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Abstract The bio-based products can provide a

solution to the problems associated with petroleum

shortages and waste treatment. Nanocellulose devel-

opment has raised massive interest for a variety of

applications pertinent to the material engineering to

biomedical fields due to its biodegradable nature,

impressive optical properties, anisotropic shape, high

mechanical strength, excellent biocompatibility and

tailorable surface chemistry. The nanocellulose com-

posites show improved properties compared to other

biopolymers due to their high surface area and large

aspect ratio of nanoparticles. In this review, a clear

overview of nanocellulose extraction, structural prop-

erties, sources and their applications in versatile fields

are discussed. The foreseen markets of nanocellulose

products can be categorised into different levels

namely low-end, mid-range and high-end applica-

tions. An interdisciplinary research is essential to

commercialize nanocellulose based products for sus-

tainable applications.
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1 Introduction

Natural fibers are considered as one of the most

abundant and inexpensive polymers and as a primary

source for the production of green end materials on an

industrial scale. Typically natural fibers are made of

lignin, pectin, hemicellulose, cellulose and waxes,

from which cellulose can be easily extracted using

chemical treatments and modifications (Mathew et al.

2010; Kargar Zadeh et al. 2017; Deepa et al. 2019).

Due to its excellent properties, like structural stability,

biocompatibility, and biodegradability, cellulose

materials are often used as raw materials in paper

industry, pharmaceuticals and textiles for more than

150 years (Abitbol et al. 2016; Bhat et al. 2017).

Nanocellulose (NC) have drawn researchers interest in

the field of developing cost-effective packaging

materials with improved mechanical and barrier

properties (Byun and Kim 2014; Khalil et al. 2016;

Vilarinho et al. 2017; Muller et al. 2017). It will

protect the environment due to its reusability and

recyclability (Siracusa et al. 2008; Machado et al.

2015; Arrieta et al. 2016; Muller et al. 2017; Jawaid

and Kumar 2018). These nanofibres possibly will offer

superior tensile, flexural properties and rigidity

(Dufresne et al. 1997; Husić et al. 2005; Wu et al.

2014). Therefore, certain innovative approaches for

the advancement of sustainable products can be a

useful tool for qualitative environmental management.

An effectual design of nanocellulose for different

applications should consider the whole aspects of

quantitative and qualitative functioning of the prod-

ucts throughout its life cycle. Functional products can

be produced by designing processes with effective

manufacturing methodologies and technologies

(Wang et al. 2011; Sabo et al. 2016; Blanco et al.

2018). These commodities will guarantee the quality

and requirements, such as size, thickness, safety level,

cost, stress levels, height and ergonomics, as well as

quantitative life cycle assessment (Iavicoli et al. 2017;

Leong et al. 2018). The primary role of a design

process is to define the possibilities, limitations and

suitability of cellulose nanofibres in the development

of sustainable application (Soriano and Dueñas-mas

2018). Figure 1 depicts an overview of nanocellulose
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biorefinery. The article presents a systematic review

on cellulose nanofibre, including its sources, structure,

isolation, and its applicability towards sustainable

applications.

2 Biomass-advantages and utilization

Nanocellulose has a broad range of excellent physical,

chemical and biological properties. Its huge definite

surface area allows various molecules, ions, atoms,

and microbial cells to be adsorbed and nanocellulose

products are capable of separating different molecules

and retaining microbials (Kose et al. 2011; Iavicoli

et al. 2017). Generally nanocellulose-based materials

possess chemical inertness, good mechanical proper-

ties, tunable morphological, thermal, electrical, chem-

ical, physical, optical and barrier properties (Klemm

et al. 2011; Zhou et al. 2012; Mishra et al. 2018;

Phanthong et al. 2018; Soriano and Dueñas-mas

2018). These materials show antimicrobial effects,

biodegradability and biocompatibility with low

immunogenicity and toxicity. They are materials of

relatively high availability, renewability and low cost.

Therefore, nanocellulose products have emerged as

potential materials for an extensive variety of innova-

tive biomedical and industrial applications, including

food packaging, filtration and ultrafiltration, air and

aqueous solutions purification and other sensitive

products construction of thermal insulators, sensors,

and controlled drug delivery, conservation of histor-

ical objects, and energy extraction, fire retardants and

storage acoustics (Tokumitsu et al. 1999; Ahn and

Logan 2010; Khalil et al. 2016; Klemm et al. 2018;

Sundar et al. 2018; Selvaraj et al. 2020).

Nanocellulose

Cells

Fibre
Cellulose Macrofibrils

Lignin

Cellulose Microfibril

Hemicellulose
Cellulose

Nanocellulose
Extraction
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hydrolysis/Alkali 
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Textile industry
Biomedicine
Electrical industry
Automobile industry
Aerospace sector

Fig. 1 Nanocellulose

biorefinery
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3 Sources of nanocellulose

Nanocellulose can be isolated from ample sources like

grasses (bagasse, bamboo, etc.), algae, bit fibers (hemp

jute, flax, kenaf, coir, ramie, etc.), fungi, wood

(hardwood and softwood), bacteria, aquatic animals

(tunicates), seed fibers (cotton, coir etc.) and inverte-

brates. The most commonly used cellulose source is

wood and it is present along with hemicelluloses,

lignin and a comparatively minute amount of inor-

ganic salts and extractives (Gross and Kalra 2002;

Siddiqui et al. 2010; Abraham et al. 2011; Deepa et al.

2015; An et al. 2017; Omara et al. 2019). Cellulose can

be separated from non-cellulosic materials like lignin,

hemicelluloses, pectin and waxes present in the wood

by utilizing chemical and mechanical treatments. Soft

and hardwood species can be distinguished based on

their anatomical characteristics. Due to its high cell

wall thickness to lumen radius (Runkel ratio), hard-

wood fibers are three to four times shorter than

softwood and possess a more inflexible structure

(Chen et al. 2011; Liu et al. 2017a, b; Oliveira

et al. 2017). Thus more effective mechanical process-

ing needs to achieve equal defibrillation in the case of

hardwood. Hornification process (permanent hydro-

gen bond formation between nanofibrils due to drying

of cellulose fiber) happens in dried cellulose which

makes defibrillation difficult compared to non-dried

cellulose (Diniz et al. 2004).

New developments are focused on manufacturing

cellulose nanofiber (CNF) and cellulose nanocrystal

(CNC) from agro-forestry residues, grasses, water

plants, wood pulp, and annual plants (Abraham et al.

2011; Klemm et al. 2011; Kumar et al. 2014; Brodin

et al. 2017). These materials are major potential

sources of cellulose with acceptable properties for

manufacturing nanocellulose. Researchers have pro-

posed the utilization of annual crops namely sisal,

hemp, kenaf, flax and agricultural crops including

those gained from empty bunches of fruit, wheat,

pineapple, rice and sugarcane (Blanco et al. 2018).

With the growing demand for renewable resources,

crop waste is supposed to be a suitable commodity.

Waste recovery makes it necessary to secure the

environment and benefit from low-cost strengthening.

Agricultural waste biomass is a valuable resource

because it is environmentally sustainable, low cost,

readily accessible, and renewable and has mechanical

properties that are somehow permissible (Abraham

et al. 2011; Deepa et al. 2015). The crop waste is an

excess of natural fibers. It is possible to obtain the

agricultural waste fibers from pineapple leaf, potato

peel, cotton stalk, flax, garlic straw, hemp, soy pods,

grape skin, rice husk and straw etc. Agro-biomasses

are used in a wide variety of applications including

composites, furniture, paper, medical, building and

textile applications (Mohammadinejad et al. 2015;

Malladi et al. 2018). The crop wastage becomes the

second-highest cellulose source. Industrial waste is the

processed waste exhausted by industries such as garlic

and tomato peels, sugarcane bagasse etc. which has

recently emerged as a further source of cellulose.

Cellulose may also be extracted from several other

smaller sources such as bacteria, algae, marine

animals (tunicates) and fungi. The interest of this

review lays in the representation of numerous appli-

cations among them the utilization of NC in fields like

cosmetics, aerospace, optical materials, construction,

etc. are less explored.

4 Extraction of nanocellulose

Pure cellulose extraction involves complex multi-

stage processes like combinations of enzymatic,

mechanical or chemical treatments (Dufresne 2013;

Trache et al. 2017; Ahmad et al. 2018; Malladi et al.

2018). Major steps in nanocellulose extraction pro-

cesses are alkali treatment (using sodium hydroxide or

potassium hydroxide), bleaching (delignification with

sodium chlorite or hydrogen peroxide) and acid

hydrolysis (using sulphuric acid, acetic acid or oxalic

acid). CNCs are being extracted by direct acid

hydrolysis of purified cellulose, while CNFs are

generated by a variety of mechanical treatments, such

as grinding, cryocrusting, steam explosion, microflu-

idation, ultrasound, homogenization, etc. (Khalil et al.

2014; Nechyporchuk et al. 2016a, b).

The extraction treatments of NC are classified

mainly into four classes namely mechanical, pressure

induced, enzyme assisted and green chemical extrac-

tions. The mechanical methods like ball milling, twin

screw extrusion, cryocrushing etc. normally produces

CNFs. The pressure induced methods can be utilized

for producing crystalline forms of nanocellulose.

Among this, high pressure homogenization (HPH) is

very effective in producing CNCs at both laboratory

and industrial scales. In this treatment, the cellulose
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suspension is introduced into a narrow nozzle under

very high pressure and then a sudden drop of pressure

produces a high shear force that led to the production

of nanoscale fibers (Kargar Zadeh et al. 2017; Deepa

et al. 2019). Ionic liquids can be effectively used as

solvents for dissolving CNCs for further treatments.

Surface modifications like TEMPO oxidation can be

utilized for controlled modification of surfaces before

grafting with other biopolymeric chains. Due to steric

effects in secondary hydroxyl groups, this oxidation

took place only in primary hydroxyl groups of

cellulose and is converted into carboxyl groups. This

induces the desired hydrophobicity to the surface of

the products (Saito et al. 2007; Fukuzumi et al. 2009;

Isogai et al. 2011). Bacterial nanocellulose (BNC) can

be prepared by utilizing a combination of pretreat-

ments, saccharification and fermentation methods.

Recently, a number of greener extraction strategies

such as American value added pulping, deep eutectic

solvents, ammonium persulphate oxidation etc. are

also utilizing for the development of novel bioplastics

(Xia et al. 2014; Sirviö et al. 2015; Nelson et al. 2016;

Deepa et al. 2019). These greener methods replace

toxic reagents and solvents by providing cheaper

routes for grafting of CNCs with various biopolymers.

Most of the routes also involve recycling of the

solvents after reactions so as to diminish the environ-

mental contamination and enhance economic viabil-

ity. The major extraction methods for the production

of different types of nanocellulose are listed in

Table 1.

5 Structural properties of nanocellulose

Cellulose refers to an inert carbohydrate, which is the

main component of the wall of plant cells. It can be

contained in plants and wood connected to other

constituents viz. lignin and hemicellulose. It is a linear

polymer consisting of glycosidic bonds b 1?4 as

much as possible. The repeating unit in cellulose is

glucose which is called cellobiose. The cellulose

glucopyranose units exist in the form of a chair and are

thermodynamically stable. The reason for cellulose’s

higher stability is because CH2OH and OH groups are

in equatorial positions (Habibi et al. 2010).

Until now, various crystalline cellulose structures

have been discerned in connection with the presence

of hydrogen bonds between and within strands.

Cellulose I, II, III, and IV represent the four cellulose

polymorphs. Cellulose I is the one that occurs

naturally and exists in the forms of Ia, Ib and Ic. This
is developed by an enzymatically directed synthesis of

b1?4 glucan chains consisting of an assembly of

amorphous regions that are crystalline and disordered.

Cellulose I have parallel arrangements to the chain.

Cellulose II is native cellulose that is extracted to form

regenerated or mercerized forms of cellulose by

dipping in alkali. Because of the anti-parallel chains,

this type of cellulose represents the lowest free energy

organizations. The Cellulose III or IV are the types of

celluloses that were obtained by treating cellulose I or

II with different reagents like liquid ammonia, alkali

or glycerol (Kroon-Batenburg 2001).

6 Application of nanocellulose

In many sectors, nanocellulose finds applications, such

as pharmaceuticals, packaging, cosmetics, electronics,

food, automotive, optical materials, aerospace and

construction (Nechyporchuk et al. 2016a, b; Dufresne

2019). Nanocellulose is an essential ingredient in

food, cosmetics, pharmaceutical, beverage and other

industries. Its hygroscopicity and chemical inactivity

are amongst the unique characteristics. In addition, the

absence of high sorption and toxicity allowed for the

application of nanocellulose in various sectors (Char-

reau et al. 2020; Trache et al. 2020a, b). NC has its

unique characteristics of commendable mechanical

properties, fatigue resistance, proper strength and light

weight, adding to its low cost of production which

makes it appealing for its wide use. Freeze-dried

nanocellulose aerogels have found their way into

objects of diurnal use varying from diapers, tampons,

sanitary napkins to wound-dressing. Nanocellulose

can be used as elastic cryo-structured gels in biotech-

nological and biomedical applications (Yan

et al. 2017). However, there are several uses of

nanocellulose as a highly scattering substrate for

corrosion inhibitors, computer parts, ultra-white coat-

ings, loudspeaker membranes, conductive material

reinforcement, capacitors, high-flow membranes,

tobacco filter additive etc. Cellulose has excellent

water—holding capacity, and is therefore more com-

patible with the human body. The nanocellulose can

be used for biocompatible coatings, drug discharge
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formulations, scaffolds and wound dressing. The

envisaged nanocellulose markets can be divided into

three levels: (1) high-end applications (e.g. batteries,

printed electronics, paper-based value-added materi-

als); (2) mid-range applications (e.g. structural mate-

rials, food); and (3) low-end, large-scale pulp and

paper commodity applications (e.g. lighter and

stronger conventional paper products) (Peng et al.

2011; Ludwicka et al. 2016; Sabo et al. 2016;

Bacakova et al. 2019; Panchal et al. 2019). The main

field of application and their role in specific applica-

tions are enlisted in Table 2.

6.1 Food packaging

The packaging materials are widely used against

physical, cosmetics, biochemical and microbiological

deterioration to prevent foodstuff, drinks, healthcare

and other consumer commodities (Siracusa et al. 2008;

Byun and Kim 2014; Vilarinho et al. 2017). They

should provide adequate barriers to water vapour,

microorganisms, oxygen, and grease (He and Benson

2011; Patel et al. 2019). With growing environmental

problems about sustainability and disposal issues,

renewable-resource materials were strongly advocated

as possible replacements. Cellulose is the major

polymer in nature and represents about 40% of

lignocellulosic biomass. Packaging based on cellulose

paper is low cost, light weight and most importantly

sustainable. Moreover, normal paper made from

lignocelluloses does not have adequate oil, oxygen

or water barriers. Presently, paper-based containers

are made from plastic, aluminum coatings or unsus-

tainable wax. The packaging industry has used a huge

number of cellulosic materials for various purposes,

including container and wrapping materials, primary

and secondary packaging, rigid and flexible packaging

(Brinchi et al. 2013). Even so, there are limitless

advantages when nanocellulose is used for paper based

packaging, such as low cost, light weight and most

importantly sustainability (Deepa et al. 2019). Unfor-

tunately, there are inherent disadvantages to the use of

standard paper made from lignocellulosic fibers.

These include the low barrier capacity of paper against

water, oxygen or oil, and these deficiencies must be

Table 1 Types of extraction techniques for production of nanocellulose

Typical source Treatments Extraction methods Types of

nanocellulose

Wood and other lignocellulosic fiber sources Mechanical process Ball milling, cryocrushing

Twin screw extrusion

High intensity ultrasonication

Super mass collision

CNFs

Agricultural residues, wood pulp, paper industry

sludge

Pressure induced

methods

Steam explosion

High pressure homogenization

Microfluidisation

Aqueous counter collision

Subcritical water method

CNCs

NCCs

Cotton linters, sugarcane bagasse, other agro-

biomass

Enzyme assisted Static culture

Stirred culture

CNCs

CNFs

Pulps(softwood and hardwood) Green strategies Using phosphotungstic acid

Organoclick strategy

Ionic liquids as solvents

CNCs

Wood pulp

Agricultural residues Bamboo, grasses

Surface modifications TEMPO oxidation

Deep eutectic solvents

Ammonium persulphate

oxidation

American value added pulping

CNFs

CNCs
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addressed in order to generate high-quality packages

that meet different specifications (Mohammed et al.

2015). The packaging industry currently mainly uses

plastics, or aluminum coatings, unsustainable coatings

of wax and many other materials, to produce prof-

itable paper-based products. A part from all these

unsustainable materials, cellophane is still used by the

packaging industry and is the only cellulose material

currently used as a film for packaging, as it provides an

effective gas barrier primarily in dry conditions.

However, despite the apparent benefits of using a

product based on photosynthetically viable cellulose,

the production of cellophane is detrimental to the

environment; the viscose route to the production of

cellophane creates detrimental by-products and uses

sulphur-based chemicals. Bacterial nanocellulose

(BNC), cellulose nanocrystals (CNCs) and

nanofibrillated cellulose (NFC) have considered as

important materials for the manufacturing of cellu-

losic materials for packaging purposes (Shirai et al.

2013; He and Benson 2014; Teresa et al. 2018).

Chemical and mechanical operations can extract

nanocellulose from various plant resources. The

ability to form hydrogen bonds enables the material

to create a powerful, dense network that makes it very

difficult for different molecules to pass through. This

property is very relevant in the packaging industry to

provide better barrier properties. Nanocellulose has

useful applications in a variety of industrial sectors

and allows the development of new materials as well

as the enhancement of the characteristics of existing

materials. In addition, the nanoscale cellulose can be

used as filler in the production of composites, as

coating and as self-sufficient thin films, attaining very

Table 2 Key applications and potential benefits of nanocellulose

Area of

application

Properties Key application References

Food

packaging

Flexible, rigid, improved

barrier

Packaging films Arrieta et al. (2016) and Omara

et al. (2019)

Biomedical Nontoxic, excellent

biocompatibility and

biodegradability

Scaffolds, water absorbent pads, antimicrobial

films and tampons, sanitary napkins or wound

dressing

Lin and Dufresne (2014) and

Plackett et al. (2014)

Cosmetics Durability, compatibility, good

elasticity

Composite coating agent for nails, hair, or

eyelashes

Ludwicka et al. (2016)

Electronics High dielectric, excellent

mechanical and

biocompatible

Sensor, electronic displays and windows Hoeng et al. (2016) and Sabo

et al. (2016)

Optical

materials

Crystalline, flexibility,

biocompatible

Electronic transistor, sensors Haywood and Davis (2016) and

Gonçalves et al. (2019)

Automobile Good electrical, thermal,

magnetic, physico-chemical

properties

Lightweight and high strength components such

as bumpers, side panels and dashboards

Mohammed et al. (2015) and

Nelson et al. (2016)

Construction Increase fracture toughness,

cheaper, low density, high

strength

Blocks, sensors to monitor stress levels in bridge Pilla (2011), Nelson et al.

(2016) and Asim et al. (2018)

Aerospace High strength, light weight Windows, sensors Nelson and Retsina (2014), Zhu

et al. (2016) and Gopi et al.

(2017)

Textiles Easy care, low impurity, good

mechanical strength,

biocompatible

Antimicrobial medical field, paste printing Feczko et al. (2012) and

Wulandari et al. (2016)

Paper

Industry

Easy availability, eco-friendly,

renewability,

Grease-proof paper Salas et al. (2019)

Water

purification

Biosorable, low cost, nontoxic Filtration Gopakumar et al. (2017) and

Mautner (2020)

123

Rev Environ Sci Biotechnol (2020) 19:779–806 785



promising properties. Such properties, along with

fundamental aspects like low cost and energy usage,

biodegradability, renewability, biocompatibility, non-

edible agricultural sources, have drawn a great deal of

attention, which is also motivated by the general

interest in a sustainable economy that can overcome

the current reliance on fossil fuels (Li et al. 2015a, b).

Figure 2 depicts the characteristics or applicability of

nanocellulose as packaging materials. Nanocellulose

can play a different role in terms of gas permeability

when used as reinforcement in a polymer matrix. The

degree to which tortuosity by nanocellulose-contain-

ing polymer films can account for decreases in

permeability is a subject that deserves further attention

from researchers. The amount of nanocellulose within

the polymer matrix is frequently very small in these

composite structures, often within a range of 0.5–20%

(Hubbe et al. 2017). Cellulose fibers have generally

been used in packaging for a range of food categories,

such as fresh food, beverages, frozen, liquid and dry

foods. Food packaging’s key function is to preserve

and protect food, uphold its safety and quality and

reduce food waste. The most widely used food

packaging based on cellulose is cellophane, also

known in films as regenerated from cellulose. In the

preparation of cellulose based films, several cellulose

derivatives like cellulose acetate, carboxymethylcel-

lulose, ethylcellulose, hydroxy ethylcellulose, methyl-

cellulose and hydroxy propylcellulose are used. As

well as other derivatives, cellulose acetate is com-

monly used as an inflexible packaging film along with

cellulose triacetate, as they have close relations to

moisture barriers and low gas. In 2008, Innovia Films,

followed by the United States, launched NatureFlexTM

a cellulose film that provides an extremely wide range

of heat seals, excellent gas barrier, long shelf life and

printability properties (Khalil et al. 2016). These

enhanced properties have allowed NatureFlexTM to

find applications in various sectors, such as home-

made goods, confectionery, tea packaging, dried fruit,

meat, pouches, fresh produce and dairy. This biobased

film is approved for compostable packaging according

to the European (EN13432), Australian (AS4736) and

American (ASTM D6400) standards (Malladi et al.

2018). In 2009 Billerud Korsnäs, a foremost manu-

facturer of recycled packaging materials originating in

Sweden launched Fiber Forms. Fiber Forms packaging

consists of 100% primary fiber providing high strength

and elasticity, and its high purity is certified for direct

contact with food, as well as a broad variety of

coatings to protect food from bacteria, light, moisture

and other hazards (Khalil et al. 2016).

Coatings are known as important tools for enhanc-

ing numerous properties of packaging materials for

food and beverage. In the field of flexible packaging,

coatings include thin layers which can be either

external or sandwiched between two substrates; in

fact, coatings inherently lead to composite structures.

These layers usually vary in thickness from tenths of

nanometers to a few micrometers. Nowadays, the

prospect of using coating technology to improve the

quality of packaging products is of great interest; i.e. to

minimize the thickness of traditional plastic films

based on oil by using a thin layer of usable and high-

performance bio-based material. Nano-shaped cellu-

lose, especially with high crystallinity, is an appro-

priate candidate for the use of different materials as a

functional layer which has only currently been

explored. Aulin et al. coated on paper carboxymethy-

lated MFC and studied the permeability of oxygen at

different relative humidity values. The MFC films

showed very low oxygen permeability at very low

relative humidity values, in the matching level as
Fig. 2 Characteristics and Applicability of nanocellulose as

packaging materials
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conventional synthetic films like ethylene vinyl alco-

hol, and the solid structure created by the cellulose

layer also led to very high oil barrier properties (Li

et al. 2015a, b; Asim et al. 2018).

6.2 Biomedical field

Nanocellulose is a gifted biomaterial for medicinal

applications due to its relatively low toxicity and

excellent biocompatibility, as well as self-assembly

behavior, crystallinity, distinct geometry, rheology

and surface chemistry (Yan et al. 2017; Du et al.

2019). Although it is widely agreed that BNC is non-

toxic, the biotoxicity concerns for other cellulose

nanoparticles, namely cellulose nanocrystals and

cellulose nanofibrils, is less resolved. The toxicity of

these materials relays on purity, surface characteristics

and particle size of samples. Preliminary reports are of

oral toxicity and low dermal, but conflict with

cytotoxicity and inhalation. The properties of nano-

cellulose and surface chemistry are to be utilized in the

designing of scaffold for improving proliferation and

differentiation, cell patterning, mechanical properties

and cell adhesion (Plackett et al. 2014; Ludwicka et al.

2016; Bacakova et al. 2019). With the possibility of

various manufacturing types, such as membrane-like

structures with tailor-made porosities and surface

chemistry, BNCs and CNCs are ideally ideal for

tissue-engineering scaffolds (Raghavendra et al.

2015), like coatings (Bacakova et al. 2019), electro

spun nano-fibers (Khalil et al. 2012), membranes and

hydro-gels (Kabir et al. 2018; Yue et al. 2019).

Another important area is nanocellulose-based drug

delivery materials, in the form of tablet coatings,

membranes, and biopolymer delivery systems. Such

materials be capable of offering better drug stability

and a controlled drug release profile (Salama et al.

2016; Bacakova et al. 2019). In addition, CNC surface

modifications were used to develop new drug carriers;

particularly flexible modification of CNCs uses an

aromatic linker to allow both binding and regulated

release of amine-containing drugs. NC is also a

suitable choice for protein immobilization, maintain-

ing protein structural integrity and enhancing activity

and long-term storage stability. It does, however,

provide a flexible medium to support and facilitate

cellular activities for tissue regeneration and repair

when used in conjunction with other biomaterials,

such as collagen. In addition, the ability of BNC-

biocomposites to absorb exudates and to be removed

easily, coupled with their hydrophilic nature, makes

these materials superior to conventional dressings. In

fact there are already several BC-based products are

commercially available namely BioFill and XCell1.

Nanocellulose wound dressings can also play a

significant role in antimicrobial therapy, as the porous

network provides a physical barrier against external

infections thus enabling the release of preloaded

antimicrobials. To this end, both organic and inorganic

antimicrobials were used, with loading into the

structures of nanocellulose based on either chemical

conjugation or physical adsorption. The mechanical

properties, strong biocompatibility and water content

make BNC the smartest type of tissue replacement

nanocellulose. Although some examples demonstrate

early-stage findings for soft tissue applications,

replacement of blood vessels is by far the most

important, with enormous benefits compared to clin-

ically accessible synthetic materials. Nanocellulose

fluorescent labeling with a variety of fluorophores is of

growing importance in applications for targeting,

sensing and bio-imaging. Finally, CNC-based systems

are also convincing for intracortical microelectrode

applications as mechanically adaptable materials. The

first such report described microprobes based on CNC

which revealed switchable mechanical properties

from wet to dry (Abitbol et al. 2016).

Photopolymerization of acrylate monomers and

methacrylate cross linkers was used to develop

collagen-like materials based on composites of syn-

thetic polymers and bacterial cellulose. Biomedical

and technical applications of nanocellulose, such as

cosmetic tissue formation, animal wound dressings,

artificial blood vessels and nerve surgery cuffs, have

also been reported. Figure 3 depicts different scaffolds

developed from nanocellulose as biomedical implants.

Bodin et al., focused on the creation of nanofibrous

bacterial cellulose scaffolds functionalized with

GRGDS oligopeptides that mediate cell adhesion.

Such scaffolds improved the in vitro adherence of

human endothelial vascular cells and were ideal for

vascular tissue engineering (Klemm et al. 2011;

Ludwicka et al. 2016). Nanocellulose was applied in

2008 for strengthening polyurethane and poly(epsilon-

caprolactone) shape memory (Kim et al. 2007;

Kurańska et al. 2013). Electrodes equipped with thin

film composed of sisal-derived nanocellulose were

also developed for the detection of triclosan,
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antifungal and antibacterial drugs. Nanocellulose

paper sheets can be utilized in the field of biotechno-

logical applications to extract DNA oligomers and a

hydrogel based on cellulose was used for the immo-

bilization of trypsin. Cellulose surfaces affected by

irreversible carboxymethyl cellulose adsorption were

developed as a medium for covalent binding of

immunoassays antibodies, e.g. for hemoglobin detec-

tion. Cellulose nanofibers have been studied as a fresh

tablet material and suggested for the development of

films for the continuous parenteral delivery of drugs

such as antihypertensives, corticoids, antiphlogistics

and analgesics. Nanofibrillated cellulose in combina-

tion with silver nanoclusters has been developed as a

new fluorescent composite and antibacterial activity

for possible wound dressings (Liu et al. 2017a, b;

Sundar et al. 2018; Jatoi et al. 2019). Nanocellulose

was proposed in combination with polypyrrole to

construct membranes for hemodialysis. In neural

tissue engineering, it was first demonstrated that

Fig. 3 Applications of nanocellulose composites as biomedical scaffolds
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neuroblastoma cells (SH-SY5Y), grown on three-

dimensional BNC scaffolds, adhered, proliferated and

differentiated towards mature neurons, as implied by

the responsive action potentials noticed through

electrophysiological recordings. The adhesion, prolif-

eration and development of 3D neuronal networks on

3D-BNC scaffolds can be further enhanced by the

cationic modification of this material. Nanocellulose-

based neural tissue-engineered structures have been

designed as emerging technologies for brain studies, in

addition to their future use in neural tissue replace-

ments (Bacakova et al. 2019). In the related scientific

literature, the potential for using CNC as a way of

binding and releasing drugs has been frequently cited.

For example, although not specifically focusing on

drug delivery, Dong and Roman developed a method

for fluorescently labeling CNC with a view to further

studies on cellular uptake and biodistribution using

bioimaging of this nanomaterial (Brinchi et al. 2013).

Their research included the addition of epoxy groups

to the CNC surface, followed by the opening of an

epoxy ring with ammonium hydroxide to create

primary amine groups that could be covalently bound

to fluorescein-50-isothiocyanate (FITC). These

researchers cited earlier work in which several review

articles discussed the possible applications of CNC or

other polysaccharide nanocrystals for the delivery of

therapeutics articles. Lin et al. reported the use of CNC

as additives in calcium microspheres, as well as chitin

nanowhiskers and starch nanocrystals (Lin and

Dufresne 2014). Including these nanoadditives stabi-

lized the cross-linked alginate matrix, resulting in

improved encapsulation efficiency and a controlled

release profile for theophylline, a model drug chosen

for clinical use in respiratory disease care. Zhang et al.

investigated bacteria nanocellulose as a biosensing

template for the simple fabrication of gold nanopar-

ticle–bacteria nanocellulose composites using a one-

step process (Zhang et al. 2010). The development of

polyelectrolyte-macroion complexes (PMC) between

chitosan, cationic polysaccharide, and CNC in order to

determine the shape, composition, size and net charge

of PMC particles as a function of CNC concentration

and mixing sequence were developed, and thus their

suitability for oral drug delivery applications were

investigated (Wang and Roman 2011; Bacakova et al.

2019).

6.3 Cosmetics

Nanocellulose has also been implemented and com-

mercialized in the field of cosmetics. In particular, it is

seen as an ingredient in mask packs and specific

cosmetics. This also draws attention mostly as thick-

ening agent which really retains the barrier of viscosity

in cosmetics. Nanocellulose seems to be easily

dispersible in water and has a high hydrophilicity

and aspect ratio. Such properties make it easier to

overlap, that can drastically affect the viscosity, and

the gelation can be done at quite a lower temperature

(Risti et al. 2011; Ludwicka et al. 2016). A thickener is

a substance which is used to jellify cosmetics and

improves the esthetic value of the material by boosting

the durability and offering smoothness, rigidity, and

soft touch. Carbomer is a widely used thickener in

cosmetics, but has poor water adsorption capacity,

triggered powder blowing, and its production uses

benzene. Nanocellulose, a material extracted from

nature, has strong water absorption capacity, thicken-

ing effect and decomposes easily when disposing. For

all of these reasons, nanocellulose has tried to apply

into a number of cosmetic products. Cosmetics are

using it as a stabilizing agent for emulsions and also

for artificial nails. Because of its three-dimensional,

nanoporous structure, this biopolymer has proven to

be an effective material that functions as cosmetic

products. Bacterial nanocellulose is also used in

cosmetics, as it has great mechanical strength, good

elasticity, admirable adhesion to the skin and ease of

disposal. Since microbial nanocellulose is constructed

by a dense network of fibers linked by a large number

of hydrogen bonds, its moisture absorption power is

very high, up to 95%. It may therefore act as a

moisturizing mat. As per Amukait et al., the use of

bacterial nanocellulose compress increased the hydra-

tion of the skin by 7–28% compared to traditional

moist poultice and also improves skin brightness (Cui

et al. 2016; Ludwicka et al. 2016; Nelson et al. 2016;

Colombo and Papetti 2019). In action, due to its

exceptional properties, bacterial nanocellulose prod-

ucts are commonly used in plastic surgery, scar

treatment and edema removal, often to relieve pain

or inflammation after surgery. Nanocellulose mats are

used in cosmetics for peeling, laser therapy, mesother-

apy, atopic facial changes, and microdermabrasion.

Biocellulose is a moisturizing facial mask made of

cellulose available on the market. Incorporation of
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nano sized particles in cosmetics enables skin pene-

tration by different active substances. Cellulose nano-

carrier containing attached proteolytic enzymes can be

used as a gentle skin peeler in cosmetics, usually

contains bound amino acids-as a good nutrient for the

face and neck (Ludwicka et al. 2016). These nano-

carrier can selectively degreasing the skin for treat-

ment of burns, wounds and post-operating scars

(Plackett et al. 2014). To summarize, it is indis-

putable that nanocellulose deliver a simpler and

shorter route from laboratory testing to the practical

usage of nanocellulose in cosmetics by ensuring high

end greener products.

6.4 Electronics

Supercapacitors consisting of bacterial nanocellulose

paper, carbon nanotubes and triblock-copolymer ion

gels have been suggested for energy storage (Ouyang

et al. 2013; Liu et al. 2019). Nanocellulose has been

extracted from sources other than BNC, including

plant materials like kraft pulp, birch pulp and sugar-

cane bagasse. Research on the advancement of

implementations of CNCs in electro-active materials

like dielectric materials, electrical conductive materi-

als, microelectronics components, etc. is a forthcom-

ing research with some relevant materials such as

proteins, starch,, and peptides. The significance in the

use of CNCs in electrical applications is primarily due

to its ease of modification, dielectric and piezoelectric

properties and similar durability attributes for other

bio-derived materials (Li et al. 2015a, b; Du et al.

2017). Mishra et al. reported films containing well

arranged CNCs may show piezoelectric effects

derived from the collective yield of the individual

CNCs (Mishra et al. 2019). The higher the degree of

alignment observed, the higher the piezoelectric effect

and hence the film’s piezoelectricity depended on the

CNC’s orientation. Ultra-thin films with different

degrees of CNC alignment can result in varied rates of

electro-mechanical actuation which could probably be

used in applications including such ultra-sensitive

micro balances. Due to the high level of crystallinity

CNCs are able to change polarization densities.

Furthermore, its dielectric properties allow it to be

used as a functional insulating material in various

applications. However, when present in the CNC,

moisture has an enormous role in the final dielectric

property, as it acts as an electric conductor. The

moisture levels will normally be * 0.5% for use in

dielectric applications. Because of its hygroscopicity,

however, it usually has a moisture level between

4–8%. This variety of moisture content comes from

the CNC source and is highly dependent on cellulose

crystallinity as determined by cellulose water sorption

studies. In general, the lower the crystallinity of the

cellulose, the higher the humidity value, and vice

versa.

Bras et al. investigated the dielectric properties of

two wood-borne nanocelluloses NFC and Cladophora

cellulose (algae based). Due to their lower crys-

tallinity, the ability to absorb moisture at low and high

humidity was higher for NFCs. However, contrary to

assumptions that dielectric properties are closely

associated with crystallinity, higher dielectric proper-

ties have been observed for NFC relative to Clado-

phora cellulose. It was due to the high porosity of

Cladophora cellulose, which allowed air trapping and

subsequently increased its dielectric loss. It is clear

that CNCs do have incredible dielectric properties that

can be harnessed for electrical insulation applications

such as cable insulation, but the usefulness of this

property depends not only on the source but also on the

morphological characteristics (Hoeng et al. 2016). It

has also been shown that NFCs can be used for the

development of dielectrics and not only as a substrate,

with results comparable to dielectric substrates for

wood, polymer and glass. Due to the high level of

crystallinity CNCs are able to change polarization

densities. Similarly, its dielectric property permits it to

be useful in different ways as a functional insulating

material. CNC’s technology application involves the

use of composites based on cellulose for storing

energy. With growing concerns about the environ-

ment, attention has increased in producing renewable

energy sources more resourceful and viable (Sumboja

et al. 2018). An attempt by Sabo et al. to produce

recyclable solar cells from nanocrystal cellulose is a

contribution towards the same initiative. A semi-

transparent solar recyclable electrode cell was pro-

duced, thus taking advantage of the superior mechan-

ical properties of CNC and silver (Sabo et al. 2016).

Additional improvements, however, were required to

achieve effective and enviable performance. Kim et al.

documented other cellulose-based energy systems

including energy harvesters, display systems, actua-

tors and paper transistors (Kim et al. 2018). CNC’s

exceptional mechanical and biocompatible properties
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and its ease of operating give it the ability to deliver

environmentally responsive and sustainable tools

(Panchal et al. 2019).

Recent times have seen increasing application of

smart responsive materials. Smart responsive materi-

als adapt and provide response to external environ-

ments. Variations in stimulus like exposure to

chemicals, heat, light, magnetic fields can be used to

create materials that are mechanically adaptive and

responsive to stimuli. Nanocomposite may respond to

external stimulus exposure in a variety of ways, such

as swelling or shrinking, assembling or dissembling,

or separation prompts. Many such changes produced

in response to stimulus variations can then be used to

design a smart material. CNC can also be used as

stimulus-responsive material for sensors and other

applications. CNC shows sensitivity to light, heat, pH,

moisture, chemical and magnetic fields, incorporating

stimulus-responsiveness as well as capacity building.

Nanocomposites can be reprogrammed to produce

different mechanically flexible components by mod-

ifying the CNC surface chemistry (Sabo et al. 2016).

Smart CNC-based sensors be capable of be devel-

oped for applications for detecting heat, ions, organic

vapours, and biological organisms. The moisture

sensor developed by Kafy et al. is made from a

composite of CNC-graphene oxide (GO). CNC and

graphene are both hydrophilic and have a higher

capacity to absorb water. With temperature change,

the sensing film did not compromise its efficiency,

displaying the sensible use of the humidity sensor

(Kafy et al. 2016; Trache et al. 2020a, b). CNC can

also be functionalized to produce gas sensing material

that can detect other organic and toxic vapours. In

addition, ionic species can also be detected using CNC

based sensing material. Pyrene-containing CNC was

synthesized for the detection of ferric ions (Fe3?). In

order to create a sensing material for various ions,

biological and chemical molecules, this concept can

be further explored.

CNC hydrophilicity can be used to create a

mechanically flexible, water-responsive polymer

matrix. Panchal et al. reviewed water-sensitive

nanocomposites with CNC and styrene-butadiene

rubber. CNC is used to make mechanically adaptive

water-responsive material since when water is

swelled; the CNC network is interrupted leads to

modulus reduction. Thus, physiological differences

can result in a change in the mechanical properties of

the design of a mechanically optimized material.

Mendez et al. have used the water-responsive capa-

bility of the CNC to develop a smart CNC-polyur-

ethane nanocomposite with a water-activated memory

shape effect. It also generated thermal and photonic

responsive materials comparable to moisture and pH

response adaptive materials. Nanocrystals of cellulose

greased with thermo-responsive brushes of Poly (N-

isopropylacrylamide), was also examined. For the

development of a controlled method of drug delivery,

novel and effective drug therapies were also investi-

gated. Controlled drug release gives benefits including

maintaining the necessary localized drug delivery,

therapeutic concentration and increasing patient com-

pliance, but these novel strategies have yet to be

investigated in order to improve physiologically

responsive drug delivery materials. CNCs can be

functionalized as biodegradable and biocompatible

polymer to develop novel materials that provides great

possibilities in targeted drug delivery systems. Kim

et al. reported on a variety of uses of CNC based

material in energy and electronics applications in the

review of nanocellulose for renewable potential sub-

stance. Electroactive paper based on two concepts,

namely the piezoelectric effect and ion migration, is

used in biomimetic robots, actuators, sensors and other

haptic technologies (Kim et al. 2018).

6.5 Optical materials

Nanocellulose is of interest for photonic applications

for material-inherent purposes. Firstly, the liquid

crystalline behaviour of CNCs resulting in opalescent

films of a given optical character; secondly, both CNFs

and CNCs can form optically clear, independent films.

Flexibility of such materials resides in the structure

and surface chemistry of cellulose- with minimal

effort, nanocellulose can be rendered compatible with

both hydrophobic and hydrophilic materials used as a

host for optically active nanoparticles and modified to

accommodate covalently linked molecules. CNCs can

simply form coloured, nematic, iridescent, chiral films

by evaporating aqueous suspensions (Schlesinger

et al. 2015). Liquid crystals derived from cellulose

derivatives exhibit either right-hand or left-handed

chirality while the chiral nematic organization of the

CNCs is often left-handed due to the underlying right-

hand nanocellulose chirality. Therefore, the chiral

nematic CNC films reflect selectively left-handed light
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and appear colourful when the helical pitch is in the

order of magnitude of the visible light wavelength.

Furthermore, since helical pitch is sensitive to a

variety of conditions, the modulation of film colour is

relatively straight forward. This phenomenon of

structure-colour is similar to the dazzling photonic

colours found in nature, for example in butterfly wings

and in the Margaritaria nobilis fruit seed hulls. CNC-

templating has been used over the past 5 years to

access a wide variety of left-hand chiral materials,

such as cellulose, mesoporous silica, nanocrystalline

titanium, carbon, and organosilica as well as polymer/

CNC nanocomposites. The general approach is to

create chiral nematic compounds from CNCs and

materials of interest, typically polymers or silica, after

which one element may be selectively removed or the

component may be used in the form of nanocompos-

ites. The selective removal of one portions of the

initial nanocomposite gives a chiral mesoporous

material that can host materials or serve as a hard-

template to obtain other chiral, mesoporous materials.

Such systems’ possible applications include chiral

plasmonics, sensitive hydrogels, anti-reflective coat-

ings, optical filters, versatile electronics and soft

actuators; such as a CNC-templated, mesoporous,

fluorescent organosilica film for chemical sensing. In

order to contribute to chiral nematic materials, other

CNC-based systems with various optical features,

including surface plasmons, UV blocking, fluores-

cence, and low refractive index, have been developed

(Habibi et al. 2010). The proposed applications

include green-house plastics, technology for particle

tracking, sensing and anticounter feiting. The coating

polyethylene with a mixture of nanoparticles ZnO,

SiO2 and CNCs, not only reinforced the plastic, but

also blocked harmful UV rays due to ZnO’s absorption

of UV-light. Additionally, the SiO2 nanoparticles

achieved infrared blocking, contributing to night-time

energy conservation. Finally, CNF films’ optical

clarity and strong mechanical properties make them

highly important as substrates for optoelectronics, as

well as for applications like coatings and packaging

(Haywood and Davis 2016). Similar to CNC-based

systems, CNF films that incorporate additives such as

other nanomaterials, polymer, or surface modifica-

tions to impart desirable properties such as hydropho-

bicity. CNFs and CNCs’ disadvantage is the relatively

high viscosity of CNFs even at low concentrations,

limiting their use in high-speed coating.

Nanofibrillated cellulose has excellent optical proper-

ties given that the NFC’s thickness is smaller than the

visible light’s wavelength. Thus the paper prepared

with nanofibrils is transparent. This can be added to

the various applications such as sensors, solar panels

and electronics. For green electronic transistor appli-

cations, Jia Huang et al. recorded the flexible field

effect transistors that are printed on nano paper

(Huang et al. 2013).

Many of the NC-based sensing systems exhibited

receptive nature towards diverse stimuli. In order to

attain low-cost smart materials with biotechnology

sensitivity, NC is most often modified along with other

superficial groups, other polymer chains, or even other

nanoparticles to obtain various properties and func-

tions along its surface. This capability to combine

other functional nanomaterials in a variety of config-

urations with the nano-scaled cellulosic nanoparticles

opens up a myriad of options for their potential

application in electrochemical electrical and optical

devices. This newly emerging nanocellulosic material

was very versatile option for many fields of applica-

tion in sensing systems. Kan et al. reported a system

based on dispersed pH-sensitive polyvinylpyridine-

grafted CNC involving flocculation at basic pH which

had assure in methods of biomedical and industrial

separation and in biomedical applications for thera-

peutic release. NC has also been used as support for

catalysts, plasmonic or fluorescent dots, or conductive

materials. Here the new sensing platforms are identi-

fied in which NC encourages the sensing responses to

physical and chemical stimuli (Soriano and Dueñas-

mas 2018). Figure 4 depicts the properties of nanocel-

lulose for application in electronics and as optical

materials.

6.6 Automobile

Multi-functional nanocomposites show not only supe-

rior mechanical strength but also outstanding combi-

nations of thermal, electrical, optical and magnetic

properties. Molecular level associations between

nanomaterials and polymer matrix, along with the

existence of very large nanomaterials-polymer inter-

facial region, are suspected to play a significant role in

influencing the mechanical and physical properties of

nanocomposites. It have become an evolving group of

polymeric materials with enhanced mechanical prop-

erties, increased modulus and dimensional stability,
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flammable retardation, better scratch and marine

resistance, excellent thermal and process characteris-

tics, reduced part warping and increased impact

resistance, making it more challenging for metal

replacement in automotive applications (Tang et al.

2017; Liu et al. 2019). The primary reasons for the use

of polymer nanoparticles-enabled components in the

automotive industry are vehicle weight reduction,

increased engine efficiency, reduction of CO2 emis-

sions and improved performance. The commercial

exploitation of polymeric composites began in 1991,

when Toyota Motor Co. first launched nylon-6/clay

biocomposites on the market in 1991 to manufacture

timing belt covers as part of the Toyota Camry engine

in partnership with the Ube industry. Around the same

time, with Mitsubishi GDI 3 engines developed by

injection molding, Unitika Co. of Japan introduced

nylon-6 nanocomposite for engine cover, the com-

modity is seems to provide a 20% reduction in weight

and a strong surface finish. General Motors launched a

step-by-step automotive component made of poly-

olefin coated with 3% nanoclay for GM Safari and

Chevrolet Astro vans in 2002, in collaboration with

Basell (now Lyondell Base ll Industries), followed by

the use of such nanocomposites in Chevrolet Impalas

doors (Kiziltas et al. 2013).

In 2009, General Motor (GM) produced a single-

piece rear-floor molded compression assembly for its

Pontiac Solace using nano-enhanced sheet molding

compounds developed by Molded Fibre Glass Com-

panies, Ohio. It is also used for GM’s Chevrolet

Corvette Coupe and Corvette ZO. In a range of

applications, such as engines and power trains,

suspension and braking systems, exhaust systems

and catalytic converters, frames and body parts, tires,

coatings, lubricants, paints and electrical and elec-

tronic equipment, the automotive industry may benefit

from polymer nanocomposites. A group of researchers

from Toyota Central Research Development Labora-

tories in Japan documented work on nylon-6/clay

nanocomposite in the latter part of the 1980 s and early

1990 s and established improved methods for the

production of nylon-6/clay nanocomposites using

in situ polymerization similar to the Unichika process.

The findings of the research showed a major improve-

ment in a wide variety of physico-mechanical

Fig. 4 Properties of nanocellulose for application in electronics and as optical materials
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properties by strengthening nanometer-sized polymers

with clay. The Toyota research team also documented

a similar approach to various other forms of clay

nanocomposites based on polymers such as elas-

tomers, polystyrene, epoxy resin, acrylics and poly-

imides. Since then comprehensive works have been

carried out worldwide in the area of nanocomposites

(Sanoj and Balasubramanian 2014).

Significant research and development activities

have been carried out in nanocomposites for the

automotive sector, with nanocomposites resulted in

commercial applications since 1991 in interior and

under-bonnet parts, bumpers, step-assists, coolants,

gas tanks, fuel pumps, body panels, power tool

housings, electrical parts and appliances, coatings,

shock absorbers, lubricants, packaging and building

components. In addition, nanocomposites deliver a

wide variety of functions in automotive end-use

components, such as structural plastic parts with

higher mechanical efficiency with lower weight,

nanoparticle tires with higher abrasion resistance and

fuel-borne catalysts, enhanced soot prevention gas

permeability in particulate filters, anti-fog coatings for

headlights and windshields, and car body coatings for

greater scratch resistance and improved gloss. Devel-

opments in operation around nanocomposites continue

unabated as more R and D funds are being pumped

into venture capitalists, companies and financing

agencies as they try to leverage the growing spectrum

of new products that are being discovered. For

example, the automotive sector in Europe invests

more than 5% of its annual turnover in R and D and the

main focus is on developing better paints and coatings

as well as stronger, more durable end-use components.

The usage of polymer nanocomposites in the automo-

tive industry is therefore expected to grow over the

next decades (Bordes et al. 2009).

6.7 Construction

Researchers have shown that the high aspect ratio of

nanocellulose to cement composites can facilitate

increased fracture strength. Preliminary tests showed

an improvement in fracture energy by up to 50% with

the addition of nanofibers and 3% with a mixture of

microcellulose. Recent research has also shown that an

improvement in flexural strength of 20% compared to

unreinforced cement paste can be achieved by using

0.2 vol% of CNF. Inside concrete, small pores are

filled with nanoscale fibers, thereby enhancing their

flexibility and strength. Figure 5 depicts the schematic

illustration of composite formation of CNF with

cement particles. Use nanocellulose as a high-perfor-

mance cement filler will minimize the amount of

cement needed for the project, reduce the cost of

materials and labor and benefit from the reduction of

related greenhouse gas emissions (Nelson et al. 2016;

Akhlaghi et al. 2020). Compared to conventional

fibers, cellulose fibers have a high mechanical

strength. Cellulose fibers are mostly tightly packed

and have high aspect ratios, making them powerful in

stabilizing cracks. Since cellulose fibers have a wide

range of hydrophilic sites, they help to fit cellulose

well into the enclosed concrete structure and lead to a

lightweight, uniform microstructure. A significant

correlation of physical and mechanical properties is

provided by the assimilation of cellulose strands into

the concrete matrix. The densely packed fibers and the

high aspect ratio are effective at stabilizing crack

points, thereby eliminating cracks. The use of cellu-

lose fibers could improve the ultra-high performance

fracture properties of concrete. The impact of different

cellulose reinforcement schemes on the processability

and fracture behavior of composites were also

reported. The study revealed a 5% cellulose reinforce-

ment to cement showed an effective crack filling effect

(Peters et al. 2016).

In recent years, CNCs have attracted growing

interest in cemented materials like possible additives

and reinforcing materials. Typically, CNCs of plant

and wood materials have a spindle-like surface

morphology with a width of 3–20 nm and a length

of 50–500 nm. CNCs have distinctive characteristics

such as low density, high aspect ratio, high elastic

frame, high crystallinity, and high tensile strength that

allow rapid water dispersibility and further function-

ality CNCs have also been shown to enhance mechan-

ical properties as an additive to cement materials,

increase the degree of hydration and strengthen the

microstructure of cemented materials. A 30% increase

in flexural strength of cement pastes were obtained by

using CNCs even at low dosages. It must be recog-

nized that the strength enhancement mechanism for

CNC-cement composites is possibly different from

that for many other fiber-reinforced cement compos-

ites, due to the considerably smaller size of CNCs

relative to traditional cellulose materials. The majority

of CNCs provide short-circuit diffusions due to their
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small size, but are sufficient to produce a steric

stabilizing effect, creating easy pathways for the

distribution of water molecules. Flores et al. identified

a modest improvement in high density C–S–H volume

fraction and a reduction in low density C–S–H volume

fraction in CNC cement composites and an indication

of bonding between CNCs and hydrated cements using

Fourier Transform Infrared Spectroscopy (Fu et al.

2017).

6.8 Aerospace

Microfibrillated cellulose can exhibit very strong

strength. For certain experiments where PLA (poly-

lactic acid) added the MFC, the power was tripled.

MFC’s power at break performance looks impressive,

with data showing up to 200 MPa for goodMFC films.

The significance of saying we need to note that MFC

strength properties are strongly related to the quality of

the drug. The capacity of the MFC to help with

building strong composite is certainly an advantage by

increasing the surface area of the fibrils. Apparently

there is demand in the aerospace industry for

engineered, lightweight MFC composites. Like other

advanced fiber structures, nanocellulose and microfib-

rillated cellulose have a very small fiber diameter,

providing space for embedding sensors such as Fibre

Bragg grating (FBG). Using this technology, you can

retrieve data in close proximity to the sensor to

identify damage to the object. In their research on

MFC films, Sado et al. have noticed that they are

highly thermally stable and can thus provide an

adequate performing composite capture of the sensors.

The nanocellulose aeogels and MFC could thus

provide a new alternative to the composite structure

in aerospace industry (Bheekhun et al. 2013).

6.9 Textiles

The easy-care textiles can be generated by placing the

fabric into the preferred configuration through the

cross linking of adjacent cellulose chains hydroxyl

groups. In general, cross-linking is achieved using

amide-formaldehyde reactants. Even though cross-

linkers that contain formaldehyde used nowadays are

hydrolytically stable, formaldehyde is still emitted by

Fig. 5 Schematic illustration on formation of cellulose nanofiber/cement composite
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the resin-finished goods. Great strides have been made

in recent years to reduce the release of formaldehyde

to protect the employee, the consumer and the

environment. Formaldehyde release has been mini-

mized by introducing scavengers and by adding N-

hydroxymethyl ether derivatives. Since 1960s, some

toxic zero formaldehyde cross linkers like aziridines,

isocyanates, epoxides were used in textile industry.

But recent research and developments introduced non-

toxic cross linkers namely amide-glyoxal reactants,

such as glyoxal additives with dialkylureas or cylic

alkyleneureas. The above non-formaldehyde cross

linkers is most often used on their own or preferably in

conjunction with elastomers for easy-care cellulosic

blending. Cross linking additives penetrate into the

fiber so do not enter the crystalline segment of the

cellulose; thus, cross linking occurs only in the non-

crystalline accessible region. The formation of cova-

lent cross linking among adjacent cellulose groups is

the only efficient strategy of endowing cellulose

substrates with easy-care properties. In general, cross

linking is achieved by cellulose reacting with poly-

functional amide-formaldehyde reagents, the reactiv-

ity of which is correlated with their hydrolysis plant.

Dimethylol dihydroxyethylene urea is the most widely

used cross-linking agent for cellulose. It is strongly

acidic with hydrolytic stability and moderately low

reactivity. The single end N-hydroxymethyl reacted

sites are the main source for the release of formalde-

hyde from simple-care finished fabrics; thus, a cross-

linking reaction to mitigate the release of formalde-

hyde should be completed. The application of

formaldehyde receptors to the finished bath or subse-

quent treatment with formaldehyde scavengers of the

finished fabric is capable of regulating the release of

formaldehyde. Cross-linkers with zero-formaldehyde

are less efficient than reactants with ultra-low

formaldehyde. However, distilled dialkylurea-glyoxal

adduces cross linked cellulose to provide a fair yield in

the presence of a strongly acidic catalyst and may be

suitable in combination with appropriate elastomers

for easy-care cellulose mixtures (Sello 1985). Due to

specific characteristics such as antistatic behavior,

moisture content, lower level of impurities, good

mechanical properties and adsorption of liquids and

cellulose fibers, a broad application in the field of

medical textiles has been established. Cellulose fibers,

however, provide an exceptional surface for the

development of microorganisms. Cellulose fibers can

be an ideal matrix for the fabrication of biocompatible,

bioactive, and smart materials because of their

molecular structure and a large active surface area.

Cellulose fibers are one of the most interesting

materials for antimicrobial functionalization. Actu-

ally, cellulose fiber surface alteration is considered to

be the best way to achieve conventional textile

durability for medical use (Risti et al. 2011). Cellulose

reacted with methylol-5, 5-dimethylhydantoin in

combination with hypochlorite forms chloramines on

the surface of the fiber cause antimicrobial activity.

Ethylcellulose nanocomposites containing spiroox-

azine as well as, Tinuvin 144 light stabilizer can be

excellently dispersed in the printing paste. Nanopar-

ticles have the property to retain its photochromic

characteristics in the process of elevated temperature

printing without affecting the physical properties of

paste printing. The addition of Tinuvin 144 inhibited

the stabilization of the amine light by slightly

increasing the coloration of the printed fabric (Feczko

et al. 2012).

6.10 Paper industry

The simple availability, environmentally friendly

design, renewability and enormous mechanical prop-

erties have made nanocellulose commonly used in the

pulp and paper industry (Balea et al. 2020). The paper

process is usually done in three steps-pulping, bleach-

ing and product production. Nanocelluloses were used

in the production of paper as a substrate material or as

an additive or in coatings, etc. (Atalla 1992; Surma-

ślusarska and Presler 2008; Osong et al. 2015). Fillers

are added to the pulp to avoid penetration of the

coating colors and ink, to make it surface smooth, and

to improve its optical properties and stability. Nano-

based fillers (nanofillers) and pigments are used as the

nanotechnology has overcome the scenario. Cellulose

nanofibers are the most widely used among other

nanocellulose materials in the paper industry, because

nanopapers made from CNFs serve all the compulsory

qualities a paper should have such as abundant wet and

dry strength, optical clarity, high thermal stability, low

thermal expansion, surface smoothness, tensile

strength water barrier properties in a study on agar

mixed nanocellulose crystals (Barbash and Yash-

chenko 2020). CNFs were first used as a coating

material in papermaking, and found that the strength

of the final paper is improved. In a study on the
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reduction of air permeability or gas resistance and also

on the oil barrier properties, it was stated that there is a

reduction in the porosity of the paper due to the highly

entangled fibers of nanocellulose, resulting in

increased oil and gas barriers properties. CNFs are

also used in multilayer coatings where they act as a

binding agent and hold the resin and the base paper

together without penetrating the paper. The resulting

paper exhibited high gas and water-vapor barrier

properties and could be classified under the high

barrier category of papers used for food packaging and

Modified Atmosphere (MAP) packaging. Rautkoski

et al. reported CNFs as a coating medium for paper

coating colors, but the issue they faced was that these

papers take more time to dry and therefore make the

process costly (Rautkoski et al. 2015). Paper made

from recycled fibers loses its strength and is porous

when exposed to increased processing processes.

Nanocellulose fibers thus consider their use as a

bonding agent in these cases. Since CNFs are

produced in a liquid state, they can be used effectively

and easily as an additive at the beginning of the paper

making process or at the end of the process as a coating

material. Paper coatings are either applied to make the

surface smooth and add additional properties and

features to the surface, or to hide the non-uniform

nature of the paper surface. Coatings enhance the

surface energy, smoothness, water retention, print-

ability and other barrier properties such as gas, oil, etc.

Conventionally used coatings include mineral pig-

ments such as polymeric latex, titanium dioxide,

calcium carbonate, kaolin, zinc oxide and thickeners.

But in nature some of those compounds are harmful or

toxic and can therefore be replaced by natural agents.

With the advent of nanotechnology a solution has been

arrived at that nanocelluloses can be used as coating

agents in paper production. Adding CNFs to the

pulping mixture enhances strength, makes it less

brittle, improves density and also increases the tensile

strength and stiffness of the final paper due to the

addition of CNFs. Bardet and Bras reviewed the

hybrid combinations of fillers/additives along with

CNFs, and also described the various uses of CNFs in

bulk paper applications (Bardet and Bras 2014). The

study shows that CNFs have enhanced wet and dry

strength, tensile strength, water absorption, dimen-

sional stability, act as a drainage aid, and also have

reduced the cost of production. Process efficiency

depends on the rate at which CNFs were retained in the

base fibers. But monitoring this is difficult, as CNFs

share a similar structural configuration with the base

material used in papermaking. A better solution to this

dilemma is to use fluorescent dyes or other tags before

adding or processing to CNFs at the wet-end.

Rautkoski et al. found that it can be used more as a

thickening agent rather than as a binding agent on the

use of cellulose nanofibrils in coating colours

(Rautkoski et al. 2015). Their analysis found that

when latex was replaced with low dosages of CNFs the

viscosity increased. Since CNFs will significantly

increase the viscosity even at low concentration, it can

be used as a thickening agent since they possess the

ability to thicken at very minute dosages and are

therefore not applicable as a binding agent. One of the

big disadvantages of using CNFs in paper making

slurry is that it affects the paper’s drainability. Boufi

et al. reviewed NFC as an additive in papermaking

process and their drainability (Boufi et al. 2016). The

application of retention aids to the slurry is a solution

to solve this problem but the dosage of the retention

aid used will adversely affect the mechanical proper-

ties of the final paper. There are many reports on

energy utilization for manufacturing processes and it

shows that energy consumption is low when compared

to microfibrillated cellulose production (Bardet and

Bras 2014; Osong et al. 2015; Salas et al. 2019).

Researchers are working to reduce the amount of

energy that is used in the different levels of the entire

production system. Aracri et al. reported TEMPO-

mediated oxidation as an effective tool to improve

paper strength produced from sisal fiber (Aracri et al.

2012). Other approaches include, aside from enzy-

matic treatment methods, periodate-chlorite oxida-

tion, carboxymethylation, and acetylation. Weak

retention of CNFs in fibers is also a reported disad-

vantage over the use of nanocellulose in paper

production. All the above-mentioned conditions for

the use of nancellulose in papermaking have limited its

use to manufacturing on a small to pilot scale rather than

commercial scale (Al-ahmed and Inamuddin 2020).

6.11 Water purification

The nanocellulose can be used for water purification

due to its low cost, high aspect ratio, inherent

environmental inertness and high natural abundance.

Cellulose nanomaterials are highly promising as an

effective adsorbent of pollutants from waste water
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(Carpenter et al. 2015; Gopakumar et al. 2017; Maity

and Ray 2017). In addition, the efficient functional

surface of the NC allows the introduction of chemical

quantities which may increase the binding efficiency

of the contaminants to the NC. Carboxylation of NCs

is perhaps the most researched method for increasing

their sorptive efficiency. Yu et al. reported that

incorporation of succinic acid moieties into CNCs

improved the binding efficiency from aqueous solu-

tions to Cd2? and Pb2? considerably. The conversion

of carboxylic acid groups to sodium carboxylates

further boosted their ability to remove these toxic

heavy metal ions. In addition to Pb2? and Cd2?,

Srivastava et al. showed the potential of COO-

modified CNFs to adsorb Cr3? and Ni2? with

efficiencies of 3–10% higher unlike unmodified CNFs

(Yu et al. 2013).

Bacteria-derived CNFs are also very suitable for

heavy metal adsorbing, such as Mn2?, Pb2? and Cr3?.

Cellular debris and dead cells remaining in the CNF

network have additional sorption sites as they are rich

in metal-binding properties such as hydroxyls, car-

boxyls, phosphates, phosphoryls, and amines. Modi-

fied NC matrices have also proven the sorption of

organic pollutants. NCs’ inherent hydrophilicity can

be decreased to enhance the material’s resistance to

hydrophobic compounds. NCs surface chemistry

manipulation can be accomplished by the use of both

inorganic and organic functionalities. Kohrhonen et al.

stated that this was accomplished by deposition of

titanium dioxide nanoparticles on the surface of NC

aerogels by the atomic layer. The coating of TiO2

produced a reduction in energy on the surface of the

fibers to produce a hydrophobic and oleophilic NC-

based material (Korhonen et al. 2011). Jiang and Hseih

successfully accomplished even stronger sorption

efficiency of organic pollutants by vapour deposition

of triethoxyl (octyl) silane to CNF aerogels. Adding

hydrophobic silans to the structure of the CN has

allowed the oil and water repellent material to absorb

oils that have been deposited on the surface of the

water or trapped under the water (Jiang and You-Lo

2014). Zhang et al. recently established the formation

of silanated CNFs simply by freezing drying aqueous

suspensions with methyltrimethoxysilane sol. Similar

to the silanated CNFs referred to above, these

materials were able to remove oils and organic matter

effectively from the surface of the water. Zang et al.

have used freeze-drying to prepare graphene oxide

hydrogels trapped within the CNmatrix and found that

these composites were capable of absorbing a large

quantity of cyclohexane and dimethylformamide after

the H2 gas reduction (Zhang et al. 2014). Although

promising on a laboratory scale, large quantities of

vapour depositions and freeze-drying may be pro-

hibitive, necessary for field-scale remediation. It

would be more valuable to make modifications which

are easily scalable (Wang et al. 2015). Magnetite

nanoparticles are being easily integrated into the CN

framework to allow controlled separation of magnetic

particles from contaminated water. Zhu et al. have

produced magnetic nanocellulose membranes by

injecting magnetic Fe3O4 nanoparticles into growth

media that can be trapped within nanoparticle fibers to

create novel magnetic properties that can be applied to

water treatments (Zhu et al. 2011). Although this

aforementioned approach suggests a considerable

energy pathway for the modification of CNs, but

lengthy growth times and scaling-up difficulties

reduce the marketing possibilities. Membranes were

developed as pristine CN mats and also using CNs

incorporated with many other biopolymers, namely

poly(vinyl alcohol), poly(ether sulfone), poly (acry-

lonitrile), poly(ethylene oxide), poly(vinylidene fluo-

ride), poly(3-hydroxybutyrate), and polypyrrole. The

composite membranes of Polymer-CN were devel-

oped in a number of membrane processes and were

showed extensive membrane properties. Unlike the

incorporation of carbon nanotubes, the most promi-

nent improvement of the properties is the marginal

increase in the tensile strengths of the membrane

developed from very small quantity of CNs. Many

favorable properties comprise improvements in the

hydrophilicity of the membrane surface, better per-

meability, greater selectivity and increased biofouling

resistance (Carpenter et al. 2015).

Modification of maleic anhydride cellulose was

used for the synthesis of a novel form of adsorbent

(CM) for the removal of Hg(II) ions. This enhanced

adsorption efficiency may be influenced by removing

amorphous domains in cellulose chain during CNC

preparation, supporting the availability on its surface

of more primary hydroxyl groups. Also, during the

production of CNCs the sulphuric acid hydrolysis of

cellulosic fibers introduced sulfate linkages on the

surface that serve as heavy metal binding sites

(Mohammed et al. 2018). Figure 6 depicts application
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of modified cellulose nanocellulose for water

purification.

7 Current markets in nanocellulose production

Nanocellulose play crucial role to improve the

mechanical and barrier properties of final products as

already described. The current NC markets are

showing rapid growing rates particularly in Japan

and Canada, with a variety of products already

available in the field of consumer goods, textiles,

cosmetics and sanitary products. The demands of these

commodities are widely increasing due to its high

strength, stiffness and light weight. The foremost

vendors of NC are CelluForce (Canada), Nippon

(Japan), American process Inc. (US), Cellucomp

(UK), Blue Goose Refineries (Canada), VTT (Finland)

and so on. All these companies are continuously

improving their shares in the.

market by adopting newer strategies and agree-

ments in order to achieve versatile demands for their

products in the global markets. The produced CNFs

are mainly utilized as resins, fillers, or thickeners for

bioplastic productions. However, CNCs find applica-

tions in diverse markets like textiles, paints, personal

care, construction and electronics.

The major producers and commercial nanocellu-

lose products available in the market along with

production capacity are depicted in Table 3.

8 Conclusion and future perspectives

Nanocellulose is an environmentally friendly material

and advanced technologies for creating various appli-

cations are becoming increasingly urgent. The uses of

nanocellulose in numerous fields are attractive

because of its renewable, biocompatible, and

biodegradable nature. The industrial application of

nanocelluloses in diversified areas include packaging

products, biomedical, electronics, automobile body

parts/ interiors, constructions, textiles, paper making,

CNF 

-COOR

-COR
-(NH)n

-SO3

-CONH2

-SH

Fig. 6 Applications of modified cellulose nanofiber material for water purification
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Table 3 Current manufacturers and commercialization status of nanocellulose in different industries

Types Production process Manufacturer Product/trade name Production

capacity

Area of

application

NCC Acid hydrolysis CelluForce, Canada CelluForce NCC� 1 ton/day Industry in

general

CNC Sulfur dioxide and

ethanol

pretreatment

American process Inc Nanocellulose

BioPlusTM

CNCs

0.5 ton/day

(est.)

Food

CNF Mechanical

treatment

VTT, Collaboration with Aalto U, UPM,

Finland

CNFs Roll-to-roll

film

Pilot scale Textile

CNC Acid hydrolysis USDA Forest Service Forest Products

Laboratory (FPL), USA

Aqueous

suspensions

freeze-dried

CNCs

50 kg/week Electronics,

construction

NCC Acid hydrolysis and

Sonication

MoRe Research backed by Holmen Pulp

and Paper and SR Technical Research

Institute of Sweden

Nanocrystalline

cellulose

0.1 ton/day

(est.)

Paper

CNF Enzymatic process

and Microfluidizer

Swiss Federal Laboratries for Materials

science and Technology Empa,

Switzerland

Cellulose nano

fibers CNFs

15 kg/day Water

purification,

biomedical,

cosmetics

CNC Acid hydrolysis Blue Goose Biorefineries Inc., Canada CNCs 10 kg/day Miscellaneous

CNF Mechanical

treatment

Cellucomp, UK Curran� Startup Cosmetics, paper

industry

CNC Acid hydrolysis Alberta Innovates, Canada CNCs 20 kg/day Construction,

biomedical

NCC Enzymatic process

and Microfluidizer

Innventia, Sweden NCCs 100 kg/day Paper, food

packaging

CNF Tempo treatment Nippon paper,

Japan

CellenpiaTM 500 tons/

year(est)

Paper, cosmetics

CNF Mechanical

treatment

Darker Co., Ltd. Aruba 23 – Paper,

construction

CNF Mechanical

treatment

Daio Paper Corp Kirekira 2.1 million

t/year

Healthcare

CNF CNF-reinforced

composites

Seiko PMC Corp. GEL-KAYANOTM 200 tons/

year(est)

Healthcare

CNF Carboxymethylated

–CNF

Nippon Paper Industries Poise 500 ton/

year(est.)

Cosmetics

CNF TEMPO oxidized

CNF

Ishinomaki Mill, Miyagi CNFs 500 ton/

year(est.)

Industry in

general

CNF Carboxymethylated-

CNF

Gotsu Mill, Shimane SUNROSE� 500 ton/

year(est.)

Food, cosmetics

CNF CNF-reinforced

plastics

Fuji Mill, Shizuoka N100 PPC paper 150 t/day

(est.)

Paper,

automobile

CNF TEMPO-oxidized

CNF

Nippon Paper Industries Co., Ltd Hada Care Acty 500 ton/

year(est.)

Healthcare

CNF CNF-reinforced

composites

Onkyo Corp. SC-3 (B) – Electronics

CNF Tempo oxidized Mitsubishi Pencil Corp. Ltd Uni-ball Signo 307 – Miscellaneous

CNF Carboxymethylated-

CNF

RBP Co., Ltd. SURISURI Lotion – Cosmetics
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water purification, and cosmetics. The primary func-

tion of designing is to establish the possibilities,

drawbacks and acceptability of nanocellulose for

sustainable applications. The development of sustain-

able applications depends on end-to-end issues such as

raw material selection, extraction methods, product

design and life cycle. Various applications involve the

integration of functional and advanced properties of

these materials in order to promote environmental and

economical benefits. The efficient design process for

the development of useful products suitable for dif-

ferent fields from nanocellulose materials depends on

the identification and resolution of existing problems.

This also needs more laboratory-scale researches on

the use of nanocellulose for sustainable applications,

with the group effort of two or more areas of

proficiency, like scientists, professionals, engineers

and designers. Commercial manufacturing of nanocel-

luloses adapted to different end-user applications

would have a promising future in the context of

expanding global technology development, with

strong collaboration between industries and the aca-

demic world.

Acknowledgements R. Reshmy and Raveendran Sindhu

acknowledge Department of Science and Technology (Grant

Nos. SR/WOS B/587/2016 and SR/WOS B/740/2016

respectively) for sanctioning projects under DST WOS-B

scheme. Aravind Madhavan acknowledges Department of

Health Research, Ministry of Health and Family Welfare for

sanctioning a project under Young Scientist Scheme. Ranjna

Sirohi acknowledges CSIR for providing fellowship under

direct SRF scheme.

Compliance with ethical standards

Conflict of interest The authors declare that they have no

established conflicting financial interests or personal relation-

ships that may seem to have affected the research discussed in

this paper.

References

Abitbol T, Rivkin A, Cao Y et al (2016) Nanocellulose, a tiny

fiber with huge applications. Curr Opin Biotechnol

39:76–88. https://doi.org/10.1016/j.copbio.2016.01.002

Abraham E, Deepa B, Pothan LA et al (2011) Extraction of

nanocellulose fibrils from lignocellulosic fibres: a novel

approach. Carbohydr Polym 86:1468–1475. https://doi.

org/10.1016/j.carbpol.2011.06.034

Ahmad I, Thomas S, Dufresne A et al (2018) Advances in cel-

lulose nanomaterials. Cellulose 18:1–40. https://doi.org/

10.1007/s10570-018-1723-5

Ahn Y, Logan BE (2010) Effectiveness of domestic wastewater

treatment using microbial fuel cells at ambient and meso-

philic temperatures. Bioresour Technol 101:469–475.

https://doi.org/10.1016/j.biortech.2009.07.039

Akhlaghi MA, Bagherpour R, Kalhori H (2020) Application of

bacterial nanocellulose fibers as reinforcement in cement

composites. Constr Build Mater 241:118061. https://doi.

org/10.1016/j.conbuildmat.2020.118061

Al-ahmed A, Inamuddin (2020) Advanced applications of

Polysaccharides and their composites. Material Research

Forum LLC, vol 73, p 248

An X, Cheng D, Shen J et al (2017) Nanocellulosic materials:

research/production activities and applications. J Bioresour

Bioprod 2:45–49

Aracri E, Valls C, Vidal T (2012) Paper strength improvement

by oxidative modification of sisal cellulose fibers with

laccase—TEMPO system: influence of the process vari-

ables. Carbohydr Polym 88:830–837. https://doi.org/10.

1016/j.carbpol.2012.01.011

Arrieta MP, Fortunati E, Burgos N, Peltzer MA (2016)

Nanocellulose-based polymeric blends for food packaging

applications. Elsevier, Amsterdam

Table 3 continued

Types Production process Manufacturer Product/trade name Production

capacity

Area of

application

CNF CNF-reinforced

composites

Take-Site Corp., Ltd Precursor Lubris – Construction

CNF CNF-reinforced

composites

Tanaka Lime Industry Corp., Ltd Tosa salt grilled

plaster wall

– Construction

CNF Carboxymethylated

CNF

Koyo Kasei Co., Ltd Essence body &

hand cream rose

skin water

– Cosmetics

123

Rev Environ Sci Biotechnol (2020) 19:779–806 801

https://doi.org/10.1016/j.copbio.2016.01.002
https://doi.org/10.1016/j.carbpol.2011.06.034
https://doi.org/10.1016/j.carbpol.2011.06.034
https://doi.org/10.1007/s10570-018-1723-5
https://doi.org/10.1007/s10570-018-1723-5
https://doi.org/10.1016/j.biortech.2009.07.039
https://doi.org/10.1016/j.conbuildmat.2020.118061
https://doi.org/10.1016/j.conbuildmat.2020.118061
https://doi.org/10.1016/j.carbpol.2012.01.011
https://doi.org/10.1016/j.carbpol.2012.01.011


AsimM, Saba N, Jawaid M, Nasir M (2018) Potential of natural

fiber/biomass filler-reinforced polymer composites in

aerospace applications. Elsevier, Amsterdam

Atalla RH (1992) Structural changes in cellulose during

papermaking and recycling. MRS Online Proceedings

Library Archive, vol 266, pp 229–236

Bacakova L, Pajorova J, Bacakova M et al (2019) Versatile

application of nanocellulose: from industry to skin tissue

engineering and wound healing. Nanomaterials 9:164–183.

https://doi.org/10.3390/nano9020164

Balea A, Campano C, Negro C, Blanco A (2020) Industrial

application of nanocelluloses in solutions, and market

perspectives. Molecules 25:526–556

Barbash VA, Yashchenko OV (2020) Preparation and applica-

tion of nanocellulose from non wood plants to improve the

quality of paper and cardboard. Appl Nanosci. https://doi.

org/10.1007/s13204-019-01242-8

Bardet R, Bras J (2014) Cellulose nanofibers and their use in

paper industry. In: Handbook of greenmaterials, vol 4, p 13

Bhat AH, Dasan YK, Khan I (2017) Cellulosic biocomposites:

potential materials for future cellulosic. In: Green bio-

composites design and applications. Springer International

Publishing, p 99

Bheekhun N, Rahim A, Talib A, Hassan MR (2013) Aerogels in

aerospace: an overview. Adv Mater Sci Eng 13:18

Blanco A, Monte MC, Campano C et al (2018) Nanocellulose

for industrial use: cellulose nanofibers (CNF), cellulose

nanocrystals (CNC), and bacterial cellulose (BC). Elsevier,

Amsterdam

Bordes P, Pollet E, Avérous L (2009) Nano-biocomposites:

biodegradable polyester/nanoclay systems. Prog Polym Sci

34:125–155. https://doi.org/10.1016/j.progpolymsci.2008.

10.002
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