate of contact angle considerably reduced. This is because as
the PDMS volume reached a certain level in the loosely distributed vascular bundles near the yellow part
of the bamboo specimen, the densely distributed thin-walled cells and vascular bundles near the green part
hindered further penetration of PDMS. These findings suggest that the optimal maceration time for PDMS
solution was 60 min.

Table 6: Impact of PDMS solution maceration times on the hydrophobic properties of O2 plasma–treated Moso
bamboo surface

Maceration time/min H2O CH2I2 Surface energy/10−7J⋅cm−2

Contact
angle/○

Standard
deviation

Contact
angle/○

Standard
deviation

/ 54.98 / 24.28 / 53.43
10 117.48 5.12 38.06 4.13 5.36
20 118.66 5.76 42.56 2.34 4.98
40 116.85 4.07 42.34 6.44 5.96
60 122.35 2.94 42.36 4.36 4.50

Table 7: Impact of PDMS solution maceration times on the hydrophobic properties of N2 plasma Moso bamboo surface

Maceration time/min H2O CH2I2 Surface energy/10−7J⋅cm−2

Contact
angle/○

Standard
deviation

Contact
angle/○

Standard
deviation

/ 54.98 / 24.28 / 53.43
10 124.17 3.25 50.8 4.77 3.95
20 117.24 5.32 37.61 2.71 5.46
40 118.45 3.47 47.21 5.57 5.32
60 123.66 3.89 52.91 4.71 3.77
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Figure 6: Impact of different maceration times of PDMS solution on the contact angle and surface energy of the O2
plasma–treated Moso bamboo surface

Figure 7: Impact of different maceration times of PDMS solution on the contact angle and surface energy of the N2
plasma–treated Moso bamboo surface

In summary, the maceration of PDMS solution in N2/O2 plasma treatment Moso bamboo specimens
can considerably improve their hydrophobicity. Table 8 shows the optimal process conditions for improving
the hydrophobicity of N2/O2 plasma treatment bamboo.

3.3 Surface Morphology and Chemical Structure of Specimens before and after Plasma Treatment
3.3.1 SEM

Fig. 8 shows the surface morphology of Moso bamboo specimens before and after treatment observed
via SEM. Contrary to the untreated bamboo specimens, the surface of treated specimens showed clear
plasma etching marks and distinct dense silicone oil particles that were clustered and interwoven in an
uneven distribution. The surface structure of treated specimens were damaged, and several pores of varying
sizes were interspersed in the fibrous material, forming a network-like interlacing pattern. Some areas
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also appeared unevenly rough and pitted. These formations increased the surface roughness of specimens,
indicating that high-speed ion bombardment caused a certain degree of cross-linking [12–14]. These changes
were observed the hydrophobic modification of the rough surface of Moso bamboo specimens, performing
by introducing PDMS solution with a low surface energy such as grafing for introducing organosilicon
functional groups.

Table 8: Optimal process conditions for O2 and N2 plasma treatments and optimal PDMS solution concentration

Gas Power/W Time/s Solution
concentration/%

Maceration
time/min

Contact angle/○ Surface
energy/10−7J⋅cm−2

H2O CH2I2

O2 800 15 5 60 122.35 42.36 4.50
N2 1000 15 5 60 123.66 52.91 3.77

Figure 8: SEM images of the Moso bamboo surface before and after plasma and PDMS solution treatments: (a) and
(d) untreated surface; (b), (e), and (g) surface treated with O2 plasma and PDMS solution; and (c), (f), and (h) surface
treated with N2 plasma and PDMS solution
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3.3.2 Energy-Dispersive X-Ray Spectroscopy (EDS)
Fig. 9a–c shows the elemental composition of bamboo specimens before and after O2/N2 plasma and

PDMS solution treatments. The specimens mainly contained C, N, O, and Si. C and O originated from the
bamboo and the PDMS attached to it. The untreated, O2 plasma and PDMS solution treatment specimen
showed negligible amounts of N. Si content, which was considerably higher in N2 plasma and PDMS solution
treatment specimen, indicating that the surface energies decreased and the carrying capacity enhanced after
plasma treatment [15].

Figure 9: EDS spectra and elemental content of Moso bamboo surface before and after plasma and PDMS solution
treatments: (a) untreated surface; (b) surface treated with O2 plasma and PDMS solution; and (c) surface treated with
N2 plasma and PDMS solution

3.3.3 XRD
Fig. 10 shows the XRD spectrum of Moso bamboo specimens before and after the N2/O2 plasma and

PDMS solution treatments. Typical diffraction peaks were observed at 16.0○, 22.2○, and 34.5○, corresponding
to the (101), (002), and (040) crystallographic planes of untreated bamboo specimens, respectively. The
strongest diffraction peak was observed at 22.2○, indicating the presence of typical cellulose I in the specimen.
The diffraction peak at 22.2○ corresponding to treated specimens did not show any apparent shift, and no
obvious change was observed in their crystal planes. This indicated that the modification treatment did not
change the crystal structure of bamboo [16,17].
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Figure 10: XRD spectra of Moso bamboo surface before and after plasma and PDMS solution treatments

The variation in the half-peak width (f) of the crystalline region represents the crystal grain sizes, with
a smaller peak width indicating larger grain sizes. After plasma and hydrophobic solution treatments, the
crystalline spacing of bamboo specimens decreased and the grain size increased; these changes considerably
improved the dimensional stability of bamboo and enhanced its hydrophobicity [18].

3.3.4 FTIR
FTIR spectroscopy was performed to analyze the chemical structure and changes in the internal

structure of bamboo specimens before and after N2/O2 plasma and PDMS solution treatments. Fig. 11
shows the FTIR spectrum obtained at 400–4000 cm−1. The FTIR spectra of untreated specimen showed
several characteristic absorption peaks at 1738 and 1596 cm−1, corresponding to C=O stretching vibration
and stretching vibration of the benzene ring that represents lignin, respectively. The absorption peak at
1249 cm−1 corresponds to the stretching vibration of the acetyl group, which is a characteristic of hemicel-
lulose. The absorption peak at 1033 cm−1 is attributed to the C-O stretching vibration and that at 1160 cm−1

corresponds to the C–O–C asymmetric stretching vibration of cellulose [19,20]. Upon PDMS solution
treatment, absorption peak was observed at 2911 cm−1, corresponding to the significant C–H stretching
vibration in saturated carbon. Moreover, new bands appeared at 795 and 793 cm−1, corresponding to
Si–O–Si bonds. The Si–C3 stretching vibration of Si–CH in PDMS indicates that siloxane covalently bonded
with bamboo during O2 plasma treatment [8]. The absorption peak corresponding to the stretching vibration
of nonconjugated carbonyl CO was observed at 1738 cm−1, indicating a significant increase in carbonyl
content. The intensity of the absorption peak at 1014 cm−1 (cellulose and hemicellulose) changed noticeably,
indicating that the polysaccharide components in bamboo specimens were considerably impacted by the
plasma-induced photoelectric effect [21,22].



944 J Renew Mater. 2025;13(5)

Figure 11: FTIR spectra of Moso bamboo surface before and after plasma and PDMS solution treatments

3.3.5 XPS
Fig. 12 shows the X-ray photoelectron spectra of C1s, O1s, and N1s of Moso bamboo surface before

and after N2/O2 plasma and PDMS solution treatments. The C1s spectrum appears symmetrical with a
binding energy of 284.4 eV and is composed of C–C/C–H (285.0 eV), C–OH (286.2 eV), –O–C–O–/CO
(288.1 eV) [23,24]. The C1 peak primarily originates from lignin in bamboo and extracts of fatty acids, fats,
and wax [25]. Table 9 shows the content of oxygen-containing functional groups on the specimen surface
increased after O2 plasma and PDMS solution treatments. Moreover, the content of these functional groups,
particularly the hydroxyl groups(−OH), on the specimen surface, directly impacts its surface wettability.
After N2 plasma and PDMS solution treatments, the nitrogen content on the specimen surface increased
from 0.61 to 1.4. The C1s spectrum shows that the content of ketone and aldehyde groups (–CHO/CO) in
lignin enhanced after O2 and N2 plasma and PDMS solution treatments. This indicates that the plasma
treatment exposes the lignin structure on the bamboo surface and facilitates the formation of new carboxyl
groups(−COOH) [26]. The O1s peak was relatively narrow, which is typical of pure cellulose. This is because
only one component in the O1s peak does not undergo any chemical shift and O and C in cellulose are
linked by single bonds. This type of oxygen is usually attributed to O2, with an electron binding energy of
approximately 533 eV. The O2 peak with a binding energy of approximately 531 eV is attributed to oxygen
in Si–O–Si and Si–O–C bonds, resulting from to the covalent grafting of PDMS chains onto the Moso
bamboo surface. The presence of O1 and O2 indicates that the material composition contained noncellulose
components [27,28].
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Figure 12: High-resolution XPS spectra of Moso bamboo surface before and after plasma and PDMS solution
treatments

Table 9: Elemental content of Moso bamboo surface before and after plasma and PDMS solution treatments

Elements Untreated O2 N2

C 69.33 64.91 65.01
N 0 0.61 1.4
O 30.67 34.48 34.05

O/C 0.44 0.53 0.52
N/C 0.002 0.01 0.022
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4 Response Surface Analysis

4.1 Development of the Experimental Model
The surface energy of Moso bamboo specimens after O2 and N2 plasma and PDMS solution treatments

was evaluated via response surface analysis. The corresponding results are shown in Tables 10 and 11.

Table 10: Response surface analysis results for the surface energy of Moso bamboo specimens after O2 plasma and
PDMS solution treatments

Sample Treatment
power/W

Treatment
time/s

Solution
concentration/%

Maceration
time/min

Surface
energy/10−7J⋅cm−2

1 1200 10 5.5 60 17.44
2 800 10 1 40 10.36
3 800 15 5.5 40 5.96
4 800 10 5.5 20 13.02
5 1000 10 10 20 19.68
6 1000 5 5.5 60 23.02
7 1000 15 5.5 60 14.05
8 1200 10 5.5 20 16.21
9 1000 15 1 40 21.36
10 1000 10 10 60 14.56
11 1200 5 5.5 40 17.16
12 800 5 5.5 40 13.21
13 1000 10 5.5 40 20.59
14 1200 10 1 40 28.33
15 800 10 5.5 60 4.5
16 1000 10 1 20 24.79
17 1000 5 10 40 24.31
18 1000 15 10 40 15.01
19 1200 15 5.5 40 17.99
20 1000 10 5.5 40 24.88
21 1000 5 5.5 20 23.57
22 1000 10 5.5 40 21.91
23 1000 10 1 60 17.51
24 1000 15 5.5 20 20.23
25 1000 5 1 40 25.74
26 1200 10 10 40 16.6
27 800 10 10 40 11.68
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Table 11: Response surface analysis results for the surface energy of Moso bamboo specimens after N2 plasma and
PDMS solution treatments

Sample Treatment
power/W

Treatment
time/s

Solution
concentration/%

Maceration
time/min

Surface
energy/10−7J⋅cm−2

1 800 10 1 40 9.86
2 1000 5 1 40 8.96
3 800 15 5.5 40 7.375
4 1000 10 5.5 40 4.52
5 1000 15 5.5 20 4.1
6 1000 5 5.5 60 3.91
7 1200 15 5.5 40 5.57
8 1000 10 1 20 6.52
9 1200 10 5.5 20 6.03
10 1200 10 1 40 6.82
11 800 5 5.5 40 7.66
12 800 10 10 40 5.87
13 1000 15 1 40 4.12
14 1000 5 10 40 5.98
15 1000 10 10 20 4.67
16 1000 5 5.5 20 5.84
17 1200 5 5.5 40 6.65
18 1000 15 5.5 60 3.77
19 1000 10 5.5 40 5.1
20 1000 10 5.5 40 4.35
21 1000 10 1 60 5.06
22 800 10 5.5 60 6.61
23 1200 10 5.5 60 8.24
24 800 10 5.5 20 8.85
25 1000 15 10 40 4.11
26 1200 10 10 40 6.61
27 1000 10 10 60 3.99

The determined surface energy values were fitted via multivariate regression fitting using Design-Expert
11.0. Then, multivariate regression equations were obtained for surface energy and treatment processing
parameter in relation to treatment power, treatment time, solution concentration, and maceration time.

The multivariate regression equation for O2 plasma and PDMS solution treatments is

Y = 22.46 + 4.58A − 2.70B − 2.19C − 2.20D + 2.02AB − 3.26AC + 2.44AD − 1.23BC − 1.41BD + 0.54CD
− 7.02A2 − 0.8742B2 + 0.1658C2 − 2.50D2.

The multivariate regression equation for N2 plasma and PDMS solution treatments is

Y = 4.66A − 0.5254B − 0.8296C − 0.3692D − 0.1998AB + 0.9450AC + 1.11AD + 0.7425BC + 0.4BD
+ 0.1950CD + 2.31A2 + 0.0450B2 + 0.6160C2 − 0.0119D2,
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where Y, A, B, C, and D denote the surface energy, treatment power, treatment time, PDMS solution
concentration, and maceration time, respectively.

4.2 Variance Analysis
Tables 12–15 show the variance analysis results of the quadratic model of the surface energy of Moso

bamboo specimens subjected to O2/N2 plasma and PDMS solution treatments.

Table 12: Variance analysis results of the quadratic model of the surface energy of Moso bamboo specimens after O2
plasma and PDMS solution treatments

Source Sum of squares df Mean square F-value p-value Distinctiveness
Model 610.59 14 43.61 3.38 0.0206 Significant

A 52.08 1 52.08 4.03 0.0677
B 129.43 1 129.43 10.02 0.0081
D 30.88 1 30.88 2.39 0.1480
C 58.17 1 58.17 4.50 0.0553

AB 81.72 1 81.72 6.33 0.0271
AC 56.63 1 56.63 4.38 0.0582
AD 23.77 1 23.77 1.84 0.1999
BC 15.68 1 15.68 1.21 0.2921
BD 7.92 1 7.92 0.6135 0.4487
CD 1.17 1 1.17 0.0903 0.7689
A2 64.45 1 64.45 4.99 0.0453
B2 1.12 1 1.12 0.0864 0.7738
C2 17.91 1 17.91 1.39 0.2618
D2 39.20 1 39.20 3.04 0.1070

Residual 155.00 12 12.92
Lack of fit 123.17 10 12.32 0.7741 0.6831 Not significant
Pure error 31.82 2 15.91
Cor total 765.58 26

Table 13: Fitting statistics of the surface energy of Moso bamboo specimens after O2 plasma and PDMS solution
treatments

Std. Dev. 2.02 R2 0.9462
Mean 17.91 Adjusted R2 0.8835
C.V.% 11.29 Predicted R2 0.7275

Adeq precision 14.5437
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Table 14: Variance analysis results of the quadratic model of the surface energy of Moso bamboo specimens after N2
plasma and PDMS solution treatments

Source Sum of squares df Mean square F-value p-value Distinctiveness
Model 67.39 14 4.81 6.53 0.0012 Significant

A 3.31 1 3.31 4.49 0.0555
B 8.26 1 8.26 11.20 0.0058
D 8.52 1 8.52 11.55 0.0053
C 1.64 1 1.64 2.22 0.1622

AB 0.1580 1 0.1580 0.2143 0.6517
AC 3.57 1 3.57 4.85 0.0480
AD 4.95 1 4.95 6.72 0.0236
BC 2.21 1 2.21 2.99 0.1093
BD 0.6400 1 0.6400 0.8682 0.3698
CD 0.1521 1 0.1521 0.2063 0.6578
A2 28.40 1 28.40 38.52 <0.0001
B2 0.0108 1 0.0108 0.0147 0.9057
C2 1.99 1 1.99 2.70 0.1264
D2 0.0008 1 0.0008 0.0010 0.9750

Residual 8.85 12 0.7371
Lack of fit 8.54 10 0.8536 5.52 0.1630 Not

significant
Pure error 0.3093 2 0.1546
Cor total 76.23 26

Table 15: Fitting statistics of the surface energy of Moso bamboo specimens after O2 plasma and PDMS solution
treatments

Std. Dev. 0.8586 R2 0.8840
Mean 5.97 Adjusted R2 0.7486
C.V.% 14.39 Predicted R2 0.3459

Adeq precision 9.4670

Tables 12–15 show the variance analysis results and fitting statistics for the quadratic model of Moso
bamboo specimens after O2/N2 plasma and PDMS solution treatments. The F-values for the regression
models were 3.38 and 6.53, respectively. The p-value for the O2 plasma quadratic model was <0.1, indicating
that it was significant. The p-value for the N2 plasma quadratic model was <0.01, indicating the model
was highly significant. The lack of fit p-values is 0.6831 and 0.1630, respectively, and the p-values were
not significant. This suggests that the lack of fit due to errors was not significant and the equation was
reliable [29]. The adjusted determination coefficients (R2Adj) were 0.8835 and 0.7486, indicating that the
model can explain 88.35% and 74.86% of the variation in surface energy after O2/N2 plasma and PDMS
solution treatments, respectively. The data in tables can be used for analyzing and predicting the surface
energy. The coefficients of determination (R2) were 94.62% and 88.40%, respectively, indicating that both
equations had a good fit and a good correlation existed between predicted and measured values [30–32].
The coefficients of variation (CV) were 11.29% and 14.39%, both below 15%, indicating that these results
can be used for predictive analysis. By combining the data in Tables 12 and 14, the significance of each
regression coefficient, and comparing the F-values, the extent of influence of each influencing factor on
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the surface energy results after O2/N2 plasma and PDMS solution treatments can be determined. Results
show that the order of influence is as follows: treatment time > maceration time > treatment power >
solution concentration. The order of influence after N2 plasma and PDMS solution treatment is solution
concentration > treatment time > treatment power >maceration time.

4.3 Response Surface Optimization: 3D Graph Analysis
Figs. 13 and 14 show the response surface and contour plots of variations in the surface energy of Moso

bamboo specimens subjected to O2 plasma treatment under different conditions of treatment power, time,
PDMS solution concentration, and maceration time. The response surface plot shows the degree of influence
of variables on the dependent variable. The steeper the fitted surface slope of the response surface plot and
the denser the contour lines, the more significant the impact of the factor on the correlation [33]. When the
contour lines are elliptical, their interaction is significant. In contrast, when the contour lines are circular, no
interaction exists between the two variables [34,35]. Moreover, the slope of the response surface plot denoting
the impact of treatment power and maceration time of O2 plasma on the surface energy of Moso bamboo
was steep; this indicated significant interaction between the two variables [17,36,37]. Moreover, the order of
influence of the interaction between various factors on the correlation was AD > AB > AC. The slope of the
contour surface for BC, DC, and BD was not high and the interaction between the treatment power and
maceration time of O2 plasma significantly impacted the surface energy of Moso bamboo. The interaction
between the treatment time and PDMS solution concentration of O2 plasma had the least impact on the
surface energy of Moso bamboo.

Figure 13: Response surface diagrams denoting the effects of treatment power, time, PDMS solution concentration,
and maceration time on the surface energy of Moso bamboo specimens after O2 plasma and PDMS solution treatments

Figs. 15 and 16 show the response surface diagrams that denoted the influence of N2 plasma and PDMS
solution treatments on the surface energy of Moso bamboo with parameters including treatment power,
time, PDMS solution concentration, and maceration time. The fitted surface slope of the N2 plasma treatment
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power and PDMS solution concentration interactions on the surface energy of Moso bamboo was steep,
indicating a significant interaction between the two parameters. The interactive effect of PDMS solution
concentration and maceration time on the surface energy of Moso bamboo was relatively minor, whereas
that of treatment power and solution concentration is the most significant. As the maceration time increases,
the change in the surface energy of Moso bamboo specimens became notably smaller. The order of influence
of the interactions between factors on the correlation was AC > AD > BC > CD > BD.

Figure 14: Contour plots of the effects of treatment power, time, PDMS solution concentration, and maceration time
on the surface energy of Moso bamboo specimens after O2 plasma and PDMS solution treatments
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Figure 15: Response surface diagrams denoting the effects of treatment power, time, PDMS solution concentration,
and maceration time on the surface energy of Moso bamboo specimens after N2 plasma and PDMS solution treatments

Figure 16: Contour plots of the effects of treatment power, time, PDMS solution concentration, and maceration time
on the surface energy of Moso bamboo specimens after N2 plasma and PDMS solution treatments
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5 Conclusions
The effects of O2/N2 plasma and PDMS solution treatments on the surface hydrophobicity of Moso

bamboo were studied using the single factor method. Moreover, the surface morphology and chemical
groups in the specimens before and after treatment were analyzed. Response surface analysis was performed
to establish the relationship model between the surface energy of bamboo and plasma treatment power, time,
PDMS solution concentration, and maceration time. The influence of these factors on the surface energy
results of bamboo was analyzed. The results are as follows:

(1) The hydrophobicity of the Moso bamboo surface can be modified by combining plasma treatment
with PDMS solution treatment. This method is easy, nontoxic, and inexpensive; it also exhibits high
hydrophobic modification efficiency. This makes it suitable for industrial applications.

(2) The combination of O2/N2 plasma treatments with PDMS solution treatment considerably improved
the hydrophobicity of the Moso bamboo surface; the optimal process conditions were determined as follows.
For O2 plasma treatment, treatment power was 800 W, treatment time was 15 s, O2 flow rate was 1.5 L/min,
PDMS solution concentration was 5%, and maceration time was 60 min. For N2 plasma treatment, treatment
power was 1000 W, treatment time was 15 s, N2 flow rate was 1.5 L/min, PDMS solution concentration was
5%, and maceration time was 60 min.

(3) After plasma and PDMS solution treatments, abundant silicone oil particles appeared on the Moso
bamboo surface along with pores of varying sizes. Thus, plasma treatment produced a certain cross-linking
effect on the Moso bamboo surface.

(4) The degree of influence of two plasma treatments and PDSM solution treatment on the surface
energy of the Moso bamboo are as follows: plasma treatment time > maceration time > plasma treatment
power > PDMS solution concentration (O2 plasma) and PDMS solution concentration > plasma treatment
time > plasma treatment power >maceration time (N2 plasma).
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