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Among the biomaterials, cellulose is the most abundant, cheap, sustainable, chemical reactive and modifiable
natural macromolecular compound on the Earth. It is a carbohydrate homopolymer, which is composed of
repeating long linear chains of B-anhydro-D-glucopyranose units, linked together by an ether bond between -OH

group of C4, and the C1 carbon atom, via a 3-1,4-glycosidic bond.
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| 1. Introduction

Among the biomaterials, cellulose is the most abundant, cheap, sustainable, chemical reactive and modifiable
natural macromolecular compound on the Earth. It is a carbohydrate homopolymer, which is composed of
repeating long linear chains of $-anhydro-D-glucopyranose units, linked together by an ether bond between -OH

group of C4, and the C1 carbon atom, via a 8-1,4-glycosidic bond, as represented in Figure 1 1.
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Figure 1. Chemical structure of cellulose and different sources of: native cellulose (from agricultural and industrial
wastes) and bacterial cellulose (BC). Advantages and disadvantages of both kinds of cellulose. The image of BC is

adapted from . Copyright 2022 by the authors. License MDPI, Basel, Switzerland.

Native cellulose can be mainly classified into plant-derived and bacterial-derived cellulose (BC) &, It is worth noting
that cellulose can be also obtained by animal sources 4 |n particular, some marine animals, called tunicate,
represent the only animal source of cellulose 4 However, it is still limited and not available for large-scale
applications. Naturally-derived cellulose is a versatile, structural polysaccharide polymer, which mainly provides
robust mechanical properties to plant cells, thanks to the hierarchical organisation of its natural fibres B However,
the structural backbone skeleton of plants represents a non-pure formulation that is usually based on
lignocellulose, consisting of lignin, cellulose, hemicellulose, silica and some other impurities with different ratios,
according to the plant type, as reported in Table 1. Indeed, plant cellulose widely exists in cotton, wood, and other
flora species, such as phloem fibre, seed fibre, and wood fibre, which is the most abundant organic substance in
nature (€. Native cellulose also has the benefit of being able to be derived from agricultural wastes, such as cotton,
bamboo, bagasse, and rice straw, which are affordable, readily available, and sustainable material sources [,

Moreover, food processing is another possible source for cellulose recovery, even though it has highlighted many

https://encyclopedia.pub/entry/40955 2/9



Cellulose and Cellulose Derivatives | Encyclopedia.pub

restrictions related to the solid waste collectability and the status of these wastes after gathering, which are usually
contaminated with microorganisms and other impurities. Lately, industrial wastes (i.e., tomato, garlic peels) are also
emerging as a promising source of cellulose.

Table 1. Cellulose content within different biomasses from agricultural waste.

Agriculture Cellulose (%)
Wood 35-50
Wheat straw 33-40
Switchgrass 30-50
Bagasse 44
Olive husk 24
Sunflowers 26
Rice straw 33
Rice husk 49
Cotton 80-95
Nutshells 25-30
Banana fibers 60-65
Corn cob 42-45
Oat straw 33-35
Hazelnut shell 29

Recently, bacterial cellulose has gained particular interest 8. BC can be produced by strictly aerobic, non-
photosynthetic Gram~ bacteria B2, For their growth, these bacteria need carbon sources, which can be found in
different raw materials (such as fruit, vegetable or lignocellulosic wastes) and other nutrients (such as nitrogen,
iron, zinc and vitamins) B9 pseudomonas, Gluconacetobacter and Acetobacter are among the most important
bacteria for the BC synthesis (Figure 1). Numerous studies have been carried out on the potential benefits of BC
and plant-derived cellulose as biomaterials. In particular, the macromolecular characteristics of bacterial- and plant-
derived cellulose differ. In addition, 60% of plant-derived cellulose can hold a medium amount of water, and it has a
medium level of tensile strength and crystallinity. Conversely, BC is chemically pure, due to its hydrophilic nature,
100% water-holding capacity and lack of lignin, hemicellulose, and other impurities €. Furthermore, compared to
plant-derived cellulose, BC has high crystallinity 8. However, BC is still a high cost cellulose if compared to other
conventional cellulose (11, The versatility of BC’s biomedical uses is supported by its simple, contaminant-free
manufacture and flexibility to modify the material’s properties during synthesis, such as crystallinity index, aspect
ratio, and morphology, to precisely meet the needs of the intended application (8.
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Native cellulose has multiple shortcomings, such as poor solubility in water and most organic solvents, due to intra-
and intermolecular hydrogen bonds, low thermoplasticity, strong hydrophilicity, and difficulty in processing, which
limit its development and application in the biomedical and pharmaceutical fields . The intra- and inter-molecular
hydrogen bonds, between the -OH groups of the chain, provide cellulose with a crystalline and stiff structure. For
this reason, it is insoluble in water but can be dissolved in strong acidic or alkaline conditions 2 (Figure 2). In
particular, cellulose cannot dissolve in common solutions, except for two kinds of solvents: non-derivatizing
solvents (i.e., sodium hydroxide, melts of inorganic salts, hydrates of inorganic salts, N, N-
dimethylacetamide/lithium chlorideandmineral acids) and derivatizing solvents (i.e., trifluoroacetic acid, formic acid,
dimethyl sulfoxide/para-formaldehyde, N, N-dimethyl formamide/dinitrogen tetroxide) 2. Fortunately, insolubility
can be overcome by obtaining cellulose derivatives, also known as cellulosics, through various physical and
chemical modification procedures, such as esterification, etherification, or oxidation (14], By this point of view,
cellulose is the most known polysaccharide that can be easily converted to many cellulose derivatives. Among
them, there are cellulose derivatives, which can be non-soluble, soluble in organic solvents and water-soluble, with

a high safety profile towards biological systems 22!,

(a) (b)
HO

Figure 2. (a) Intra- and inter-molecular hydrogen bonds in cellulose; (b) repeating unit of cellulose derivatives.

“Created with BioRender.com®.

| 2. Cellulose Physical Modifications

By altering the structure and surface properties of cellulose, physical modification is mostly used to create new
gualities and functions. Briefly, the physical alteration largely entails mechanical swelling, recombining, surface
adsorption, and grinding without changing the chemical composition of cellulose. Physically-modified cellulose

forms are regenerated cellulose, membrane cellulose, microcrystalline cellulose (MCC), spherical cellulose, and
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nanocellulose (NC) in its two categories: cellulose nanocrystals (CNC) and cellulose nanofibers (CNF) &, NC is
attracting a wide research attention for its physico-chemical properties: high specific surface area, easy
modification, biodegradability, non-toxicity, biocompatibility, and antimicrobial properties, which are making it a

suitable biomaterial for biomedical applications (i.e., wound healing).

| 3. Cellulose Chemical Modifications

With regard to the chemical modification, two different types of reactions are involved: -OH groups derivatisation
and cellulose degradation. Acid/base, oxidative, biological, and mechanical processing are all examples of
degradation reactions [&l. On the other hand, derivatisation may provide the synthesis of useful chemical products.
At a macromolecular level, cellulose is characterised by both crystalline and amorphous regions. The crystalline
region is distinguished by densely and firmly packed -OH groups that become unavailable. For this reason, this
region is less reactive in comparison with the other one. The amorphous region is more available with high
reactivity toward chemical species. Indeed, the majority of the chemical modifications involve the amorphous
region (8. Moreover, cellulose chains are linear, and their aggregation occurs via both intra- and inter-molecular
hydrogen bonds as presented in Figure 2a, affecting its degree of crystallinity. This aspect is of paramount
importance as the physico-chemical properties of cellulose are fine-tuned by the degree of crystallinity, as well as
the hydrogen bonding 4. Additionally, the reaction behaviour of cellulose and accessibility depend on cellulose
morphology, degree of polymerization, crystallinity degree, purity and particle size. It is worth noting that cellulose
units have three active -OH groups C6 > C2 > C3, with the C6—OH group, which can react ten times faster than the

other two groups C2 and C3 (Figure 2b).

Modification via carboxymethylation, oxidation and Micheal addition reaction can introduce new functional groups
in the cellulose backbone including -OH, carboxyl (-COOH), cyano (-C=N), aldehyde (-CH=0) and tetrazole
groups, leading to derivatives, such as carboxymethyl cellulose (CMC), methylcellulose (MC), dialdehyde cellulose
(DAC) and hydroxyethyl cellulose (HEC), as summarised in Table 2. Over the past years, because of the
increasing demand for environmentally eco-friendly and biocompatible products, the possibility to chemically
modify the cellulose has boosted great advances in material science and engineering, leading to the use of
cellulose derivatives in promising fields of applications, such as pharmaceutical and biomedical 8 but also

electronic 1220 a5 well as a water treatment one [21]122],

Table 2. Common cellulose derivatives.

Derivative R, R, R3
Carboxymethyl cellulose (CMC) COONa COONa COONa
Methylcellulose (MC) CHj CHs CHj
Dialdehyde cellulose (DAC) H C=0 C=0
Hydroxyethyl cellulose (HEC) CH,CH,0OH CH,CH,0OH CH,CH,0OH
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Cellulose derivatives are semi-synthetic highly water-soluble biopolymers, having high biocompatibility,
biodegradability, non-toxicity, non-immunogenicity properties 23 and also a thermo-gelling behaviour 24, |n
addition, cellulose derivatives can absorb and retain a large amount of wound exudates within the interstitial sites
of the matrixes, maintaining an optimal local moisture at the lesion site, to avoid skin tissue water loss and tissue
necrosis [23l24] Therefore, they represent a good alternative to water-insoluble cellulose. However, mechanical
strength and toughness continue to be the most difficult problems, which scientists have attempted to solve in a
variety of ways: (i) by the use of non-covalent (i.e., citric acid, polyphenols) or covalent (i.e., epichlorohydrin,
aldehyde-based reagents, urea derivatives, carbodiimides and multifunctional carboxylic acids) crosslinking agents
(23] (i) by designing blends with other synthetic (i.e., polyurethane, poly (vinyl alcohol), polyvinylpyrrolidone) 28] or
natural (i.e., collagen, gelatin, chitosan, k-carrageenan, alginate) biopolymers [2Z: (iii) by employing gelling agents
[28]: (iv) by using nanomaterials as fillers (i.e., graphene oxide derivatives, titanium oxide, silver nanoparticles, zinc
oxide, ceramics) [22120[31],

4. Cellulose from Agricultural Waste: Extraction Methods and
Properties

Nowadays, taking into consideration the environmental problems arising from a rapidly growing industry, the
demand of products obtained starting from renewable and sustainable non-petroleum-based resources is
increasing. For this reason, exploring naturally-derived biomaterials, such native cellulose extracted from
agricultural wastes, is attracting outstanding attention in the scientific community. Extraction of cellulose can be
carried out using different approaches that are mainly based on chemical, biological and physical methodologies
(321 |n this context, the chemical method is considered as the best approach, in terms of productivity and low-time
consumption. However, low sustainability is among the main drawbacks B384l Additionally, the biological method
deals with microbial enzymes, such as ligninolytic enzymes, lignin peroxidases and laccases enzymes, which are
able to extract cellulose 3238, This approach is highly eco-friendly but has many limitations, such as having low
productivity, specificity, high-cost facilities and being time-consuming. The physical method specifically employs a
mechanical treatment for lignocellulosic materials to produce high lignin content pulp that is used in specific
applications not as pure cellulose B2, However, each extraction method can build up a unique cellulose in terms of
properties and reactivity. The chemical method of cellulose extraction usually produces cellulose contaminated with
trace elements that can be found in a cellulose molecular structure during the pulping and the bleaching process,
such as sulphur, chlorine, sodium and iodine. On the other hand, this method produces cellulose with good
chemical properties with different shapes, including MCC, cellulose fibres and cellulose nanoforms [B8. The
biological method overcomes the drawback of the chemical method, obtaining highly pure products. Finally, the
physically extracted cellulose enables the production of a material with a high lignin content pulp, which is mainly
used in packaging and high mechanical stress applications 3.
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