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Abstract: The inner and outer surfaces of bamboo stems are usually removed prior to the manufacture
of bamboo panels because the surfaces are hydrophobic and difficult to bond with glue. Hence,
the recovery and utilization ratio of bamboo during processing is low. This study focused on using
glow-discharge plasma to treat green bamboo surfaces to make them less hydrophobic. The effects of
plasma treatment on green bamboo stems were examined using contact goniometry (wettability),
non-contact confocal profilometry and scanning electron microscopy (SEM). Confocal profilometry
and SEM revealed that the morphology of green bamboo surfaces varied between 3 different stems.
Plasma was able to etch bamboo green surfaces, and make them rougher and more powdery.
Plasma treatment was effective at converting green bamboo surfaces from hydrophobic (initial contact
angle >110°) to hydrophilic (contact angle <20°). However, this effect was temporary and contact
angle increased with time and recovered approximately 30% of its original value after 24 h. Based on
our findings, we conclude that plasma treatment can alter parameters such as surface energy and
roughness that could improve glue bonding of green bamboo, but delays between plasma treatment
and further processing would need to be minimized.
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1. Introduction

As primary forest area declines, fast growing bamboo is becoming more important as a source of
biomaterials especially for forest-deficient countries, such as India, China, and so on. The bamboo
industry supplies earnings, food, and fibre for more than 2.2 billion people; half the world’s population
is involved in using and trading bamboo products. Manufactured bamboo is widely used in many fields,
such as furniture, buildings, musical instruments, and so on. As a biological material, bamboo has
the advantage of fast growth, low energy consumption during processing and much higher strength
compared with other herbaceous plants. Some of its mechanical properties compare favourably with
those of wood. For example, Yang et al. studied three species of eucalypt wood (E. globulus Labill,
E. nitens (H. Deane & Maiden) Maiden, E. regnans F. Muell.), with Modulus of Elasticity (MOE) of
18 GPa, 11 GPa, 13 GPa, and Modulus of Rigidity (MOR) of 119 MPa, 83 MPa, 83 MPa respectively [1].
Daian et al. reported that the MOE and MOR for Australian ponderosa pine (Pinus ponderosa Douglas
ex C. Lawson) wood were 7.7 GPa and 65.3 MPa, respectively [2], whereas the MOE of Bambusa rigida
(Keng & Keng f.) bamboo was 12.8 GPa and MOR was 119.8 MPa [3]. Furthermore, the MOE of
Dendrocalamus farinosus ((Keng & Keng f.) L.C.Chia & H.L.Fung) bamboo was as high as 68.7 GPa and
its MOR reached 255.0 MPa [3].
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Although it has many advantages, bamboo’s uses and ease of mechanical processing are lower
than those of wood, largely because of its hollow structure, small diameter and hard and hydrophobic
outer stem surface. In order to use bamboo it is usually manufactured into composites such as bamboo
Scrimber™, bamboo plywood, bamboo laminated lumber, and so on. One of the first steps in making
bamboo composites is to remove its outer green surface and its inner yellow surface because these layers
interfere with glue bonding. These processing steps increase the complexity of making composites from
bamboo and significantly lower bamboo’s recovery rate (utilization ratio). For example, the utilization
ratio (from raw material to panel) of bamboo-based plywood, panel, and flooring is only 35-48%, 50%,
and 20-25%, respectively [4], compared to ~60% for composites made from wood [5].

Improving surface energy and reducing hydrophobicity of bamboo stems is a potential route
to improving their utilization ratio during the manufacture of composites. Numerous approaches
to improving adhesion of difficult-to-glue woody materials have been tried in the past including,
sanding [6], plasma treatment [7], freeze-thaw treatment [8] etc. Plasma treatment is attracting
increasing attention and it has been shown to be effective at improving wood’s bonding ability [9,10],
but improvements are affected by species [11,12], growth direction [13], time [14], media [15],
etc. Plasma treatment of bamboo has also been examined, but the research has mainly focused
on treating bamboo fibers [16], bamboo powder [17,18], bamboo slivers [19], etc. By contrast the effects
of plasma treatment on the properties of raw bamboo to support industrial applications of bamboo has
received less attention [20].

In order to get further information about how plasma affects raw bamboo surfaces, bamboo’s
green side was plasma treated, and changes of contact angle, micro-roughness, and microstructure
before and after plasma were examined. We anticipate that our findings could give some data for
improving bamboo’s surface bonding properties, adhesion, and provide useful advice for the utilization
of whole bamboo.

2. Materials and Methods

2.1. Materials

Three (3) bamboo stems for three typical bamboo surface conditions, including normal, smooth and
rough surfaces, were stored in a conditioning room at 20 + 1 °C and 65 + 5% r.h. in the Forest Science
Center of UBC. The basic densities of the bamboo blocks were 0.48 g/cm?, 0.55 g/cm3, 0.61 g/cm?,
culm wall thicknesses were 5.45 mm, 7.11 mm, 5.25 mm, and moisture contents were 8.0%, 8.2%,
7.9% for bamboo stems numbered 1, 2, 3, respectively (Figure 1a). Stems were cut from the third
internode from bottom (Figure 1b). Eight (8) pieces were prepared for each stem to ensure adequate
replication. Small blocks with size of 5 mm (longitudinal) by 5 mm (tangential) by actual thickness
were cut from bamboo sections. Compressed air was used to clean the bamboo blocks, especially the
green bamboo surfaces.

2.2. Methods

2.2.1. Plasma Treatment

A glow-discharge water vapor plasma reactor [7] was used to treat the bamboo specimens.
The plasma was produced under vacuum of 19.99 + 1.33 Pa. Green bamboo surfaces were treated
at 150 W for 5 min, while the control set for each stem was treated for 5 min at the same pressure
without plasma.

2.2.2. Contact Angle Test

Contact angles of water droplet on bamboo surfaces were obtained to determine the surface
wettability and energy change resulting from plasma treatment. A KVS CAM 101 instrument
(KSV Instrument Ltd., Helsinki, Finland) was used to measure the static contact angle of water
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droplets on green bamboo surfaces. Images were captured once the water droplet formed and
before it left the syringe needle. The filming frequency was every 16 milliseconds, with one shot
lasting foyr 120 frames and then every second shot lasting for 20 frames. Images were captured the
moment the water droplet touched the green bamboo surface and were used to calculate contact angle.
Contact angles were calculated by baseline adjustment and curve fitting of the captured drop profile to
the theoretical shape predicted by the Young-Laplace equation using instrument software (CAM 200,
KSV Instrument 2007, Helsinki, Finland). Left and right angles were averaged to obtain a mean contact
angle for each test.

Figure 1. Bamboo specimens: (a) bamboo blocks, (b) bamboo specimen preparation.

2.2.3. 3D Topography and Height Parameters

A white-light non-contact confocal profilometer (Altisurf 500 ®, ALTIMET, Marin, France) was
used to measure the topography of samples before and after plasma treatment. To ensure the same area
0.5 X 0.5 mm? of interest (radial or tangential) was scanned before and after plasma treatment, a “L”
shape wooden frame was placed on the x-y stage of the confocal profilometer. This frame ensured that
bamboo specimens maintained the same position on the x-y stage during scanning. The following
measurement parameters were used: spacing between measurement point 0.5 X 0.5 um; resolution
= 1001 x 1001; scan speed = 100 um/second and measurement range in the z-direction varied from
10 nm to 300 um. The software PaperMap (v. 3.2.0, ALTIMET, Marin, France) was used to produce
high-resolution topographic images of green bamboo surfaces. Roughness parameters S;, Sg, Sku, Sp,
Sv, Sz, Sqa according to ISO 25178 were also obtained from PaperMap (v. 3.2.0) and were used to assess
the effect of plasma treatment on roughness of green bamboo surfaces.

S; (root mean square value of the ordinate values within a definition area (A))-root mean square
value of the ordinate values within a definition area (A).

% f f 22 (xy)dxdy M
A

Ssk (skewness of the scale-limited surface)—quotient of the mean cube value of the ordinate values
and the cube of S; within a definition area (A).

Sku (kurtosis of the scale-limited surface)—quotient of the mean quartic value of the ordinate

values and the fourth power of S; within a definition area (A).

ku 54 i f f 2" (xy)dxdy ©)

Sp (maximum peak height of the scale limited surface)—largest peak height value within a
definition area.
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Sy (maximum pit height of the scale limited surface)—minus the smallest pit height value within
a definition area.

S, (maximum height of the scale limited surface)}—sum of the maximum peak height value and
the maximum pit height value within a definition area.

S, (arithmetic mean of the scale limited surface)—arithmetic mean of the absolute of the ordinate

values within a definition area (A)
1
Sa = fo|z(xy)|dxdy 4)

The effects of plasma treatment on green bamboo surfaces was observed by SEM. The plasma

2.2.4. Scanning Electron Microscopy

modified and unmodified bamboo specimens were attached to aluminum mounting stubs using
double-sided adhesive tape and dried [21]. They were then coated with gold using a sputter coater
(Nanotech SEMPrep II, Nanotechnology Ltd., Sandy, UK) and examined using a field emission
scanning electron microscope (Hitachi S-4700, FESEM, Hitachi High-Tech Corporation, Tokyo, Japan).
The accelerating voltage was 5 kV.

3. Results and Discussion

3.1. Contact Angle

Contact angle is an important parameter for evaluating surface energy (solid surface wettability
to liquid), which affects surface finishing, and adhesive bonding [7]. When contact angle 6 > 90°,
the solid is defined as hydrophobic and when 0 < 90° the solid is defined as hydrophilic.

Figure 2 shows contact angle change of green bamboo surface after glow-discharge plasma
treatment. Green bamboo surfaces were converted from hydrophobic to hydrophilic after plasma
treatment. Their initial contact angle dropped from 115° to 14° (Figure 2a). This contact angle decrease
is similar to that of bamboo treated using a low pressure cold radio frequency (RF) discharge plasma
(contact angle on bamboo green surface changed from 109° to 19°, as evaluated using 2D resin [20]).
However, the change is larger than that of bamboo treated with a cold oxygen plasma (contact angle
decreased from 104° to 52°, as evaluated using phenol formaldehyde resin [22]). As time elapsed,
contact angle recovered, especially during the first 24 h. Contact angle of stem 2 after 24 h of plasma
treated recovered 84% of its original value (Figure 2b).

a b
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B Stem | —m— Stem 1
—e— Stem 2
L —O— Stem 3
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100

75

Contact angle/ ©

50
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Figure 2. Contact angle: (a) contact angle changes of stem 1 during aging, (b) contact angle ratio of
plasma treated specimens compared to untreated control during aging.
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Our finding that effect of plasma treatment on wettability is not permanent, and contact angle
recovers as time elapses has been observed with other materials [23]. For example, wettability of
European beech (Fagus sylvatica L.) after atmospheric plasma treatment decreased significantly in
the following two days [24]. In the case of polyethylene (PE), contact angle decreased from 97° to
0° after treatment with a radio frequency capactively coupled oxygen plasma, but the PE became
superhydrophobic 24 h later, with contact angle increasing to 150° [25]. This aging effect is thought to
be caused by both ‘thermodynamically driven reorientation of induced polar functional groups into
the bulk of the material to reduce the surface energy and the diffusion of the polar chemical groups in
the polymer matrix’ [26], and is ‘influenced by parameters such as substances, degree of crystallinity
of treated material, plasma gas species, storage conditions’ [27,28], or even different stems (in this
research, stem 2 recovered more than 80% of its initial contact after 24 h, while recovery by stem 1
and stem 3 was less than 40% (Figure 2b)). Hence, because of the effects of aging on contact angle of
plasma treated green bamboo surfaces, any subsequent processing steps such as coating or bonding,
should be done immediately after plasma treatment.

3.2. 3D Topography and Height Parameters

As a non-contact topography measurement technique, confocal profilometry is especially suitable
for measuring the roughness of irregular, curved surfaces, such as those present in the green bamboo
specimens treated here. The 3D topography of green bamboo surfaces before and after plasma treatment
are shown below in Figure 3.

Figure 3. 3D topographical images obtained by confocal profilometry for (a) stem 1, before plasma
treatment, (b) stem 1, after plasma treatment, (c) stem 2, before plasma treatment, (d) stem 2, after plasma
treatment, (e) stem 3, before plasma treatment, and (f) stem 3, after plasma treatment.

From Figure 3, it can be seen that the topography of the green bamboo surfaces before and after
plasma treatment differed between the three stems. The color-coded images in Figure 3 show heights
of green bamboo surfaces. The different color blocks in stem 1 and stem 3 were mainly caused by the
curvature of bamboo surface resulting from their smaller diameters. The dark spots in images are
produced by voids in the surface of the green bamboo specimens. Compared with obvious scattered
holes on the surfaces of stem 1 and stem 3, holes on stem 2 are less visible. Holes numbers in stem 1 and
stem 3 increased after plasma treatment while there was little change in the number of holes in stem 2.
This finding suggests a strong between-sample, effect on plasma etching of green bamboo surfaces.
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Height parameters from confocal profilometry were used to calculate surface roughness,
which directly influences surface bonding strength, coating quality, and so on. Table 1 lists the
different roughness parameters matched with stems in Figure 3.

Table 1. Height parameters of green bamboo stems before and after plasma treatment.

Stem 1 Stem 2 Stem 3
Parameters

Before After Before After Before After

Sa/um 6.48 7.90 2.10 3.03 16.1 20.1
Sg/um 10.0 14.0 2.55 3.69 19.7 27.2
Ssk -6.07 -6.08 —-0.883 -2.32 -1.22 -1.68

Siu 90.7 59.8 334 85.4 9.69 7.62
Sp/pm 125 134 7.85 9.23 108 155
Sop/pm 155 146 138 147 170 125
S./um 279 280 146 156 279 280

Note: all above parameters are defined according to international standard ISO 25178-2-2012.

In accord with 3D topographical images in Figure 3, glow-discharge water vapor plasma treatment
roughened and increased S, for all three stems, (Table 1). Plasma can etch materials although the rate
of etching varies between materials and in polymer blends [29,30]. The testing plane after plasma
treatment might have become lower in stem 1 and stem 3 as S, increased for these specimens while it
remained largely unchanged for stem 2 (S, changed little) (Table 1). According to the colour-coded
topographic maps of the 3 stem specimens in Figure 3, height changes were mainly less than 50 pm
including scattered peaks and troughs. However, the parameter S, sum of the maximum peak and pit
height, was close to full measurement range of 300 um both before and after plasma treatment (Figure 3,
Table 1). This discrepancy may be due to the presence in the green bamboo specimens of narrow and
deep troughs rather than peaks, as Sg values were negative, far lower than —1 [31], Sy, values were all
much larger than 3, which indicates a concentrated distribution of needle valleys [32].

From S, results it appears as though stems with lower initial S, roughened less as a result of
plasma treatment. One reason for this phenomenon might be reduced surface area on smoother
surfaces for the plasma to etch the green bamboo during treatment [33-35]. Changes in Sp, Syand S,
after plasma treatment were greatest in stem 3, and smallest in stem 2, indicating that the surface of
stem 3 was etched more easily by plasma than that of than stem 2. This finding suggests a strong effect
of stem type on plasma etching of green bamboo stems.

3.3. Scanning Electron Microscopy

Characterization of the plasma etching of stems 1, 2, and 3 was done with SEM, which has higher
magnification and better resolution of green bamboo surfaces than confocal profilometry. It must be
pointed out, however, that images depend not only on the stems, but also on the place of imaging at
the surface. The surface morphologies showed significant differences between the 3 stems.

In stem 1, cryptopores with oval shapes surrounded by tiny protuberance were visible both before
and after plasma treatment. Green bamboo surfaces were covered by tiny protuberances (Figure 4a—d).
In comparison to stem 1, stems 2 and 3 showed a smoother surface covered by platelets (Figure 4e,f)
or particles (Figure 4i,j) before plasma treatment. It was difficult to see any cells at these surfaces
(Figure 4e,f), which may be due to high levels of silicon, SiO,-nH,O or silicon compounds in green
epidermis layer of the bamboo [36,37]. Platelets or particles in the epidermis layers were removed
(etched) by plasma, and micro-convexes on stem 2 and cryptopores on stem 3 bamboo green surface
became apparent (Figure 4g k). Micron sized powder particles were also common (Figure 4h,l).

SEM images of stem 2 and stem 3 show smooth surfaces before plasma treatment while globular
protuberances appeared after plasma treatment (Figure 4e,g,i k) indicating etching of the surface of
green bamboo by plasma. Etching effects on substance morphology is a widely reported outcome of
plasma treatment, such as wood treated by cold atmospheric pressure plasma [14], hot-oil modified
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wood treated with water-vapour plasma [38], polyethylene terephthalate (PET) film treated by radio
frequency Ar plasma [39] and so on. Changes caused by plasma treatment of green bamboo such as
roughening and appearance of globular protuberances (Table 1), could have increased surface water
permeability [40], thereby contributing to decreases in contact angle (surface energy increases) [41]
(Figure 2). Such plasma-induced changes could make the surface of green bamboo more bondable [42]
but further research is needed to confirm this suggestion.

Figure 4. Scanning electron microscopy images of green bamboo surfaces of stem 1 untreated (a,b)
& treated (c,d), stem 2 untreated (e,f) & treated (g,h), stem 3 untreated (i,j) & treated (k,1) by plasma.

4. Conclusions

The effects of glow-discharge plasma on green bamboo surfaces from three different stems was
examined using contact goniometry (wettability), non-contact confocal profilometry and scanning
electron microscopy. Bamboo had a hydrophobic green surface with an original contact angle greater
than 110°. Plasma treatment had the temporary effect of making green bamboo surfaces hydrophilic
(contact angle below 20°). However, with aging, contact angle recovered by more than 30% after 24 h
and 50% after 72 h. Green bamboo surface morphology varied between stems and surfaces could
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be very smooth with cells obscured by silicon compounds. Plasma treatment etched green bamboo
surfaces resulting in roughness increases and changes in surface morphology including creation of a
powdery layer. These surface changes and increases in specific surface area may explain in part why
contact angle decreased after plasma treatment. Results here indicate that glow-discharge plasma
treatment exerts a temporary effect on surface wettability of green bamboo and a more permanent effect
on surface morphology. Based on our findings, we conclude that delays between plasma treatment
and any processing of bamboo that requires hydrophilic surfaces such as gluing need to minimized.
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