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ABSTRACT

The exceptional strength-to-weight ratio, abundance and biodegradability of Semantan bamboo
(Gigantochloascortechinii) have made it a popular choice as both a template material for composite
manufacturing and an ideal candidate for utilization as an adsorbent material. The objective of this study was to
obtain cellulose of excellent quality from bamboo fiber, considering its purity and optical qualities, which are
important for various industrial. The bleaching phase, which is crucial for determining the quality of cellulose,
was optimised using the response surface methodology. The parameters of NaClO; concentration (12 — 20%
w/w), temperature (60 — 80°C), and duration (3-5 hours) were adjusted to achieve optimal results. The results
showed that using high concentrated NaClO; or prolonging the bleaching period resulted in cellulose oxidation
and decreased efficiency. The ideal conditions for bleaching bamboo fiber were determined to be a
concentration of 16% (w/w) NaClO; at a temperature of 70°C for 4 hours. Under these conditions, the amount
of cellulose produced was as high as 45.9%. The crystallinity degree yielding results of 57.87% and 64.29% for
untreated and treated bamboo fiber, respectively. The effectiveness of the delignification and mercerizastion
processes in producing valuable industrial products from bamboo fiber was proven by structural analysis using
morphological analysis.
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Highlight
Semantan Bamboo (Gigantochloascortechinii) by Response Surface Modelling (RSM) as a sustainable resource,
and potential source of cellulose to treart polluted water from textile factories.

I.  Introduction

There has been a notable increase in attention towards environmentally sustainable biomaterials as
viable alternatives to synthetic fibres in recent times[1]. Natural lignocellulosic fibres offer a multitude of
benefits, such as their low weight, economical nature, remarkable specific characteristics, thermal resilience,
environmentallysustainable nature, and biodegradable nature [2]. Due to these attributes, they are attractive for a
diverse range of applications in sectors including automotive manufacturing and construction [3]. Annual
production of cellulose, the most prevalent natural biopolymer on a global scale, is 7.5x 1010 tonnes[4].
Carboxylic fibres, in their composition, consist of both disordered (amorphous) and highly ordered (crystalline)
components [5]. These fibres possess distinctive qualities, including remarkable mechanical strength, a large
surface area, and a high aspect ratio (length to diameter). These properties give cellulose fibres considerable
commercial potential[6].Semantan bamboo (Gigantochloascortechinii), which is frequently encountered in
Malaysia, exhibits considerable potential as a cellulose fibre source. Considerable investigation has been
dedicated to theenhancement of the characteristics of these bamboo fibres[7]. Delignification and mercerization
are two of the most significant treatments that have been investigated in relation to improving fibre cellulose
quality[8].The procedure entails the extraction of lignin from the fibres of bamboo. Lignin, an intricate polymer,
is responsible for imparting rigidity and hydrophobicity to the fibres[9]. By means of selective lignin
degradation, scientists can increase the fibres' overall cellulose content and ductility[10].

Chemical techniques effectively produce cellulose with a high level of purity. A method called
bleaching is used. This involves treating the material with NaClO- in acidic conditions to remove lignin and
hemicellulose, as well as partially breaking down the substance. A short bleaching cycle, low bleacher
concentration, and low temperature setting are critical for efficient output[11].Bleaching under acidic
circumstances has not yet been fully investigated for its ability to optimise lignin and hemicellulose removal,
especially for semantan bamboo (Gigantochloascortechinii) fiber. To achieve a successful NaClO; reaction
during bleaching, the acidity levels are regulated after the temperature reaches 70°C using eco-friendly acetic
acid[12].

Mercerization, also called alkali treatment, is the process of subjecting the natural fiber to the action of
fairly concentrated strong base solution (aqueous NaOH or KOH solution), which depend on the type and
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concentration of solution, temperature and time of treatment, as well as tension of material, to produce great
swelling with resultant changes in the fine structure, morphology, dimensions, and mechanical properties;
ASTM: D1695-07[13]. It has been reported that mercerization has four effects on the fiber: (1) it increases the
number of possible reaction sites by exposing the surface of cellulose fiber (2) it increases surface roughness,
resulting in better mechanical reinforcement; (3) it improves the mechanical behavior, i.e. strength and stiffness,
and increases the percentage crystallinity index of alkali-treated fibers; and (4) decreases in the spiral angle, i.e.
closer to fiber axis, and increase in molecular orientation [14]. The chemical process of mercerization, which
involves the alkaline treatment, is extensively used in the extraction of cellulose from natural fibers and
agricultural debris. After the structure of the hydrogen bond network is broken, the remaining lignin is removed
through delignification [15]. Nevertheless, the existing body of literature is scant or nonexistent with respect to
the impacts of treatment duration, as most of the research has concentrated on different concentrations,
following Table 1.

Table 1. Reported works on the production of cellulose from bamboo fiber throughdiverse treatment methods.

Fibers Pre-treatments Treatments Cellulose Yield References
Kenaf Acid Hydrolysis H,SO, hydrolysis 54.7% [16]
Sugarcane bassage Enzymatic Cellulase digestion 82% [17]
Hydrolysis
cotton lonic Liquid ionic liquids-based 83% [18]
imidazolium
Eucalyptus waste (Eucalyptus Mercerization bleaching using hydrogen 55% [19]
citriodora) NaOH peroxide

Thespesia populnea barks - alkali treatment 76.42% [20]

Bamboo Delignification Mercerization 45.9% Current

work

An example of a process that can greatly benefit from Response Surface Methodology (RSM) is the
extraction of bamboo fibres. Because it is a renewable resource, bamboo has great potential in many different
fields. But it's not easy to get thecellulose out of bamboo fibres. The complexities of this process can be
thoroughly examined and improved using RSM[21].The main goal is to maximise the yield of cellulose
extraction, which is heavily influenced by critical variables like temperature, concentration, duration, and the
presence of NaOH and NaClO.. By using RSM, we can examine how these factors interact with one another,
which sheds light on how they affect the extraction process as a whole[22]. Utilising RSM, scientists can
identify the ideal delignification and mercerization conditions for bamboo fibres, increasing the cellulose yield.
Not only does this optimisation improve the extraction process efficiency, but it also helps with sustainable
material production by making full use of bamboo resources.

Delignification and mercerization of bamboo using RSM were the goals of this work. To determine
how duration, temperature, and chlorite concentration affected cellulose production, the mercerization
procedure, an alkaline treatment, was used. The Box-Behnken design (BBD) method was employed in
conjunction with Design-Expert software (version 13.0) to analyse experimental data and ascertain the optimal
conditions that would yield the greatest quantity of cellulose from BC. To determine the three best conditions, a
methodical series of seventeen runs was carried out with the help of statistical modelling software (RSM) to
guide the practical lab work. After that, XRD, FESEM, and FTIR were used to characterise these ideal
circumstances.

Il.  Methodology

2.1 Materials

Samantan bamboo (Gigantochloascortechini) was collected from FRIM in Kepong, Malaysia. The chemical
reagents used were 80% pure sodium chlorite (NaClO-) from Sigma, 99.8% pure acetic acid (CH3COQH) from
QRéc, and 99% pure sodium hydroxide.

2.2 Extraction of bamboo cellulose

Various techniques are available for isolating cellulose from lignocellulosic biomass sources. In this
study, the authors successfully obtained cellulose fibers from bamboo (BF) using the methodologies outlined by
Ilyas et al. [23]the Figurel show for delignification and mercerization. The quantity of cellulose recovered from
BF was significantly influenced by three key factors: the solution temperature, the duration of contact between
sodium chlorite (NaClO,;) and BF powder, and the concentration of the bleaching solution. To gain a
comprehensive understanding of the cellulose extraction procedure, it is advisable to adhere to this protocol[24].

The extraction process began with the addition of 5 grammes of powdered and dried bamboo powder to
200 ml of water and sodium chlorite at three distinct strengths (12, 16, and 20 %). After that, the mixture was
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agitated continuously for 3 to 5 hours at temperatures between 60 and 80°C using a magnetic stirrer. Then, the
residue of hemicellulose solids was collected after filtering with filter paper.

After that, the hemicellulose solids residue was treated with 200 ml of NaOH 5% solution and left to
agitate for two hours. Then, it underwent another round of filtering to extract the cellulose solids residue.
Sodium hydroxide was used to bring the pH of the samples to 7.5. After going through another round of
filtration, the remaining cellulose particles, which we'll call Bamboo cellulose (BC), were carefully measured,
and then dried at 75°C overnight to ensure that the sample was completely devoid of moisture.

Semantan Bamboo
l
Wash & dry

1
Grind & Screen

|

+| Delignification treatment

l

Variables: temperature, Mercerization treatment
time, concentration —

NaClo2

Optimization
study by
using (RSM)

Characterization

Figure 1.Schematic illustration of BF extraction

2.3 Cellulose extraction yield

Following each phase of processing, the specimens are dried in an oven preheated to 70°C until their
mass remains constant. The cellulose yield, expressed as a percentage, is calculated using Equation (1). By
employing this methodological approach, the cellulose extraction process (Figure2) is subjected to a rigorous
and standardised evaluation, which facilitates the accurate assessment of treatment efficacy and the optimisation
of cellulose yield from bamboo substrates.

Yield(%)="~ 100 1)
Wi = initial weight, W= final weight.

2.4 Optimization of bamboo cellulose

2.4.1  Experimental Design from Response Surface Methodology.

The primary data on the chemical quality of cellulose were collected from each treatment, which included water
extractives, hemicellulose, cellulose, and lignin. The treatment protocol was created using an optimisation
method that utilised Response Surface Methodology (RSM), with experimental data analysed using Design-
Expert software (version 13.0) with three components. The optimisation concentrated on the bleaching process's
temperature (A), time (B), and NaClO, concentration (C), which were studied at low, moderate, and high levels,
denoted by (-1), (0), and (+1), respectively, as shown in Table 2. The experimental design included seventeen
experiments, five repeated experiments at centre points, and twelve factorial points, with the goal of discovering
the ideal circumstances for the experiments and identifying the maximum yield (Sayed and Khalaf, 2023). The
total number of experiments was obtained using a previous study (2).
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N=2K(K-1)+C, (2)

Where N is the number of experiments, K is the number of variables (time, temperature, and concentration), 12
experiments with 5 replications, (Co) have been enhanced to evaluate the pure error.

The equation above shows that 17 experiments under various operating circumstances are required. During these
trials, five optimal conditions (centre points) were determined to measure potential human error. The
temperature ranges from 60°C to 80°C, and the stirring times are 2 hours, 4 hours, and 5 hours, with sodium
chlorite concentrations of 12g, 169, and 20g. Each experiment used 5 grammes of powder.

To characterise the impacts of the three variables, a second-order polynomial regression model was used to fit
the quadratic mathematical model for cellulose yield, which is shown in Equation (3) [25].

Y = Bo +P1A+P2B+P3CHPB11A? +P22B? +B33C% +P12AB+P1sAC+B23BC 3)

In the equation, the symbol Y stands for the anticipated reaction (cellulose yield). R0 is the constant, whereas R1,
R2, and R3 are the linear coefficients. 11, 322, and 333 stand in for quadratic coefficients, whereas R12, 313,
and R23 stand for interaction coefficients. Factors A, B, and C correspond to the variables being investigated.
The link between these variables and the outcome was examined using analysis of variance (ANOVA). In
addition, p-values were determined for model comparisons, and F values were evaluated to determine the effects
of factors on responses.

Table 2.Minimum and maximum levels of the variables.

Factor Variables Unit Level Output
-10 +1 Response
A Temperature °C | 60 70 80 Cellulose
Y (%)
B Time h 3 4 5
C concentration g 12 16 20
2.6 Characterization of raw bamboo and bamboo cellulose

2.6.1 Moisture content

To examine the moisture content, a set of five samples was prepared with great attention to detail. An oven
setting of 105°C was used to heat each sample for a period of 24 hours. Both the pre-heating weight
(represented as Mi in grammes) and post-heating weight (represented as Mt in grammes) of the samples were
precisely determined. Subsequently, the moisture content was computed utilising these measurements in
accordance with the method described in Equation and as suggested by (4) [26,27].

. M; — Mg
Moisture content (%) = T x 100 4

i
where M¢is mass of the samples after heating and M; is mass of the samples before heating.

2.6.2  Chemical composition

According to [28].The chemical composition analysis entailed the utilization of gravimetry to ascertain
the quantitative presence of cellulose, hemicellulose, and ligninwere present in the original material on a dry
basis. The Semantan bamboo (BF) was soaked in a 5% (w/v) sodium chlorite (NaClO,) solution with a pH of 4
to 5 for 90 minutes at 70°C. The samples were then oven-dried for 24 hours before being chilled in a desiccator
to achieve a constant weight. The weight reduction from this treatment revealed lignin composition, while the
residual weight reflected holocellulose, which included hemicellulose and cellulose. The holocellulose was
rinsed with deionized water before being chemically treated with a 6% (w/v) sodium hydroxide (NaOH)
solution at 25°C for 24 hours to remove hemicellulose while retaining cellulose. Following treatment, the
samples were oven-dried for 24 hours, chilled in a desiccator, and analysed. The cellulose content was
calculated based on the sample's ultimate weight.

2.6.3  Field emission scanning electron microscopy (FESEM)

Field emission scanning electron microscopy (FE-SEM) is a sophisticated technique for capturing
detailed microstructure images of materials. In this study, a SEM (Hitachi TM 3000, USA) operating at 5 kV
was used. Prior to imaging, the dried samples were coated with a thick layer of gold, approximately 1 to 10 nm.
At least five SEM pictures were taken from different areas on each sample[49].

2.6.4  FourierTransform Infrared Spectroscopy (FTIR)

To analyse potential alterations in functional groups that may have occurred because of the extraction
process, Fourier transform infrared spectroscopy (FTIR) was utilised at various phases of Semantan bamboo
fibre (BF) extraction. The infrared spectra of the substance were acquired using a Thermo Scientific Nicolet
iS10 spectrometer. The FTIR spectra spanned the spectral range of 4,000 — 500 cm™!, which facilitated a
comprehensive examination of the functional groups that were found in the samples.
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2.6.5  X-Ray diffraction (XRD)
The crystallinity of the materials was evaluated employing X-ray particle diffraction (XRD)[29]. The
Rigaku D/max 2500 X-ray diffractometer (Rigaku, Tokyo, Japan) used to analyse the X-ray diffraction patterns
of untreated and treated semantan bamboo fibre (BF) had a generator voltage of 40 kV, a current of 40 mA, and
a goniometer speed of 0.02 (20) s. The instrument was equipped with CuKo, radiation (A = 0.1541 nm) within
the 26 range of 10° to 40°. Using an empirical procedure [30]the crystallinity index (Xc) of the samples was
calculated (Xie et al. 2016),as shown in Equation 5, where g2 and lam represent the peak intensities of the
crystalline and amorphous regions, respectively.
Iooz — 1
Xc = M x 100 (5)
002
where lgo2 and lamare represent the maximum levels of intensity observed in crystalline indicative of the lattice
plane and minimum intensity of the two highest peaks of l.m, respectively
Iooz — 1
Xc =22 9™« 100
002
where lgo2 and lamare represent the maximum levels of intensity observed in crystalline indicative of the lattice

plane and minimum intensity of the two highest peaks of l.m, respectively [32].
I11.  Result and Discussion

3.1 Extraction and optimization of cellulose
3.1.1Synthesis optimization using RSM

The composition of hemicellulose, cellulose, and lignin in fibrous materials varies greatly according to
their source. To extract cellulose from semanatan bamboo fibre (Gigantochloascortechinii), 17 experiments
were carried out using the RSM design and the parameters given in Table 3. The cellulose yield responses from
these tests are shown in the same table. Significant factors, such as temperature, reaction time, and NaClO;
concentration, were assessed at three levels. Under these settings, the cellulose yield from BF ranged from 36%
to 45.9%. The model's correctness was assessed using a variety of statistical approaches, including ANOVA,
lack of fit, residual distribution, overfitting tests, and coefficient of determination (R?).

The statistical validity and correctness of the fitted model were assessed using ANOVA[33]. with
results based on the quadratic model shown in Table 4.Figure 3 (A,B) displays the surfaces of response of
cellulose yield response on the interaction effects between temperature, time, and concentration; as well as
Diagnostic plots of BBD optimization. An astonishingly low p-value of less than 0.0001 confirms the regression
model's statistical reliability and demonstrates its outstanding importance. Furthermore, a model F-value of
83.50 indicates the model's relevance, with only a 0.01% probability of such a high F-value being attributable to
noise. Significant model terms are those with P-values less than 0.0500, such as A, B, C, AB, BC, A?, B2, and
c2

The lack of fit F-value of 5.31 indicates a 7.03% possibility that such a high Lack of Fit F-value could
be caused by noise, indicating poor fit. The predicted R2 of 0.8791 is comparable to the adjusted R2 of 0.9789,
indicating good model agreement. Furthermore, Adeq Precision reported a signal-to-noise ratio of 22.849,
indicating appropriate signal strength. These results support the model equation’s ability to describe BF cellulose
extraction under a variety of operational situations. Equation (5) represents the response surface model, which
may effectively express BF cellulose yield (%).

Table 3.Experimental design matrix of BBD with cellulose yield.

Factor 1 Factor 2 Factor 3 Response 1
Std Run A:temperature B:time C:concentration Yiled

C H G %
2 1 80 3 16 37.8
17 2 70 4 16 45.9
1 3 60 3 16 353
9 4 70 3 12 37.1
8 5 80 4 20 40
11 6 70 3 20 36.8
14 7 70 4 16 45.3
7 8 60 4 20 384
4 9 80 5 16 42.1
16 10 70 4 16 45.6
15 11 70 4 16 45.4
12 12 70 5 20 40.8
13 13 70 4 16 45
3 14 60 5 16 36
6 15 80 4 12 40.3
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Figure3(A) Surfaces of response of cellulose yield response on the interaction effects between temperature,
time, and concentration; (B) Diagnostic plots of BBD optimization.

Table 4.Results of the quadratic model using ANOVA.

Source Sum of Squares Df Mean Square F-value p-value

Model 241.77 9 26.86 83.50 <0.0001 Significant
A-temperature 25.92 1 25.92 80.57 < 0.0001

B-time 8.82 1 8.82 27.42 0.0012
C-concentration  4.50 1 4.50 13.99 0.0073

AB 3.24 1 3.24 10.07 0.0156

AC 1.69 1 1.69 5.25 0.0556

BC 5.29 1 529 16.44 0.0048

A2 47.82 1 47.82 148.64 < 0.0001

B2 76.77 1 76.77 238.63 < 0.0001

C? 47.82 1 47.82 148.64 < 0.0001

Residual 2.25 7 0.3217

Lack of Fit 1.80 3 0.6000 531 0.0703 not significant
Pure Error 0.4520 4 0.1130

In regression analysis, coefficient estimates are used to indicate the expected change in the response
variable when there is a one-unit change in the value of a factor while keeping all other factors constant. The
intercept in an orthogonal design represents the mean response across all experimental runs.

Within these designs, coefficients represent modifications made to the average value, considering the
specific settings of components. When components are orthogonal, variance inflation factors (VIFs) of 1
indicate the absence of multicollinearity, meaning that each factor is independent of the others. Nevertheless,
VIFs exceeding 1 suggest the existence of multicollinearity, indicating interdependencies between variables.
The strength of this link intensifies as the VIF values grow.

Typically, VIFs that are less than 10 are considered acceptable. However, this threshold may differ based on the
context and goals of the investigation.

3.1.2Effect of pretreatment variables on cellulose yield

Figure 2A. shows the quadratic model produced three-dimensional response surface graphs, illustrating the
interplay between the response yield and independent process factors. There was notable consistency between
anticipated and empirically observed outcomes. Findings revealed that optimal conditions for cellulose
production entailed high temperature (70°C) and prolonged pretreatment duration (4 hours), underscoring the
importance of meticulous optimization of crucial process variables to achieve desired outcomes.
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Repeated testing confirmed the adequacy of the model, with three replications closely aligning with
projected values. Maximum cellulose yield (45.9%) was achieved with optimal substrate concentration (20g),
pretreatment temperature (70°C), and pretreatment time (4 hours). Statistical validation of validation run data
further bolstered the robustness of the findings.

According to [23], delignification and mercerization methods were employed to extract cellulose in this
investigation. [34,35] have indicated that NaClO, can effectively oxidize water-insoluble lignin, generating
carboxyl groups and enhancing its water solubility. An ANOVA analysis revealed that time and NaClO;
concentration had greater significance in determining the yield, water-insoluble content (WI), and Kappa
number of the extracted cellulose compared to temperature.

3.1.3 Validation of experimental model

Experiment results were utilised for validation purposes in conjunction with response surface
methodology (RSM) to determine the optimal conditions for cellulose yield maximisation from SBF. With a
cellulose yield of 45.9%, the optimised BF extraction was conducted at 70°C for four hours with a NaClO;
concentration of 16. The observed result, which was near the anticipated value of 49.9%, serves as evidence of
the model's dependability.

Emphasising the sufficiency and precision of the selected extraction process parameters is a 95%
confidence interval between experimental results and RSM-predicted values. The results of this study validate
the reliability of the approach, suggesting that it can be effectively utilised in practical domains.

3.2 Characterization
3.2.1  Moisture content

The efficacy of a natural material as a filler in polymer blends is contingent upon its moisture content
to a significant extent. Studies have shown that high amounts of moisture can make bio-composites less stable,
slow the growth of pores, and shorten their overall life [36]. In this case, the study showed that the amount of
water in the bamboo samples varied, with averages of 23%, 17%, and 26%[37,38]. According to [39], there may
be variations in the amount of lignin present. Lignin is known for its ability to keep water away.

In addition, the number of parenchyma cells affects the moisture content of bamboo because they tend
to hold on to water better than arterial bundles. As a result, changes in this cellular makeup can cause changes in
the amount of water present. It's important to note that the amount of water in bamboo has a big effect on its
mechanical power. Higher amounts of moisture can weaken structures, which shows how important it is to
control moisture when using bamboo as a composite filler.

3.2.2  Chemical composition

In determining their physical, mechanical, and thermal properties, the chemical composition of natural
fibres is crucial. In general, natural fibres comprise cellulose, hemicelluloses, lignin, and ash, although the exact
proportions may differ due to variables including the origin of the fibre, the methods used for extraction, and the
age of the fibre [40]. Regarding bamboo, its fundamental chemical components consist of cellulose,
hemicelluloses, and lignin, which are all intricately interwoven in a multifaceted framework [41]. The cellulose
content comparison between bamboo cellulose (BC) and unprocessed bamboo fibre (BF) is presented in Table
5. The results indicate that BC contains a considerably higher percentage of cellulose (72.5%) than raw fibre
(46%), this result was similar to extracted (crude) cellulose from argan press cake by a procedure involving
alkaline treatment with 12 wt% NaOH and 8 wt% sodium sulfate (Na,SO4) solution at 80 °C for 90 min.This
approach led to the extraction of cellulose with high purity, beyond 71% [42]. Also comparison bleached
cellulose fibers from T4 leaf petioles (Calathea lutea) with 3.5% NaClO., at 30 °C to pH 9.2, followed by 20%
NaOH for 1 h, and finally 0.5% NaClO; for 1 h, all under agitation where was yield 26.25% Bolio-L6pez et
al.[43] . It is thought that the removal of extractive components during the delignification and mercerization
processes is what caused the increase in cellulose content in BC [27]. These procedures successfully isolated a
larger percentage of insoluble compounds. As part of the extraction process, the whitening step gets rid of
hemicellulose, silica, soluble mineral salts, and ash isolating a larger percentage of insoluble compounds.
Temperature and pH are two things that can change this process. Reactions usually happen when the
temperature and pH are high. In the second step, chemical treatment breaks down and removes more parts of the
fibre, making it even better.Notably, bamboo's cellulose content tends to diminish as it age [44]. Due to its
elevated cellulose content, BC has deemed the most favourable option for the mechanical treatment of
nanocellulose in a wet-disc mill.
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Table 5. Chemical compositions of BF and BC.

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

BF 46 245 29

BC 725 17 10.5

3.2.3 Morphological analysis

Chemical and mechanical pretreatments can change the shape and size of fibres' surfaces in big ways.
Upon examination of the surface of unprocessed bamboo fibers, an abundance of hemicelluloses, lignin, waxes,
oils, and surface impurities becomes apparent. [45]These constituents are characteristic features observable in
natural fibers such as hemp and jute. [46,47]The image in Figure 4 shows raw bamboo fibre, which is made up
of bundles of cells that are joined together by lignin, hemicelluloses, and sticky substances [48]. This means that
the surface of raw bamboo fibre is usually rough and uneven because it contains noncellulosic materials[49,50].
The FESEM picture of pulp BC shows a fibre surface that is uniform and smooth, which means that
noncellulosic materials have been removed. Even though pulping separates fibres from groups, these fibres may
still be knotted [51]. Delignification and mercerization, on the other hand, make the fibres smoother and smaller.
It can be observed in Table 6 that the sizes of the raw fibre, cellulose BF, and BC were 110nm to 9.51nm,
which is the same as what was found in other bamboo species [52].Due to the removal of lignin and
hemicellulose during delignification and mercerization, BC width is smaller than that of the cellulose
microfibers discovered by Alemdar and Sain in 2008 [53]This process cuts apart BF bundles, which frees up
cellulose microfibrils [54]. This makes the fibres smaller.

ﬂ?}{"! ; B
A"(‘ 4 ‘“

8 R

Percentage (%)

106 108 110 112 114 16 118 120

Diameter of raw bamboo fiber (sm)

D

e~
8 10 12 16
Diameter of bamboo cellulose fiber (jum)

Figure4. FESEM images of raw bamboo (A) and size distribution (B); SEM image of cellulose bamboo (C)
with size distribution (D).

Table 6.Diameter of BF and BC.

Samples Diameter (um)
BF 111.61
BC 9.51

3.2.4  FTIR analysis

To further investigate the modifications in chemical composition that take place in bamboo fibres after
delignification procedures, a comparative analysis of Fourier-transform infrared (FTIR) spectra was performed
on untreated bamboo fibres and those that had undergone delignification techniques [55]. The Fourier transform
infrared (FTIR) analysis unveiled notable variations in the wave numbers and figures of characteristic peaks,
with treated fibres in Figure 5 exhibiting the most pronounced differences in the range of 1700 cm™ to 600 cm-
1[56].

Significantly, absorption peaks were identified at specific locations: 3324 cm™ and 3335 cm, which
correspond to O-H stretching; and 2895 — 2896 cm™, which corresponds to CH stretching in the CH; and CH3
groups, respectively. The presence of lignin was indicated by bands between 1601 cm™ and 1211 cm, which
were associated with skeleton stretching vibrations of aromatic rings, methoxy C-Hdeformations, and lignin
bending. In lignin and hemicellulose, the vibrational band at 1239 cm™'suggested the presence of a clove ring
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and C-O stretching [57]. Significantly, the elimination of the vibrational band at 800 cm™!, which is attributed to
C-H vibrations in derivatives derived from Guaiac after delignification, served to emphasise the effectiveness of
the treatment in eliminating lignin. Moreover, alterations were noted in the peaks corresponding to
hemicellulose and cellulose constituents, specifically within the range of 1023 cm™to 1035 cm™. These peaks
are suggestive of stretching of the C-O and C-H groups in cellulose and hemicellulose, respectively.
Furthermore, marginal alterations were observed in the intensity of the vibrational bands associated with
cellulose at 1307 cm™!, 1367 cm™!, 1266 cm™', and 1157 cm™' after the delignification process [58]. Absorption
maxima at 665.85 cm-1 in bamboo and 664.42 cm-1 in extracted cellulose indicate the out-of-plane bending of
cellulose C-OH bonds. Moreover, the presence of the 1428.91 cm-1 FTIR absorption band in the extracted
cellulose spectrum, commonly referred to as the “crystallinity band" due to its link with sample crystallinity,
corresponds to the symmetric vibrating motion of CH> groups in cellulose[59].

Molecular recognition of peaks or bands with precise intensity within the range of 1072-1040 cm?
suggested that the fibres had retained cellulose. The results of this study indicate that the bleaching methods
successfully eliminated a substantial proportion of lignin and hemicellulose components from the BF [48]

3335 2896 1601 1239 800

Transmttance(%)

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(ecm ™)

Figure 5. FTIR spectra of raw BF and BC

3.25  XRD crystallinity

Individual fibre crystallinity has a substantial influence on material thermal and mechanical properties
[27].Figure6depicts the X-ray diffraction (XRD) patterns for both untreated and treated bamboo fibres, which
show comparable diffraction peaks but with variable intensities. The XRD analysis revealed distinct peaks at 20
values around 16° and 22.8° in all diffractograms, indicative of the characteristic cellulose form. Conversely, the
presence of low peaks at approximately 18° indicated the amorphous region, these peak shifts indicate an
increase in the treated fibres' interlayer spacing, which is caused by the disorder induced during the fibre
treatment procedure. The crystallinity degree yielding results of 57.87% and 64.29% for untreated and treated
bamboo fiber, respectively. These findings are consistent with a previous study, which showed thattreatment
with alkali improve crystallinity by eliminating lignin from fibres crystallinity by eliminating lignin from fibres
[60,61]. It is worth mentioning that the crystallinity of BF is comparatively lower than that of extracted
cellulose. This observation aligns with prior research that has shown an increase in the crystallinity index after
the extraction of cellulose from bamboo fiber. The elevated crystallinity index observed in extracted cellulose
can be attributed to its heightened exposure after extraction. On the other hand, the lower crystallinity index in
materials that have not been treated is mostly due to the presence of lignin and amorphous hemicelluloses [62].

Significantly, the structural integrity of the predominant component of the isolated cellulose is
preserved, suggesting that the treatment has no impact on the lattice structure of cellulose. The results of this
study highlight the efficacy of the treatment method in augmenting the crystallinity of cellulose obtained from
semantan bamboo fiber. As a result, more is known regarding the structural characteristics and possible uses of
this material.
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Figure6. XRD patterns of BF and BC

IV.  Conclusion

Delignification and mercerization were employed in this investigation to extract cellulose fibres from
bamboo fibres (BF). The cellulose extraction efficiency of 45.9%, which was consistent with the predicted
values of 49.9%, was achieved under the optimised delignification conditions (temperature: 70°C, time: 4 hours,
NaClO; concentration: 16g). Through studying FTIR spectra, it was found that interventions greatly decreased
the amounts of hemicellulose and lignin in BF, which made it easier to extract cellulose. The XRD analysis of
bamboo cellulose (BC) revealed a noteworthy increase in crystallinity, reaching 64.29 percent. Further
examination by means of SEM analysis revealed substantial modifications in the surface morphology of BF
after treatment.

Through delignification and mercerization, selectively removing lignin and hemicellulose from BF
makes it possible to extract cellulose efficiently while preventing substantial fibre degradation. Because of the
scalable cellulose extraction methods that these insights reveal for BF and similar biomasses, BF is seen as a
possible raw material for making nano-cellulose. Except for delignification and mercerization, additional
research is necessary to conduct a thorough analysis of the associated costs.In summary, the research
emphasises the revolutionary capacity of cellulose extraction from BF, which opens the door to the
advancement and innovation of sustainable materials.
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