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Abstract

Plastic materials are widely used for packaging due to their versatility and availability.
Global production, mainly from petrochemicals, is estimated at 380 million tons, increasing
annually by 4%. Packaging plastics have the shortest lifespan and contribute significantly
to environmental pollution. Current production, use, and disposal of these plastics harm
the environment, hu-mans, and ecosystems. Microplastics, (plastics particles ranging
from 1 pm to 5 mm) formed through degradation, accumulate in ecosystems and the
human body, including the brain. Bioplastics and biodegradable polymers from biological
sources are a sustainable alternative; however, most production still relies on food crops,
raising concerns about food security and sustainability. Utilizing organic wastes reduces
production costs, lessens pressure on food systems, and supports waste management efforts.
Cellulose, an abundant natural polymer, offers strong potential due to biodegradability,
availability, and mechanical properties. This review explores extracting cellulose from
banana pseudostem waste for packaging, high-lighting extraction and conversion methods
and characterization via FTIR, TGA, SEM, XRD, and mechanical testing. FTIR confirmed
the effective removal of lignin and hemicellulose, XRD revealed increased crystallinity
corresponding to Type I cellulose, SEM showed a roughened fiber surface after alkaline
treatment, and TGA indicated high thermal stability up to 250 °C. The goal is eco-friendly
packaging by promoting agrowaste use. Further research should improve performance and
scalability of cellulose-based bioplastics to meet industry needs and compete effectively
with conventional plastics.

Keywords: bioplastics; cellulose; dissolving grade pulp; banana pseudostem; packag-
ing; agrowaste

1. Introduction

Packaging is commercially defined as an encasement of a product designed to protect
it from the external environment, prevent pilferage, provide statutory and commercial
information, and attract consumers [1]. It separates products from external settings and

Waste 2025, 3, 37

https://doi.org/10.3390 /waste3040037


https://doi.org/10.3390/waste3040037
https://doi.org/10.3390/waste3040037
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/waste
https://www.mdpi.com
https://orcid.org/0000-0002-0702-7324
https://orcid.org/0000-0002-0325-9283
https://orcid.org/0000-0001-7126-8061
https://orcid.org/0000-0002-1469-8978
https://doi.org/10.3390/waste3040037
https://www.mdpi.com/article/10.3390/waste3040037?type=check_update&version=1

Waste 2025, 3, 37

2 of 28

serves purposes of containment, protection, convenience, and communication [2]. Pack-
aging materials range from paper, glass, metals, wood, plastics, and composites. Among
these, plastics are most commonly used due to their versatility and availability [3]. The
global demand for plastics has driven widespread production and consumption [4], with
production estimated to rise by 4% to reach 445.25 million tonnes by 2025 and 902-1124 mil-
lion tonnes by 2050 [5]. Packaging represents the largest share of plastic use (31%), followed
by construction (16.7%) and transportation (13.5%) [6]. Since 1950, about 6300 million
tonnes of plastic waste has been generated, projected to rise from 353 Mt in 2019 to 1014 Mt
by 2060 [7], constituting approximately 12% of global solid waste [8].

Plastics are long-chain man-made polymers that are lightweight, durable, and inex-
pensive [9]. They are classified as natural, semi-artificial, synthetic, thermoplastic, ther-
moset, and bio-plastics [10]. Conventional plastics, derived from petrochemicals, include
polyvinylchloride (PVC), polypropylene (PP), polyethylene terephthalate (PET), polyethy-
lene (PE), polyamide (PA) and polystyrene (PS), widely used in packaging due to high
tear and tensile strength, gas barrier properties, heat sealability, and low cost [11,12]. Their
inertness, durability, and moldability are desirable for packaging, yet these same properties
contribute to environmental accumulation [13,14].

The production, use, and disposal of petroleum-based plastics are unsustainable.
Packaging products often have the shortest working life of all industrial plastics, with
single-use items lasting minutes before disposal [6]. This leads to landfill accumulation,
environmental hazards, wildlife ingestion, entanglement, and chemical leaching [15]. In
oceans, microplastics (<1-5 mm), formed by abrasion and UV degradation, enter the food
chain and can be found in water, air, fish, salt, and even the human brain, which may
contain up to 4800 mg of microplastics per gram, increasing by 50% between 2016 and
2024 [16,17]. Plastic pollution also economically impacts tourism, fishing, and shipping,
while surging single-use plastics strain waste management systems [6].

The environmental burden of petrochemical plastics and fossil fuel depletion has
driven interest in sustainable alternatives such as biocomposites for packaging [15,18,19].
Bioplastics, derived from renewable resources, integrate into natural cycles and reduce
environmental footprints compared to petroleum-based polymers [20-23]. Differences
between conventional plastics and bio-plastics are summarized in Table 1. This review em-
phasizes cellulose-based bioplastics, particularly those derived from banana pseudostem,
as promising sustainable packaging materials within this broader context.

Table 1. Distinction between conventional plastics and bioplastics.

Conventional Synthetic Plastics Bioplastics
Derived from fossil fuels and Derived from renewable, natural resources
petrochemicals
Non-renewable source Renewable source
Generally non-biodegradable Mostly biodegradable
Persist in environment as microplastics Degrade in 3-6 months under industrial
composting
High environmental impact, Environmentally friendly, lower ecological
greenhouse gases impact, carbon-neutral potential

Used in packaging, construction, textiles ~ Used in biodegradable packaging, edible
films, biomedical tools

Bioplastics currently represent about 1.5% of the ~414 million tonnes of plastics pro-
duced annually, with global production at 2.47 million metric tons in 2024 and projected to
reach 5.73 million tonnes by 2029 [24,25]. Bioplastics have lower carbon footprints, reduce
fossil fuel dependence, and can be recycled [26]. They are produced from proteins, polysac-
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charides, lipids, cellulose, and starch derivatives [27,28]. Cellulose, the most abundant
natural polymer (~10 tons annually), is widely used in bioplastics [29,30]. First-generation
feedstocks like sugarcane, corn, potato, wheat, and cassava are common but compete with
food supply and arable land [31,32]. Lignocellulosic feed-stocks from agricultural residues,
woody biomass, and invasive crops offer sustainable alternatives, containing 41-52% cellu-
lose, 25-27% hemicellulose, 18-25% lignin, and 0.5-10% extractives and in-organics [33,34].
Cellulose can constitute up to 50 wt.% of lignocellulosic biomass [35].

Among various lignocellulosic feedstocks, banana pseudostem is a particularly promis-
ing and abundantly available residue from banana cultivation. Each hectare of banana
plantation generates about 220 tons of pseudostem waste annually, which is often discarded
after fruit harvest [36]. This biomass contains 60-74% cellulose, 12-18% hemicellulose,
and 5-10% lignin, depending on cultivar and extraction method [37]. Valorization of this
agro-waste not only mitigates environmental disposal issues but also provides a sustainable
feedstock for high-quality cellulose suitable for bioplastic development. Therefore, this
review emphasizes the extraction, characterization, and potential applications of cellulose
derived from banana pseudostem for sustainable bioplastic production. Cellulose-based
biopolymers are valued for transparency, gloss, colorability, low electrostatic buildup, me-
chanical and chemical balance, and resistance to oils and hydrocarbons [38]. However, weak
hydrogen bonds reduce strength and flexibility, and cellulose is water-sensitive with poor
thermal stability. These issues can be mitigated by blending with other polysaccharides
like pectin and chitosan [33].

This review discusses the production techniques, properties, and packaging applica-
tions of cellulose-based biopolymers, emphasizing banana pseudostem waste conversion.
Improper disposal of banana pseudostem generates greenhouse gases, yet the material
is abundant and suitable for bioplastic films, promoting sustainable development and
climate mitigation. Literature on cellulose-based bioplastics from banana pseudostem was
analyzed to provide insights into cellulose pulp extraction and bioplastic synthesis.

Objectives

The main objective is to provide information on valorizing agricultural waste as
eco-friendly packaging materials. Specific objectives include: (1) analyzing sources and
properties of cellulose from lignocellulose waste, (2) identifying methods and optimal
conditions for cellulose isolation from banana pseudostem and biopolymer synthesis, and
(3) highlighting research gaps to inform future cellulose-based bioplastics development.

2. Synthesis of Key Literature on Bioplastics and Identified Gaps

This section presents a synthesis of reviewed research on bioplastics. A comprehen-
sive summary of recent studies on bioplastics, including key findings, research gaps, and
recommendations, is provided in Supplementary Material, Table S1 [6,8,12,25,27,29,33,39-49].

Three common fiber extraction techniques (manual, mechanical, and chemical) result
in high waste and low yield. Mechanical methods cause fiber breakage, and chemical
methods can be costly and destructive [50]. Microwave-assisted alkali pre-treatment may
optimize extraction time [1]. Sophisticated characterization techniques are often expensive,
affecting final bioplastic costs [51].

Bioplastics face challenges such as high production cost, poor mechanical and barrier
properties, and low transparency when reinforced with fibers like banana pseudostem [14,44].
Research should focus on improving functionality through property optimization and blend-
ing cellulose with polysaccharides like pectin and chitosan to enhance flexibility, stability,
and transparency [25]. Refining delignification methods can increase cellulose yield and
purity, supporting scalable, high-quality bioplastic production [52,53]. End-of-life (EOL)
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assessment, life-cycle analysis (LCA), and land use change (LUC) studies remain limited
and should be expanded to confirm sustainability and eco-friendliness [41,54]. In summary,
the synthesis of recent studies indicates that future research should prioritize: (1) valoriza-
tion of banana pseudostem waste as a high-cellulose renewable feedstock for bioplastic
production, supporting circular-economy principles; (2) optimization of mechanical, thermal,
and barrier properties through advanced blending and modification strategies to improve
competitiveness with conventional plastics; (3) development of cost-effective and scalable
extraction and processing techniques to enhance cellulose purity and reduce environmental
impact; and (4) comprehensive sustainability assessment using LCA and EOL evaluations
to validate environmental benefits. Collectively, these focal points capture the major re-
search directions emerging from the literature and form the conceptual foundation for the
subsequent sections of this review. 3. Types and classification of bioplastics.

This section classifies major types of bioplastics relevant to cellulose-based systems
and their significance for sustainable packaging. Bioplastics are broadly grouped into
three types: (1) biodegradable and bio-based, (2) biodegradable and petroleum-based, and
(3) non-biodegradable and petroleum-based. Similarly, [55] categorized bioplastics with
examples in each type, as shown in Table 2.

Table 2. Types of Bioplastics [55].

Category Bio Based Petroleum Based
Biodegradable Starch, Cellulose, Polycaprolactone (PCL),
polyhydroxyalkanoates, Polybutylene succinate,
Polylactic acid Polybutylene adipate
Terephthalate (PAT)
Non-biodegradable Bio-polyethylene, PVC, Polypropylene,
Biopolypropylene Polyethylene

Not all biodegradable plastics are bio-based; for example, PAT and PCL from fossil
fuels are biodegradable, while not all bio-based materials are biodegradable [25]. Bio-based
plastics are wholly or partly derived from renewable carbon sources like plant matter or
biomass, whereas partially bio-based (hybrid) plastics combine renewable and fossil-based
carbon [39,42]. Based on biodegradability and bio-based content, bioplastics are classified
as: (1) drop-in bioplastics (bio-based or partly bio-based but non-biodegradable), (2) bio-
based non-drop-in bioplastics, and (3) fossil-based non-drop-in bioplastics. Non-drop-ins
are further grouped by origin into (i) vegetable- or animal-derived polysaccharides and
proteins, (ii) microorganism-based polymers, and (iii) other polymers [39]; [38]. Drop-
in bioplastics constitute a major sector of global bioplastics production. Biodegradable
materials degrade biologically during composting into CO,, water, inorganic compounds,
and biomass without leaving toxic residues [39]. Other classification systems based on
origin (Figure 1) divide bioplastics into: natural polymers from biomass (e.g., starch- or
cellulose-based), chemically synthesized bioplastics from renewable sources (e.g., PLA, bio-
PE, bio-nylons, bio-polyurethanes), and synthetic polymers from microbial fermentation
(e.g., PHAS) [8,11,25,29,39]. Among these bioplastic families, cellulose-based materials,
particularly those extracted from banana pseudostem, represent a promising group with
competitive mechanical and barrier properties compared with other bio-based polymers.
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Figure 1. Classification of bioplastics based on origin [11].

Bioplastics from agro-polymers are made from natural polymers like polysaccharides
(starch, cellulose, pectins, hemicellulose) and proteins (casein, zein, gluten, gelatin) [8].
Further classification by natural feedstock is shown in Table 3.

Table 3. Examples of bioplastics and their natural source.

Type of Bioplastic Primary Feedstock
Thermoplastic starch (TPS) Starch [44,56]
Plastarch material (PSM) Starch [8,55]
Starch/polycaprolactone (or polyvinyl Starch/ petroleum [25,44]
acetate) mix
Polylactic Acid (PLA) Starch sugars [6,25,33]
Polyhydroxyalkanoates (PHA) Starch sugars [6,25,33]
Cellulose acetate Wood, cotton or hemp cellulose [8,30,57]
Lignin Wood [38,42]
Bio Polyethylene Sugarcane-derived bioethanol [6,33]
Bio Polyurethane Soya beans [6,25,33]
BioPBS (Polybutylene succinate) Sugar cane, corn [6,8,25]

2.1. Properties and Application of Bioplastics

Bioplastics” properties vary by packaging application, spanning food, consumer elec-
tronics, cosmetics, vehicles, agriculture, toys, textiles, and other growing markets [43].
Desirable properties for food packaging include mechanical, optical, thermal, antimicro-
bial, eco-friendly, and barrier capabilities [58]. In particular, cellulose-based bioplastics,
such as those derived from banana pseudostem fibers, combine high transparency and
stiffness with renewable origin and compostability, making them strong candidates for
sustainable packaging films. Mechanical and thermal properties protect products during
storage, while transparency allows easy identification [14]. Gas barrier properties help
maintain internal package composition, extending shelf life, and antimicrobial properties
prevent contamination [58]. Nevertheless, cellulose-based materials often require chemical
modification or blending to overcome intrinsic brittleness and moisture sensitivity, areas
actively studied to enhance packaging performance. Biodegradability reduces carbon
emissions during production and disposal. However, [14] noted limitations in mechanical
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and barrier properties and high production costs, highlighting the need for research to
optimize performance and functionality.

2.2. Advantages and Disadvantages of Bioplastics from Natural Sources

Biopolymers from renewable resources possess biodegradability and compatibility
advantages that drive their growing use in packaging [12,43]. Despite annual growth in
bioplastic use, full replacement of conventional plastics faces challenges. Some biopoly-
mers have high water vapor and oxygen permeability, fragility, low thermal stability, poor
mechanical properties, low processability, difficult heat sealability, brittleness, low melt
strength, and poor impact resistance. High production costs and disposal/recycling is-
sues further hinder use [8,25]. Improper disposal may cause soil and water pollution and
contribute to global warming. Biodegradation can take years under suboptimal condi-
tions of temperature, microorganisms, and humidity [12]. Table 4 lists advantages and
disadvantages of natural biopolymers versus synthetic polymers.

Table 4. Advantages and disadvantages of natural and synthetic polymers. Source: [52].

Biopolymer Advantages Disadvantages
Natural biopolymers Biologically renewable, Less stable, low melting point,
biodegradable, high surface tension,
biocompatible, non-toxic, structurally more complex,
bio adhesive material, poor barrier properties, weak
bifunctional. mechanical properties, high
cost of production,
functionality
Synthetic polymers Biocompatibility, higher Toxic, non-biodegradable,
reproducibility, better expensive synthesis
mechanical, and chemical procedure.
stability

Despite limitations, biopolymers are widely used in packaging, driving research to
improve functionality and develop viable industrial production processes. Bioplastics in
nanoparticles or bio-nanocomposites enhance barrier properties, helping meet demand for
biodegradable plastics with required material performance [59].

3. Properties of Cellulose and Cellulose Derivatives for Packaging

This section discusses cellulose structure and its main properties in bioplastics produc-
tion. According to [39], starch, cellulose, pectin, and animal or plant proteins such as casein
and gluten are common feedstocks for agro-polymer-based bioplastics. Literature indicates
that starch and cellulose are the most widely used renewable resources for biopolymer and
biodegradable plastics. A study by [60] found that starch-based food packaging contains
32% starch, 27% cellulose, 10% chitosan, and 31% other materials. Weber et al. [29] reported
that commercially used biobased food packaging materials are largely cellulose-based,
partly because cellulose does not compete with the food industry, unlike starch [61]. Cellu-
lose is extensively used in packaging due to its unique structure and properties [62] and is
one of the most abundant naturally occurring organic materials, with an estimated annual
production of 10 tons [29].

Cellulose, with the chemical formula (C6H1005)n and molecular structure shown in
Figure 2 [63], exhibits hierarchical structural organization from nanoscale to macroscopic
fibril aggregates, fibrils, nanocrystallites, and disordered domains [64,65]. Each glucose
residue contains three hydroxyl groups, and the degree of polymerization (DP) varies
by source and extraction process. Trache et al. and Poulose et al. reported DP ranges of
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10,000-15,000 [19,50], whereas [61] reported 1400-4750, and Tajeddin reported up to 650 [66].
Hallac and Ragauskas [67] found DP values between 925 and 5500 from native wood and
non-wood cellulose. Longer chains with more hydrogen bonds are less hydrolyzable,
while shorter chains are more enzymatically reactive [67]. Insoluble cellulose has a DP of
100-20,000, and soluble cellulose has 2-12, with chains <6 being soluble and 612 slightly
soluble [68]. Cellulose is categorized into « (DP 600-1500, insoluble), 3 (DP 15-90, soluble),
and v (DP <15, soluble) based on DP and solubility [69]. In bioplastics, a moderate DP
(~500-800) balances mechanical strength and processability [70].

Figure 2. Molecular structure of cellulose. Red color: Oxygen atoms (present in hydroxyl and ether
groups). Source: [63].

Cellulose is also classified by source: wood-based (WC), plant-based (PC), bacteria-
based (BC), algae-based, and tunicate-based, with PC and WC most common [64]. Due
to its infusibility and insolubility, cellulose is converted into derivatives to improve pro-
cessability [29]. Derivatization depends on source, maturity, pretreatment, processing, and
reaction conditions. Common derivatives include ethylcellulose, hydroxypropyl cellulose
(HPC), carboxymethyl cellulose (CMC), cellulose acetate (CA), methyl cellulose (MC),
hydroxyethyl cellulose (HEC), cellulose nitrate, hydroxyethyl cellulose propionate, and
hydroxypropyl methyl cellulose (HPMC) [27,30,44,45,71]. These derivatives have applica-
tions in pharmaceuticals, biomedical, food, automotive, and other industries [72]. Cellulose
acetate, a tough, clear, flexible plastic with chemical resistance, is most widely used [25].

To reduce high commercial CMC costs [8,27], sugarcane bagasse has been used as raw
material for plastic films. Extracted CMC shows strong barrier properties, good mechanical
performance, degradability, non-toxicity, and availability. Economical extraction methods
are needed for continuous supply [73]. Moura et al. emphasized environmentally friendly
extraction to overcome difficulties in cellulose modification due to limited solvent availabil-
ity. Study by [48] explored cotton and sugarcane bagasse cellulose for magnetic bioplastics
in optical and magnetic applications. Cocoa pod husk and bagasse were used to produce
moisture-resistant cellulose-based food packaging with 25% fiber and 75% cellulose [33].
Regenerated cellulose (RC) is obtained by dissolving insoluble cellulose and recovering it
using various methods [57].

Cellulose exists as a mixture with hemicellulose and lignin (Figure 3) [25]. It resists
strong alkali (17.5 wt.%) but is hydrolyzed by acids to water-soluble sugars and resists
oxidation. Hemicellulose is hydrophilic, soluble in alkali, and acid-hydrolyzable, forming
the supportive matrix for cellulose microfibrils. Lignin resists acids, dissolves in hot alkali,
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Lignocellulosic
substrates

oxidizes easily, and condenses with phenol. Native cellulose is not plastic but can be
modified into plastic via various techniques [25].

Plant cells Cell wall —
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Figure 3. Lignocellulosic material complex [74]. Published under CC BY 4.0 http://creativecommons.
org/licenses/by/4.0/ (accessed on 15 August 2025). No changes were made.

Plant-derived cellulose is a suitable alternative to petroleum feedstocks due to me-
chanical, physicochemical, and biological properties, along with eco-friendliness. Desirable
cellulose properties include biocompatibility, biodegradability, barrier resistance, mechani-
cal strength, thermal stability, low weight, water absorbance, porosity, antimicrobial activity,
crystallinity, solubility, and sensory qualities [1,75]. Cellulose-based packaging does not
negatively affect pharmaceuticals and is safe for human use, and it can incorporate natural
antimicrobial and antioxidant agents for food packaging [5]. Its strong hydrophilicity
and low solubility in water and organic solvents limit some applications [76]. Table 5
summarizes cellulose strengths and limitations in packaging.

Solutions to overcome cellulose limitations include incorporation of resins, waxes, re-
inforcing agents (clay, nanocellulose), surfactant coatings, blending with other biopolymers
(gelatin, zein), and chemical modifications (acylation, esterification, grafting, silylation) [77].
Citric acid has been used to reduce water permeability [37], and hydrophobic compounds
such as fatty acids can improve moisture barriers [55]. Plasticizers like glycerol enhance
mechanical properties [41].

Nanocellulose offers improved characteristics, including high mechanical stability and
transparency, with films from fibers 15-20 nm thick soluble in water. Biocomposites with
nanofibers increase moisture resistance due to more hydrophobic compounds [8]. Nanocel-
lulose fibers are produced via acid hydrolysis or mechanical grinding. Natural fibers or
inorganic fillers further improve barrier, thermal, optical, and mechanical properties. With
suitable techniques and materials, bioplastics can complement conventional plastics and
offer multiple benefits [43].
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Table 5. Strengths and limitations of cellulose in packaging [77].

Strengths

Limitation

Renewable: Derived from renewable
resources, reducing reliance on fossil fuels.
Biodegradable: Reduces environmental
waste.

Lightweight: Reduces transportation and
distribution carbon emissions.
Strong: Provides adequate protection
despite being lightweight.

Temperature-resistant: Suitable for
transporting pre-prepared foods.
Versatile: Can be molded and customized
for various applications.
Low-cost: Byproduct of paper industry;
abundant raw materials reduce cost
compared to other eco-friendly plastics.
Lower carbon footprint: Uses less energy,
emits fewer greenhouse gases, and

Non-waterproof: Moisture-resistant but
not waterproof; unsuitable for freezing.
Durability: Less durable than
conventional plastics.
Water-intensive production: Requires
large volumes of water.

Limited food preservation: Does not
extend shelf life alone; needs additional
barrier materials.

Non-cold resistant: Not suitable for
freezer storage.

Specialized recycling: Requires specialized
facilities for effective recycling.
High cost: More expensive than synthetic
plastics due to raw materials, production,
and equipment.

Thermal limitations: Inadequate thermal
resistance.

reduces fossil fuel dependence.

3.1. Sources of Cellulose

Cellulose is the most abundant natural organic compound on Earth, with an estimated
annual production of 180 billion tons, and is the main polysaccharide in plant cell walls [8].
It is primarily obtained from woody and non-woody residues, tunicates, bacteria, and
algae [19]. Lignocellulosic fibers from sources such as sugarcane bagasse, rice straw, flax,
kenaf, hemp, and forest wood are widely used for composite reinforcement.

Readily available non-woody cellulose sources include agricultural residues, factory
and food wastes, water plants, grasses, rice and wheat bran, sugarcane bagasse, cereal
husks, corn kernels, bacterial cellulose, and fruit and vegetable peels [62]. These renewable
fibers are valued in bioplastic production for their low cost, low density, adequate strength,
recyclability, and biodegradability [66]. For example, cellulose fibers from sugarcane, apple,
and orange juice residues have been used to produce non-toxic, naturally biodegradable
films [44,78].

However, reliance on 1st generation feedstocks can threaten food security due to high
land demand and may contribute to eutrophication, ecotoxicity, and water consumption
issues [70]. These challenges can be mitigated by using lignocellulosic agricultural biomass,
which expands bio-based packaging production while minimizing climate impacts [27,58].
Agricultural residues, rich in cellulose, represent cost-effective renewable feedstocks for
bioplastics [25].

Cellulose derived from such biomass improves barrier performance, mechanical and
thermal stability, and processability of bioplastic films [8]. Utilizing lignocellulosic residues
also supports circular-economy goals by reducing open-field burning and environmental
pollution [70]. Among these residues, banana pseudostem offers particularly high cellulose
content and low lignin levels, making it an efficient raw material for extraction and sub-
sequent bioplastic synthesis. The choice of feedstock depends on desired film properties,
resource availability, and economic viability [61]. Although several lignocellulosic sources
have been explored, many agricultural wastes remain under-investigated [25].
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3.2. Viability of Banana Pseudo Stem Waste for Cellulose Extraction

Natural fibers such as sisal, abaca, banana, kenaf, hemp, and jute have been tested as
reinforcements in plastics. Among these, banana fibers (BF) from the pseudostem exhibit
high specific tensile strength, greater than sisal, hemp, or jute, and comparable only to glass
fibers [44]. Using banana pseudostem for biobased plastics aligns with the concept of waste
valorization, defined by [79] as converting waste into useful products such as chemicals,
materials, or fuels. This relies on the idea that residues still contain untapped polymeric
substances that can be converted into valuable forms.

Banana is the second most important fruit crop globally, grown in over 130 coun-
tries [80], producing 116.78 million tonnes per year [37]. Each plant produces a single
banana bunch, with a rhizomatous underground stem from which leaves arise, forming
the pseudostem. Figure 4 shows the morphological parts of the banana plant, including
vegetative structures (leaf sheath, pseudostem, midrib, leaf) and reproductive structures
(inflorescence and fruit).

Banana leaf

N

Figure 4. Morphological parts of the banana plant (left: key vegetative structures, right: reproduc-
tive structures).

The banana stem is an abundant but underutilized cellulose source. Pseudostems
and leaves, comprising about 88% of the plant’s weight, are typically discarded [45].
Each harvested banana bunch generates one pseudostem waste, which contains high
lignocellulosic content, making it suitable for extracting cellulose and other value-added
chemicals. Figure 5 illustrates the process: harvesting the pseudostem, separating outer
sheaths, mechanically decorticating fibers, and processing them to obtain purified cellulose.
Besides bioplastics, banana pseudostem has multiple applications, as shown in Figure 6,
with percentages indicating the proportion of each component in the total biomass. The
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waste material fraction shown in the diagram refers to sap and scutcher residue generated
during fiber extraction, which can be further utilized for products such as mordants, liquid
fertilizers, compost, and vermicompost.

Thus, utilizing banana plants and their residues offers a sustainable way to increase
cellulose derivative production and add value to agricultural waste [81].

Pseudostem on the plant Pseudostem after the harvest Banana stem sheaths

Fibre decortication Decorticated fibres Purified cellulose

Figure 5. Stepwise process for cellulose extraction from banana pseudostem.
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Figure 6. Application pathways of the various components of the banana pseudostem [82].

4. Isolation and Purification of Cellulose from Banana Pseudostem Waste

Extraction and purification of cellulose from banana pseudostem involve a sequence of
interrelated operations designed to separate cellulose from non-cellulosic components such
as lignin, hemicellulose, and extractives. The process generally includes degumming or
conditioning, pretreatment, pulping or hydrolysis, bleaching, and final purification. Each
step aims to enhance cellulose purity, crystallinity, and functionality for use in bioplastics
and packaging applications.
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Cellulose applications in packaging can be grouped into three main areas. First,
cellulose can be extracted from plants and used directly in composites. Fiber extraction
can be performed mechanically, chemically, biologically, or using a combination of these
methods [83]. Second, cellulosic bioplastics such as cellulose acetate can be produced,
representing prime examples of biopolymers from renewable resources. Third, cellulose
can be processed into coating materials and edible or non-edible films [29].

Although procedures vary, standard cellulose isolation involves fiber extraction or
stem preparation, drying and sizing, pretreatment/delignification, bleaching, and hydrol-
ysis. Yang at al. [4] proposed a four-step method: (1) sample preparation, (2) removal
of extractives, (3) preparation of holocellulose (removal of lignin), and (4) preparation
of a-cellulose (removal of hemicellulose). Lignocellulosic sources require elimination of
non-cellulosic components, such as fats, tannins, resin, rosin, free sugars, flavonoids, ter-
penoids, terpenes, fatty acids, and waxes, followed by delignification and bleaching to
obtain high-quality cellulose [82].

For banana pseudostem, cellulose extraction begins within five days after fruit har-
vesting. Fibers are obtained from the sheaths either manually or mechanically. Manual ex-
traction uses sharp tools such as knives, blades, or broken crockery, producing high-quality
fibers with minimal debris but is labor-intensive and low-yield [84]. Mechanical extraction
is preferred. Alternatively, banana stems can be washed, chopped, dried, and ground to
reduce size, though this yields lower cellulose compared to decorticated fibers [85]. The
outer and middle parts of the pseudostem provide higher quantity and quality fibers,
while the inner core yields fewer and weaker fibers due to brittleness, making peeling
difficult [82,86].

4.1. Chemical Composition of Banana Pseudostem

Determining the composition of lignocellulosic biomass is essential for optimizing
cellulose extraction, as varying amounts of cellulose, hemicellulose, and lignin in different
sources affect extraction efficiency. Understanding biomass composition also guides the
selection of pretreatment methods, improving yield and sustainability [53].

Banana PS composition varies with plant species, cultivation conditions, and extraction
methods. The biomass contains cellulose, hemicellulose, lignin, and extractives. Hemicellu-
lose in the cell wall, part of cellulose and holocellulose, dissolves and degrades easily in acid
or alkaline solutions [87]. Hemicellulose content is determined as the difference between
holocellulose and «-cellulose [49,88,89]. a-Cellulose represents the high-molecular-weight,
crystalline, insoluble fraction of true cellulose [90].

Extractives are inorganic and organic substances removable by solvents, contributing
to ash content. They include oils, fats, fatty acids, waxes, terpenes, terpenoids, flavonoids,
rosin, resin, tannins, and free sugars, comprising 2-10% of biomass, partly soluble in water
and organic solvents, and can challenge pulping if not removed [1].

Reported cellulose content in banana pseudostem varies: [78] reported 43.6% cellulose,
14% hemicellulose, 11% lignin, and 31.4% other substances (pectin, waxes). Reference [63]
recorded 60-65% cellulose, 6-19% hemicellulose, 5-10% lignin, 3-5% pectin, 1-3% ash, and
3-6% extractives. Reference [91] found 81.8% total cellulose, 18-19% hemicellulose, 11%
lignin, 41.9% residual gum, and 3-5% pectin. Cellulose content ranges from 32.4 to 64.0-
wt% depending on recovery method [37], with 74.37% reported by [43,92]. Table 6 presents
average chemical composition values of banana pseudostem from various studies.
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Table 6. Chemical composition of banana pseudo-stem from different studies. Values vary depending
on banana species, cultivation region, and extraction method (data modified from [82]).

Source/ Ban.ana Process;ng/ Cellulose Hemicellulose Lignin Extractives Ash Content Moisture
Reference Spec'le.s or Extraction o, % o o % Content
Origin Method %
[93] Musa Alkali 63.20 18.6 5.10 14 1.02 10.00
acuminata treatment
(China) (5% NaOH) +
bleaching
with NaClO,
[94] Musa Soxhlet 31.27 14.98 15.07 4.46 8.65 9.74
sapientum extraction +
(Malaysia) alkaline
pulping
(NaOH)
[82] Musa Mechanical + 63.9 1.3 18.6 10.6 1.5 -
paradisiaca alkali
(India) extraction
(NaOH 10%)
[95] Musa textilis ~ Water retting 31.26 14.98 15.07 445 8.64 9.74
(Guade- + NaOH +
loupe, bleaching
Caribbean) (NaClO3y)
[96] 57 10.33 15.55 - - 20.23
Average 49.33 12.04 13.88 5.23 4.95 12.43

4.2. Methods of Cellulose Isolation and Purification

Common extraction methods and conversion processes include acid or alkaline hydrol-
ysis, oxidation, ball milling, organosolv, deep eutectic solvents, steam explosion, enzymatic
pretreatment, ultrasonication, extrusion, microwave-assisted treatment, etherification, es-
terification, or combinations thereof [46]. Extractives are removed via solvent extraction
(ethanol-benzene, acetone-alcohol, ethanol-water, toluene-ethanol, etc.) [1]. Lignin and
hemicellulose are removed through hydrolysis and bleaching, using agents such as sodium
hypochlorite and hydrogen peroxide [82]. Table 7 summarizes commonly used methods.

Table 7. Methods/techniques for cellulose isolation [53].

Method Description

Alkaline Hydrolysis Treats biomass with alkaline solutions (e.g., NaOH) to
remove lignin and hemicellulose, yielding
purified cellulose.
Acid Hydrolysis Uses acids (e.g., HySO4) to hydrolyze hemicellulose into
sugars, leaving cellulose and lignin intact; employs dilute
acids at 160-220 °C, breaking glycosidic bonds and
improving sugar conversion.
Steam Explosion Applies high-pressure steam followed by rapid
decompression to disrupt lignocellulose and enhance
enzymatic hydrolysis.
Organosolv Fractionation Treats biomass with organic solvents (ethanol, acetone)
under acidic (acetic/formic) or alkaline conditions to
dissolve lignin and hemicellulose, leaving cellulose
as residue.
Mechanical Methods Mechanically processes biomass (milling, grinding) to
reduce particle size and facilitate chemical or
enzymatic extraction.

Ionic Liquid Pretreatment Uses ionic liquids (molten salts) to dissolve lignin and
disrupt lignocellulosic structure, easing further processing.
Deep Eutectic Solvents ~ Employs low-toxicity, biodegradable solvents for versatile

lignocellulose pretreatment.
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Organosolv processing is considered a sustainable alternative to conventional pulping
for non-wood feedstocks due to low investment cost, non-polluting solvents, high pulp
yield, and strong fiber quality [97]. The choice of isolation process depends on the target
polymer, feedstock, and desired properties [61]. Factors affecting extraction include ma-
terial type, solvent choice, temperature, pressure, duration, agitation, pH, particle size,
and reagent concentration [98]. Statistical optimization approaches such as Central Com-
posite Design, Box-Behnken, and Plackett-Burman designs have been applied to improve
efficiency [90,99].

For banana fibers, alkaline and acid hydrolysis methods follow the sequence of sample
collection, drying, delignification, bleaching, and hydrolysis [80].

4.2.1. Degumming/Conditioning

The decorticating process produces both fibers and non-fibrous materials known as
gums (30-35%) [82]. Degumming removes these impurities by washing, chopping, and
refluxing with ethanol and deionized water to remove extractives, thereby increasing the
available surface area for further processing [53].

4.2.2. Pretreatment

Pretreatment aims to produce cellulose with high purity and reduced crystallinity
by solubilizing lignin and hemicellulose, breaking down structural complexities, and
removing impurities [53]. Alkali pretreatment removes hemicellulose, lignin, and other
substances such as waxes [100]. During this step, cellulose undergoes structural alteration
and increased crystallinity [19].

Both mild (soap, sodium carbonate) and strong (NaOH) alkalis are used to enhance
solubility and thermal stability [78,101]. Hot alkali treatments have been used by [86] and
by [7], who applied 20 mL of 5% NaOH per gram of biomass at 90 °C for 1 h, followed by
water washing for neutralization. Similar techniques were used by [82,85,89,102]. Green
pretreatments such as organosolv, enzymatic, deep eutectic solvents, or microwave-assisted
systems provide sustainable alternatives [99,101].

4.2.3. Hydrolysis/Pulping

Hydrolysis is the main mechanism for converting polymers into monomers or in-
termediates, facilitating lignin removal [103]. Hydrolysis techniques include alkali, acid,
enzymatic, organosolv, or combinations of these. The process involves cooking lignocel-
lulosic material in an alkali solution under controlled temperature, pressure, and time.
Chemicals such as potassium permanganate, benzoyl chloride, and stearic acid have also
been used [78], with common alkalis including sodium hydroxide, ammonia, sodium
carbonate, and calcium hydroxide [53].

Hot caustic extraction (HCE) has long been used to produce dissolving pulps, while
cold caustic extraction (CCE) is applied when high-purity cellulose is required, such as
for cellulose acetate [87,90]. Alkali treatment ionizes hydroxyl groups on cellulose to
alkoxide, reducing surface hydroxyls, increasing surface roughness and hydrophobicity,
which enhances adhesion with polymer matrices [19]. This method efficiently removes
amorphous/non-cellulosic components [104].

Acid pretreatment is also critical for cellulose isolation, dissolving hemicellulose and
lignin while leaving cellulose intact. Both mineral acids (HCl, H3PO,4, H,SO4) and organic
acids (acetic, citric, formic) are used [53]. Formic and acetic acids effectively break lignin
a-ether bonds at low to moderate temperatures and pressures, with formic acid acting as
a chelating agent for metal ions such as Ca, Mg, and Fe [23,70]. Formic acid selectively
removes hemicellulose while minimizing cellulose dissolution [105]. Ethylenediaminete-
traacetic Acid (EDTA) has also been applied to prevent cellulose loss.
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The goal of pulping is to obtain high-quality dissolving-grade pulp with clear speci-
fications, including «-cellulose content, alkali solubility, degree of DP, molecular weight
distribution, accessibility, and reactivity [87]. High-purity cellulose (>90%), low lignin and
extractives (<4%), and minimal hemicellulose (<2.8% for cellulose acetate) are essential. DP
is influenced by both biomass source and extraction method.

Pulping techniques are classified as mechanical, thermal, semi-chemical, or fully
chemical. Chemical pulping methods include Kraft, sulfite, soda, and organosolv, which
degrade lignin and hemicellulose into water-soluble molecules without depolymerizing
cellulose fibers. Hybrid techniques such as thermo-mechanical pulping (TMP) and chemical
thermo-mechanical pulping (CTMP) combine chemical, thermal, and mechanical treatments
for cellulose extraction [106].

4.2.4. Bleaching/Purification

The bleaching process enhances brightness and purity by removing residual lignin
and hemicelluloses, modifying reactivity, and adjusting cellulose viscosity and molecular
weight distribution [87]. It is the final step in obtaining pure bleached cellulose and
typically uses oxidizing agents such as hydrogen peroxide (HyO,), sodium chlorite, and
ozone. These agents oxidize and dissolve remaining lignin and hemicellulose [107].

H,0O, improves delignification by eliminating lignin and chromophores, producing
purer cellulose. The process is carried out with an alkali to generate perhydroxyl anions
and free radicals, which mediate the brightening reaction [90,107]. Anti-foaming agents
such as sodium silicate or silicone prevent foaming during bleaching. Other agents, like
chlorine, have been widely used, especially in the paper industry, but produce harmful
chlorinated byproducts. HyO,, in contrast, decomposes into water and oxygen, leaving no
toxic residues. Its efficacy depends on parameters such as pH, temperature, concentration,
pulp-to-solution ratio, and raw material type [70]. Table 8 highlights some of the procedures
that have been applied to extract and purify cellulose from banana pseudostem.

Table 8. Cellulose extraction and purification process (1: increase, |: decrease).

Method/Process Main Extraction Cellulose Crystallinity Lignin/ Key Observations References
Conditions Yield (%) % Hemicellulose
Removal
Alkali treatment Soaking in NaOH (qualitative T up to 15% Lignin | and 15% NaOH — optimum [78]
(NaOH 10-20%) 10-20%, ambient T to increase) NaOH hemicellulose | crystallinity, tenacity,
90 °C, followed by until 15%; no and thermal stability;
washing and drying further removal >15% NaOH —
at 20% degradation and darker
color
Mild acidic Neutralization with 60-65 ~62-65 Removes residual Improves fiber purity, [84]
treatment after dilute acid (e.g., acetic lignin/hemicellulose; brightness, and surface
alkali or HCI) after prevents cellulose smoothness; stabilizes
degumming Na,;CO3/NaOH degradation structure and
degumming, crystallinity
30-60 min boil
Ultrasound- NaOH 25-30% or 13-33 (global 20-79.6 Lignin =~ 0%; Ultrasound greatly [108]
Assisted Alkaline H,0, 8%; 3040 °C; yield); up to Hemicellulose | enhanced extraction
and Peroxide 15-60 min; 200-300 W 99.5 (purity) 2-14% efficiency and
Extraction ultrasound crystallinity vs.
(NaOH/H,0,) conventional alkaline
pulping.
Optimized 11 g NaOH L™} 1 (~20) 1 (~60-70) Lignin —40%; Optimization in-creased [109]
Alkaline 150 min; 90 °C; Hemicellulose a-cellulose by ~20%,
Extraction optimized by —50% improved crystallinity
(NaOH) response surface and fiber structure.
methodology (RSM) Demonstrated balance

between delignification
efficiency and cellulose
preservation
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Table 8. Cont.
Method/Process Main Extraction Cellulose Crystallinity Lignin/ Key Observations References
Conditions Yield (%) % Hemicellulose
Removal
Microcrystalline Sequential NaOH 90.44 72.3 Complete Produced fine-grade [80]
Cellulose via delignification (10%) removal of lignin MCC with uniform
Alkaline + Acid — HySO4 hydrolysis and hemicellulose particle size (~50 um),
Hydrolysis (40%, 60 min, 80 °C) confirmed by good thermal stability,
FTIR and crystallinity
enhancement suitable
for composite
packaging films.
Microwave- Banana stem and peel ~65 ~65 Lignin = 85%, Review synthesized [110]
Assisted Alkaline  residues; NaOH 1-4% Hemicellulose ~ multiple experimental
+ Bleaching + (10-30 min, 60-80 °C); 75% removed studies; highlighted
Acid Hydrolysis H,0,/NaOCl microwave-assisted
bleaching (2 x 3 h, extraction as efficient,
80 °C); 1% HySO4 low-chemical, and
acid hydrolysis (80 °C, scalable route for
1 h); microwave cellulose/nanocellulose
heating optional recovery from banana
waste.
Microwave- Liquefaction: 86.43 56.8 Lignin: FTIR 1519  Microwave heating cut [92]
assisted glycerol:methanol (cellulose cm ! peak absent; total time from ~4 h
liquefaction — (2:1) + 1.75% H,SOq, content in Hemicellulose: 30 min (conventional) to
alkali MW 3 min; recovered reduced after ~14 min; higher power
delignification — Delignification: 4% pulp at 800 W) NaOH/H,0, increased cellulose
peroxide NaOH, MW 3 min; steps content; cellulose type I
bleaching Bleaching: 5% H,O,, confirmed (XRD/FTIR);
MW 2 x 4 min; rough, fibrillated
microwave power surface (SEM)
450-800 W; total
process ~14 min
Microwave Microwave ~80-85 ~ 65-70 Nearly complete Combined microwave [111]
liquefaction + liquefaction for 7 min; (estimated lignin removal and chemical treatment
chemical chemical purification cellulose in (>90%); effective removed non-cellulosic
purification + with mild alkali + purified hemicellulose compounds rapidly
ultrasonication bleaching using residues) dissolution with low reagent use;
(bamboo) reduced chemical ultrasonication
dosage; ultrasonic produced nanosized
nanofibrillation for fibrils (elementary +
fiber separation aggregated bundles);
cellulose nanofibers
showed high thermal
stability (TGA) and
were proposed for
biomaterial
reinforcement
Alkaline-acid Three PS particle sizes 340 +£0.11 13.5 (alk-acid); Alk-acid — Enzymatic hydrolysis [37]
hydroly- tested (<180 pum, (alk-acid); 68.98 incomplete produced cellulose with
sis/Enzymatic >2000 um, unsieved). 14.58 4+ 0.30 (enzymatic); removal of highest crystallinity
hydroly- o Alkaline-acid (enzymatic); ~55 (TEMPO) lignin/hemicellulose (68.98%) and thermal
sis/ TEMPO hydrolysis: 5% NaOH 25.25 +0.08 (dark extract); stability (~250 °C).
oxidation (banana 1h@90°C — 5% (TEMPO) TEMPO — high TEMPO gave highest
pseudostem) NaOH + 16% H,0, @ cellulose yield yield (25%) but oxidized

55 °C — 60% H,SOy4
45 min RT.

e Enzymatic: 17.5%
NaOH 15 h RT — 4%
H202 + 2% NaOH @
90 °C 3 h — cellulase

(Optimash VR) @
50 °C 42 h.

e TEMPO oxidation:
5% KOH 16 h RT —
1%

NaClO, @70°C1h —
TEMPO/NaBr/NaOCl
3hRT.

but oxidative
degradation;
enzymatic —
most efficient
delignification
with high
crystallinity and
thermal stability.

cellulose with low
stability. Fine particles
favored better
interaction and cellulose
extraction.
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Table 8. Cont.

Method/Process

Main Extraction
Conditions

Cellulose
Yield (%)

Lignin/
Hemicellulose
Removal

Key Observations

References

Microwave-
assisted
alkaline-peroxide
treatment
(banana
pseudostem)

NaOH-EDTA
pulping
optimized by
RSM (banana
stem)

Alkaline
microwave-
assisted
pre-treatment +
enzymatic
hydrolysis
(banana stem)

Ternary Deep
Eutectic Solvent
(ChCI-EG-Oxalic

acid)
pretreatment +

NaOH/ H202

purification

Central Composite
Design optimization:
NaOH (1-4%), H,O,

(10-20%), time
(10-30 min), T = 100
+ 5 °C. Optimal: 2.9%
NaOH, 15.1% HyO,,
21.3 min.

Central Composite
Design used to
optimize NaOH
(14-20%), EDTA
(5-10%), 30 min at 100
£ 5 °C. Optimum:
17.7% NaOH, 10%
EDTA, liquid-to-solid
ratio 10 mL/g.

5% KOH (1:10 w/v)
at 80 °C for 30 min —
microwave 300 W for

10 min —
neutralization —
enzymatic hydrolysis
with Aspergillus niger
cellulase (1:1-1:10
substrate:enzyme,

50 °C, 200 rpm, 545

h).

Biomass (sugarcane
bagasse, wood pulp
waste, boxboard
waste) treated in DES
(1:2:0.8 molar ratio) at
130 °C for2h —
alkaline (5% NaOH) +
30% HyO, at 90 °C for
2 h.

82.14

863+ 1.1

77.55 (after
treatment)

SCB 72.86,
wood pulp
43.82,
boxboard
38.81

Hemicellulose
17.9%, lignin 2.2%
(removed >80%)

Lignin removal ~
58.1 & 1.5%; pulp
yield = 62.7 +
1.2%.

Lignin | from
14.9 — 1.46%;
hemicellulose |
from 13.1 —
8.56%.

Lignin | to 5-8%,
hemicellulose | to
3-4% (~80-90%
removal)

Optimal condition
maximized cellulose
yield and crystallinity;
microwave heating
reduced reaction time
and reagent use.
Confirmed cellulose I
structure and smooth
fibrillar surface (SEM,
FTIR, XRD).
EDTA esterified to
cellulose (FTIR 1738
cm !, C=0 stretch),
stabilizing reducing
ends and minimizing
alkaline hydrolysis.
Degree of
polymerization = 2140
(vs. 1907 without
EDTA). Demonstrated
efficient delignification
at low temperature with
high yield and
polymerization, suitable
for papermaking or
bioplastics.
Combined KOH and
microwave
pretreatment
significantly increased
cellulose accessibility
and hydrolysis
efficiency; maximum
reducing sugar = 1.3 mg
mL ! at 1:1
enzyme:substrate for 45
h. Demonstrated
synergistic
delignification and
enhanced bioethanol
potential.

DES pretreatment
(ChCI-EG-OA) highly
effective in
lignin /hemicellulose
removal, enhancing
cellulose purity and
accessibility.
Acetylation produced
cellulose acetate films
with high mechanical
strength (boxboard film
11.23 MPa tensile
strength, 3.14%
elongation).
Demonstrated efficient,
low-toxicity extraction
applicable to
mixed-source
bioplastics.

[85]

[112]

[113]

[23]

Banana pseudostem cellulose extraction has also applied NaOH with EDTA, yielding
pulp with higher polymerization than without EDTA [53,112]. Organosolv processes have
been studied for producing dissolving grade pulp (DGP) but are not yet industrially ap-
plied [87]. Combined bleaching and liquefaction methods, using polyethylene glycol 400
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(PEG 400), glycerol, and sulfuric acid as a catalyst, have also been reported [45,114]. Organo-
solv pretreatment effectively solubilizes hemicellulose, lignin, and inorganic compounds,
produces high-quality lignin as a value-added product, and allows solvent recovery, re-
ducing water pollution [111]. However, industrial use is limited due to volatile, flammable
solvents and high-pressure operation [87].

5. Cellulose Modification for Bioplastic Films

Bioplastics from cellulose are mainly derived from cellulose esters and deriva-
tives [114]. Since cellulose is insoluble in water and most organic solvents and is not
inherently plastic, it typically requires modification. This can be performed through surface
alterations or chemical derivatization to improve processability and mechanical properties
for bioplastic use [34]. In derivatization, cellulose is chemically converted into soluble
intermediates such as cellulose acetate, while in non-derivatization, cellulose is directly
dissolved by breaking hydrogen bonds [115,116].

5.1. Cellulose Acetylation

Cellulose acetylation is a specific type of esterification in which the hydroxyl groups
of cellulose react with acetic anhydride or acetic acid, typically in the presence of a catalyst
such as sulfuric acid, potassium acetate, or pyridine, to form cellulose acetate (CA). Other
esterification reactions involving nitric, sulfuric, or phosphoric acids yield nitrate, sulfate,
or phosphate esters of cellulose, respectively, which differ in structure and industrial use.

Cellulose acetate is produced by acetylating cellulose under either a homogeneous
process, which employs glacial acetic acid, sulfuric acid, and acetic anhydride, or a heteroge-
neous process, where cellulose reacts with acetic anhydride and sulfuric acid in the presence
of non-diluents [117,118]. Among cellulose esters, acetates, butyrates, and propionates are
widely applied in textiles, plastics, photographic films, and electronics [23,25].

Table 9 summarizes common organic and inorganic cellulose ester derivatives.

Table 9. Examples of cellulose ester derivatives: [66].

Ester Bases Cellulose Ester Reagent
Cellulose acetate Acetic acid and acetic
anhydride
. Cellulose triacetate Acetic acid and acetic
Organic esters .
anhydride
Cellulose propionate Propanoic acid
Cellulose acetate propionate Acetic acid and propanoic acid
Cellulose acetate butyrate Acetic acid and butyric acid
Cellulose Xanthate Xanthic acid Xanthic acid
Nitrocellulose (cellulose nitrate) Nitric acid or another
Inorganic esters ~ — Cell-OH + HNOj Cell-O-NO, powerful nitrating agent
+ HzO
Cellulose sulfate — Cell-OH + Sulfuric acid or another
H,S0, Cell-O-SOsH + H,O powerful sulfuring agent
Cellulose phosphate —» Cell-OH Phosphoric or another

+ HyPO4 Cell-O-POsH + H,O powerful phosphoring agent

The solubility of cellulose acetate in water depends on the degree of substitution
(DS), but soluble in solvents such as acetone. It is hydrolytically stable, non-toxic, heat-
resistant, decomposable, and characterized by excellent film-forming ability along with
high chemical and mechanical stability [2]. Two main types are distinguished: cellulose
diacetate, with a DS between 2 and 2.5, and cellulose triacetate, with a DS greater than
2.8 [23]. The DS and acetyl concentration significantly influence the thermal behavior,
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hydrophobicity, transparency, processability, and solubility of the resulting material [117].
As DS increases, the glass transition temperature decreases, while water vapor permeability
(WVP) is reduced because the hydrophilic hydroxyl groups of cellulose are replaced by
hydrophobic acetyl groups, thus improving hydrophobicity and barrier properties [115].
However, excessive cellulose during acetylation can lead to agglomeration of cellulose
granules within the polymeric matrix, thereby lowering both mechanical strength and
barrier performance [8].

Other cellulose derivatives, such as cellulose carbamate are obtained through the
reaction of cellulose with urea. In addition, a non-derivative dissolution process using
N-methylmorpholine N-oxide (NMMO) has been reported. Unlike derivatization, this
approach employs a green solvent that is 99% recyclable, eliminates hazardous additives,
and does not produce intermediate derivatives [90].

5.2. Cellulose Acetate (CA) Film Formation

CA-based plastic films are produced by dissolving CA flakes in acetone to form a
viscous dope, which is then cast into films [114]. The incorporation of plasticizers such
as glycerol improves tensile strength and elongation while reducing the glass transition
temperature of the films [66]. The influence of compatibilizers, plasticizers, and other
addjitives on the thermoplastic behavior of cellulose materials is therefore critical. To achieve
homogeneous film structures and prevent phase separation, emulsifiers such as gelatin may
be incorporated into the film-forming solution [118]. Cellulose-based biopolymer films can
be prepared through casting, extrusion, and electrohydrodynamic methods. Among these,
solution casting is most widely employed at laboratory and pilot scales, whereas extrusion,
via blown film, cast-film, and reactive extrusion techniques, represents a more scalable and
cost-effective option for industrial production [119,120].

6. Cellulose Characterization

Characterization of both raw materials and finished products is essential for guiding
processing and determining suitable applications. The performance of cellulose in textiles,
composites, and bio-based materials is strongly influenced by its complex composition,
making the determination of cellulose, hemicellulose, lignin, and pectin content critical for
optimizing material properties [121]. The physico-chemical properties of treated Fibers and
cellulose are assessed in terms of mechanical strength, thermal performance, and physical
characteristics, each playing a distinct role in defining cellulose’s value as an industrial
raw material [122]. Fibers are evaluated for their chemical composition as well as physical,
morphological, structural, and thermal properties. The removal of lignin and hemicellulose
after NaOH treatment is typically confirmed using scanning electron microscopy (SEM),
FTIR spectroscopy, and crystallinity analysis, while thermal stability testing indicates that
alkali treatment improves stability by up to 15% NaOH concentration [78]. In addition,
TAPPI standards are commonly applied to determine the proportions of x-cellulose, 3-
cellulose, and y-cellulose in pulp.

6.1. Kappa Number

The kappa number serves as an indicator of residual lignin content in pulp, providing
critical insight into the efficiency of the bleaching process. A high kappa number reflects
greater lignin content, whereas a low value indicates more effective lignin removal. The
kappa number is determined by titration, following established standards, through the
difference between the initial volume of permanganate blank solution and the final volume
of potassium permanganate remaining after oxidation of lignin. It is expressed as the
milliliters of 0.02 mol/L potassium permanganate solution consumed per gram of oven-dry



Waste 2025, 3, 37

20 of 28

pulp [123]. The lignin content (%) is then calculated using the formula: lignin (%) = kappa
number x 0.13.

6.2. Degree of Polymerization (DP)

Changes in cellulose degree of DP are monitored before and during pretreatment, with
viscometry and gel-permeation chromatography (GPC) being the most commonly applied
techniques. Viscometry is preferred due to its simplicity and speed, and measurements
are typically performed in cupri-ethylenediamine solution in accordance with standards
such as ISO 5351:2012 [67,70]. Cellulose isolation and derivatization processes did not
significantly alter the native DP, which is critical for maintaining mechanical integrity [67].

6.3. Color Measurement

The color of pulp is evaluated to assess purification or bleaching efficiency, using
the colorimetric method with a differential colorimeter (Minolta CR-300, Germany). The
technique measures CIE coordinates L*, a*, and b*, where L* represents lightness (0 = black,
100 = white), a* indicates the red-green axis (positive toward red, negative toward green),
and b* indicates the yellow-blue axis (positive toward yellow, negative toward blue) [90].

6.4. Mechanical Properties

Banana fibers exhibit strong mechanical properties, with elastic modulus 27-32 GN m 2,
UTS 711-789 MN m 2, and elongation 2.5-3.7% for fibers 50-250 pm in diameter. Tensile
strength rises from 726 to 906 MN m 2 as testing speed increases from 500 pm min~"! to
100 mm min~! [63].

To demonstrate the quantitative potential of cellulose-based bioplastics, Table 10
compares key mechanical and barrier properties with those of widely used bioplastics and
conventional plastics. Cellulose acetate films derived from banana pseudostem show tensile
strengths between 50 and 70 MPa- and elongation at break of 5-12%, values comparable to
PLA (55-65 MPa) and higher than starch films (25-35 MPa). Their water vapor permeability
(2.5 x 10~ g m/m? s Pa) is lower than that of starch films, indicating improved moisture
resistance and packaging performance.

Table 10. Quantitative comparison of mechanical and barrier properties of cellulose-based bioplastics
with other bioplastics and conventional plastics.

Material

Cellulose acetate
(banana pseudostem)
PLA
PHA
Starch-based film
PET (conventional)

Tensile Strength Elongation at Break Water Vapor Reference
(MPa) (%) Permeability
(x10~11 g m/m? s Pa)

50-70 5-12 2.5 [22,23]
55-65 6-10 3.2 [26]
45-60 10-20 3.0 [6]
25-35 5-8 5.5 [8]
65-75 20-50 2.0 [38]

6.5. X-Ray Diffraction (XRD)

XRD is used on untreated and treated banana fibers to evaluate crystallinity index (CI),
which indicates crystalline cellulose content. CI values range from 39 to 67% depending-
on technique (infrared (IR) spectroscopy, solid-state 13C NMR, Raman). XRD patterns
show both amorphous and crystalline regions, reflecting the lignocellulosic nature of
banana fibers [83,124]. Specifically, cellulose from banana pseudostem exhibits the Type I
cellulose polymorph, characterized by a parallel arrangement of cellulose chains linked by
(3-1,4-glycosidic bonds [85].
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6.6. Thermal Stability Analysis

Thermal analysis assesses molecular characteristics of polymers. Thermal stability
of extracts is evaluated via Thermogravimetric Analysis (TGA) or Differential Scanning
Calorimetry (DSC) [122]. Thermogravimetric analysis showed high thermal stability, with
major weight loss starting near 250 °C, consistent with cellulose degradation [37].

6.7. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR is a rapid, non-destructive method to analyze biomass in the mid-IR region,
identifying functional groups and molecular fragments. It is used to assess cellulose,
hemicellulose, and lignin in untreated and treated banana fibers, providing insight into
fiber structure and extraction efficiency [125]. Characteristic absorption peaks at 3300, 2900,
and 1000 cm ™! were associated with O-H stretching and B-1,4-glycosidic C-O-C vibrations
typical of cellulose [37].

6.8. Scanning Electron Microscope (SEM) Analysis

SEM is used to examine the surface morphology of cellulose fibers. Raw, alkali-
treated, and bleached banana fibers are analyzed, showing varying degrees of fibrillation
depending on alkali concentration [126]. SEM micrographs revealed a rough, fragmented
surface containing pores and cracks, contrasting with the smooth, intact morphology of
untreated banana stem fibers [85].

7. Discussion

Although lignocellulosic fibers have been studied for bioplastics for decades, matrix-
fiber interfacial compatibility remains unaddressed [4]. Future research should integrate
economic, social, and technological assessments to align bio-based production with circular
economy and climate policies [127,128].

According to [39], preparation of the pure cellulose bioplastics from biosources is
difficult. This is due to the highly structured intermolecular hydrogen bonding network of
the polysaccharide biopolymer, which cannot be melted or dissolved by standard processes
such as thermoforming. As a result, cellulose is usually used in industrial applications in
the form of derivatives, such as esters or ethers, from which cellulose is then regenerated.
Nevertheless, in recent years, several other approaches including use of solvents, acids,
mechanical processing such as compression molding and blending to obtain biocomposites
using a polymeric matrix from a renewable source have been on trial. Characterization
techniques of cellulose in reference to application for packaging have been reported var-
iously. The unique hierarchical architecture of natural cellulose consisting of nanoscale
fibrils and crystallites allows the extraction of the nano constituents by mechanical and
chemical methods or through a combination of both of these techniques [47].

Nanocellulose, producible at industrial scale, is versatile for nanocomposites, biomed-
ical products, adhesives, electronics, membranes, antimicrobial films, packaging, cosmetics,
and more. It offers renewability, chemical inertness, stiffness, strength, low thermal expan-
sion, low density, dimensional stability, and tunable surface chemistry.

Quantitative comparison of key properties indicates that cellulose films derived specif-
ically from banana pseudostem exhibit tensile strengths of 40-70 MPa and elongation
at break of 5-15%, values within the range of commercial bioplastics such as PLA and
PHA. Their water-vapour permeability coefficients (2—4 x 10~ 11 gm m~2 s~ 1 Pa~1) further
demonstrate competitive mechanical and barrier performance for sustainable packaging
applications. These findings reinforce that banana pseudostem cellulose represents a viable
second-generation feedstock for high-performance, biodegradable bioplastics.
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It is imperative that research and development is intensified to optimize the perfor-
mance characteristics of agro-based bioplastics in order to make them competitive with
conventional plastics and enhance their functionality and acceptability. In particular, re-
search should consider such factors as cost reduction, and recyclability of the end product,
as well as improving mechanical and barrier properties.

Beyond material performance, post-utilization pathways of cellulose-based bioplastics
derived from banana pseudostem are critical to achieving full circularity. After their service
life, these materials can undergo bio-composting, returning organic carbon to the soil
without generating persistent microplastic residues. Process residues such as lignin-rich
fractions and unreacted biomass can also be valorized through anaerobic digestion for
biogas generation or converted into solid biofuel pellets, contributing to renewable energy
production and waste minimization. These integrated valorization routes not only enhance
the sustainability of banana pseudostem utilization but also align with industrial circular
economy models, nature-based solutions, and the United Nations Sustainable Development
Goals (SDGs) for responsible production and climate action [129].

Development of an optimized production scale biomass extraction protocol based
on laboratory scale parameters. This method considers not only the yield of the target
compound(s), but also the chemical and energy costs of the process and the implications for
the downstream processing and valorization of the solid residue. A range of different ex-
traction technologies, solvents, and process conditions are considered. Optimization at the
lab scale followed by validation at higher technology readiness levels (TRLs) will support
industrial adoption and environmental sustainability. Ultimately, valorizing banana pseu-
dostem within a circular bioeconomy framework can reduce agricultural waste, promote
local value chains, and advance the transition toward sustainable material systems.

8. Conclusions

Current fossil-based plastics are unsustainable and harmful to health and the environ-
ment, prompting research into eco-friendly alternatives. Bioplastics, especially cellulose-
based, offer biodegradability, compatibility, and functional benefits. Lignocellulosic agricul-
tural wastes, like banana pseudostem, provide abundant, renewable cellulose (31-81.8%,
avg. 49.33%) but require chemical modification, e.g., acetylation, for bioplastic use. Various
isolation methods (mechanical, chemical, solvent-based, enzymatic, or combined) have
been studied, with organosolv noted as sustainable, cost-effective, and suitable for small-
scale operations. Selection depends on polymer type, feedstock, and desired properties.
Research gaps include poor transparency, barrier, and mechanical properties, unstable
thermal behavior, and limited end-of-life, life cycle, and land use assessments. Future
work should focus on valorizing banana waste for cellulose extraction and optimizing
cellulose-based bioplastics for packaging applications.
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NaOH Sodium hydoxide

EDTA Ethylenediaminetetraacetic acid
CoH40; or CH3COOH - Acetic acid

CH202 or HCOOH Formic acid

Na,SiO3 sodium silicate

FTIR Fourier Transform Infrared
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