
Cellulose
Subjects: Polymer Science

Contributor: R.A. Ilyas, M. R. M. Asyraf

Cellulose is the main substance of a plant’s cell walls, helping plants to remain stiff and upright, hence, it can be extracted

from plant sources, agriculture waste, animals, and bacterial pellicle. It is composed of polymer chains consisting of

unbranched β (1,4) linked D glucopyranosyl units (anhydroglucose unit, AGU).
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1. Introduction

Petroleum-based synthesis polymers are non-degradable materials and they cause pollution to nature . Therefore in

order to minimize the effect of these polymers, cellulose is introduced. Cellulose offers excellent properties to minimize

this damage by utilization as a filler in the manufacturing of either a synthesis matrix or a natural starch matrix. Cellulose

is the main substance of a plant’s cell walls, helping plants to remain stiff and upright, hence, it can be extracted from

plant sources, agriculture waste, animals, and bacterial pellicle . It is composed of polymer chains consisting of

unbranched β (1,4) linked D glucopyranosyl units (anhydroglucose unit, AGU) . Cellulose also possesses excellent

mechanical properties, such as tensile and flexural strengths, tensile and flexural moduli, and thermal resistance, as well

as low cost, due to its availability from different resources and abundance in nature, and degradability which is not

obtainable in synthetic fillers, that makes it an excellent bio-filler for both synthesis or natural polymer matrixes .

Cellulose needs to be extracted to be a useful substance. Cellulose extraction can be achieved via three approaches;

mechanical, chemical, and bacterial techniques. Mechanical cellulose extraction comprises of high-pressurized

homogenization , grinding , crushing , and steam explosion methods . Chemical extraction methods include alkali

treatment , acid retting, chemical retting , and degumming .

Cellulose can be extracted in different sizes, depending on the intended application. Micro- and nanocellulose are the

common sizes of cellulose used in industrial applications. Nanocellulose is divided into three types, (1) nanofibrillated

cellulose (NFC), also known as nanofibrils or microfibrils or macrofibrillated cellulose or nanofibrillated cellulose; (2)

nanocrystalline cellulose (NCC), also known as crystallites, whiskers, or rod-like cellulose microcrystals, and (3) bacterial

nanocellulose (BNC), also known as microbial cellulose or biocellulose . The difference between microfibrillated

cellulose and nanocrystalline cellulose is the fiber size distributions that are wide in microfibrillated cellulose and narrow or

drastically shorter in nanocrystalline cellulose . Figure 1 depicts the structural difference between nanofibrillated

cellulose and nanocrystalline cellulose. Similar to microfibrillated cellulose, bacterial cellulose also has a narrow size

distribution and high crystallinity, except for its source, which is bacteria. According to Alain Dufresne   and Chirayil et al.

, NCC and NFC are renowned not only for their biodegradation, superb properties, unique structures, low density,

excellent mechanical performance, high surface area and aspect ratio, biocompatibility, and natural abundance, but also

for their possibility to modify their surfaces to enhance their nano-reinforcement compatibility with other polymers due to

the presence of abundant hydroxyl groups. Nanocellulose-based materials, also known as a new ageless

bionanomaterial, are non-toxic, recyclable, sustainable, and carbon-neutral . NCC and NFC have demonstrated

numerous advanced applications, including in the automotive industry, optically transparent materials, drug supply, coating

films, tissue technology, biomimetic materials, aerogels, sensors, three-dimensional (3D) printing, rheology modifiers,

energy harvesters, filtration, textiles, printed and flexible electronics, composites, paper and board, packaging, oil and

gas, medical and healthcare, and scaffolding . In addition, macro and mesoporous nanocellulose beads also are

utilized in energy storage devices. The cellulose beads act as electrodes that serve as complements to conventional

supercapacitors and batteries , and depend on the properties of the cellulose (e.g., origin, porosity, pore distribution,

pore-size distribution, and crystallinity) . In consequence, the number of patents and publications on nanocellulose over

20 years have increased significantly from 764 in 2000 to 18,418 in 2020. In addition, this increment of more than 2300%

over 20 years indicates that nanocellulose has become the advanced emerging material in the 21st century.
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Figure 1. Atomic force microscopy images show different structure between nanocrystalline cellulose (NCC)  and

nanofibrillated cellulose (NFC) . (Reproduced with copyright permission from Ilyas et al. ).

Applications of cellulose are vast and interfere with many fields concentrated on mechanical, medical, and industrial

applications . In industry, cellulose is used as a filler for matrixes in the manufacturing of a degradable polymer.

Cellulose is also used in packaging applications, tissue engineering applications, electronic, optical, sensor,

pharmaceutical applications, cosmetic applications, insulation, water filtration, hygienic applications, as well as vascular

graft applications . For instance, in Li-ion battery application, cellulose has been applied along with carbon

nanotubes (CNT) as current collectors . Previously, the current collector in the battery used the conventional aluminum

foil. From this point of view, cellulose paper-CNTs-based electrodes showed ~17% improvement in areal capacity

compared to commercial aluminum-based electrodes. Another renowned application of cellulose is the implementation of

electrospun cellulose acetate nanofibers for antimicrobial activity as mentioned by Kalwar and Shen . Moreover,

cellulose is highly efficient in antitumor drug delivery . In this case, the application of carboxymethyl cellulose-grafted

graphene oxide drug delivery system has a huge potential in colon cancer therapy. The cellulose can also be implemented

in the oil and gas industry due to its large surface areas and high volume concentrations along with unique mechanical,

chemical, thermal, and magnetic properties . Cellulose can also be used as additive and reinforcement for cross arm

application in transmission towers in order to improve their mechanical properties and electrical resistance performance

. To increase the base of potential applications, cellulose’s properties need to be more flexible in terms of

modification and improvement to match the required properties of various applications .

2. Classification of Cellulose

Cellulose can be classified into two types based on size, microcellulose and nanocellulose, while nanocellulose can be

classified in three types: (1) nano- or microfibrillated cellulose (NFC)/(MFC), (2) nanocrystalline cellulose (NCC), and (3)

bacterial nanocellulose (BNC) . The advantage of extracting or isolating cellulose is that the nanocellulose can be

obtained from microcellulose , producing different cellulose sizes in a compatible procedure.

Nanocellulose can be categorized into the family in nanofibrillated cellulose (NFC), nanocrystalline cellulose (NCC), and

bacterial nanocellulose (BNC). The size of nanocellulose ranges from 5 nm to 100 nm . The difference between

nanofibrillated cellulose (NFC) and microfibrillated cellulose (MFC) is that NFC is usually produced using a chemical

pretreatment followed by a high-pressurized homogenization, while MFC is commonly yielded from chemical treatment

. The sources of NFC or MFC are wood, sugar beet, potato tuber, hemp, and flax. The average diameter is 20–50 nm

. Meanwhile, for nanocrystalline cellulose (NCC), the average range of NCC diameter and length are 5–70 nm and

100 nm, respectively . NCC can be extracted from several sources like plants (wood, cotton, hemp, flax, wheat straw,

mulberry bark, ramie, avicel, and tunicin), algae and bacteria, and animals (tunicates) . Another type of nanocellulose

that can be produced from non-plant sources is bacterial nanocellulose (BNC). Using microorganisms in the industry of

biopolymers is vital because such microorganisms exhibit rapid growth, allowing for high yields and year-round availability

of the product . There are two main methods for producing BNC using microorganisms: static culture and stirred culture

. Static culture employs the accumulation of a thick, leather-like white BNC pellicle at the air-liquid interface. The stirred

culture synthesizes cellulose in a dispersed manner in the culture medium, forming irregular pellets or suspended fibers

.

It is better to produce bacterial cellulose by static culture because previous studies have shown that bacterial cellulose

produced from a static culture has higher mechanical strength and yields than those obtained from stirred culture.

Moreover, stirred culture has a higher probability of microorganism mutations, which might affect BNC production. The

disadvantage of a static culture is that it takes more time and a larger area of cultivation .
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3. Microcellulose and Nanocellulose Extraction, Treatment, and
Modification

Lately, natural fiber biopolymers have been significantly used as alternatives to synthetic polymer which negatively

affected the environment . Green composites can be enrolled in many applications, such as automobiles, packaging,

construction, building materials, furniture industry, etc. . Cellulose is the main component of several

natural fibers, such as sugarcane bagasse, cotton, cogon grass, flax, hemp, jute, and sisal , and it can

also be found in sea animals, bacteria, and fungi. Cellulose can be extracted in microscale with an excessive amount of

mineral acids, the crystalline phases at nanometer range , with sizes of 10–200 μm , and the mean diameter of

approximately 44.28 μm . The structure of microcellulose can be divided into microfibrillated cellulose or

microcrystalline cellulose; microcrystalline cellulose has higher strength than the microfibrillated cellulose . Cellulose can

also be extracted as nanocellulose size of nanocellulose fiber, which generally contains less than 100 nm in diameter and

several micrometers in length . Plant natural fiber consists of cellulose and non-cellulose materials such as lignin,

hemicellulose, pectin, wax, and other extractives. Therefore, in order to extract cellulose either as micro or nano, the non-

cellulose materials must be removed. There are two common methods to remove non-cellulosic materials that were used

by researchers, (I) acid chlorite treatment and (II) alkaline treatment . Depending on the conditions of extraction

process and extraction technique, the crystalline region of the cellulose can significantly vary in size and aspect ratio. This

usually results in the types of fibrils, crystalline, and particle sizes (micro- or nano-size). However, they are normally

anisometric.

3.1. Cellulose Extraction Techniques

There are several types of cellulose production techniques such as mechanical treatment, chemical treatment,

combination of chemi-mechanical process, as well as bacterial production of cellulose.

3.1.1. Mechanical Extraction

High-pressurized homogenization is one of the mechanical extraction techniques. High-pressurized homogenization is

used for large-scale nanocellulose production by forcing the material through a very narrow channel or orifice using a

piston under high pressure of 50–2000 MPa . This is an environmentally friendly method for nanocellulose isolation .

However, there is a possibility for the occurrence of mechanical damage to the crystalline structure using this method .

Another mechanical technique is grinding. Grinding is used to separate nanocellulose from fiber by applying shear stress

on the fiber by rotating grindstones at approximately 1500 rpm . The heat produced by friction during the fibrillation

process leads to water evaporation, which improves the extraction process . In addition, crushing is also used to

extract cellulose fiber. This method is used to produce microcellulose in frozen places . The size of the produced

cellulose ranges between 0.1 and 1 μm. This process can be used as a pretreatment prior to high-pressurized

homogenization to yield nanocellulose. Steam explosion is utilized for the extraction of cellulose, which uses a low energy

consumption method to extract the cellulose. Although it does not completely remove lignin, it can be considered a

pretreatment. After applying this method, the obtained fiber needs mechanical modification.

3.1.2. Chemical Extraction

Chemical extraction procedures extract cellulose by using alkali retting, acid retting, chemical retting, chemical assisted

natural (CAN), or degumming to remove the lignin content in the fibers. These treatments also affect other components of

the fiber microstructure, including pectin, hemicellulose, and other non-cellulosic materials . One of the

examples using the chemical extraction method is alkali or acid retting. This extraction method causes less fiber damage

, while mechanical extraction is less costly. It is performed by heating, cleaning, and soaking the fiber in alkali or acid

solution . This method has the ability to improve some properties of the fiber. Degumming, which is one of the chemical

extraction processes that is developed to hold the ramie fiber’s shape, works by eliminating the gummy and pectin content

. Another chemical technique is chemical retting. This procedure is used to reduce the lignin and water content in

fibers. Chemical retting is able to remove more lignin compared to alkali and acid retting but is less effective in terms of

eliminating moisture . A combination of the chemical and mechanical extraction methods can be applied to guarantee

higher efficiency of lignin removal, where the mechanical processes usually are done after chemical treatment . Figure

2 shows the extraction of nanocellulose from lignocellulosic biomass via mechanical and chemical methods.
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Figure 2. Extraction of nanocellulose from lignocellulosic biomass (reproduced with copyright permission from Sharma et

al. ).

3.1.3. Bacterial Production of Cellulose

Bacterial cellulose is of similar molecular formula to plant origin cellulose, characterized by a crystalline nanofibrillar

structure which creates a large surface area that can retain a large amount of liquid. There are many methods for bacterial

cellulose preparation, including static, agitated/shaking, and bioreactor cultures. The results of macroscopic morphology,

microstructure, mechanical properties of bacterial cellulose are different, depending on the preparation method. The static

culture method enhances the accumulation of a gelatinous membrane of cellulose at the surface of the nutrition solution,

whereas the agitated/shaking culture affects the asterisk-like, sphere-like, pellet-like, or irregular masses . The required

properties and the applications dictate the selection of the appropriate preparation method. Producing cellulose-based

bacterial resources gives higher critical surface tension and higher thermal degradation temperature while the cellulose

extracted from plants via combination of the chemical and mechanical extraction methods has a hierarchical organization

and semi-crystalline nature.

3.2. Cellulose Surface Treatment and Modification

Cellulose is the most abundant component that can be found almost exclusively in plant cell walls; it can also be produced

by some algae and bacteria . The applications of natural biopolymers have extended in last recent years due to the

improvement in the processes of surface treatment and modifications; these applications involve automobiles,

construction, building materials like nano building blocks in composites, furniture industry, and optical applications .

The cellulose fiber has two main drawbacks, (1) high number of hydroxyl groups that makes the product’s structure gel-

like and (2) high hydrophilicity , which limit its uses in several applications. The purpose of the modification is to

improve these two drawbacks to enhance the cellulose’s properties and broaden the applications of natural fiber .

To reduce energy consumption during cellulose manufacturing and to extract cellulose in an effective way, pretreatment

needs to be carried out. The pretreatment can be either enzymatic pretreatment or TEMPO (2,2,6,6-tetramethylpiperidine-

1-oxyl) pretreatment. Enzymatic pretreatment can be divided into cellobiohydrolases and endoglucanases , which

show strong synergistic effects . TEMPO-mediated oxidation pretreatment is a treatment that must be performed in

solution. TEMPO-mediated oxidation pretreatment improves the reactivity of cellulose, and the C6 primary hydroxyl

groups of cellulose are converted to carboxylate groups via the C6 aldehyde groups . The main cellulose

modifications are presented in the following subsections.

3.2.1. Molecule Chemical Grafting

The reaction mechanism in this technique is to improve the structure and properties of cellulose, and only happens on the

cellulose chains located on the surface of the cellulose. The limitation on the extent of acetylation (ester bonds are formed

between cellulose and cyclodextrins) lies in the susceptibility and ease to maintain the surface; however, this technique

does not make the cellulose fully dissolved because of the complex network formation .

3.2.2. Surface Adsorption on Cellulose

The adsorption on the surface of cellulose is usually done by using surfactants. There are many types of surfactants, such

as fluorosurfactant, e.g., perfluorooctadecanoic acid used to coat cellulose , cationic surfactant , and

polyelectrolyte solution . Surfactants improve hydrophobic behavior; however, they might also change the physical
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properties and produce some cracks that possibly make absorption of water and moisture occur.

3.2.3. Direct Chemical Modification Methods

The properties of cellulose, such as its hydrophilic or hydrophobic character, elasticity, water sorbency, adsorptive or ion

exchange capability, resistance to microbiological attack, and thermal resistance are usually modified by chemical

treatments. The main methods of cellulose chemical modification are esterification, etherification, halogenations,

oxidation, and alkali treatment . The chemical modifications methods of cellulose are the best methods to achieve

adequate structural durability and an efficient adsorption capacity.

3.2.4. Cellulose Grafting

Grafting on cellulose by attaching or adding the particles of molecules covalently to the cellulose can be done by either

using coupling agents or activating the cellulose substrates . Vinyl monomers grafting on cellulose can be performed in

homogeneous or heterogeneous medium . When polyhydroxybutyrate (PHB) is grafted with cellulose, it improves the

properties of the cellulose in terms of crystallinity, flexibility, and the chemically linking of the fibers with the matrix .

Figure 3 illustrates the general mechanism of peroxide radical initiated grafting of PHB onto cellulose. Polyethylene glycol

(PEG) and aminosilane are also used as grafting materials , where these materials increase the cellulose polarity

to have better compatibility with the polymer.

Figure 3. The general mechanism of peroxide radical initiated grafting of polyhydroxybutyrate (PHB) onto cellulose

(reproduced with copyright permission from Wei et al. ).
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