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Abstract

The sustainable production of nano-cellulose acetate (CA) derived from waste cotton linter via a unique, simple route
using a catalyst is the primary objective of this study. The cellulose was recovered from waste cotton linters through a
sequence of chemical and mechanical treatments, including scouring, alkaline treatment, bleaching, washing, and drying
conditions. The purified cellulose was then acetylated using varying amounts of acetic anhydride (AA) with time in the
presence of acetic acid and sulfuric acid as a catalyst to evaluate the influence of reagent like sample 1 (32 mL AA+
Reaction Time (RT) 30 min), sample 2 (64 mL AA+RT 30 min), sample 3 (64 mL AA+ RT 60 min), sample 4 (96 mL AA+
RT 30 min). The characterization of the resulting nano CA was performed using Fourier transform infrared spectroscopy
(FTIR), which confirmed the presence of the ester group characteristic of successful acetylation. Surface features and
structural morphology were analyzed through scanning electron microscopy (SEM), revealing non-uniform particle
distributions. The X-ray diffraction (XRD) analysis yields good results, with a crystallite size ranging from 3.0 to 6.0 nm.
From the XRD data analyzed using the Scherrer equation, the crystallite sizes of nano CA for the four (4.0) samples were
6.09 nm, 3.93 nm, 3.81 nm, and 6.10 nm, respectively. This study reveals that discarded cotton linter can serve as a
viable raw material for CA production, offering an eco-friendly and cost-effective alternative for polymer synthesis in
chemical engineering.
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1. Introduction

Organic fibers are eco-friendly and valuable for both the earth and humans [1]. The distinctive characteristics of organic
fibers and the diverse applications have been used for the last few decades [2]. Due to environmental concerns and the
high cost of synthetic fiber, natural fiber is replacing it. Natural fiber exhibits numerous benefits due to its
biodegradability, cost-effectiveness, and environmental friendliness [3, 4]. The other concerns and applications of
natural fiber include non-toxicity, renewable qualities, high specific strength, increased moisture absorption quality,
outstanding thermal properties, and economic stability [5]. Cotton is recognized as a soft, tiny, slightly fibrous substance
formed in the protective casing [6]. The cotton plant, which is found in bushes, is composed of approximately 94.0 %
cellulose. Cotton is the natural fiber used for the production of nano-cellulose, and it possesses multiple attributes,
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including being easily obtainable, affordable, renewable, abundant, durable, enduring, and biodegradable [7]. Cotton
swells in certain concentrated solutions, water, and excessively humid conditions [8, 9]. It is one of the purest natural
sources of cellulose used in textiles and biomaterials since each cotton fiber is a long plant cell whose secondary wall is
composed primarily of cellulose microfibers. The amount of cotton waste produced is staggering due to a steady rise in
global cotton consumption [9]. A significant amount of this magnificent natural resource goes unused, as almost all of
the cotton waste ends up in dumps or incinerators [10]. Cotton linters are short cellulose fibers that stay on the cotton
seed coat after the longer spinnable fibers are removed during the ginning process [11, 12]. Cotton linters are typically
unsuitable for textile applications due to their extremely low fiber length [12]. More than 75.0 % of the holo-cellulose
in cotton linters is a-cellulose, making up over 80.0 % of the total. Cotton linters are a vital industrial raw material for
the manufacturing of numerous cellulose-based goods, such as absorbent cotton, cellulose nitrate, and cellulose acetate,
due to their high cellulose content and advantageous chemical makeup [13]. Additionally, cotton linters are a widely
available source of high-purity cellulose for chemical and material applications since they are produced in enormous
numbers as a byproduct of the cotton textile industry [14].

One of the most prominent polymers derived from plants is cellulose acetate, which is produced when the plant
molecule cellulose is acetylated [13]. Textile fibers like acetate rayon, acetate-based yarn, or triacetate can be produced
from cellulose acetate [15]. In addition, the chemical can be dissolved in particular solvents, melted or softened by heat,
and then spun into fibers, molded into solid objects, or cast as films. The biodegradability of cellulose acetate is very
high. As an ecologically sustainable material, cellulose acetate's chemical treatment influences its biodegradability in
nature [16]. Cellulose acetate modified with acetic acid has an enhanced adsorption capacity compared to cellulose by
itself. Cellulose acetate's improved absorbency enables it to absorb oils and organics in water because of its larger pore
size, better hydrophobicity, and wettability [17]. Different studies concentrate on cellulose acetates as a value-added
processing technique for high-purity cellulose feedstocks, which have numerous uses, particularly in filters, textiles, and
films [18, 19]. Research on the degree to which feedstock parameters impact produced acetates is warranted in the field
of cellulose acetate manufacture due to the strict requirements for feedstock quality [18]. Small levels of contaminants
like lignin and leftover hemicelluloses can have a detrimental effect on high-quality acetate products, mainly optical
films [19]. Cotton linters, byproducts of the cotton ginning process, have received interest for potential options [20].
This study will produce nano CA from waste cotton linter under different conditions and evaluate the samples for future
utilization in different application fields.

2. Materials and Methods

2.1. Materials

Cotton linters were used as the primary raw material in this study. The cotton linters were collected from a local cotton-
processing factory in Kushtia-7003, Bangladesh. In most cotton industries, cotton linters are considered a waste by-
product generated during the processing of cotton fibers. However, these linters contain a high percentage of cellulose
and therefore serve as an excellent raw material for the preparation of cellulose-based derivatives such as CA.

2.1.1. Chemicals and Reagents

All enlisted chemicals used in the experimental work were of analytical grade and were used without further
purification. Sodium hydroxide (NaOH, 99.50 % purity) supplied by Merck, Germany, was used for the alkali treatment
of cotton linters to remove impurities such as waxes, lignin, and hemicellulose. Sodium chlorite (NaClO,, 98.0 % purity)
obtained from BDH, England, was used as a bleaching agent to purify the cellulose fibers. Acetic acid (CH3;COOH, 99.80
% purity) supplied by Merck, Germany, served as the reaction medium during the acetylation process. Sulfuric acid
(H2S04, 98.0 % purity) from Merck, Germany, was used as a catalyst to facilitate the acetylation reaction. Acetic
anhydride (C4Hs03, 98.0 % purity), also supplied by Merck, Germany, was used as the acetylating agent for the synthesis
of cellulose acetate.

2.2. Methods

2.2.1. Waste Cotton Linter Processing (Scouring)

The collected waste cotton linters were washed thoroughly with water to remove impurities such as dust and sand. The
cleaned fibres were then dried in the sunlight [temperature 29 2C, feel like 31 2C] before further chemical treatment.
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2.2.2. Alkali Treatment of Cotton Linter

About twenty (20.0) gm [ATY224, Shimazu, Japan] of cotton linters were dried in an electric oven at 105.0 °C [ED115,
USA] until a constant weight was obtained. The dried fibres were then treated with 2.0 % (w/v) sodium hydroxide
(NaOH) solution with a fibre-to-liquor ratio of 1:20 (w/w). The treatment was carried out at 80.0 °C [Thermo-Scientific,
UK] for four (4.0) hours with occasional stirring to remove non-cellulosic materials such as lignin and hemicellulose.
After treatment, the fibres were filtered, washed with distilled water and 2.0 % acetic acid solution until neutral pH was
reached, then dried in an oven at 105.0 °C [ED115, USA] and stored in a desiccator.

2.2.3. Bleaching of Cotton Linter Cellulose

The alkali-treated fibres were bleached using 0.5 % sodium chlorite (NaClO;) solution at 90.0 °C for 1.5 hours [Thermo-
Scientific, UK] with a fibre-to-liquor ratio of 1:20 (w/w). The pH was maintained at about 4.0 [ORP, China] using an
acetic acid and sodium acetate buffer solution. After bleaching, the fibres were washed thoroughly with distilled water
and treated with 0.20 % sodium metabisulphite (Na,S,05s) for 30.0 minutes. The fibres were then washed again and air-
dried. The color of the fibres changed from brown to white, indicating purification of cellulose.

2.2.4. Preparation of nano Cellulose Acetate

Cellulose acetate was prepared through acetylation of purified cellulose. About four (4.0) gm of cellulose was mixed
with 50.0 mL of glacial acetic acid and stirred for thirty (30.0) minutes. A solution of concentrated sulfuric acid in glacial
acetic acid was then added as a catalyst. Acetic anhydride (AA) (32, 64, or 96.0 mL) was added to initiate the acetylation
reaction.
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Figure 1 Preparation of nano CA from waste cotton linter

The mixture was stirred and allowed to react for several hours. Distilled water was then added to precipitate the
product. The precipitated cellulose acetate was filtered, washed to neutral pH, and dried in an oven at 105.0 °C [ED115,
USA]. We made four (4.0) nano samples by changing different conditions and parameters to evaluate the best
performance and optimization. For example- Sample 1 (32.0 mL AA+ Reaction Time (RT) 30.0 min), Sample 2 (64.0 mL
AA+RT 30.0 min), Sample 3 (64.0 mL AA+ RT 60.0 min), Sample 4 (96.0 mL AA+ RT 30.0 min).
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3. Characterization

3.1. X-ray diffraction

The XRD analytical method was employed to investigate the crystal structure and crystal size of CA. The technique was
used to determine the crystallite size [21, 22], phase identification [23, 24], lattice volume [25, 26], structure, d-spacing
[27, 28], strain, and lattice parameters [29, 30], as well as axial parameters and angular parameters [31, 32]. The X-ray
source was a Cu target operating at 40.0 kV x 50.0 mA (2.0 kW) [Smart Lab SE, Rigaku, Japan] [33, 34]. The instrument
was configured in Bragg-Brentano (BB) geometry with CBO-BB optics. The primary X-ray beam passed through the
Beryllium (Be) window and a 2.5° solar slit [35, 36]. The 1D scan mode was used to conduct the study, with a step size
of 0.01° and a speed of 30.0°/minute [64, 65]. The length limiting slit is 10.0 mm, the incidence slit box is 1-2°, and the
scan ranges (20) are 5.0 to 90.0° [37, 38]. The receiving slit boxes 1 and 2 of the theta-theta goniometer are open, and
the investigation was performed using the Hypix-400 horizontal HPAD (1D) open detector [39, 40]. The crystallite size
was determined from XRD measurements [66, 67] by using the Debye-Scherrer formula [41, 42].

kA
D= B Cos© (1)

Here, crystallite size is denoted as D, A= wavelength of the X-ray source [Cu tube; A= 0.1541 nm)], K = crystallite-shape
factor (0.9), B= full width at half maximum, and 6= diffraction angle [43].

3.2. Fourier Transform Infrared Spectroscopy

The synthesized nanoparticles were analyzed using Fourier transform infrared (FTIR) spectroscopy with the
SHIMADZU I[RAffinity-1S instrument in attenuated total reflectance (ATR) mode. Spectral data were collected at a
resolution of 4.0 cm™ over a broad wavenumber range of 400.0 to 4000.0 cm™ to accurately identify molecular
vibrations and associated functional groups within the sample.

3.3. Scanning Electron Microscopy

The morphology and elemental composition of the synthesized samples 1 to 4 were characterized using SEM and EDX
analysis [44, 45]. The shape and surface features of the nanoparticles were examined with a ZEISS Sigma 500 VP field
emission scanning electron microscope (FESEM), operated at 5 kV, with magnifications of 20,000 and 50,000 times.

4., Result and Discussion

4.1. X-ray Crystallographic Phase Analysis

By X-ray diffractogram analysis, the crystalline size of nano CA samples 1 to 4 was calculated. The following XRD is
shown for the four (4.0) samples. All the samples favor the formation of nano CA. For sample 1, the synthesized
compound exhibited distinct diffraction peaks at 20 values of 15.00°, 16.69°, 20.41°, 22.62°, and 25.70° corresponding
to crystallite sizes of 4.0, 6.3, 13.8, 4.0, and 2.3 nm, respectively. For sample 2, the synthesized compound exhibited
distinct diffraction peaks at 26 values of 23.14°, 26.4°, 27.45°, 35.22°, and 47.36° corresponding to crystallite sizes of
4.27,2.2,2.9,7.5, and 2.8 nm, respectively.

For sample 3, the synthesized compound exhibited distinct diffraction peaks at 26 values of 14.86°, 16.88°, 22.91°,
26.00°, and 28.76° corresponding to crystallite sizes of 7.2, 2.8, 4.29, 2.9, and 1.87 nm, respectively. For sample 4, the
synthesized compound exhibited distinct diffraction peaks at 26 values of 15.36° 20.96°, 23.24°, 34.99°, and 42.41°
corresponding to crystallite sizes of 2.84, 5.1, 4.6, 5.1, and 12.8 nm, respectively.
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Figure 2 X-ray diffractogram of sample 1, sample 2, sample 3, and sample 4

Table 1 Grain size calculation of crystalline CA.

Sample 2 Theta (0) FWHM Intensity, I Crystallite d-spacing
(20) (radians) (cps?) | size (D) (nm) (nm)
15.00 7.50 0.036652 885 4.00 0.5900
16.69 8.34 0.023213 560 6.30 0.5310
Sample 1 2041 | 2394 | 0.010647 542 13.80 0.4348
2262 | 1020 | 0.036303 11,375 4.06 0.3928
2570 | 1285 | 0.066323 2683 2.30 0.3500
2314 | 1157 | 0.034558 11,028 427 0.3841
2640 | 1320 | 0.068068 947 2.20 0.3380
Sample 2 2745 | 1372 | 0.052360 1008 2.90 0.3247
3222 | 1611 | 0.020246 768 7.50 0.2546
4736 | 2368 | 0.055851 806 2.80 0.1918
14.86 7.43 0.020420 1078 7.20 0.5960
16.88 8.44 0.052360 7145 2.80 0.5250
Sample 3 2291 | 1145 | 0.034383 18,763 429 0.3879
2600 | 13.00 | 0.052360 6115 2.90 0.3424
2876 | 1438 | 0.080285 2569 187 0.3101
15.36 7.68 0.051487 2899 2.84 0.5765
2096 | 1048 | 0.029147 2622 5.10 0.4236
Sample 4 2324 | 1162 | 0.031590 12,256 4.69 0.3824
3499 | 1749 | 0.029845 1298 5.10 0.2562
4241 | 2120 | 0012217 162 12.80 0.2129
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Specifically, the observed diffraction peaks and corresponding interplanar spacing (d-values in nm) in Table 1 were as
follows: for sample 1, 15.00 (0.59 nm), 16.69 (0.531 nm), 20.41 (0.4348 nm), 22.62 (0.3928 nm), and 25.70 (0.35 nm).
For sample 2, 23.14 (0.3841 nm), 26.40 (0.338 nm), 27.45 (0.3247 nm), 32.22 (0.2546 nm), and 47.36 (0.1918 nm). For
sample 3, 14.86 (0.596 nm), 16.88 (0.525 nm), 22.91 (0.3879 nm), 26.00 (0.3424 nm), and 28.76 (0.3101 nm). For

sample 4, 15.36 (0.5765 nm), 20.96 (0.4236 nm), 23.24 (0.3824 nm), 34.99 (0.2562 nm), and 42.41 (0.2129 nm).

The synthesized compounds of different samples exhibited prominent diffraction peaks corresponding to the three
most intense Bragg reflections, as shown in Fig. 3.
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Figure 3 XRD illustration of sample 1, sample 2, sample 3, and sample 4.

The uniformity of orientation within the crystal lattice was further examined using peak profiling analysis [46, 47].
According to Table 2, the peak profiling values for samples 1, 2, 3, and 4 were (17, 31, 49), (40, 56, 161), (16, 39, 61),
and (17, 40, 130), respectively, based on the three most intense Bragg positions.

Table 2 Peak profiling by diffraction Bragg’s angle.

Sample Diffraction 0 1000xSinz0 Crystallite
angle (20) size (D) (nm)
15.00 7.50 17 4.0
Sample 1 20.41 10.205 31 13.80
25.70 12.85 49 2.30
23.14 11.57 40 4.27
Sample 2 27.45 13.725 56 2.90
47.36 23.68 161 2.80
14.86 7.43 16 7.20
Sample 3 22.91 11.455 39 4.29
28.76 14.38 61 1.87
15.36 7.68 17 2.84
Sample 4 23.24 11.62 40 4.69
42.41 21.205 130 12.80
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4.1.1. Average size calculation

The crystallite size of the prepared samples is determined by the Debye-Scherrer equation [48, 49], calculated based on
equation 1 [50, 51].

Table 3 The average crystallite size calculation of the synthesized samples 1 to 4.

Sample Name Crystallite size (nm)
Sample 1 6.09
Sample 2 3.93
Sample 3 3.81
Sample 4 6.10

The crystallite size determined by the Scherrer equation of these samples is 6.09 nm, 3.93 nm, 3.81 nm, and 6.10 nm,
respectively. The smallest crystal size is obtained for sample 3 (64 ml AA, RT 60 min).

4.2. Fourier Transform Infra-Red Analysis
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Figure 4 FTIR spectra of CA samples (a) sample 1, (b) sample 2, (c) sample 3, and (d) sample 4

FTIR is used to analyze the specific functional group. In this investigation, four (4.0) samples were evaluated, and the
ester group was obtained, proving the functionality and acetylation. All samples' FTIR spectra (Fig. 4 a-d) show the
distinctive vibrational fingerprints of CA, indicating successful cellulose backbone acetylation. The existence of residual
hydroxyl groups and incomplete substitution is indicated by a broad absorption band at 3426 to 3450 cm™, which is
attributable to O-H stretching. Samples 3 and 4 show a modest red shift that suggests stronger intermolecular hydrogen
bonding. The aliphatic C-H stretching of acetyl methyl groups is represented by the bands at 2903 to 2930 cm™.
Additionally, wavenumbers 1734 and 2903 cm-1, which corresponded to C=0 and CH vibrations, respectively, showed
an increase in intensity [52].

The degree of acetylation substitution is shown by the peak height ratio of the carbonyl functional group to the adsorbed
water band (1735/1651) [53]. Ester carbonyl (C=0) stretching is responsible for a prominent absorption peak in the
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range of 1726 to 1750 cm™, which provides conclusive proof of acetylation; its systematic shift toward lower
wavenumbers from sample 1 to sample 4 reflects changes in the local chemical environment, probably related to
variations in the degree of substitution and polymer chain interactions. Methyl groups' C-H bending vibrations are
responsible for the bands at 1374 to 1377 cm™, whilst the glycosidic and ester linkages' C-0 and C-0-C stretching
vibrations are responsible for the area between 1030 and 1160 cm™. Samples 3 and 4 have higher spectral complexity
and intensity in this area, which point to improved substitution and structural reorganization. Collectively, these results
confirm the formation of cellulose acetate with discernible variations in substitution level and molecular organization
across the samples.

4.3. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy Analysis

SEM analysis of the four cellulose acetate samples is described below, with some analytical points. The surface
morphology of cellulose acetate synthesized from cotton linter was examined through SEM. Multiple images of the same
sample were taken at varying magnifications and viewing angles to better understand the material’s microstructural
features. The successful production of cellulose acetate is demonstrated by the SEM examination in Fig. 5. At 500X
magnification, Fig. 5 (a) and (c) show a consistent distribution of these elongated structures, suggesting a robust and
repeatable synthesis process. The surface topography is better seen in the high-magnification micrograph in Fig. 5 (b)
at 2000 magnification. It appears to be relatively smooth with faint longitudinal striations, indicating a distinct outer
wall or sheath. On the other hand, Fig. 5 (d) shows an architecture that is more entwined and web-like, which is
indicative of higher polymer chain entanglement. Because it increases the effective surface area accessible for molecular
interaction, this interconnected network is very suitable for applications in scaffolding or water treatment [54, 55, 56].
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Figure 5 Surface morphology and EDX spectra of (a) sample 1, (b) sample 2, (c) sample 3, and (d) sample 4

The EDX spectroscopy was used to assess the elemental profile and chemical purity of the produced microstructures;
the resulting spectra for samples 1 to 4 are shown in Fig. 5. Carbon (C = 0.277 keV), nitrogen (N =~ 0.392 keV), and oxygen
(O = 0.525 keV) all showed strong and consistent elemental signatures. The Gold (Au) Ma line, which was inserted
during the sputter-coating process to reduce charging effects on the non-conductive organic surface, is probably
responsible for the persistent occurrence of a tiny peak at about 2.1 keV. The 0/C and N/C relative intensity ratios for
each of the samples 1 to 4 show a high level of chemical uniformity.

471



International Journal of Science and Research Archive, 2026, 19(01), 464-477

5. Possible Applications

By analyzing different investigations like XRD, SEM, and EDX, we can utilize the obtained CA in different functional
applications. Below is a table for different studies on CA.

Table 4 Functional applications of the CA.

Serial No.

Functional Application

References

1

Cigarette filters, mainly made from CA fibers, create serious environmental problems
because they degrade very slowly and may release toxic substances. This study was
conducted to thoroughly examine and compare the physicochemical and
thermomechanical properties of CA fibers taken from both unused and used cigarette
filters.

[57]

Acetate has long been widely used in various textile applications due to its favorable
properties and excellent processing performance. It is utilized in woven, knitted, and
braided fabrics, and appears in a wide range of products such as medical gauze, ribbons,
coffin linings, home furnishings, velvet fabrics, tricot and circular knits, men’s and
women'’s linings, satins, and other fashion textiles.

[58, 59]

CA and its modified polymer-based materials have long been utilized for removing heavy
metals from wastewater. CA is an eco-friendly polysaccharide that is widely available and
exhibits strong hydrophilicity along with excellent film-forming properties. These
characteristics make it highly suitable for use in various membrane technologies,
including ultrafiltration, nanofiltration, reverse osmosis, and forward osmosis.

[60]

New coatings for the polarographic oxygen electrode based on CA derivatives are
presented. Compared to traditional collodion coatings, these materials offer several
benefits, including the formation of highly durable membranes and improved stability of
the electrode.

[61]

Electrospinning has emerged as a novel approach to explore the exceptional material
properties of cellulose acetate (CA). Electrospun CA nanofibers have been widely used in
therapeutic applications, incorporating antimicrobial substances, antibacterial
nanoparticles, antioxidants, as well as systemic and anti-inflammatory agents.

[62]

Cellulose derivatives are mainly classified into two groups: cellulose ethers and cellulose
esters, each having distinct physicochemical and mechanical properties. These polymers
are widely utilized in the development of pharmaceutical dosage forms and healthcare
products. They play significant roles in various applications, including extended and
delayed-release coatings, controlled-release matrices, osmotic drug delivery systems,
bioadhesive and mucoadhesive formulations, and as compressibility enhancers in tablets.
Additionally, they function as thickening agents and stabilizers in liquid formulations,
binders in granules and tablets, and gelling agents in semisolid preparations, along with
many other uses.

[63]
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Figure 6 Functional applications of CA.

6. Conclusion

The experimental analysis showed that the amount of AA and the RT significantly influence the degree of cellulose
acetylation. Elemental analysis using EDX spectroscopy confirmed that successful acetylation is indicated by an increase
in oxygen content and a decrease in carbon content, demonstrating that acetyl groups have substituted hydroxyl groups
within the cellulose structure. Of the four samples examined, sample 3 had the highest oxygen content (47.48 %) and a
relatively low carbon content (42.76 %), indicating optimal conditions for efficient acetylation. Conversely, sample 1
exhibited a higher carbon content and lower oxygen percentage, reflecting a substantially lower degree of substitution.
The results clearly suggest that increasing hydrolysis time results in more nano CA molecules undergoing hydrolysis,
thereby increasing the hydrolysis rate. This is due to the prolonged exposure of cellulose acetate to hydrolysis agents,
which allows more ester bonds to break down, an effect confirmed by the FTIR analysis. The SEM analysis revealed an
increase in the accessible surface area for molecular interaction, forming an interconnected network suitable for
applications in scaffolding or water treatment. The XRD analysis showed that the crystallite sizes were 6.09 nm, 3.93
nm, 3.81 nm, and 6.10 nm for the respective samples 1 to 4 for the nano conformation, where sample 3 had the smallest
crystallite size. Monitoring elemental changes related to acetylation efficiency was facilitated by EDX, providing a solid
basis for improving production procedures and ensuring uniform quality of nano CA for future applications.
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