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Abstract: Among commercial Malaysian bamboo species, Schizostachyum Grande species are characterised by
their longest internode and thinner culm wall, which allow more attainable fibres during the extraction process.
However, the chemical composition of bamboo fibres is higher than any other natural fibre, resulting in coarse and
stiff fibres that require alkaline treatment to develop fine fibres. This paper presents the effect of alkaline treatment
concentration and soaking time on the physical properties and tensile properties of bamboo fibres. The bamboo
fibre was treated with an alkaline solution at 4 and 8 wt.% concentration for 6, 12, 18, and 24 hours. The diameter
and fineness of bamboo fibre were evaluated to determine if alkaline concentration and soaking time affected the
fibres. Results showed that the treated fibre diameter decreased by 23.2% to 66.51 pm at 8 wt.% alkaline
concentrations for 12 hours of soaking time compared to the untreated bamboo fibre of 86.56 um. The fibre
fineness of 11.96 tex was produced at 24 hours of soaking time and 8 wt.% alkaline concentrations. Alkaline
treatment was effective in causing a decrease in fibre diameter and produced the finest fibre. Thinner and finer
fibre was produced as alkaline concentration and soaking time increased. The highest tensile strength of treated
bamboo fibre was 1.42 GPa at a 4 wt% alkaline concentration and 6 hours of soaking time. Elongation at break and
tenacity improved remarkably when the alkaline concentration and soaking time were increased, which were
3.11% and 45 cN/Tex, respectively, at 8 wt% alkaline concentrations for 12 hours of soaking time. Moreover, the 8
wit% alkaline concentration was the best for bamboo fibre because the treatment was effective in causing a
decrease in fibre diameter and produced the finest fibre. The elongation at break and tenacity of fibres were also
improved at 12 hours of soaking time. The tensile strength and modulus of fibre were reduced at longer soaking
times at high alkaline concentrations of more than 18 hours.

Keywords: Alkaline treatment, natural bamboo fibres, fibre fineness, fibre morphology, tensile properties.

1. Introduction

Natural cellulose fibres include flax, jute, sisal, kenaf, hemp, banana, and oil palm fruit bunch cellulose fibre.

Plants that produce cellulose fibres are classified as bast fibres (jute, flax, ramie, hemp, and kenaf), seed fibres (cotton,
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coir, and kapok), leaf fibres (sisal, pineapple, and abaca), grass and reed fibres (rice, corn, and wheat), and core fibres
(hemp, kenaf, and jute), along with others (wood and roots) [1]. Natural fibres such as silk, wool, lignocellulosic fibres,
and synthetic fibres are used by textile makers for various applications. Natural fibres such as cotton and linen have
long been sought after by industry. New materials that may match their performance are now being explored. Since
cotton production consumes more than a quarter of the total insecticides used worldwide each year, cotton production is
harmful to the environment [2]. Synthetic fibres are derived from petroleum, which is not renewable, and they use
substantially more energy than renewable fibres [2]. Therefore, the textile industry has recently begun exploring and
utilizing all aspects of the bamboo plant for yarn application [3].

In manufacturing of textile products, the discovery of alternative sources of raw materials and natural resources is
required because of the limited availability and high price of raw materials. In Malaysia, where a tropical rainforest
environment prevails throughout the year, the accessibility and plentiful supply of bamboo fibres are addressing the
sustainable technology that may overcome the drawbacks of synthetic fibres by providing an alternative [4]. Bamboo is
one of the fastest-growing plants in the world, with a peak growth rate of up to 100 cm per day, which is far higher than
the growth rate of all other types of wood, which is normally 0.1-0.4 cm per day [5]. However, bamboo as
lignocellulosic fibres are coarse and stiff, requiring specialized processing techniques to develop fine and soft yarns that
can be used in value-added goods [6]. Aside from that, this initiative is in accordance with the Malaysian Timber
Industry Board's (MTIB) efforts to promote the bamboo industry through the formation of the Bamboo Industry
Development Action Plan 2021-2030 [7].

Numerous bamboo species are grown in forest regions, but they are also found on farms, riverbanks, roadsides, and
suburbs [8]. In Peninsular Malaysia, Schizostachyum grande species has the second-highest distribution after
Gigantochloa levis, according to the distribution of six bamboo species based on forest status, followed by
Gigantochloa scortechinii, Gigantochloa wrayi, Dendrocalamus asper, Schizostachyum zollingeri [9]. S grande is the
only species with longer internodes than any other commercial Malaysian bamboo. Among thirteen commercial
bamboo species, S. grande has a larger value in density, radial and tangential shrinkage. These characteristics of S.
grande species allow it to be used in various fibre production processes, particularly during mechanical extraction [10].
Due to the biological nature of bamboo, its mechanical, physical, and natural durability attributes vary according to
various factors, including growth conditions and genetics [11]. Detailed studies on the properties of numerous bamboo
species have been conducted, as in [10,12,13], where researchers focused on the physical and mechanical properties of
bamboo species that are commercially viable in Malaysia.

There have been lots of research studies on the physical properties of natural fibre based on spectroscopy and
microscopy. Salih et al. [14] discussed that single-cellulosic bamboo fibre scanning electron microscopy (SEM)
analysis revealed that the fibre surface had a high number of regularly spaced holes or pits and became significantly
rougher following alkaline treatments due to the elimination of hemicellulose, fatty substances, and other surface
impurities. Rocky and Thompson [15] discovered that all bamboo species analysed possess comparable structures in
which fibres are linked and coated by lignin and other non-fibrous material. The key structural parameters of textile
fibres in technical processes and fabric physical attributes are length, diameter, fineness, cross-sectional shape,
and major heterogenetics [16]. Aaditaa et al. [17] discovered that increasing NaOH concentrations enhanced physical
properties such as fineness, resulting in the elimination of more impurities from fibres. Many studies have been
conducted on mechanical performance testing of natural textile fibres including bamboo [4,15,18] and other plant fibres
such as kenaf [19] and pineapple leaf fibres (PALF) [20,21] by measuring tensile properties including its tensile
strength, Young's modulus, percentage of elongation, and tenacity.

Bamboo fibre extraction is often carried out using three primary methods, which are mechanical, chemical, or a
combination process of chemical and mechanical extraction [22-25]. Alkaline treatment, also known as mercerization,
is a common method for producing high-quality fibres. It involves the removal of non-structural components such as
fats, ash, and waxes from the fibres [26]. Bamboo fibres are comprised of cellulose and hemicellulose, with 45 to 55%
and 20 to 25%, respectively. Bamboo fibres are stiff due to their high lignin content of 20-30% lignin [27]. Apart from
that, the impurities in the fibres make them coarse and give them a murky white appearance. Due to the coarse nature of
the fibres, yarn spinning, and fabric manufacture are complicated [17]. As a result, a scouring procedure is required to
remove contaminants from bamboo fibres and separate them to make them appropriate for textile applications. Sodium
hydroxide (NaOH) is a versatile treatment that reduces strength and weight without affecting the fibre shape and
crystalline structure. Alkaline treatment affects the chemical composition of the fibres, resulting in changes to the
mechanical properties of the fibre surface roughness, crystallinity, and thermal behaviour [28].

The fineness of fibres is a critical feature that impacts their behaviour during the yarn and fabric manufacturing
processes. Additionally, the enhanced fineness leads to softer fibres and greater fibre pliability [17,29]. Studies found
that alkaline treatment with NaOH dissolves the cementing agent of the fibre. The percentage reduction depends on the
soaking time and temperature as well as the mixture ratio and NaOH concentration. Single bamboo fibres had a multi-
layered wall structure made of large cell walls, a small-scale lumen with pits, and a tiny microfibril angle [30].
However, only a few studies in the literature examine how alkaline concentration and soaking duration affect bamboo
fibre diameter and fineness in terms of spinnability [31].
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Natural fibres often range in diameter from 6 um (silk) to 15 um (cotton) to 70 pm (thick wool). In contrast, man-
made fibres may be produced in any diameter and cross-sectional form [32]. Different types of bamboo have different
lengths, diameters, chemical compositions, and lumen sizes for their fibres [14]. The diameter of the fibre influences
not only its strength, elongation, stiffness, and elasticity but also its hand feel, style, and processing of the yarn and
textile. The smaller the fibre diameter, the greater the friction between the fibres and the larger the yarn formed due to
the increased number of fibres contributing to the yarn strength [33]. Fibre diameter is an important characteristic since
a smaller diameter indicates a greater thread count and a silky feel [34]. Based on previous research, different
techniques and chemicals in suitable conditions may help extract fine natural bamboo fibre suitable for textile and
apparel applications [15,18,35]. The advantages of extraction processes and the effect of chemical treatment on fibre
diameter and fineness will provide a baseline for future research on spinnability potential. This research aims to
determine the effect of alkaline concentration and soaking time on the diameter, fineness, tensile properties, and
tenacity of bamboo fibres.

2. Methodology

2.1 Materials

The present investigation used a cultivated Schizostachyum grande species, commonly referred to as Buluh
Semeliang, which was obtained from Hangterra Bamboo Sdn Bhd. Mechanical extraction with a decorticator machine
was used to convert this bamboo strip to fibre prior to alkaline treatment. The fibre extracted from the bamboo culm
were hand combed using a hackling tool to eliminate short fibres, impurities, and neps while smoothing and
parallelizing the fibres. The sodium hydroxide (NaOH) in the pallet form utilized in this study was from HmbG
Chemicals, which comes in 1 kg plastic bottles. The alkaline solution concentration was prepared using weight per
volume percentage (W/v%).

2.2 Bamboo Fibre Extraction Process

The flow of the fibre preparation process is illustrated in Fig. 1. Each raw bamboo culm in Fig. 1(a) was cut into 4
to 5 strips as feed material prior to the decorticator machine process, as shown in Fig. 1(b). The strips were water retted
for 3 to 7 days before being crushed using a decorticator machine to obtain fibres. The decorticated fibres in Fig. 1(c)
remained adherent and showed a low degree of fibre opening. Therefore, the decorticated fibres were hand combed
before being subjected to an alkaline treatment. Alkaline treated fibres were entangled and intact after treatment, as
shown in Fig. 1(e), because of their wet form. Hence, combing was necessary after drying so the fibres were more open
and parallel, as shown in Fig. 1(f). Fibre extraction is based on the procedure established by [12]. As shown in Fig.
1(g), the fibre samples for testing and analysis were cut into the same standard length of 100 mm. Fibre specimens were
collected randomly from the top, middle, and basal of each part of the processed bamboo internodes. Untreated bamboo
fibre was utilized as a control sample to isolate the effect of the experimental treatment.

Fig. 1 - Sample preparation process (a) bamboo culm; (b) bamboo strips; (c) decorticated bamboo fibre; (d)
combed fibre; (e) alkaline treated fibre; (f) combed treated fibre; (g) testing sample
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2.3 Alkaline Treatment of Bamboo Fibre

Decorticated bamboo fibre was combed before being subjected to alkaline treatment. Salih et al. [14] reported
insufficient alkali solution reduced tensile properties, whereas an excessively high NaOH solution easily eroded the
fibers. In this study, the processed bamboo fibre was treated with different alkaline aqueous solutions at two levels of
concentrations of 4 and 8 wt.% at room temperature for 6, 12, 18, and 24 hour soaking times at 5-hour intervals were
selected based on literature [14,36] to remove hemicellulose and surface impurities. After the treatment, the fibres were
washed and neutralised with 10 wt.% of magnesium chloride (MgCl.) solution to remove the alkaline content and retain
the softness imparted to them. The fibres were thoroughly cleaned and dried at room temperature for a day, then dried
in a 60 °C oven for 24 hours. After drying the bamboo fibre, it was enclosed in a plastic bag to prevent water
absorption from the atmosphere prior to testing.

2.4 Fibre Diameter

The bamboo fibre diameter was measured using an Olympus Advanced Microscopic (BX53M model). The lens
was adjusted to 5x lens magnification used for diameter measurement. Ten fibre samples with 10 mm length were
sorted of each different treatment condition. The diameter was measured 10 times along its length as the average of the
diameters (Fig. 2). ASTM D2130-90 is a standard test method used for measuring the diameter of representative
sampling fibres under high magnification of microscope.

(@)

Average diameter

(b)

Fig. 2 - Diameter measurement of (a) untreated bamboo fibre; (b) treated bamboo fibre under the microscope

2.5 Fibre Fineness

The fineness of fibre, which was frequently expressed as mass per unit length, was measured using the standard
gravimetric method (cut and weight method) in accordance with ASTM D1577. The samples were cut into 10 cm and
weighed using a calibrated balance with a precision of 0.001 g. The results were expressed in Tex. An average of three
readings were taken. The coarser the fibre, the higher its tex value, which is inversely proportional to its fineness.
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2.6 Fibre Morphology

The surface morphology of the bamboo fibre before and after different alkaline treatment conditions was examined
with a Hitachi SU1510 Scanning Electron Microscope (SEM). The fibre samples were used for surface observations on
an SEM instrument operated at an accelerating voltage of 15 kV.

2.7 Fibre Tensile Properties

The Lloyd Instruments Universal Testing Machine LR30K model was used to determine bamboo fibre tensile
properties in compliance with ASTM (C1557-03). Natural fibres, such as kenaf, were tested using this standard
approach by Hashim et al. [37]. A single bamboo fibre was cut and glued at each end of the fibre to the paper frame to
avoid it sliding out of the grip area during testing. A single fibre was 40 mm in total length and 20 mm in gauge length.
The tensile speed was set to 1.0 mm/min. Fig. 3(a) shows a sample of bamboo single fibres that have been tightly
clamped on a tensile testing machine. Fig. 3(b) shows a diagram of the paper frame that is used to test tensile
specimens. The analysis was conducted on fibres that had been treated with NaOH at concentrations of 0, 4, and 8 wt%.
Twenty samples were gathered from each condition throughout the assessments. The average values were determined
by averaging the maximum of ten readings and excluding the samples that broke at the edges of the clamps from the
calculation.

(b)

Fibre

Glue \‘
\

/

T

Cutting line —™ * " Gauge length

¢

Fig. 3 - Tensile testing (a) tensile test of a single bamboo fibre sample; (b) specimen dimension schematic
diagram for a single fibre tensile test

2.8 Fibre Tenacity

Tenacity refers to the force required to break the fibre in relation to its linear density. As indicated in Equation (1),
the force required to break the fibre, cN, was divided by the tex value.

Load required breaking specimen

M

Tenacity = - -
- Lingar Density

Unit of tenacity: cN/tex

3. Results and Discussion

3.1 Fibre Physical Properties

Table 1 shows the impact of alkaline concentration and soaking time on bamboo fibre diameter and fineness.
Untreated bamboo fibre has the highest diameter when compared to treated bamboo fibre. Based on the results,
untreated bamboo fibre had an average diameter of 86.56 um. In contrast, treated bamboo fibre had a diameter ranging
from 66.51 to 78.95 um. Based on previous research by Tamanna et al. [38], it was found that the bamboo fibre
diameter was higher than that of cotton (11 to 22 um) and the pineapple leaf fibre (53 to 62 pm). However, kenaf (65 to
71 pm) and jute fibre (40 to 350 um) were found to be comparable to the bamboo fibre diameter. The fineness was
found to have a decreasing tex value after each treatment condition. Untreated bamboo fibres exhibit the highest
fineness with 23.84 tex. The lowest fineness of 11.96 tex for treated bamboo fibres was found in 8 wt.% NaOH after 12
hours of soaking time, which is within the range of 9.68 to 93.3 tex of previous research. Based on the results, the
fineness obtained was higher than the range of 0.05 to 0.20 tex reported for cotton fibres in the previous study. Despite
having a higher tex value than cotton fibres, natural bamboo fibres can be processed to produce coarser yarns or finer
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counts [15]. Based on the results from a previous study, it was observed that 2.5 wt.% NaOH treatment at a soaking
period of 24 hours resulted in finer bamboo fibre at 18 tex, compared to 32 tex for untreated bamboo fibres [39]. The
alkaline treatment approach utilized in this study was significantly improved to approximately a 50% increment in the
fineness of the bamboo fibre, which is 11.96 tex.

Table 1 - Diameter and fineness properties of bamboo fibre

Alkaline

Concentration Soa(lﬂggr'sr)lme Diameter (nm) Fineness (tex)

(wt.%)

0 0 86.56 + 9.40 23.84+0.86

4 6 78.20+7.51 19.75+0.88
12 70.80 £5.50 16.54 + 0.60
18 71.99 + 6.57 14.50 + 0.83
24 78.95+6.12 14.09 + 0.63

8 6 72.40 £ 3.67 12.76 £ 0.66
12 66.51 + 4.84 12.66 + 0.65
18 76.11+5.79 12.14 +0.46
24 77.93+£4.89 11.96 £ 0.33

The average diameter of bamboo fibres is depicted in Fig. 4. As the alkaline concentrations and soaking time
increase, the diameter of the fibre decreases. The alkaline treatment caused the hemicellulose, lignin, and other
impurities in the fibre to dissolve, which reduced the diameter of the fibre [40]. However, concentrations of more than
18 hours of soaking time for 4 and 8 wt.% indicate a distinct pattern. When soaking time and alkaline concentration are
increased, fibre diameter increases. The alkaline solution permeation process occurs concurrently with hemicellulose
dissolution, which causes the bamboo fibres to swell, which increases fibre diameter [5]. Alkaline treatment is
important in the separation of fibres in lignocellulosic material. To obtain a good degree of fibre extraction, a high
concentration of alkaline or a high temperature treatment is necessary [35].

100

20

80 A
= 70 A
2 60 - @ 0 hour
% 50 - E 6 hours
g 40 1 B 12 hours
/304 B 18 hours

20

10 J B 24 hours

0

0% 4% 8%
Alkaline concentration (wt.%o)

Fig. 4 - The diameter of the bamboo fibre subjected to different alkaline concentrations for various soaking
times

As displayed in Fig. 5, the fineness showed a decreasing trend. Treated bamboo fibre is finer than untreated
bamboo fibre, since the tex value is proportional to the fineness of the fibre, with a greater tex value indicating coarser
fibres. The tex values decrease as the alkaline concentration increases. Additionally, as the soaking time increased, the
fineness of the bamboo fibres also increased. This is because increases in alkaline concentration and soaking time result
in a gradual loss of cementing materials such as lignin, hemicellulose, and pectin [41].

3.2 Fibre Morphology

Fig. 6 depicted the SEM image of untreated bamboo fibres under 250x and 1000x magnification. The surface
morphology of untreated bamboo fibres shows the presence of impurities and wax on the surface of the fibre as shown
in Fig. 6(b). Table 2 compares the surface morphologies of treated bamboo fibre that have been treated with 4 and 8
wt.% alkaline concentrations at various soaking times. Visual inspection at 250x magnification in Table 2 showed that
alkaline treated bamboo fibre diameter was reduced compared to the untreated bamboo fibre diameter (Fig. 6(a)). The
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diameter of the treated fibre decreased with increasing NaOH concentration after 12 hours of soaking. The surface of
the untreated fibre was covered by a superficial layer of impurities, which may include lignin, pectin, and other debris
[4]. Most of the hemicellulose, lignin, and other extractives were removed from the alkali-treated fibre surface, and the
separation of cemented fibres reduced the fibre diameter [4].

30
25 A
e J
&4"/20 @0 hour
% 15 4 B 6 hours
=
.E 10 - = 12 hours
o
£ 18 hours
5 A E 24 hours
0

4% 8%
Alkaline concentration (wt.%o)

Fig. 5 - Fineness of the single bamboo fibre subjected to different alkaline concentrations for various soaking
times

However, when the fibres are steeped in 18 and 24 hours of soaking time, the findings revealed a slight increment
in the fibre diameter, as indicated in Table 1, as could be observed by the morphology analysis, as shown in Table 2. It
is commonly accepted that the transport of liquid inside the cell wall happens mostly at the elementary fibril level of
hemicellulose, and in most cases, the contraction and swelling processes also occur primarily at this level of the cell
wall structure [42]. According to Table 2, the image under 1000x magnification shows that untreated bamboo fibre
appears to have longitudinal ridges rather than a smooth surface. The presence of white spots on the surface of the fibre
may be an indication of impurities. Untreated bamboo fibre was discovered to contain impurities like hemicelluloses,
lignin, and wax substances on the fibre surface. Significant natural compounds like hemicellulose, wax, and lignin
remain deposited on the surface of the fibres after 6 hours of treatment with 4 and 8 wt.% alkaline concentrations at
room temperature. This suggests that at lower alkaline treatment conditions, the fibre surface was not significantly
cleaned. In addition, a delignification effect can be seen in the fibre surface image. The increasing in the alkaline
concentration and soaking time results in an increase cleanness and roughness due to the fibre delignification process.
Pectin and lignin are broken down when they are taken out of the cell wall of the fibre during treatment. This separates
the final fibre and makes it thinner. According to Hashim et al. [43], the authors have noted that the change in the
morphology of the treated fibre was the cause of the decrease in fibre diameter that occurred alongside the increase in
alkaline concentration. They discovered that the fibre was not truly monofilament after using a scanning electron
microscope to examine it. It was a lignin-covered bundle of monofilament bonded together. Due to their solubility in
NaOH solution, waxy impurities were removed more effectively. Some impurities are still visible on the surface of
treated fibres after 24 hours of soaking in a 4 wt.% alkaline concentration. This may be due to the low concentration of
alkaline. Treated fibre with 8 wt.% NaOH concentration for 24 hours revealed great amount of impurities and lignin
removal.

LTHM 1 1 £ 1 LTH

Fig. 6 - SEM image of untreated bamboo fibre under (a) 250x; (b) 1000x magnification
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3.3 Tensile Properties

Tensile properties of untreated and treated bamboo fibres were determined using various alkaline treatment
conditions, as shown in Table 3. In this study, the average tensile strength of the single bamboo fibre was found to be in
the range of 0.81 to 1.49 GPa. Bamboo fibres, with an average tensile strength of 0.14 to 1.69 GPa, have garnered
much interest and attention due to their outstanding mechanical properties [44,45]. When compared to treated bamboo
fibre, untreated bamboo fibre has the highest tensile strength. The highest tensile strength obtained after alkaline
treatment was 1.42 GPa after soaking for 6 hours at 4 wt% alkaline concentrations. As shown in Table 3, the elongation
at break of bamboo fibre ranged from 1.7 to 3.11%. Similar observation by Rocky et al. [15] found that natural bamboo
fibre has a breaking elongation of 2.06 to 2.46% but less than cotton fibres, which have a breaking elongation of 4 to
8%. Treated bamboo fibres have a lower Young's modulus than untreated bamboo fibres. The Young's modulus of a
single bamboo fibres with an average diameter of 67.03 to 83.31 um was discovered to be between 0.39 and 0.85 GPa,
which is less than the 5.5 to 12.6 GPa recorded for cotton fibres. The tenacity of bamboo fibre determined was in the
range of 30.56 to 45 cN/Tex. Compared to other natural textile fibres such as jute, flax, and cotton, their tenacity ranges
from 29-56 cN/Tex, 25-26 cN/Tex, and 28-48 cN/Tex, respectively [46]. The textile fibres must possess a minimum
strength of 6 cN/tex and a minimum elongation of 1 to 2% [47]. In this study, the elongation at break and tenacity
improved remarkably when the alkaline concentration and soaking time were increased.

Table 2 - SEM image of untreated bamboo fibre and 4 and 8 wt.% alkaline treated bamboo fibre at various
soaking times under 250x and 1000x magnification

NaOH % Soaking Time (hours)

6 hours 12 hours 18 hours 24 hours
250x magnification

‘Delignification-

~“Fibre:degradation

6 hours 12 hours 18 hours 24 hours
250x magnification

8 wt.%

Impurities
A .
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Table 3 - Tensile properties of bamboo fibre

éi)ﬁ:ltlaﬂiration ~Soaking Tensile Strength Elongation at Young’s Modulus Tenacity

(Wt.%) Time (hours) (GPa) break (%) (GPa) (cN/tex)

0 0 1.49+0.12 1.81+041 0.85+0.81 3415+ 1.25

4 6 1.42+0.25 1.91+0.19 0.75+£0.21 35.90 = 1.60
12 1.37+£0.13 2.48 £0.30 0.56+0.11 36.01+1.30
18 1.35+£0.12 1.70 £0.19 0.79+0.05 41.53+2.32
24 1.32+0.18 2.00£0.52 0.68 £0.13 40.45+1.82

8 6 1.30£0.10 2.24+0.42 0.60+0.14 42.73+2.20
12 1.26 £ 0.05 3.11+081 0.42 +0.09 45.00 + 2.44
18 0.81£0.09 2.24 £0.62 0.39+£0.12 30.56 = 1.10
24 0.81+0.08 2.09+0.39 0.40+0.08 31.93+0.88

Tensile strength results for untreated and treated single bamboo fibres under different treatment conditions are
shown in Fig. 7. The tensile strength of the treated bamboo fibre gradually decreased when the alkaline concentration
and soaking time increased. According to Ibrahim et al. [48], high alkaline concentrations weaken the fibres because
the treatment removes impurities, causing lignocellulosic degradation and rupturing the fibre surface, all of which are
detrimental to fibre performance [14]. A study conducted by Salih et al. [49] revealed that when compared to fibre
treated with the other chemical techniques, NaOH-treated fibre demonstrated the maximum tensile strength of 1.45GPa.
Depending on the species, a single bamboo fibre can have tensile strengths of more than 1.43 GPa to 1.69 GPa [50]. In
this study, the tensile strength of the 4 wt% alkaline concentration for various soaking times did not show much
decrement, whereas the 8 wt% alkaline concentration at 18 and 24 hour soaking times fall significantly to the lowest

value. Most likely, this was because the 4 wt% alkaline concentration partially removed lignin, hemicelluloses, and
cellulose from the fibres.
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Fig. 7 - Tensile strength of single bamboo fibre subjected to different alkaline concentrations for various soaking
times

As illustrated in Fig. 8, all examined fibres displayed an increasing pattern of elongation at break as the alkaline
concentration increased. The elongation at break for the untreated bamboo fibre was 1.81% and improved by
approximately 45% to reach the highest elongation at break of 3.11% when treated with 8 wt% alkaline concentrations.
It is obvious that when alkaline concentration increases, intermolecular or interchain hydrogen bonds loosen at the
expense of bundle strength, resulting in an increase in the percentage of elongation [51]. Bamboo fibres were modified
from brittle to ductile as alkaline concentration was increased using NaOH, showing that alkaline treated bamboo fibres
had a promising application in textiles [44]. However, with longer soaking times of 18 and 24 hours, the elongation at
break dropped significantly after 4 and 8 wt% alkaline concentrations. The highest elongation at break of fibres was at

8 wt% alkaline concentration soaked for 12 hours, while the lowest elongation at break was soaked for 18 hours at 4
wt% alkaline concentrations.
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Fig. 8 - Elongation at break of the single bamboo fibre subjected to different alkaline concentrations for various
soaking times

Fig. 9 shows that the Young's modulus decreased significantly as the alkaline concentration increased. Untreated
bamboo fibres had a modulus of 0.85 GPa, which was reduced by 54% to the lowest modulus of 0.39 GPa when treated
with an 8 wt% alkaline concentration for 18 hours. Cellulose transformation caused by aqueous alkaline may have a
significant impact on modulus decline [52]. However, only slight variations in modulus trend were observed as treated
bamboo fibre exhibits a 29% increase after 18 hours of soaking in a 4 wt% alkaline concentration, and then slightly
decreased to 13% was observed for 24 hours of soaking time. The modulus was significantly reduced after an increase
in alkaline concentration and soaking time. The degradation of hemicellulose and lignin in bamboo fibres results in a
decrease in the modulus and hardness of the fibres [53]. When compared to untreated bamboo fibres, alkaline treatment
reduces tensile strength and Young's modulus, but increases elongation at break. Chen et al. [54] reviewed a similar
study, which found that increasing the NaOH concentration reduces the tensile strength and tensile modulus of bamboo
fibres while increasing their ductility.
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Fig. 9 - Young's modulus of single bamboo fibre subjected to different alkaline concentrations for various
soaking times

Fig. 10 shows the tenacity of untreated bamboo fibre compared to that of bamboo fibre that has been treated with
different alkaline concentrations and soaking times. The tenacity of treated bamboo fibre was found to be greater than
that of untreated fibres. It can be observed that the higher the alkaline concentration, the higher the tenacity of bamboo
fibre. However, soaking time of 8 wt% alkaline concentrations for more than 18 hours results in a significant decrease
in fibre tenacity when compared to a similar soaking time in a 4 wt% alkaline concentration. This is because when
NaOH concentration and soaking time in the treatment were increased, the breaking strength and fineness of the fibres
decreased. Increased treatment soaking time resulted in a decrease in tenacity of 32% for more than 18 hours at an
alkaline concentration of 8 wt%. The researchers discovered that although the tenacity of the fibres treated with a lower
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quantity of NaOH was high, the elimination of impurities from the fibres was less effective [17]. It resulted in a
decrease in tenacity because of the elimination of non-cellulosic material [27].
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Fig. 10 - Tenacity of a single bamboo fibre subjected to different alkaline concentrations for various soaking
times

4. Conclusion

The diameter and fineness of bamboo fibres were determined in this research. It was discovered that the different
alkaline concentration and soaking times influenced the diameter and fineness of the fibres. The diameter of the
bamboo fibre gradually decreased as the alkaline concentration and the soaking time increased. The diameter was
reduced by approximately 23.2% to 66.51 pum after being treated with alkaline treatment. The fineness of treated fibres
decreased in tex value by almost 50% after alkaline treatment. The finest treated fibres were achieved after treating
with the highest concentration and longest soaking time, which is 11.96 tex. Based on the results, the optimum
concentration was 8 wt.% alkaline concentrations, with 24 hours of soaking time yielding the finest fibre. It was
discovered that the different soaking times influenced the tensile properties of the fibres. Tensile properties were best
achieved with soaking times of less than 12 hours, whereas longer soaking times resulted in the weakest results. The
tensile strength of the bamboo fibre gradually decreased as the alkaline concentration and soaking time increased.
Furthermore, after being treated with an 8 wt% alkaline concentration for 12 hours, the tensile modulus and tenacity of
the bamboo fibre were found to be greatly enhanced. This study provides technical information on bamboo fibre
modification and effective treatment that can be used in future research on fibre selection for the spinning process.
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