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ARTICLE INFO ABSTRACT
Keywords: Bamboos are an important source of fibres. Natural bamboo fibres possess have characteristics that make them of
Bamboo fibres potential use in textiles. However, they have not received the attention they deserve due to the difficulty of

Fibre extraction
Properties of bamboo fibres
Textile application

extracting finer fibres. Full utilization of the potential of bamboo requires the extraction of the fibres using
advanced techniques. In this study, three different extraction methods were developed, utilizing a newly created
composite enzyme and alkalis in combination to extract finer natural bamboo fibres. The new enzyme was
applied in both a solid form and a liquid state. Mechanical processes were also employed in preparing the
bamboo culms and extracting the fibres. Three commonly grown bamboo species, Bambusa emeiensis (Neo-
sinocalamus affinis), Phyllostachys edulis (Phyllostachys heterocycla), and Phyllostachys reticulata (Phyllos-
tachys bambusoides), were used in the study to extract natural bamboo fibres. The bamboo samples were treated
with 3-6% alkali and 24-36% composite enzyme, based on their weight. The composite enzyme was a recently
developed enzyme that was used in both a liquid form and a solid form without the need for water as a solvent
(non-aqueous treatment). The physical properties such as moisture content, length and fineness, and mechanical
(tensile) properties such as breaking tenacity, breaking load and breaking extension of the resulting fibres were
assessed with their minimum, maximum and average values. Structural analyses were performed using infrared
spectroscopy (FTIR), X-ray diffraction (XRD), thermal analyzer (TGA) and scanning electron microscopy (SEM).
The yield percentages of bamboo fibres were also determined. The bamboo fibres had a moisture content of
7.32-7.71%, an average length of 5.48-6.01 cm, a linear density of 9.71-11.43 tex, a breaking load of
138.96-147.67 cN, a breaking tenacity of 12.16-15.21 cN/tex, and a breaking elongation of 2.60-2.75%. SEM,
TGA and FTIR tests indicated that the fibres were not single cellulosic fibres but rather fibre bundles in which
single fibres were bonded by lignin and hemicellulose. The TGA results showed that the fibres were sufficiently
thermally stable to withstand high temperature textile processes. The XRD results indicated the improvement of
the crystallinity of the natural bamboo fibres owing to the partial removal of the non-crystalline lignin and other
components. The measured properties of the fibres showed standard deviation values of 0.36-2.52, indicating a
high level of uniformity within each sample. The experimental results demonstrated that the fibres obtained in
this study have the potential to be used in textiles. The fibre yield percentages (approximately 52.7-55.2%)
confirmed that all three bamboo species have the potential to provide usable fibres.

Introduction on petroleum feedstock, a diminishing non-renewable resource (Fu et al.
(2012). The reliance on synthetic materials as a fibre source is limited
Synthetic fibres are utilized extensively in the textile and composite due to environmental concerns associated with the production, utiliza-

industries (Tahri et al. (2016). The manufacture of synthetic fibres relies tion, and disposal of artificial fibres (May-Pat et al. (2013). Fibres can be
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acquired from organic sources, including both plants and animals
(Ticoalu et al. (2010). Bamboo is one of the sources of plant fibres. It is
the fastest growing plant in the world, primarily distributed in tropical
and subtropical regions (Lipp-Symonowicz et al. (2011). More than
1400 bamboo species from 115 genera are found in diverse climates and
regions (Kelchner, 2013). Phyllostachys Siebold & Zucc. is one of the
bamboo genera that has been identified as a potential source for fibre
extraction owing to the anatomical characteristics of the species within
this genus. Phyllostachys spp. are commonly grown in warm-temperate
climates. They can also grow in the colder climates common in Europe
(Ohrnberger, 1999). Bambusa emeiensis L.C.Chia & H.L.Fung (Neo-
sinocalamus affinis (Rendle) Keng.f.) is a bamboo species native to
southwest China (Yu et al. (2014) and available in enormous quantities,
especially in Sichuan Province (Zhiyong et al. 2005; Li et al. 2013; Zhang
etal., 2013). It is one of the largest bamboo species (Zhiyong et al. 2005;
Li et al., 2013). It has been utilized for pulping in Sichuan because of its
long fibres (Sun et al., 2011; Yu et al., 2014; Xie et al., 2016). It has also
been an important material for bamboo fibre-based materials such as
composites (Sun et al., 2011; Yu et al., 2014).

Because of its rapid growth, substantial quantities of biomass can be
made available for fibre processing (Afrin et al., 2009; Afrin et al., 2012;
Mishra et al., 2012). Bamboo plants that are six months to three years
old can be harvested for the extraction of fibres (Afrin et al., 2009).
Bamboo fibre is a newly emerging natural fibre (Jin et al., 2018). Itis a
promising fibre with the potential to be employed in many textiles
(Shunliu et al., 2008).

Bamboo fibres are derived from the bamboo culm. The characteris-
tics of the extracted fibres need to be related to their intended use. A
variety of fibre extraction methods have been developed and applied in
the production of bamboo fibres for use in textiles and the reinforcement
of composites. The methods of manufacturing of bamboo fibres can be
categorized into two broad groups, natural fibres and regenerated
(viscose) fibres (Qingchun, 2003). Regenerated fibre is produced
through a chemical method called wet spinning in a process similar to
the production of rayon fibre (Munja and Kashyap, 2015). Since the
cellulosic and non-cellulosic components of the bamboo culm are solu-
bilized by different chemicals such as acids and alkalis with variable
degree of solubility or degradation, regenerated bamboo fibres can be
obtained after a series of chemical treatments including soaking, boiling,
washing and softening. These procedures are repeated several times
under a certain pressure so as to extract fibres (Xu et al., 2007; Erdumlu
and Ozipek, 2008; Kumar et al., 2010; Yueping et al., 2010; Bensah and
Moses, 2013). In the process of regenerated bamboo fibre production,
bamboo culms are crushed into strips and the strips are soaked in a
solution of 18% sodium hydroxide at 20-25 °C for 1-3 hours. The
bamboo cellulose and sodium hydroxide (NaOH) mixture is pressed to
remove excess NaOH, crushed by a grinder and left to dry for 24 hours.
Carbon disulfide (CS,) is added to the mixture and then the mixture is
decompressed to remove CSy resulting in cellulose sodium xanthate.
Addition of a diluted solution of NaOH to the cellulose sodium xanthate
dissolves it into a viscose solution. After subsequent ripening, filtering
and degassing, the viscose solution is finally discharged through spin-
neret nozzles into a large bowl of diluted sulphuric acid solution which
hardens the viscose bamboo cellulose sodium xanthate and reconverts it
to bamboo filaments (regenerated bamboo fibres) which can be spun
into yarns to be woven or knit into textile products (Munja and Kashyap,
2015).

Regenerated bamboo fibre is composed of a cellulose (80%), hemi-
celluloses (15%) pentosans (3.5%) and traces of other components such
as resin, soap, sulphur, ash, and lignin-like substances. It is utilized in
paper and textile applications (Luo et al., 2014); Munja and Kashyap,
2015; Sugesty et al. (2015); Xie et al. (2015); Jing-Huan et al., 2016;
Junior et al., 2018; Ermias Girma, 2020). However, this process is
environmentally hazardous (Munja and Kashyap, 2015; Nayak and
Mishra, 2016). Moreover, the natural properties of bamboo fibres such
as UV protection, antimicrobial and anti-odour are not retained in
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regenerated bamboo fibres (Nayak and Mishra, 2016). Furthermore, a
significant amount of water and energy are consumed in the viscose
process (Steffen et al., 2013; Parisi et al., 2015). Therefore, recent
research efforts have been concentrated on the manufacture of natural
bamboo fibres for use in textiles, composites, and other products
(Deshpande et al., 2000; Erdumlu and Ozipek, 2008; Zupin and Dimi-
trovski, 2010; Tanaka et al., 2014).

Natural bamboo fibres are extracted directly from the bamboo culm
by a degumming or retting process which can involve chemical, me-
chanical, biological or combined methods (Deshpande et al., 2000;
Kumar et al., 2010; Majumdar et al., 2011; Nguyen et al., 2012; Hyojin
et al., 2013). Each extraction method has been done based on the
application or end use of bamboo fibres. A lower amount of cellulose and
a higher amount of non-cellulosic components are found in natural
bamboo fibre than in regenerated bamboo fibre (Latif et al., 1993). The
crystalline structure properties of the original bamboo fibre do not
change during the extraction process, meaning that the natural bamboo
fibres maintain the natural properties of the original bamboo (Cai et al.,
2013). However, natural bamboo fibres are not commonly used due to
the challenging extraction process (Afrin et al., 2009; Rocky and
Thompson, 2018). The primary (technical) bamboo fibres are usually
too short, typically less than 2 mm, to be suitable for textiles. They are
held together by non-cellulosic substances such as lignin, hemicellulose
and pectin. Although these non-cellulosic substances are crucial for
binding the very short primary fibres, they contribute to the roughness
and rigidity of the fibres. The main objective in producing natural
bamboo fibres for textile applications is to partially eliminate
non-cellulosic substances without causing damage to the resulting fibres
(Sulaiman et al., 2005; Xu et al., 2006; Kostic et al., 2008; Zou et al.
(2009); Liu et al. (2010); Yueping et al., 2010).

Mechanical, steam explosion, chemical, biological and combined
methods have been utilized in the extraction of natural bamboo fibres.
Mechanical procedures are typically incorporated in other methods for
the preparation of the bamboo culms and the extraction of bamboo fibre
bundles (Kazuya et al. 2004; Rao and Mohana Rao, 2007) Shunliu et al.
(2008); Hebel et al., 2014; Zhang et al., 2014; Zhuo et al., 2020). The
entire mechanical process was commonly used to produce coarser
bamboo fibres and strips whose end uses were bamboo-based compos-
ites. However, it failed to produce sufficiently fine fibres for use in
textiles unless further modified by other methods (Gupta et al., 2011;
Thakur et al., 2016; Dessalegn et al., 2022). Similarly, the steam ex-
plosion method barely produces bamboo fibres suitable for textile
application [20]. Chemical treatments are the most frequently used (Liu
etal., 2011). They are usually assisted by mechanical procedures for the
pretreatment and post treatment of the bamboo culms and fibres,
respectively. Various types of acids, peroxides, alkalis and other additive
chemicals have been involved in the extraction of bamboo fibres (Tang
et al., 2007; Chen et al., 2018; Rocky and Thompson,2020; Tan et al.,
2020).

Alkali-based manufacturing processes of bamboo fibres have been
widely tested (Liu et al. (2011); Das and Chakraborty, 2006). Among
several alkalis, NaOH (caustic soda) is mostly preferred for the extrac-
tion of bamboo fibres because it is cheaper than other alkalis and
commercially available (Beltran et al. (2002); Weyenberg et al. (2006);
Chen et al. (2017); Chen et al. (2018); Chin et al., 2020.However, the use
of significant amounts of alkali made the process non-ecofriendly
(Nguyen et al., 2012; Yang et al., 2023). The higher pH of waste water
and effluent requires treatment before it is drained off (Nguyen et al.,
2012). Most of the research done using chemical methods has produced
coarser bamboo fibres that could only be applied as a reinforcement in
bamboo-based composites (Liu et al., 2011). Biological methods
involving enzymes are also practised (Han et al., 2008). Despite their
environmental friendliness, they have some drawbacks. They require a
slow process that mostly involves the use of multiple enzymes (Fu et al.
(2012); Rocky and Thompson, 2018). Additionally, they are not an
effective method for industrial textile fibre production (Fu et al. (2012).
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Bamboo fibre extraction methods are not usually carried out individu-
ally in real fibre production process. The extraction of the fibre often
requires a combination of methods to meet the application requirements
(Liu et al., 2012; Fu et al., 2012; Rocky and Thompson, 2018; Hanana
et al., 2015; Chen et al., 2011).

The majority of the investigations conducted on bamboo have led to
the utilization of bamboo fibres in order to improve composites. In terms
of extracting natural bamboo fibres for textile applications, there is a
limited amount of research available (Deshpande et al., 2000; Kazuya
et al. 2004; Rao and Mohana Rao, 2007; Shunliu et al. (2008); Kumar
et al., 2010; Liu et al., 2011; Zhang et al., 2014; Yang et al., 2017; Zhuo
et al.,, 2020). Additionally, the methods employed to create finer or
easily spun bamboo fibres have been extremely demanding in terms of
labour, energy and chemicals (Rao and Mohana Rao, 2007; Liu et al.,
2011).

In this research, three different methods of extraction were examined
and applied to three species of bamboo in order to produce finer bamboo
fibres. These techniques were developed using enzymatic, chemical, and
mechanical processes with the goal of reducing the environmental
impact, treatment time, and water and energy usage, while still main-
taining the quality of the resulting fibres. Sodium bicarbonate, caustic
soda, and a composite enzyme were utilized.

This study offers several advantages and innovations. Specifically, a
composite enzyme known as biological enzyme solution A (Patent No
19503677), developed by the research team at Chengdu Textile College
Research & Development Centre of Fibre Materials in Chengdu, Sichuan,
China, was used for the first time in this research for the extraction of
bamboo fibres. The newly developed enzyme has numerous benefits. It
is known that enzymes are specific in their actions; each type of enzyme
reacts with only one type of substance. As a result, since there are several
non-cellulosic substances such as lignin, hemicellulose, and pectin in the
bamboo culm that need to be degraded, multiple enzymes are necessary.
However, the newly developed composite enzyme is multifunctional,
which avoids the need for multiple enzymes. It contains cellulase, pec-
tinase, and hemicellulose, and is capable of dissolving these components
of the bamboo culm. Being a neutral enzyme, it does not require an
alkaline or acidic environment for its degumming activity. Additionally,
it does not necessitate the use of other auxiliary chemicals such as
boosters, stabilizers, wetting agents, or activators. Another advantage of
this enzyme is that it can be applied at the lower temperature of 32°C. It
can also be applied without the use of an aqueous medium as a solvent.

In comparison to previous research, this study used less sodium bi-
carbonate and caustic soda at lower temperatures, ranging from ambient
to 50 °C, owing to the effectiveness of the composite enzyme at a rela-
tively higher concentration (26-36%). Treatment of bamboo strips with
alkalis and enzymes at lower temperatures results in lower energy
consumption. Moreover, no additional substances or agents were used in
any of the three extraction techniques to enhance the effects of the al-
kalis. The use of minimal alkalis without auxiliary chemicals reduces the
cost of chemicals, the environmental impact, and the effluent load. Some
of the enzymatic and alkaline treatments were carried out with no
involvement of water as a solvent (non-aqua or anhydrous treatment),
with the objectives of enhancement of the decomposition of non-
cellulosic components, minimization of the amount of the enzyme and
sodium bicarbonate and lowering water consumption. To the best of our
knowledge, no one has utilized a non-aqua treatment (stacking) on
bamboo strips using chemicals or enzymes.

In addition to the extraction methods, the species type, growth
location, harvesting conditions, and age of the bamboo plant can impact
the extraction process and the quality of the resulting fibres (Rao and
Mohana Rao, 2007; Khalil et al. (2012). While there are more than 1200
bamboo species belonging to 70-91 genera (Waite, 2010; Rai et al.
(2011); Correia et al. (2014); Nayak and Mishra, 2016), only a limited
number of bamboo species have been investigated for the extraction of
natural bamboo fibres (Rocky and Thompson, 2020). This study there-
fore focused on some bamboo species that are readily available and
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reproducible for the purpose of producing natural bamboo fibres.

Sodium hydroxide (NaOH) and sodium bicarbonate (NaHCOs3) were
selected based on a review of existing literature and were found to be
effective in breaking down the non-cellulosic components of bamboo
strips. The appropriate concentration of alkalis and enzymes, as well as
the material-to-liquid ratio, processing temperature, and time, were
determined through multiple experiments and trials.

The objective of the study was the development and application of
three different methods of fibre extraction in order to produce finer
bamboo fibres that could potentially be used in textile applications.

Experimental design
Materials

The bamboo culms utilized in the current study were provided by the
research team of the Development of Fibre and Material Research Centre
of Chengdu Textile College, Chengdu, Sichuan, China. They were ac-
quired from three bamboo species, namely 1-1.5 years old Phyllostachys
edulis (Carriere) J.Houz. (P. heterocylca (Carriere) Matsum.), 1-1.5 years
old Phyllostachys reticulata (Rupr.) K.Koch (P. bambusoides Siebold &
Zucc.) (Variegated bamboo) and 2-3 years old Bambusa emeiensis. All the
samples were collected from bamboo plants cultivated in Sichuan
Province, China.

Chemicals

Chemicals utilized in the treatments included sodium bicarbonate
(98% NaHCO3) and sodium hydroxide (98% NaOH). Food-grade glacial
acetic acid (95% CH3COOH) was utilized for alkaline neutralization. All
of the chemicals were of analytical grade and manufactured by Tianjin
Yitongmaoyuan Chemicals Co., Ltd., Wuqing District, Tianjin, China. A
newly developed enzyme known as biological compound solution A
(patent No 19503677) was also employed in the treatment of bamboo
strips. It was developed and generously provided by the research group
of Chengdu Textile College Research & Development Center of Fibre
Materials, Chengdu, Sichuan, China. This study utilized the new enzyme
for the first time. Collodion and glycerin solutions were used in the
process of measuring the diameter of the fibres using an electron
microscope.

Methods and apparatus

Apparatus

Cutter, automated cutter (produced by Zhejiang Anji, China), roller
press (rolling mill) with four sets of rollers (manufactured by the
research team of Chengdu Textile College Research & Development
Center of Fiber Materials, Chengdu, Sichuan, China), vibrating sieve
machine, radiofrequency dryer (produced in Wuxi, Jiangsu province
China), electronic balance (Manufactured in Tianjin, China with
maximum weighing range of 1000 g), drying oven (Manufactured in
Tianjin, China with a temperature range from room temperature to 150
°C), vibrating fiber separator (splitter) (produced by the research team
of Chengdu Textile College Research & Development Center of Fiber
Materials, Chengdu, Sichuan, China), conditioning cabinet, electron
microscope, scanning electron microscopy (SEM), Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), thermo gravi-
metric analyzer (TGA), Single fiber tensile tester (LLY-06 Tensile Tester,
Laizhou Electronic Instrument Co. Ltd, Shandong

Province, China), scale, reaction kettle (reactor), weighing bottle,
thick plastic sheet, plastic tank beakers and spoons were used for the
preparation of bamboo culms, extraction and characterization of
bamboo fibers. Vibrating fiber separator and roller press were produced
by the aforementioned research team.



F.W. Asmare et al.

Pretreatment

The initial step was the preparation of bamboo culms for extraction.
In this investigation, mechanical methods were used in both the prep-
aration of bamboo culms and as a subsequent treatment after the
enzymatic and chemical treatments. All the bamboo culms underwent
the same pretreatment procedures. The bamboo culms were harvested
from the bamboo plantation 20 cm above the base and also 20 cm below
the tip. Fresh culms were utilized for fibre extraction as they are simpler
to crush and split (comb). The culms were brushed to eliminate surface
materials. The moisture content of the bamboo culms was determined
using the loss on drying technique. They were then placed in the sun ona
plastic sheet for 16 hours. The plastic sheet was used to prevent the
culms from coming into direct contact with the soil, which could have
contaminated the culms and also affected the drying process. The
bamboo culms were rotated in a longitudinal direction every hour to
ensure even drying. The culms were then passed through a roller press
once (crushed) at a speed of 120 m/min with a pressure of 0.3 MPa to
produce bamboo strips. After passing through the roller machine once,
they were rolled four more times as they went through the four pairs of
rollers. Immediately after the rolling process, the bamboo strips were cut
at their nodes by an automated cutter running at a speed of 35 cycles/
min. Mechanically pretreated bamboo strips were then prepared for
fibre extraction treatments.

Extraction of bamboo fibres

Different extraction methods were used for each species. Mechanical,
alkaline, and enzymatic approaches were combined in various ways to
extract more delicate bamboo fibres. The extraction process for bamboo
fibres using combined techniques also included dry (non-aqueous)
procedures. A novel enzyme known as biological compound solution A
(patent No. 19503677) was employed in this investigation.

(1) Combined enzymatic (stacking)-chemical (stacking)-mechanical-
enzymatic (stacking)

This combined extraction technique was utilized in the
extraction of fibres from B. emeiensis (sample S-1). The technique
can also be referred to as the anhydrous extraction method as
there was no involvement of aqueous solution except during
washing. The mechanically processed bamboo slices were placed
in the reactor. 16% enzyme (based on weight of the slices) was
added in the reactor and the slices were exposed to a controlled
temperature of 32 °C for 72 hours. 3% NaHCO3 powder was
sprayed on the slices which were retted with the enzyme, agitated
and then kept for another 72 hours at 50 °C. The addition of alkali
aided in the further decomposition of the degraded non-cellulosic
constituents. The alkaline treated slices were rolled by a roller
press, rinsed with water for half an hour at 80 °C in a reaction
kettle and placed on a vibratory sieve machine to remove the
water. They were then opened by the fibre splitter and dried at
85 °C by a radio frequency dryer for 3 hours. The coarse bamboo
fibres were once again stacked with 8% enzyme in the reactor at
32 °C temperature for 48 hours for further purification. The
treated fibres were rinsed with water for half an hour at 70 °C,
drained off and finally dried at 85 °C for 2 hours.

(2) Combined chemical (at room temperature)-enzymatic (stacking)-
mechanical-enzymatic (solution)

Slices of Phyllostachys edulis (sample S-2), were extracted by
this technique. The bamboo pieces were soaked in a 6% NaOH
solution with a pH of 11 in a plastic tank at room temperature for
72 hours with a ratio of 1:5. The slices treated with alkali were
washed and neutralized using a 2% acetic acid solution at a
temperature of 35 °C with a ratio of 1:5 for 1 hour and then rinsed
with water for 30 minutes at 80 °C. The alkali-treated slices were
drained off. They were then placed in a reactor with20% enzyme
at a controlled temperature of 32 °C for 48 hours. After the
enzymatic treatment the fibres were rinsed, drained off, rolled,
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opened and dried sequentially. The coarse bamboo fibres were
again subjected to a 16% enzyme solution treatment with a liquor
ratio of 1:5 at a temperature of 32 °C for 48 hours to further refine
them into finer fibres. The treated fibres were then rinsed with
water for 30 minutes at 70 °C, drained, and finally dried at 85 °C
for 2 hours.

(3) Combined chemical (at room temperature)-enzymatic (solution)-
mechanical- enzymatic (solution)

In the combined treatment of bamboo slices from the species Phyl-
lostachys reticulata (sample S-3), the enzyme was applied in a liquid
form. The bamboo slices were immersed in a plastic container in a 6%
NaOH solution at room temperature for 72 hours with a ratio of 1:5. The
pH of the alkaline solution was 11. The alkaline treatment was followed
by cleansing, neutralization, rinsing and draining off before being
treated in a 20% enzyme solution at a temperature of 32 °C for 48 hours
with a ratio of 1:5. The treated slices were once again rinsed with water
and drained. After being rolled by the roller press, the coarse fibres were
opened by the fibre splitter followed by drying. The coarse bamboo fi-
bres were further treated in a 16% enzyme solution with a ratio of 1:5 for
48 hours with the objective of further purification into finer fibres. The
final enzymatic treatment of the fibres was followed by rinsing, draining
off and final drying. The extraction of natural bamboo fibre from three
bamboo species using three different integrated processes is depicted in
Fig. 1.

Tests and assessments

The mass and moisture levels of the bamboo strips were examined
prior to undergoing the subsequent treatments. Once the bamboo fibres
were obtained, they were stored in an airtight plastic bag in a desiccator
until they could be utilized. Their physical and mechanical character-
istics were assessed. To prepare the fibre samples for testing, they were
conditioned in a standard atmosphere (20+2 °C temperature and 65
+5%) for 48 hours using a conditioning cabinet, following the in-
structions outlined in ASTM D1776 (ASTM D1776/D1776M-20 2020).
All the fibres within each sample were thoroughly mixed. Three small
clusters of fibreers were extracted from three different areas (top, bot-
tom and middle) of the samples for measurement. The essential physical
and mechanical properties of the fibres, such as moisture content, fibre
length, diameter, fineness, and tensile properties, were evaluated. The
percentages of fibre yield and weight loss were also determined. The
data collected were analyzed, and the minimum, maximum, and average
values were determined. Up to 250 test specimens (individual fibres)
were randomly selected from each sample in order to maximize the
representativeness of the specimens for the sample.

Scanning electron microscope (SEM) analysis

The morphology of the fibres obtained in the study was analyzed
using scanning electron microscopy (Zeiss Sigma VP, Germany) with a
10 kV acceleration voltage.

Fourier transform infrared spectroscopy (FTIR) analysis

FTIR spectra of the bamboo fibres were recorded with a Fourier
transform infrared spectrometer (Nicolet IS5, Thermo Fisher Corp.,
USA/ Nicolet Nexus 670) using the KBr disc technique (1 mg powder of

sample/300 mg KBr). Scans were taken with a resolution of 2 cm™,

Data was collected in the wave number range of 4000-400 cm ™.

X-ray diffraction (XRD) analysis

Crystallinity is a critical parameter for evaluating the effect of fibre
extraction techniques (Chen et al., 2011). Several methods that can be
applied in the determination of crystallinity of polymers such as dif-
ferential scanning calorimetry (DSC), XRD, solid-state nuclear magnetic
resonance (NMR), infrared (IR) spectroscopy, Raman spectroscopy,
density measurement, and heat fusion (Rocky and Thompson, 2018,
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Fig. 1. Flowchart of natural bamboo fibre extraction from three bamboo species using three different combined processes.

2020). Though DSC is most common, XRD, a nondestructive method,
has recently been found to be the most direct, widely used, and easier
method to determine CI of polymers (Rocky and Thompson, 2020). XRD
measurements of the bamboo fibres were carried out on a diffractometer
(Ultima IV, Rigaku, Japan) using Cu-ka as the X-ray source (A =
0.15418 nm), 25 mA current, 1 kw and a 40 kV accelerating voltage.
The Segal empirical method was adopted to evaluate the crystallinity
index of the bamboo fibs. The crystal index (CrI) was calculated from Eq.
(D).

I - Iam
Crl(%) = ‘mlixmo €}
002

where Ipg2 is the maximum intensity of the peak on 002 plane (at 20 =
22.6°) and Iy, is the minimum height of the amorphous phases of the
diffracted beam between 002 and 001 planes (Segal et al., 1959; Ju
et al., 2015). The X-ray from the copper source (Ni-filtered Cu-K,) with
wavelengths of 1.5418 A was run at a beam voltage of 40 kV and a
filament current of 25 mA using a wide-angle X-ray diffraction (WAXD)
method. Angular scanning was conducted from 10° to 80° (20) with an
effective data collection time of 30 min with 360° rotation around
Z-axis.

Thermo-gravimetric (TG) analysis

The thermal stability of the bamboo fibres was evaluated by a thermo
gravimetric instrument (TG209-F1, Netzsch, Germany). About 5 mg
specimens were heated to 800 °C under nitrogen atmosphere at a
heating rate of 10 °C/min.

Measurement of the moisture content (%) of raw bamboo strips and fibres

The moisture content of the bamboo fibres was determined by the
method outlined in ASTM D629-15 using a conditioning cabinet (ASTM,
D629, 2015). By measuring the weight of the fibres after conditioning
(Wy,) and the weight of the fibres after drying in an oven (Wq), the
moisture content percentage (Mc) was calculated using Eq. (2). This
process was repeated twice to ensure consistent results. The moisture
content of bamboo strips was also determined using the same equation

by measuring the conditioned weight (W,,) and oven-dry weight (W) of
the strips.
Weight of moisture

Mc =
Weght of material before oven drying

x 100% @
= War Wi 100%

Measurement of fibre yield (%)

Fibre yield is defined as the quantity of cellulose-rich fibrous mate-
rials that are extracted from raw bamboo samples. It is typically
expressed as a percentage. It was determined using the direct gravi-
metric method (Kostic et al. 2008). The yield percentage (Fy) was
calculated using Eq. (3) by measuring the weight of the raw bamboo
strips (Wp) and the weight of the extracted fibres after the process (Wg),
both of which were dried in an oven. Percentage weight loss was also
determined based on the fibre yield percentage. This represents the
amount of non-cellulosic components that were removed from the
fibres.

Wy, — Wy

b

F, = x 100% 3

Measurement of fibre length

A textile fibre should have a specific length to fulfill the textile
processing requirement. A fibre length of 15-50 mm is required for yarn
manufacturing (Li and Dai, 2006). Fibre length is one of the most
important characteristics for spinning (Lin et al., 2012; Kuang and Yu,
2015; Parsi et al., 2016). Staple length is defined as the average length of
spinnable fibre. Fibre length affects yarn strength (Barella and Manich,
2002; Ibrahim, 2018), yarn unevenness (Barella and Manich, 2002),
yarn hairiness (Matsuo, 2019), the spinning limit, process performance
and spinning efficiency (Khan et al., 2021). The length of the aligned
bamboo fibres was assessed using a scale with millimeter markings by
arranging them at the bottom of the scale. 250 samples were randomly
selected from the clusters of specimens and used for the assessment. The
distribution of lengths for each sample was also examined and illustrated
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using a distribution chart. The lowest, highest, and mean length values applications. It can be characterized by its linear mass density. Linear
of the samples were calculated. mass density was assessed using manual techniques employing an
electronic balance. The balance was utilized to measure the weight of

Measurement of fibre fineness fibres in grams. Linear mass density in tex was calculated by dividing the
weight of fibres by their known length (Kostic et al. (2008). As the

Fineness is another significant quality of fibres for use in textile balance was not highly sensitive to small weights, multiple fibres were

1 e SO (I

CIIRC 10.0kV 4.0mm x250 SE CIIRC 10.0kV 4.6mm x250 SE 200pm

CIIRC 10:0kV 6.4mm x250 SE

—/

g

CHRC/Y&JkV 6.8mMm x500 SE CIIRC 10.0kV 6.8mm x500 SE

Fig. 2. SEM images of longitudinal and cross-sectional surfaces of bamboo fibres ((a) - (c) cross-sectional images & (e) - (f) longitudinal images. Bambusa emeiensis
((@) & (d), Phyllostachys edulis ((b) & (e) and P. reticulata (c) & (f)).
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weighed together at once, and the combined length of the fibres was
used as the length for that specific weight. Three clusters of fibres
(samples) were taken from each specimen. The minimum, maximum,
and average linear mass density values were determined.

Measurement of tensile properties of fibres

The tensile properties of the bamboo fibres were measured by an
electronic single fibre strength tester (LLY-06 Tensile Tester, Laizhou
Electronic Instrument Co. Ltd) in accordance with the ASTM D2256M
standard (ASTM D2256/D2256M-10 2015) with some modifications in
the parameters. Testing was conducted at room temperature with a cross
head speed of 10 mm/min, a gauge length of 50 mm and a load cell of
500 Ib. Due to the challenge of measuring shorter fibres, longer fibres
over 5 cm length were chosen to measure their tensile properties. The
average thickness of the samples was used for tenacity analysis. Each
fibre specimen was adhered to a rigid paper frame with the specified
gauge length. To align the fibres as straightly as possible between the
clamps and to prevent slipping, the ends of the fibres were fixed with
adhesive to the paper frame. Once the ends of the supporting frame were
clamped by the jaws of the testing machine, the frame edges were
carefully severed in the middle (Zhang et al. (2015); Wang et al. (2018).
The breaking force, tenacity and elongation of the fibres were measured.
The minimum, maximum and average values of 250 test specimens were
determined.

Results and discussion
As the samples came from three species with varying ages and were

subject to different extraction procedures, direct comparisons between
the samples cannot be made.

Transmittance (a.u)

——F2
—n
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SEM analysis

Lengthwise sections and the cross-section of the fibres observed by
SEM are shown in Fig. 2(a) — (c) and (c) — (f), respectively. The fibres
were long cylinders with tapered ends and uniform in size, without any
natural twist on the surface typical of cotton fibres. There were lumen
structures in the cross section (He et al. (2007). From the cross-sectional
view of SEM images, several single fibres were observed in bundle form.
Each fibre bundle was also composed of clusters of individual fibres. The
greatest number of clusters were found in the fibre bundle of Phyllos-
tachys reticulata (S-3). There was no apparent difference in the number of
clusters between Bambusa emeiensis (S-1) and Phyllostachys edulis (S-2). A
greater number of individual fibres of P. edulis were bound more tightly
in clusters than fibres of B. emeiensis. Though individual fibres were held
tightly in each cluster of fibre bundle of P. reticulata, there were fewer
number of fibres in each cluster than in the other two species (Fig. 2(a) -
(c)). The longitudinal images showed that single fibres were longitudi-
nally aligned in the flat-wise direction. They were held together by
hemicelluloses and lignin. Clusters of fibres were bonded

by these non-cellulosic components (matrices) with different levels.
Only a little residual hemicellulose and lignin was found on the surface
of fibre bundle of B. emeiensis whereas there was relatively more on the
surface of fibre bundle of P. reticulata. However, the longitudinal surface
of fibre bundle of P. edulis was clean (Fig. 2(e) - f)).

FTIR analysis

The FTIR spectra of bamboo fibres are shown as characteristic
spectra of cellulose I in Fig. 3 (He et al., 2007). All the bamboo fibre
samples displayed similar curves implying that they had similar chem-
ical components. The broad adsorption bands in the range of
3650-3000 cm ™! are ascribed to the stretching vibrations of -OH
(Khawas and Deka, 2016). Bands observed in 1640 cm ™! in all the fibres
are attributed to the OH bending mode of water. However, P. edulis and

: T : T : T
4000 3500 3000 2500

: T . T y T : 1
2000 1500 1000 500

Wavenumber (cm'l)

Fig. 3. FTIR spectra of bamboo samples before and after steam explosion.
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P. reticulata showed double peaks at 1640 cm ! and 1652 cm ™. A small
band at 2886 cm™! is related to the stretching vibration of C-H in cel-
lulose (Khawas and Deka, 2016; Phinichka and Kaenthong, 2018). The
adsorption band at 1738 cm ™" is associated with acetyl and uronic ester
groups in hemicellulose or the ester linkage of carboxylic groups of
ferulic and p-coumaric acid in lignin or hemicellulose (Tanpichai et al.,
2019). The peaks at 895cm™' & 905cm™! is a characteristic of
B-glycosidic linkage contributed by both cellulose and hemicellulose in
the fibres (stretching vibration of C-H) (Mortazavi and Moghaddam,
2010). The adsorption bands located at 1427, 1378 and 1256 cm-1 are
assigned to the aromatic skeletal

vibration of lignin (Phinichka and Kaenthong, 2018).The peaks at
1317 cm™! and 1367 cm™! are caused by the C-H and C-O chemical
bonds of the polysaccharides ring in cellulose and hemicellulose
(Wrobel-Kwiatkowska et al. (2007). The strong absorption peak at
1028 cm™! and the other two characteristic peaks of cellulose at
1100 cm ! and 1159 em ™! are all ascribed to the stretching vibration of
three C-O bonds in a cellulose glucose ring (Zhang et al. (2015). The
intensity of the adsorption band at 3328 cm™! indicates the higher
content of cellulose (Sui and Chen, 2016). The FTIR results indicate that
all the bamboo fibres obtained in the study were composed of cellulose,
hemi-celluloses, lignin, pectin and other substances. Lignin and hemi-
cellulose components in the fibres glued single cellulosic bamboo fibres.
Thus, it implied that all the fibres obtained in this study were fibre
bundles.

Crystallinity analysis

Fig. 4 shows the results of XRD profiles of the fibre samples. Three
crystalline peaks were detected in all fibres at 20 = 16.15° (broad), 34.6°
(broad) and 21.95°(sharp) crystallographic planes which correspond to
(101), (040) and (002) crystallographic plane reflections respectively
(Oudiani El et al., (2011). The peak which is observed as one broad peak
around 16-17° was related to the presence of amorphous compounds
such as hemicelluloses and lignin in the fibres while the sharp and
intense peak at about 22° was due to the increasing crystallinity with the
efficient removal of non-cellulosic polysaccharides and the solvation of
amorphous zones and related to cellulose Iy (Reis et al. (2020); Li et al.
(2023). The Segal method can be applied to the raw data and the data
after subtracting the background. Using the Segal empirical method, the

Intensity (a.u.)
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crystallinity indices of B. emeiensis (S-1), P. edulis (S-2) and P. reticulata
(S-3) were 71.4%, 69.1% and 68.4%, respectively. These results are
similar to the crystallinity of ramie fibres (Boehmeria nivea (L.) Gaudich.)
and greater than that of flax and cotton (He et al., 2007).

The crystallinity indices of natural bamboo fibres extracted by
combined mechanical and chemical treatments were found to be
69-73%, respectively, (Rocky and Thompson, 2020) which are in good
agreement with the current study. The same researchers also studied the
crystallinity indices of abundantly available bamboo plant species,
recording values of 61-67%. The results indicated the improvement of
the crystallinity of the natural bamboo fibres due to the partial removal
of the non-crystalline lignin and other components (Chen et al. (2011a);
Rocky and Thompson, 2020).

Thermal stability

The thermal properties of fibres are an important characteristic. The
TG and DTG curves of the fibres are shown in Fig. 5. The pyrolysis re-
action could be divided into four regions including region I: 25-180 °C,
region II: 180-340°C, region III: 340-470°C and region IV:
470-600 °C. In the first region, a small weight loss in all the samples was
observed in the temperature range 25-140 °C, ascribed to a mass loss of
absorbed moisture and possibly also the residues from the extraction
processes. The decomposition regions for hemicellulose, cellulose and
lignin were 200-280 °C, 280-380 °C, and 380-600 °C, respectively
(Chen et al. (2013). From the DTG curves, the maximum thermal
degradation temperatures of cellulose of B. emeiensis, P. edulis and
P. reticulata were observed at 330 °C, 330 °C and 340 °C, respectively.
The highest temperature of P. reticulata might be due to the presence of a
little more hemicellulose which inhibited the depolymerization of cel-
lulose. The increased crystallinity of cellulose of the same fibre sample
might improve the thermal stability (Ray and Sarkar, 2001). Peaks in the
DTG curves at 430, 420 and 430 °C of B. emeiensis, P. edulis and
P. reticulata, respectively, indicated the commencement of decomposi-
tion of lignin in the fibre samples. There was no significant difference in
thermal stability among the samples. These results indicate that all the
fibre samples were sufficiently thermally stable to undergo high tem-
perature textile processes.

F1
F2
F3

10 20 30 40

20 (degree)

Fig. 4. XRD patterns of bamboo fibre samples.
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Fig. 5. TG/DTG curves of the fibre samples (Bambusa emeiensis (a), Phyllostachys edulis (b) and P. reticulata (c)).

Table 1
Fibre yield (%) and moisture content (%) of culms and fibres.
Samples Moisture content Moisture content Fibre Weight
of culms (%) of fibres (%) yield (%) loss (%)
B. emeiensis 44.52 7.44 54.02 45.98
P. edulis 45.11 7.32 52.66 47.34
P. reticulata 44.75 7.71 55.19 44.81

Moisture content (%) of raw bamboo strips and fibres

Table 1 presents the test results of moisture content (% Mc) of the
culms and fibres of the three bamboo species. Strips of B. emeiensis (S-1),
P. edulis (S-2) and P. reticulata (S-3) had 44.5%, 45.1% and 44.8%
moisture content, respectively, while the moisture content of fibres
extracted from the strips were 7.44, 7.32 and 7.71%, respectively. The
variations in moisture content amongst the strips as well as the fibres
were insignificant. However, greater differences of moisture content

were exhibited between the bamboo strips and fibres. Like other ligno-
cellulosic fibres, bamboo is a multicellular composite fibre. It is
composed of cellulose microfibrils surrounded and bonded together
with lignin and hemicellulose (Ray and Sarkar, 2001). These cells extend
longitudinally overlapping each other. Because of this overlapping na-
ture, a mesh-like structure arises. There are many voids (empty spaces)
in-between where the fibres are held together. Both the structure (voids)
and components (cellulosic & non-cellulosic) are responsible for the
considerable amount of moisture retention.

The alkaline and enzymatic treatments reacted with lignin and
hemicellulose resulting in the disruption of the cellular structure and
removal of these components, As a consequence there was degradation
in the hydrophilic nature of the fibre (Cao et al. (2006). As a conse-
quence, the moisture contents of the fibres were much lower than their
corresponding untreated bamboo strips. The variation of moisture
content between the fibre samples is directly related to the proportions
of lignin and hemicellulose present. The higher the amount of these
components in the fibres, the higher is the moisture content. P. edulis,
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B. emeiensis and P. reticulata had progressively increasing moisture
contents, respectively. This was also indicated by their weight loss
values or fibre yield percentages (Table 1). Another study has found that
the moisture content of the bamboo culms has a direct relationship with
extraction processes; fresh culms with higher moisture regain were
easier to crush and split (Rocky and Thompson, 2020). In this respect,
the P. reticulata (S-3) was slightly superior among the three species in
preprocessing.

Fibre yield (%)

Fibre yield or weight loss can be utilized to assess the efficacy of the
extraction methods. Our investigation produced approximately 53-55%
usable finer fibres. Fibre outputs of 54.0%, 52.7%, and 55.2% were
observed in B. emeiensis (S-1), P. edulis (S-2), and P. reticulata (S-3),
respectively, with the proportion of non-cellulosic material eliminated
from the samples (% mass loss) varying from 44.8% to 47.3% (Table 1).
Treatments involving sodium bicarbonate, sodium hydroxide and en-
zymes were capable of breaking down the strong bonds between non-
cellulosic materials (primarily hemicellulose and lignin) and cellulose
fibrils at low temperatures (room temperature to 50 °C) and low con-
centrations, effectively removing them to yield usable fibres. Lower
yield percentages or higher weight loss percentages indicate a greater
removal of non-cellulosic components. Weight loss is linked to the
strength of the extraction method. The extraction method applied to
P. edulis was the most powerful of the three methods. The weight loss of
the strips exceeded 47%, which is significantly higher than that of other
bast fibres such as flax (~20-30%) and hemp (~22-33%) [120], indi-
cating the difficulty of separating bamboo fibres for fibre end-use.
Similar findings regarding fibre yield for finer fibres suitable for tex-
tiles have been found in other studies. Additionally, weight loss results
significantly surpassing these values may suggest cellulose degradation
(Liu et al. (2011); (Rocky and Thompson, 2020). The bamboo fibres
extracted from different techniques are shown in Fig. 6.

Fibre length

The study extracted bamboo fibres ranging from 2.1-11 cm in length
(Table 2). The average length of fibres from B. emeiensis, P. edulis and
P. reticulata were 5.76 cm, 6.01 cm, and 5.48 cm, respectively (Table 2
& Fig. 7(a)). Only 6.0-8.8% of the specimens were shorter than 3 cm,
and 20.4-38.8% were shorter than 5 cm. More than half of the fibres in
each sample were longer than their average length. Approximately 80%
of the fibres in P. edulis were longer than 5 cm and this species produced
longer fibres than the other two species. However, most of the fibres in
each sample were close to their average length, as indicated by the low
standard deviation values (1.60-1.78) of the samples (Table 2). The data
and standard deviation values suggested that the fibres obtained in each
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Table 2
Length of bamboo fibre samples.

Samples Length (cm)

No.of tests Minimum Maximum Average STD
B.emeiensis 250 2.1 11 5.76 1.78
P. edulis 250 2.5 10 6.01 1.60
P.reticulata 250 2.5 9.1 5.48 1.65

sample were uniform.

There was variation in the length of fibres within each sample and
between samples. It is natural for fibres from plant sources to vary in
length. This variation can occur between fibres within the same bamboo
internode, between different internodes in the same culm, and between
different culms of the same or different species (Liese and Grosser, 1972;
Yulong and Liese (1997); Kamthai and Puthson, 2005). Although the
length of the fibres in this study was not directly related to the extraction
method or strength, stronger treatments could potentially damage the
fibres or result in very short and non-uniform fibres. Since different
lengths of fibres can be chosen for different purposes based on spinning
type, yarn type (coarse or fine), and composite applications, these fibres
have great potential for use in textile products based on the measured
characteristics (Liu et al., 2011; Morton and Hearle, 2008).

Fibre fineness

A summary of the fibre linear density of the samples is provided in
Table 3. Fibres had linear density values ranging from 7.72 to 13.58 tex.
The average linear density values for S-1, S-2, and S-3 were 10.14 tex,
9.71 tex, and 11.43 tex, respectively (Table 3 & Fig. 7(b)). Most of the
fibres were sufficiently fine for use in textiles. The fibres of P. edulis were
finer than those of the other two species, with the fibres of P. reticulata
being the coarsest.

Fibre fineness is directly influenced by the removal of non-cellulosic
substances from the bamboo fibres during the treatments. The use of
alkalis and enzymes degraded the lignin, hemicellulose and pectin ma-
terials in the strips, making it easier to wash these away and resulting in
fibres with reduced linear density values or, in other words, finer fibre
bundles. These results were supported by the significant weight losses
observed (Table 1). The intensity of the treatments applied to the strips
played a major role in determining the fineness of the resulting fibres. A
more rigorous treatment might produce finer fibres compared to a
milder one (Liu et al. (2011). The extraction treatment applied to
P. edulis was stronger than the others, although there was little differ-
ence in fineness between the samples. The preceding caustic treatment
softened the non-cellulosic substances, making it easier for the subse-
quent enzymatic treatments to degrade them, as shown in Fig. 1. These
processes resulted in finer and stronger fibres compared to those in the

(@)

Fig. 6. Bamboo fibres extracted by different techniques, (a) Bambusa emeiensis, Phyllostachys edulis (b) and P.reticulata (c).

(b)

10

©



F.W. Asmare et al.

u Sample-1
m Sample-2

5.48 Sample-3

Length (cm)

Bamboo fibre samples

(a)

Advances in Bamboo Science 7 (2024) 100070

2 14 m Sample-1
Rz 11.43 u Sample-2
5] 12 Sample-3
=] 10.14 971
8 ~ 10
R
= 8
&
S 61
2
< 4 4
2 -
0

Bamboo fibre samples

(b)

Fig. 7. Physical properties of bamboo fibre samples (a) Average length (b) Average linear density.

Table 3
Fineness of bamboo fibres.

Samples Fibre fineness (tex)

Minimum Maximum Average STD
B.emeiensis 8.11 12.14 10.14 2.02
P. edulis 7.72 11.86 9.71 2.07
P.reticulata 9.03 13.58 11.43 2.29

other two species. Although P. reticulata underwent the same concen-
trations of caustic soda and enzyme as P. edulis, the enzymatic treat-
ments applied to P. edulis were non-aqua treatments, indicating a higher
concentration of enzyme that intensified the degradation of
non-cellulosic substances. As the sodium bicarbonate and enzymatic
treatments applied to B. emeiensis were also non-aqua, and the sodium
bicarbonate treatment was carried out at a relatively higher temperature
for a longer duration, finer fibres were produced from this species
compared to P. reticulata. The low standard deviation values (2.02-2.29)
of linear density indicated that the fibres obtained in each sample were
uniform (Table 3).

As the fibres become finer, the difference between them within a
sample declines. That explains why fibres in P. edulis showed the least
variability and P. reticulata the most (Table 3). There is inherent vari-
ability within a sample and between samples. Thickness values of fibres
in all the samples were within the acceptable range to be used for textile
applications (Morton and Hearle, 2008). These values were also
consistent with the results of other researchers (Zhang et al. (2014);
Rocky and Thompson, 2018, 2020).

Tensile properties of fibres

The tensile tests yielded values ranging from 9.43 to 19.32 cN/tex
breaking tenacity and 100.9-187.6 cN breaking load (Table 4). P. edulis
had the highest average tenacity value (15.21 cN/tex), whereas
P. reticulata had the lowest (12.16 cN/tex). The average value of

Table 4
Tensile properties of bamboo fibre samples.

B. emeiensis (13.88 cN/tex) was intermediate (Fig. 8(b)). The average
tenacity values might be related to their average breaking load and
fineness values (linear density). P. edulis, B. emeiensis and P. reticulata
had decreasing average linear density values, respectively, whereas
their average breaking force values occurred in reverse order (Table 4).
The average breaking tenacity values were supported by information
yielded from the SEM images (Fig. 2), where greater numbers of single
fibres were more tightly held together in clusters of fibre bundle in
P. edulis than in B. emeiensis. The greatest number of clusters, each
composed of fewest number of single fibres, occurred in P. reticulata. The
clusters themselves were located separately (Fig. 2(a) — (c)). The level of
bonding between single fibres was greatest in P. edulis. Greater bonding
was observed between single fibres in B. emeiensis than in P. reticulata
(Fig. 2(e)-).

Regardless of sample type or age, these characteristics were related
to the intensity (strength) of the extraction techniques. An indicator of
treatment strength is the concentration of chemicals and enzymes. A
stronger treatment could result in finer fibres with reduced strength.
However, for limited concentration treatments, the removal of hemi-
celluloses, lignin and other impurities makes the fibrils in the finer fibres
more capable of rearranging themselves along the direction of tensile
deformation, resulting in better packing of cellulose chains and
improved fibre breaking strength and tenacity (Sinha and Rout, 2009).

The enzymatic treatment of P. edulis fibres was preceded by a caustic
treatment that weakened the non-cellulosic components of the fibres.
The softened materials were further weakened by a higher concentration
(20%) enzymatic treatment. They were then destroyed and eliminated
in solution by the final stage enzymatic treatment, as shown in Fig. 1.
These techniques produced finer and stronger fibres than the techniques
used for the other two species. Although P. reticulata was treated with
the same amounts of caustic soda and enzyme as P. edulis, the enzymatic
treatments on P. edulis were performed by stacking (non-aqua treat-
ment) without the use of water as a solvent. Non-aqua treatment
resulted in a greater enzyme concentration, which accelerated the
breakdown of non-cellulosic compounds.

All of the treatments used on B. emeiensis, including sodium

Samples No. of Samples Values Breaking load (cN) Breaking tenacity (cN/tex) Breaking elongation (%)
B. emeiensis 250 Range 103.7-185.0 10.23-18.25 1.80 - 3.40
Mean 140.72 13.88 2.64
STD 20.11 1.98 0.47
P. edulis 250 Range 100.9-187.6 10.39-19.32 1.80-3.60
Mean 147.67 15.21 2.60
STD 24.48 2.52 0.44
P. reticulata 250 Range 107.8-186.0 9.43-16.27 2.00-3.80
Mean 138.96 12.16 2.75
STD 22.11 1.93 0.36
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Fig. 8. Tensile properties of bamboo fibre samples (a) Average breaking force (b) Average breaking tenacity (c) Average breaking elongation.

bicarbonate and enzymatic, were carried out without the use of water. In
addition, fibres were treated with sodium bicarbonate for an extended
period of time at a considerably higher temperature. B. emeiensis pro-
duced finer and stronger fibres than P. reticulata. Cellulosic fibrils can be
destroyed, resulting in weaker fibres, unless the quantity of enzyme or
chemicals is restricted. Breaking load and tenacity standard deviation
values were determined to be around 20-25 and 1.93-2.52, respectively
(Table 4). The standard deviation of the tenacity was much reduced
because it was determined based on the breaking force of individual
fibres and average fineness.

Although the strength of fibres within a sample varies, the standard
deviation values in this investigation were not significantly higher, and
there was little change in the standard deviation values of the samples.
The standard deviation values indicated that the concentration of the
majority of fibres in each sample was closer to the average value,
implying more consistent fibres in the samples. The variation in fibre
strength is mostly due to the position of the fibres in different culms of
the same or other species, different internodes of the same culm, and
varied locations across the culm’s cross section. The fibres obtained in
all of the samples met the strength requirements for textile applications
(Morton and Hearle, 2008).

Breaking elongation values ranging from 1.8% to 3.8% were ob-
tained. The average values were 2.75%, 2.64% and 2.60% for
B. emeiensis, P. edulis and P. reticulata, respectively. The difference be-
tween their average elongation values was insignificant (Table 4 and
Fig. 4(c)). The breaking elongation values were very close to the average
value, as confirmed by the standard deviations (Table 4). The breaking
elongation range of the fibres extracted in this study was comparable to
those exhibited in other studies (Liu et al. (2011); Prasad and Rao, 2011;
Sanjay et al. (2018); Rocky and Thompson, 2020). The values indicate
the potential spin ability of the fibres.

Conclusions

This research focused on the development and application of a

12

combination of mechanical, enzymatic and chemical fibre extraction
methods. The combined extraction methods, which involved alkali and a
newly developed composite enzyme in concentrated and solution states,
generated finer bamboo fibres from three different species of bamboo by
breaking down and eliminating non-cellulosic components of the
bamboo strips. Non-aqueous enzymatic treatments applied to P. edulis
and B. emeiensis resulted in bamboo fibres with improved physical and
tensile properties. This can be attributed to the higher concentration of
the composite enzyme when applied through stacking, without the use
of water as a solvent. The higher the concentration of an enzyme or
chemical is, the more effective it is in breaking down the target
components.

The bamboo fibres obtained in this study were generally coarser but
still within the limit for spinning. They could be used for coarser yarns or
further modified for finer counts. Although there were slight differences
between the samples, they were not statistically significant. Addition-
ally, the low standard deviation values for the measured properties of
the fibres indicate a high level of uniformity within each sample. The
physical and mechanical properties of the fibres demonstrated the
effectiveness of the extraction techniques used in this research and were
within the ranges used for textiles. The fibre extraction techniques
developed and applied in this study were performed with reduced
concentrations of chemicals, production times, energy and water con-
sumption, environmental impacts and effluent loads. Based on these
parameters as well as the quality of fibres, this study has produced re-
sults that are comparable to or better than may previous studies. The
methods used are appropriate for commercialization, as they involve
cheaper and easily available equipment and chemicals, adaptable pro-
cedures and the capability for the production of good quality fibres.

The structural analyses, moisture contens, fibre yields, length, fine-
ness, and tensile properties of the natural bamboo fibres examined in
this study provide a foundation for future research. Further studies could
be conducted on different bamboo species, various age groups of the
same or different species, and process optimization to achieve higher
quality bamboo fibres. The development of specialized equipment and
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technologies for bamboo fibre extraction is also crucial for producing
large quantities of usable bamboo fibres for various textile applications.
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