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In recent years, environmental and ecological concerns have become a major issue owing to the
expansion of petroleum-based synthetic materials and products, and therefore the development of
novel and effective synthetic materials that have ecofriendly and economical properties is of significant
interest. With the improvements in nanotechnology, biopolymer nanocellulose has gained further
attention owing to its remarkable properties and easy availability from various plant species and agricultural
waste products, such as rice husk, tea leaves, sugarcane bagasse and so forth. Nanocellulosic materials
have wider applications, for example they are used in bio-sensing, catalysis, wastewater treatment, drug
delivery, tissue engineering, flame retardants and so on, owing to their long-lasting nature, anisotropic
shape, splendid biocompatibility, potent surface chemistry, and efficacious mechanical and optical
properties. Chemical, mechanical, physicochemical and enzymatic pretreatments can be utilized to
synthesize nanocellulose from cellulosic waste. The features of nanocellulosic materials are mainly
dependent on the extraction technique, source and efficient subsequent surface functionalization. Surface
functionalization of nanocellulosic materials involves various routes of functionalization, for example, to
provide ionic charges on the surface of nano-cellulose via phosphorylation, carboxymethylation, oxidation
and sulfonation on nanocellulosic surfaces, or to generate a hydrophobic surface on a nanocellulosic
material via acetylation, etherification, silylation, urethanization and amidation. Functionalization of

Received 21st January 2021, nanocellulose through grafting of a polymer onto its backbone is also an interesting route owing to its

Accepted 1st February 2021 wider applications in various dimensions. These modifications provide potential hanomaterials which can
DOI: 10.1039/d1ma00049g be utilized as reinforcing agents in various nanocomposites and also promotes specific features for the
production of novel cellulosic nanomaterials, with the objective of promoting their applications in the field

rsc.li/materials-advances of functionalized nanomaterials.

1. Introduction

Cellulose is the predominant component of the plant cell wall
and can be acquired from several sources, such as agriculture
waste, wood, fibers, plants and so on. Apart from the cellulose
they also contain hemicellulose, lignin, and some extractives in
minor proportions.’™ Owing to effectual and easier routes of
delignification and purification, in the case of cellulosic agricul-
tural byproducts, these are considered to be a superior source of
cellulosic content.*** Cellulose is an environmentally friendly,
biocompatible, and cost effective natural polymer and owing to
this it is currently widely adopted for the treatment of wastewater
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through the adsorption technique.®® With the evolution of
nanotechnology, nanocellulose has attracted more attention
and is preferred as it is an efficacious and energy-saving material.
Nanocellulose is also preferred for large scale applications such as
manufacturing substances for essential materials in food, paints,
textiles and pharmaceutical applications.”™® Nowadays effective
applications of nanocellulose are preferred at the nanostructure
level for generating various biocompatible materials and also a
variety of productive cellulose derivatives.*'" Owing to the nano-
structure, nanocellulose has effective physical properties and
potent surface chemistry.'” Recently, nanocellulose has gained
interest in the fields of material and biomedical sciences owing to
its long lasting nature, anisotropic shape, favorable mechanical
properties, splendid biocompatibility, potent surface chemistry,
and efficacious optical properties.’** In recent years, nano-
cellulose has been explored for use in many applications such as
films, photonics, surface functionalization, nano-composites,
adaptable optoelectronics and medical sciences, for example,
scaffolds in tissue regeneration.'®'” The main favorable quality

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Pictorial representation of the synthesis and applications of nanocellulose.

of nanocellulose is the environmentally friendly nature of the
particles and their efficacious chemical and physical properties
and the homogeneity of substances that can be extracted from
this biomaterial.>**

Several mechanical, physical and chemical treatments have
been considered, although the favorable formation of nanocellu-
lose still proceeds with an unfavorable chemical pre-treatment.'®>
Thus, to advance research into the efficacious applications of
nanocellulose, it is essential to generate durable and environ-
mentally friendly processing pre-treatment methods (Fig. 1).'°

Therefore, advanced research is needed to understand the
many latest advances, such as certain expulsion methods,
quality estimation of the cellulose micro/nano-fibril, the enzymatic
pre-treatment routes and so on.>**® This review compiles these
studies to differentiate the several routes used for the extraction of
cellulose and then recommends an efficacious, eco-friendly and
sustainable superior route for the extraction.'®'®*"?% gome
routes of functionalization possess many major drawbacks, such
as the generation of a large quantity of acid containing water
during acid hydrolysis, greater energy requirements during
mechanical pre-treatments and greater time consumption during
the reaction of enzymatic hydrolysis. Owing to these drawbacks
the present study emphasizes the superior routes of functionaliza-
tion, which are efficacious, economical and sustainable. This
review recapitulates the studies for the surface functionalization
of nanocellulosic materials. The first route for the functionaliza-
tion is to provide an ionic surface on the nano-cellulosic material,
such as the phosphorylation, carboxymethylation, oxidation and
sulfonation routes used on nanocellulosic surfaces. The second
route is to generate a hydrophobic surface on the nanocellulosic
material, such as the acetylation, etherification, silylation, urethani-
zation and amidation routes.”**! The third route for the func-
tionalization of nanocellulose is the grafting of a polymer on its
backbone via the grafting to, grafting from and grafting through
routes of polymer grafting. Free radical, atom transfer radical
polymerization (ATRP), ring opening polymerization (ROP) and

© 2021 The Author(s). Published by the Royal Society of Chemistry

reversible addition-fragmentation chain transfer (RAFT) methods
are the types of grafting used in this route.>**?%*> Owing to the
wider applications of nanocellulose, it is one of the most preferred
biomaterials for development. Its wider applications include
hydrogels, aerogels of nanocellulosic materials, nano-carbon com-
posites, nanocellulosic carbon quantum-dot based composites,
nanocellulosic carbon nanotube based composites, nanocellulosic
graphene based materials, nanocellulosic organic polymer
matrices, nanocellulosic inorganic nano-composites'™'”*'* and
nanogels that are composed of biopolymers or hydrogels and act as
a crosslinker hydrophilic polymer and thus have wider applica-
tions. These applications include medical imaging, sensors,
nanoactuators, delivering and the loading of proteins into the
cell to enhance its stability, for example polyethylenimine based
nanogels are used to deliver anticancer components into
cells.*>*? The properties of nanogels include swelling, chemical
functionality and degradation, which can be controlled by
the filling of pores in nanogels with small macromolecules or
monomers.*>*> The present study focuses on the morphology
and structure of nano structured cellulose and its classification,
that is micro/nano fibrillated, nanocrystal-based cellulose, and
bacterial/microbial based nanocellulose. This review also recapi-
tulates the many advances in nanocellulosic materials in waste
water treatment, biosensors, catalysis, adsorption and so on."”*°

1.1. Morphology and structure of nano structured cellulose

Nanostructured based cellulose ((CsH1¢0s),) is a long chain
homoglycans or homo-polysaccharide containing dextrose
(p-glucose) unit with repeating units of C;,H,,0,; (cellobiose),
in which two glucose (C¢H;,06) molecules are linked, resulting
in the formation of a B-1,4 glycosidic linkage.*® Cellulose
(CeH1005), has a complex composition of B-o-glucose/glucopyranose
structures that has a *C; chair-conformation.®!® The active
hydroxyl (-OH) functional groups are adjacent to the backbone
of cellulose and are aligned towards the equatorial positions of
the ring, although the hydrogen-atoms are aligned towards the

Mater. Adv,, 2021, 2,1872-1895 | 1873


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00049g

Open Access Article. Published on 02 February 2021. Downloaded on 10/27/2025 7:19:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

(a) H . OH

4
HO H \VO
3 2
OH
il i

Non-reducing terminal

Cellobiose unit

View Article Online

Review

Reducing terminal

Amorphous region Cellulose Crystaliine region
(b) [ \
M,y N —— AT
JAVAVAVANY V2N VVV
VAVAVAVAV,N
===
NN D i ———
AVAVAYAYAN
NT 77 e Y e Y N AN AV A e AVAVAVAVAY
/ S ANAAS N
—graplempnein P RE
7 —
S S
/
7z
Lo \_Y_J
Lignin Hemicellulose

Amorphous region

Fig. 2 (a) Linear structure of cellulose showing three hydroxyl (~OH) groups situated at the C2, C* and C® atoms of each B-p-glucopyranose unit, and
(b) composite structure of the lignocellulosic biomass with amorphous and crystalline regions. Adapted with permission from ref. 5. Copyright 2017

Elsevier.

axial positions.”® This orientation of cellulose (CgH¢05), is
stabilized by the intra-molecular hydrogen-bonding.*® The
degree of polymerization and kinetic chain length of the cellulose
based nanostructured materials depends on the composition of
the cellulosic material."” It was revealed that cellulose derived
from wood constitutes almost 10000 glucose/glucopyranose
(C6H1,06) units, whereas cotton based cellulose has approximately
15000 glucose (C¢H;,06) units.***® The illustrative depiction of
the cellulose in the crystalline form reveals its chemical composi-
tion, which represents the intra and inter-molecular H-bonds in
the ring, as shown in Fig. 2.>'" The nano structured forms of
cellulose, such as micro-fibrillated celluloses (MFCs) and
nanocrystal-based celluloses (CNCs), have been produced from
several cellulosic sources, for example corn-cobs, cotton, rice
husks, bamboo culm, bamboo wood pulp and so on.**

1.2. Classification of biopolymer nanocellulose

Biopolymer nanocellulose is classified into different forms based
on the source and dimensions. The size range of biopolymer
nanocellulose varies with different raw materials and the
processing pre-treatments used. Mainly, nanocellulose can be
classified into nanofibers and nanostructured materials. The
nanostructured materials comprise cellulose microfibrils and
microcrystalline cellulose (MCC), on the other hand nanofibers
can be further categorized into MFCs and nano-fibrillated
cellulose (NFCs), CNCs, and bacterial/microbial based nano-
celluloses (BNCs/MNCs) as shown in Fig. 3.°° MCC is a term used
for processed wood pulp and it is used in food processing as a
texturizer, anti-caking agent, fat substitute, emulsifier, extension,
and a bulking agent. In vitamin supplements or tablets, the most
common form is opted, a microfibril cellulose composed of

1874 | Mater. Adv,, 2021, 2,1872-1895

glycoproteins and cellulose and it is a very fine fibril. In defining
the protein fiber structure, for example in hair and sperm tails, it
is often, but not always, used as a general term. The 9 + 2 pattern
in which two central protofibrils are surrounded by nine other
pairs is their most commonly observed structural pattern,®*? it
is also used for counting viruses in plaque assays as an alter-
native to carboxymethylcellulose. CNCs, widely synthesized
using acid hydrolysis treatment, comprise elongated, cylindrical,
rod like and lesser flexible nanoparticles having a width of
4-70 nm, a length of 100-6000 nm and a crystallinity index of
54-88%. NFCs are synthesized from macromolecules of cellulose
having a diameter range of 5-30 nm in an expanded chain
conformation.”"** The biopolymer chain of nanocellulose with
building blocks is obtained from bp-glucopyranose molecules
which are interlinked by the B-1,4-glucosidic bond. The vital
difference between the CNFs and CNCs resides in the portion of
the amorphous media, size and features of the material, these
parameters are influenced by the isolation condition. Broadly,
the best method used for the isolation of CNCs is acid hydrolysis
treatment. This route involves a strong acid (H,SO,) that disinte-
grates the amorphous phase (disordered regions) of the cellulosic
material, then the nanocrystal structure of cellulose is formed. The
crystallinity and size of the CNCs are influenced by the cellulosic
source and isolation conditions.”> Although, CNFs are widely
synthesized via the mechanical delamination route through
aqueous suspensions of cellulosic pulp in a high-pressure homo-
genizer (HPH). During the synthesis of CNFs, an extremely
intertwined matrix of nanofibrils, having both amorphous and
crystalline phases, is formulated owing to the large shear force
used.”® By controlling the reaction parameters, CNFs can be
decomposed into versatile nanofibers having a diameter of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Relationship between different types of nanocelluloses. Adapted with permission from ref. 50. Copyright 2014 Royal Society of Chemistry.

20-50 nm and a length of 500-2000 nm.>*** The types of nano-
fibers are briefly discussed below.>®>”

1.2.1. Micro/nano-fibrillated cellulose. Micro/nano-fibrillated
celluloses are also termed as cellulose based micro-fibrillar cellu-
lose, nano-fibrillar cellulose, as well as cellulose nanofibers.'*>>#°
These fibers constitute a large cluster of micro-fibrils that involve
both amorphous and crystalline forms of nanostructured cellulose
owing to which a rigid network composition is attainted. NFCs
have a large aspect ratio with a fine thickness of 20-60 nm (nano-
meters) and the diameter of around a few micro-meters (um) is
almost 10 pm (Fig. 4).”°"%* The NFCs are extracted from plants,
agricultural waste, cotton, fibers and so on.®*** The size range of
these nanomaterials varies with the source of cellulosic materials.>®

1.2.2. Cellulose based nanocrystals. Cellulose based nano-
crystals are also termed as cellulose based nanoparticles (CNPs)
that are produced from cellulose based different raw materials

© 2021 The Author(s). Published by the Royal Society of Chemistry

by using acid hydrolysis treatments. Another name for cellulose
based nano-crystals is nanowhiskers as they are cylindrical,
enlarged and have a rod like composition with a thickness of
around 5-70 nm and a diameter of almost 100 nm to some
micrometers.®>®® Cellulose based nanocrystals are generally
narrow and shorter in size than cellulose based MFCs, as
shown in Fig. 5.°” The cylinder like composition of crystalline
nanostructured cellulose is attained when all the non-cellulose
based polysaccharide (C,(H,0),) contents have been eliminated
from the fibrillar surface and after the cleavage of all bonds in
the amorphous forms of cellulosic material.” CNCs form disper-
sions in aqueous solutions and organic mixtures, whereas
particle accumulation occurs in maximum hydrophobic mixtures
of the solutions.”>%®

1.2.3. Bacterial/microbial based nanocellulose. In contrast
to plant varieties, extra cellular nanostructured cellulose can be

Mater. Adv,, 2021, 2,1872-1895 | 1875
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extracted from several bacterial or microbial species (Rhizobium,
Agrobacterium, Pseudomonas and  Acetobacter etc.).">*%"°
Although, cellulose is also synthesized from various bacterial
sources (actinomycetes and fungi). Biopolymer cellulose is
obtained from bacterial sources (actinomycetes and fungi) having
a diameter range of around 20-100 nm (nano-meters) and a
thickness of 100-300 nm that varies with the growing conditions,
the kind of bacterial strain, and the bio-reactor used.”* BNCs or
MNCs are the type of pure nanostructured cellulose attained by
the agglomeration of cellulose fibrillars.**%

1876 | Mater. Adv, 2021, 2,1872-1895

1.2.4. Spherical nanocellulose (SNC). Spherical nanocellu-
lose has a sphere like shape, possessing a cellulose II type crystal
structure, extracted from waste materials via treatment with
NaOH and thiourea (CH4N,S) or urea (CH,4N,O) which is a cost
effective and environmentally friendly approach.”” Ram et al.
demonstrated the synthesis of a cellulose based modified adsorbent
for the removal of mercuric ions via acid treatment with lipase
catalyzed esterification through 3-mercaptopropionic acid.”®
The extraction of spherical nanocellulose was reported using
an anaerobic microbial consortium via hydrolysis of nano-
crystalline cellulose, derived from cotton fibers.”* The isolated
spherical nanocellulose was obtained when the process of degra-
dation of nano-crystalline cellulose was purified via a differential
centrifugation approach and separated through an ultra-filtra-
tion technique (Fig. 6).”>7>7°

1.3. Methodologies for the isolation of nanocellulose

Agriculture waste materials, plants and other materials containing
cellulosic content are utilized as an effective material in wider
applications owing to their economical, eco-friendly, biodegradable
and other efficacious properties.”””° The various routes for the
isolation of nanocellulose involves chemical routes, enzymatic
methods, mechanical routes and physicochemical routes of
isolation.>®

For the isolation of nanocellulose, some of the main parameters
that are considered before selection of the particular route of
extraction are the porosity, crystallinity, surface area and chain
length of nanocellulose."" Several routes for the isolation of
nanocellulose are briefly discussed in this section. Various

© 2021 The Author(s). Published by the Royal Society of Chemistry
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sources, types, dimensions and different treatments for the isola-
tion of biopolymer nanocellulose are shown in Table 1*%°®° and
Table 2.65,82,90—95

1.3.1.
isolation of nanocellulose from nanocellulosic materials include
the alkaline pre-treatment, acid pre-treatment, oxidation, pre-
treatment via ionic solvents and various solvent isolation routes.®
The alkaline route of delignification involves pre-treatment using
alkalis, for example, NaOH (sodium hydroxide), KOH (potassium
hydroxide), Ca(OH), (calcium hydroxide), NH; (ammonia) and
Na,CO; (sodium carbonate). Out of all the alkaline reagents, NH;
is preferred as a best candidate to reduce the hydrolysis reaction
of cellulose.’® In an alkaline route, the delignification process is
liable for the decrystallization of the cellulosic material, the
higher surface area, reduced degree of polymerization and the
porosity of cellulose. This treatment requires a significantly
reduced temperature and pressure with easy recovery of the
alkali reagent upon completion of the reaction. However, owing
to the demand for highly concentrated alkaline reagents and the
long reaction time, it has major drawbacks in the isolation
process.>””® On the other hand, the acid route involves dilute
and concentrated acids such as HCL®® H;PO,,'°° HNO;,'*
oxalic,"*® maleic'® and some heteropoly-acids (HPAs) for the
isolation of nanocellulose.'® The main parameters which play
major roles in the acid pretreatment are the concentration of the
acid, the degradation temperature and the acid cellulosic waste

Chemical routes of isolation. Chemical routes for the

ratio. The acid route possesses a major drawback owing to the toxic
and corrosive nature of concentrated acids.*'*>' Another route
for the isolation of nanocellulose is oxidation, which involves
ozonolytic treatment via H,O, (hydrogen peroxide) O, (dioxygen)
and Oj; (ozone) to enable the delignification process. Ozone is one
of the best agents in the delignification process, owing to the H,O
soluble properties it mainly attacks the conjugated C—C bonds
and aromatic compounds.’”* Wet oxidation is the preferred
oxidation process because it removes 50-60% of the lignin content
from cellulosic waste and proceeds in either air or oxygen in the
presence of H,O at a pressure and temperature of 5-20 MPa and
150-350 °C respectively.'**"'®'"" Although there are some other
pretreatments via which nanocellulose can be extracted, such as
the pretreatment of ionic solvents, which is a mixture of higher
organic cations and lower inorganic anions,'®">™'® solvent
extraction pretreatment is also used for the extraction of nano-
cellulose in which various solvents are applied, for example
methanol (MeOH), ethanol (EtOH), butanol (C,HyOH), triethylene
glycol (C¢H140,), tetrahydrofuran (C,HgO) ethers, ketones, benzene
(CeHe) and so forth."'”'° However, this pretreatment method
possesses major drawbacks, such as the high cost of organic-
solvents and the instrumental setup, and the volatile organic
solvents restrict its demand for industrial applications.® Scanning
electron microscopy (SEM) analysis of SCD (supercritical drying)
nanocellulose aerogels exhibited a 3D nano-structured network
consisting of randomly arranged nanofibrils (Fig. 7)."*°

Table 1 List of various sources of biopolymer nanocellulose, their isolation treatments, the isolated MFCs and NFCs and their dimensions

Cellulosic source Treatments for isolation of nanocellulose Dimensions of biopolymer nanocellulose Ref.
Bamboo wood pulp or culm  Chemical treatment with 64% H,SO, 30-40 nm longer cylindrical fibrils 80
Rachis of banana Chemical treatment with H,0,, 80% CH;COOH 5 nm wide 81
and 70% HNO;
Mechanical pre-treatment with homogenization
Wheat straw Chemical treatment with HCI 10-80 nm 4
Mechanical treatment with cryocrushing and
homo-genization
Soy hulls Chemical treatment with HCI 20-120 nm 4

Mechanical treatment with cryo-crushing and

homogenization
Sunflower stalks, coir fiber, = Steam explosion
jute fiber
Corn cob residue

Banana fibers

TEMPO mediated oxidation and pulp refining
Steam explosion and acid treatment with C,H,0,

Diameters of sunflower stalks, coir fibers and jute 82-84
fibers are 5-10 nm, 37.8 nm and 50 nm respectively
Diameter of almost 2.1 nm, length 438 nm 85

(oxalic acid) mechanical pretreatment with

mechanical stirring
Pine cones Mechanical grinding

Sisal fibers

© 2021 The Author(s). Published by the Royal Society of Chemistry

Chemical treatment with acetic acid (CH;COOH)

Diameter 1 pm 86 and 87
Diameter almost 15 nm 88
Diameter 27 + 12 nm, length 658 + 290 nm 89

Mater. Adv., 2021, 2,1872-1895 | 1877
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Table 2 List of various sources of biopolymer nanocellulose, the isolation treatments used, the isolated CNPs and their dimensions

Cellulosic source Treatments for isolation of nanocellulose Dimensions of biopolymer nanocellulose Ref.
Sunflower stalks Chemical treatment with H,SO, Diameter almost 5-10 nm and length 175 nm 82
Sugarcane bagasse  High pressure homogenization Diameter 10-20 nm 90
Tomato peels Chemical treatment with H,SO, Diameter 7.2 nm and length almost 135 nm 91
Sawdust biomass Hydrothermal processing Diameter 18-35 nm and length 101-107 nm 92
Barley husk Chemical treatment with H,SO, Diameter almost 11 nm and length around 322 nm 93
Okra fibers Chemical treatment with 64% H,SO, and Diameter 9.8 pm 94

mechanical pretreatment with sonication

Corncobs Chemical treatment with H,SO, and mechanical
pretreatment with ultrasonication
Rice husk Chemical treatment with H,SO,

1.3.2. Enzymatic route of isolation. The enzymatic route
for the pretreatment of bleached cellulose is used to obtain
nanostructured cellulose. It is not possible to disintegrate
cellulose via a single enzyme because it requires a set of
cellulases (C;5H3,0;¢) to disintegrate cellulose ((CeH100s),,).>°
Henriksson et al. demonstrated that the enzymatic cellobiohydro-
lases (CBHs) are further classified into type A- and B-cellulases
(C1sH3,016) and are known as exoglucanases (EXG)."*' These EXG
promote the hydrolysis of crystalline cellulose at the end of the
chain. Whereas Siro and Plackett reported that the other enzyme
obtained is known as endoglucanase (EG) which promotes the
degradation of amorphous cellulose.?”*'** Siqueira et al. reported
the treatment of combined cellulases and hemicellulases as a
synergistic effect to eliminate hemicelluloses and also promote
the hydrolysis of cellulose."?” After the completion of the enzymatic
treatment, the obtained MFCs show the most favorable structure,
having a maximum aspect ratio. Campos et al. demonstrated the
treatment of both hemicellulases or pectinase and EG to extract
CNFs from curaua and sugarcane bagasse biomasses.'”® The
enzymatic pretreatment has major advantages, such as greater
yields, it is environmentally friendly, has a larger selectivity, mini-
mum energy costs and milder reaction conditions compared to
other chemical processes.’>'*! Pedersen and Meyer reported the

Length around 210 + 44 nm and width almost 4.2 +£ 1.1 nm 65

Diameter 20 nm and length almost 700 nm 95

major drawbacks of this route, that is the greater cost of enzymes,
and the larger processing time required for the disintegration of
cellulose."**

1.3.3. Mechanical routes of isolation. Mechanical pretreat-
ment isolation is used to generate fine fibers and involves
various processes of isolation, such as high-pressure homo-
genization, sonication and cryocrushing methods. The high-
pressure homogenization technique involves the isolation of
nanocellulose in an effective manner without treatment using
toxic organic solvents.>>"**™'*” Nakagaito and Yano reported
irreversible variations in the structure of the fiber owing to the
alteration in the size and morphology.*?® Li et al. demonstrated
the isolation of sugarcane bagasse via high-pressure homo-
genization pre-treatment.’® Another process for the isolation of
nanocellulose is cryocrushing, in which fibers are treated with
liquid nitrogen to obtain ice crystals which exert a larger
pressure within the cell wall, which results in disintegration
of the cell wall and the formation of CNFs."*? Alemdar and Sain
used the cryocrushing process to isolate MFCs from wheat
straw and soy hulls.* Ultra-sonication pre-treatment is also
one the most reliable and effective techniques for nanocellulose
extraction and this proceeds via larger intensity ultrasonic waves,
having a temperature and pressure greater than 5000 °C and

Fig. 7 SEM analysis of the morphology of the (a) 1.5-SCD-aerogel, (b) 2.5-SCD-aerogel, (c) 3.5-SCD-aerogel, (d) 1.5-SCD-aerogel, (e) 1.5-SCD-aerogel,
and (f) 1.5-SCD-aerogel. Magnification: (a—c) 20 000x; (d) 50x%; (e) 5000x; and (f) 10 000x. Adapted with permission from ref. 120. Copyright 2016

Elsevier.
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500 atm respectively, resulting in effective fibrillation of the
nanocellulose fibers.”** Wang and Cheng reported that the
longer distance between the tip of the sonication probe and
the cellulose suspension containing beaker is not favorable for
the degradation of fibers from the cell wall.*>**° Sonication is
generally performed after the chemical pre-treatment of natural
raw fibers for nanocellulose isolation.*’

1.3.4. Physicochemical routes of isolation. The physico-
chemical route is the combination of the chemical and
mechanical approaches, in which the natural fibers are first
pre-treated chemically and then mechanically via sonication or
homogenization approaches."**"*! Wang and Sain reported the
isolation of CNFs from a soybean source via chemo-mechanical
treatment in which the cellulosic material initially proceeds via
the chemical approach and then the mechanical (refining and
beating) approach.'?® Dufresne et al. demonstrated the isola-
tion of MFCs from potato tubers by following a similar route in
which chemical pre-treatment was used initially, followed by 15
passes of homogenization.'*?

1.4. Different chemical routes for the surface
functionalization of nanostructured cellulose

Although, nanostructured cellulose is mostly hydrophilic in
nature, it shows a non-continuous dispersion in several non-
polar solvents. The recent advances are focused on the surface
functionalization of the nanostructured cellulose to maximize
its compatibility and properties with various kinds of sources.
Recently, researchers have adopted various modification treat-
ments for the surface and structure of nanocellulosic materials
(Scheme 1).%
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The surface functionalization of cellulosic materials through
chemical pre-treatments employs efficacious hydroxyl (-OH)
groups.”®*° The aim of this functionalization of nanostructured
material is to improve its capacity for extraction and also to
enhance the hydrophobicity on the surface, which results in
maximum dispersibility and biocompatibility of the nanocellulosic
materials in other solvents."*?

1.4.1. Functionalization by imparting ionic surfaces to
nanocellulosic material. The effective routes of functionaliza-
tion that impart ionic surfaces are the phosphorylation route,
carboxymethylation route, and oxidation and sulfonation
routes, as shown in Scheme 1.2° The extraction of nanostruc-
tured cellulose by pre-treatment using sulphuric (H,SO,) and
phosphoric acid (H;PO,) leads to partial modification on the
nanocellulosic surface providing the charges during isolation
and the aqueous dispersion processes.

1.4.1.1. Functionalization through phosphorylation of the
nanocellulosic material. The amalgamation of phosphate
(PO4>") ester groups on the nanocellulosic surface results in
enhancement of its original properties. Functionalization
through phosphorylation of nanocellulose is an efficacious
surface functionalization strategy for generating supreme materials
for advances in diverse fields such as orthopedics,"** textiles,'*®
biomedical sciences,®® soil and dye adsorption,”” fuel cells,"*®
wastewater treatments,'*® biochemical segregations, and ion
interchange efficiency.'*® Modified nanocellulose is more bio-
compatible with Ca(PO,), (calcium phosphate), which leads to
the formation of a hybrid structure. Nanocellulosic materials
have a more flammable nature and reduced thermal stability.

$OH  SOH  SOgH
o o o

Y
lelg H2504 $
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e

Scheme 1 Some common surface modifications of nanocellulose: (clockwise from top-right) sulfuric acid treatment provides sulfate esters, carboxylic
acid halides create ester linkages, acid anhydrides create ester linkages, epoxides create ether linkages, isocyanates create urethane linkages, TEMPO
mediated hypochlorite oxidation creates carboxylic acids, halogenated acetic acids create carboxymethyl surfaces, and chlorosilanes create an
oligomeric silylated layer. Adapted with permission from ref. 67. Copyright 2019 Royal Society of Chemistry.
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The crystalline form of the nanocellulosic material is thermally
more stable, although the amorphous parts in the cellulosic
material are highly reactive towards combustion. The modifica-
tion through an inorganic ester on cellulose based nanocrystals
provides phosphate and sulfate esters which liberate the phos-
phoric and sulphuric acids, favoring the dehydration process
and generation of char."*"'** The corresponding sulphuric acid
and phosphate esters catalyze the dehydration of nanocellulose
to provide C—C stable bonds that lead towards flame retarda-
tion.**'*3'** The resultant functionalized phosphorylated nano-
cellulosic polymer could be applied to other polymeric chains to
enhance its properties and can be used for large scale applica-
tions. Various agents are adopted in the functionalization of
nanocellulose, such as POCl; (phosphorus oxychloride), P,Os
(phosphorus pentoxide), (NH,),HPO, (diammonium hydrogen
phosphate),"*> H;PO, (phosphoric acid)'*® and organophosphates.

1.4.1.2. Functionalization of nanocellulosic materials through
carboxymethylation. Surface functionalization of nanocellulosic
material occurs through the carboxymethyl (-CH,-COOH)
groups via the carboxymethylation process that enhances the
negative charge on the surface of the material. The negative
charges on the nanocellulosic surface involve electrostatic
repulsions and also enhance the degradation of materials into
nanosized particles.*>'*” Wagberg et al builtup a nano-
fibrillated cellulosic surface to a diameter of 5-15 nm by
providing carboxymethylated groups.'*® Sir6 et al. functionalized
the surface of softwood pulp through carboxymethylated groups
(-CH,-COOH) by using homogenization steps, the optimized
carboxymethylated nano-fibrillated cellulosic gels could probably
form oxygen barriers that have transparent films.**°

1.4.1.3. Functionalization through the oxidation method. Func-
tionalization through the oxidation of nanocellulosic material can
be performed using TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)
mediated oxidation mechanism (Fig. 8)*>'*° to provide the
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hydrophobic nanocellulosic surface.”” De Nooy et al first
demonstrated this method and reported that TEMPO mediated
oxidation can probably oxidize the primary alcohols, for example
the hydroxymethyl (-CH,-OH) groups of the polysaccharides
with unaffected secondary hydroxyl (-OH) groups.”* This
method involves the conversion of exposed C6 alcoholic group
based functions of the C¢H;,04 (glucose) unit into carboxylic
acid (-COOH) and also stable nitroxyl radicals converted the
hydroxyl groups (-OH) into aldehydes, then these were further
oxidized into carboxylic acids.'>*"'>* Araki et al. demonstrated the
hydrolyzation of HCI followed by the TEMPO-mediated oxidation
of the cellulose nanocrystals.'>

1.4.1.4. Functionalization of nanocellulose through the sulfo-
nation method. The functionalization of nanocellulosic materials
through the sulfonation technique is also used to impart anionic
charges to the nanocellulosic surface. Isolation of CNCs involves
treatment with concentrated H,SO, (sulfuric acid) and in this
process sulfate half-esters are formed from the hydroxyl groups of
the CNVs that lead to hydrolysis of sulfuric acid having stable
colloidal suspensions of CNCs.**'>*'>” This process shows phase
segregation into a chiral nematic phase in a particular concen-
tration range. The surface possesses sulfate groups with a negative
charge that form a negative electrostatic layer and improves the
dispersion efficiency in water. However, the thermal stability of
the H,SO, isolated nanocellulosic material can be enhanced by
the neutralization process using NaOH.”*"® During hydrolysis
with H,SO, and HCI, spherical cellulose nanocrystals are generated
through the sonication process, having low density based sulfate
groups with a maximum thermal stability, as compared to the
hydrolysis of pure H,50,.*° Liimatainen et al added NalO,
(periodate) and NaHSO; (bisulfite) to nano-fibrillated hardwood
pulp that led to the generation of sulfonated based NFCs having
a diameter range between 10-60 nm."*

1.4.2. Functionalization resulting from the generation of
hydrophobic surfaces on nanocellulosic materials. The methods
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O H
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0
H
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%%M

Fig. 8 Schematic diagram of the regioselective oxidation of cellulose primary alcohol groups by: (a) TEMPO/NaBr/NaClO in water at basic pH and
(b) TEMPO/NaClO/NaClO, in water at neutral or slightly acidic pH. Adapted with permission from ref. 150. Copyright 2016 Elsevier.
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Scheme 2 General steps of the ARGET ATRP mechanism. Adapted with
permission from ref. 198. Copyright 2019 Elsevier.

of surface functionalization for generating hydrophobic surfaces
include esterification, amidation, silylation, urethanization, and
etherification methods and they lead to a change in the sensi-
tivity of nanocellulose towards the moisture content and hydro-
phobic surface. Owing to the hydrophilic nature of the
nanocellulosic material it absorbs water upon exposure.*® The
aim for these chemical functionalization techniques is to change
only the surface of the nanocellulose, maintaining the complex
composition of the hydroxyl (-OH) groups and the initial
morphology.’®® The effective routes for functionalization for
generating hydrophobic surfaces on nanocellulosic materials
are shown in Scheme 2.*°

1.4.2.1. Functionalization on a nanocellulosic surface through
acetylation. Functionalization of nanocellulose is also performed
to enhance its hydrophobicity through the acetylation method.
This method of acetylation usually involves the addition of C,;H¢O;
(acetic anhydride) and dry CH3;COOH (acetic acid) with either
H,S0, or HCIO, (perchloric acid) for catalyzation during the
reaction.*®'®'"'® Sassi et al first proposed the two main
mechanisms involved in the acetylation process, that is the
homogeneous and fibrous process in the presence or absence of a
swelling diluent.'®* During the fibrous process, a diluent such as
toluene is used and when it is added to the reaction mixture the
resultant acetylated cellulosic material remains insoluble and a
high degree of acetylation is obtained, during which the original
morphology is maintained. On the other hand, the diluent-free
homogeneous method involves soluble acetylated chains with
CH;3;COOH and a catalytic amount of H,SO,. Cetin et al. reported
the acetylation of cellulosic nano-whiskers through C,;HgO, (vinyl
acetate) under modest conditions in which only the surface of the
nanocrystal was functionalized, whereas the crystallinity and
original dimensions of the material were preserved.'®® During
this process the degree and rate of acetylation were examined
through diffusion. After a prolonged reaction time, the reported
nanocrystals have a smaller size, lower percentage of crystallinity
and the maximum amount of acetylation.

1.4.2.2. Functionalization of nanocellulose through etherification.
The process of functionalization of the nanocellulosic material

© 2021 The Author(s). Published by the Royal Society of Chemistry
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through etherification occurs through carboxymethylation of
nanocellulose, the initial step of this process is to activate the
fibers using aqueous NaOH, which acts as an alkali hydroxide, and
the second step is to convert the hydroxyl (-OH) groups to
carboxymethyl (-CH,-COOH) moieties with C,H;ClO, (mono-
chloroacetic acid), or its sodium salt.** Eyholzer et al. reported
the dispersion and capability of the carboxymethylated NFCs
powder functionalized with 1-hexanol (C¢H;40) in extruded PLA
(poly(lactic acid)) composites.'®® Hasani et al. demonstrated the
grafted cationic surface modification of CNCs through the etheri-
fication process. In this process, alkali-activated hydroxyl (-OH)
moieties of the cellulose backbone reacted through nucleophilic
addition to the epoxide of epoxypropyl-trimethylammonium
chloride (EPTMAC) resulting in stable aqueous suspensions
having thixotropic gelling properties.*®”

1.4.2.3. Functionalization of nanocellulose through the silyla-
tion method. The functionalization of the nanocellulosic material
through the silylation method involves silane surface functiona-
lization which is a simple route to enhance the hydrophobicity of
the hydrophilic cellulosic surface, alkyl-dimethylchlorosilanes
are widely used in the silylation process.”® Goussé et al. proposed
the rheological properties of MFCs after moderate silylation
using C3;HgO (isopropyl) (CH3),SiHCl (dimethylchlorosilane).
These silylated MFCs showed a supreme flexibility and rheo-
logical properties during suspension in C;9H360, (methyl oleate),
providing a shear thinning effect.'®® Andresen and his co-
workers successfully reported the functionalization of chloro-
dimethyl isopropyl-silane to silylate on the surface of the
MFCs."® The morphological integrity at mild degrees of sub-
stitution also helps to stabilize the water-in-oil emulsions
during modification of the MFCs. Zhang and his co-workers
recently demonstrated the applications of supreme flexibility
based silylated nanocellulosic material sponges to eliminate oil
from water."”°

1.4.2.4. Functionalization of nanocellulose through urethaniza-
tion. The process of functionalization through the urethanization
method involves the reaction between isocyanate (R-N—C—O0)
and hydroxyl (-OH) groups of nanocellulose and results in the
formation of covalent bonds.>*'** Siqueira et al. reported the
surface functionalization of CNCs and MFCs through n-octadecyl
isocyanate (C;9H3,NO), which enhances the hydrophobicity of
nanocellulose. The degree of substitution values for modifica-
tion through isocyanate grafting were 0.07 and 0.09 for CNCs
and NFCs, respectively.'”! Recently, Biyani and his co-workers
reported the isocyanate-mediated coupling to CNCs with H-bonded
ureidopyrimidione (CsHgN,0,).""?

1.4.2.5. Functionalization of nanocellulose through amidation.
The process of functionalization by using amidation is the most
common route used to amidate cellulosic surfaces through a
carbodiimide-mediated reaction. This process probably targets
the carboxylic groups (-COOH) of preoxidized nanocellulosic
substrates. The most widely used carbodiimide for the nano-
cellulosic amidation reaction is EDAC (CgH,,N3) or N-ethyl-N-
(3-(dimethylamino)-propyl)carbodiimide hydrochloride which
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Table 3 Various studies based on applications and modification routes of nanocellulosic materials

Various studies based on applications of nanocellulosic

S. no. materials

Method used for the modification

of nanocellulose Ref.

1. Applications of functionalized acetylated nanofibrillated
cellulosic material that act as a toughening material or
agent in poly(lactic acid).

The aim of this study is to functionalize the nanocellulosic
whisker using vinyl acetate under mild conditions.

2. Applications of cyclodextrin nanocellulose functionalized
through the amidation process for the detection of the
antibiotic danofloxacin in milk.

3. Applications of functionalized carboxymethylated
nanofibrillated cellulose, and their properties and effects on
various homogenization stages.

4. This study focused on modification of nanofibrillated
cellulosic materials through the surface silylation method
and their rheological characteristics.

Applications of silylated nanocellulosic materials having an
ultralight weight and supreme flexibility for the
elimination of oil from water.

5. Applications of modified sulfonated cellulosic nanocrystals
for supreme dispersive micro solid phase isolation and
detection of Ag-nanoparticles in food items.

6. The aim of this study is to explain the behavior or
rheological properties of a nanofibrillated cellulosic
suspension of pulp through TEMPO mediated oxidation.

7. Applications of modified cellulosic nanomaterials that act
as a light healable supramolecular nanomaterial.

8. Modified bacterial nanocomposites for applications based
on the sorption of proteins.

Modified phosphorylated nanocellulose derivatives for
the sorption of metal ions such as Ag®, Cu®*, Fe*" from
industrial wastes.

Modified phosphorylated CNCs used as a renewable
nano-cellulosic material for the generation of flame
retardant materials.

Modified phosphorylated nanocellulosic materials based
on a propionate derivative act as a thermoplastic flame
retardant material and it also explains the effect of
phosphorylation on thermal degradation.

has a pH range between 7-10.>° Ruiz-Palomero and his co-
workers demonstrated the covalently bonded B-cyclodextrin
((C¢H100s5),) to the amine functionalized nanocellulosic mate-
rial via an amidation reaction that is an applicable danoflox-
acin (Cq9H»0FN303) sorbent in the critical fluorimetric
determination of this medicine in milk."”® Studies based on
various applications and modification routes are studied in this
review, as shown in Table 3.

1.4.3. Functionalization through polymer grafting on cellulosic
material. Modification of nanocellulosic material through the
grafting route is one of the best methods used to enhance the
physical and chemical properties of polymeric materials.'”**7>
Nanocellulose composites have been isolated to improve the
hydrophilicity or hydrophobicity on cellulosic surfaces having
more elasticity, thermal resistance, ion exchange properties,
stability and sorbent properties.'”® Grafted nanocellulosic mate-
rials have been used for surgical repair applications owing to
their supreme mechanical and biocompatible properties with
reduced degradability.*>**** Grafting of polymers involves
three routes of modification, these are the grafting from, grafting
to, grafting through routes (Fig. 3).® The “grafting-to” route
involves well-characterized and purified polymers which are

1882 | Mater. Adv, 2021, 2,1872-1895

Acetylation method 163 and 165

Amidation method 173

Carboxymethylation method 149 and 166

Silylation method 168 and 170

30 and 68

Sulfonation method

TEMPO-mediated oxidation
method

152

Ureathanization method 172

Phosphorylation method 136, 139, 140 and 146

linked to the cellulosic material through coupling of the polymeric
active end groups to the hydroxyl (-OH) groups of the cellulosic
backbone, polymers such as polypropylene ((C3Hg),), polystyrene
((CgHg)n), poly(lactic acid) ((CsH40,),), poly-(caprolactone)
((CeH1005),) and so on, can be obtained and linked to the back-
bone of cellulose. Whereas the “grafting-from” route involves the
functionalization of cellulose through an initiator and monomers
are also polymerized directly through the surface, having greater
polymer densities and polydispersity than the grafting-to route,
but there are difficulties in the characterization of the resulting
polymers. On the other hand, the “grafting-through” route
involves the functionalization of cellulosic material through poly-
merizable species, that is vinyl based monomers, after that this
modified cellulosic material is mixed with a co-monomer and
then the polymerization reaction is initiated.>**""®”® Out of all
the routes of grafting, “grafting-from” is the best and most
effective method which also involves ROP,>'% stabilization of
colloidal functionalized nanocellulose and the radical polymeriza-
tion grafting routes. The grafting-to route involves many
approaches, such as the free radical, ATRP, ROP and RAFT which
are explained in this section. Various studies on modification
through grafting are presented in Table 4,%7%111,123,126,181-191

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00049g

Open Access Article. Published on 02 February 2021. Downloaded on 10/27/2025 7:19:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

Materials Advances

Table 4 Different reported studies on cellulose grafting via various polymer matrixes or grafting agents

Nanocellulosic form of
cellulose composite

S.no.  Source of biopolymer cellulose  (if any) Surface functionalized polymer matrix Ref.
1. Wood pulp CNFs 10 wt% PVA (polyvinyl alcohol) and 5 wt% PLA 181
2. Sugarcane bagasse — EDTA dianhydride (C;oH;1,N,06) 8, 123 and 182
3. Cotton CNCs 0-12 wt% PVA 183
4. Tunicate CNCs 6 wt% styrene/butyl acrylate, 25 wt% starch and 184-187
0.5-5 wt% waterborne epoxy
5. Flax fibers CNFs 0-30 wt% waterborne polyurethanes and 10 wt% PVA 181 and 188
6. Saw dust — Acrylic acid as a polymer matrix 8 and 189
7. Cellulosic okra waste CNFs Glycidyl methacrylate 78, 111 and 179
8. Potato pulp CNFs 0-40 wt% starch/glycerol 190
9. Soyhull and wheat straw CNFs No functionalization was made with nanocomposites 126
10. Banana fibers CNFs Acrylonitrile (C3H;3N) 191

1.4.3.1. Atom-transfer radical polymerization route of grafting.
The ATRP route for the grating of biopolymer nanocellulose is
followed by the free radical polymerization process applied to
styrenes (CgHg), methyl-acrylates (C,;H¢O,), (meth)acrylamides
(C4H,NO), and acrylonitriles (C;H;N).>**'°> The ATRP approach
was initially reported in 2002, in which a reaction is carried out
between the surface hydroxyl (-OH) groups and 2-bromoisobutyryl
bromide (C4HgBr,O) which acts as an initiator in the ATRP
polymerization of C,HsO, (methyl acrylate).">® CNCs have been
modified via grafting with PMA (poly(methyl acrylate)) to generate
materials dispersible in tetrahydrofuran (C,HgO), chloroform
(CHCl;), DMF (dimethylformamide), and DMSO (dimethyl sulf-
oxide), in contrast to the unmodified CNCs. The ATRP grafting
route has been well established and research in this field is now
turning towards large scale industrial applications. The ATRP
process involves the grafting of hydrophobic PMA onto a variety
of different cellulosic surfaces.'*™"*® The process of atom transfer
radical polymerization can also be catalyzed through a redox
mechanism via transition metal complexes,'” as shown in
Scheme 2'%® followed by atomic transfer radical addition.

1.4.3.2. Reversible addition fragmentation chain transfer route
of grafting. The RAFT approach of grafting is another grafting-to
route approach used for the same set of monomers, vinyl esters
and also for vinyl amides. RAFT has major advantages because
the end group can be effortlessly reduced into a thiol, providing
more effective functional groups that can be further modified

Ri kq .
a p,—0—N —= P,
R, K.
ka
b P—X + ML =
kda
. Kagdp
¢ P, 4+ Sy SP, =— P,~S
Y Kaddp

Scheme 3 Simplified mechanisms of the activation—deactivation equilibria

as shown in Scheme 3."°°72°2 The RAFT approach is also used to

obtain soluble cellulose using polymerizing acrylic monomers
and to generate a RAFT agent (macro chain transfer agent) by
attaching dithioesters to the primary alcohol (-CH,OH) at the
C6 position on the cellulosic backbone by polymerizing either
the ethyl acrylate (CsHgO,) or NIPAM (N-isopropylacrylamide).
Poly(2-(dimethylamino)ethyl methacrylate) or p-DMAEMA
(CgH15NO,) is modified via grafting on the cellulosic surface
using the RAFT approach.3%202203

1.4.3.3. Free radical grafting route of functionalization. Cellulose
nanocrystals were included in temperature-responsive poly(N-
isopropylacrylamide) or p-NIPAM (C¢H;,NO),, cryogels by using a
free radical polymerization route. Both physically adsorbed and
covalently bound celluloses were obtained through modification
of the surface with polymerizable species and it was reported that
physically adsorbed CNCs were more hydrophilic, which are
responsible for the homogeneously incorporated maximum
loading capabilities. Whereas the covalently bounded CNCs pro-
duced gels reporting a maximum diffusion owing to properties
such as the larger degree of swelling and the porous structure of
the material.'”®*°*?% Above the lower critical solution tempera-
ture (LCST) or 32 °C for the polymer, the obtained gel was
reversibly reduced. The combination of CNCs with the gel allowed
it to retrieve its form after compression, as compared to the pure
polyacrylamide ((C;HsNO),) gels.*® During free radical polymeriza-
tion, benzyloxy and phenyl free radicals are used to initiate the

P, o+ X=Mt™TL

in RDRP. (a) Nitroxide mediated polymerization; (b) ATRP; and (c) RAFT

polymerization. Adapted with permission from ref. 199. Copyright 2020 Elsevier.
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Scheme 4 Different proposed mechanisms for free radical grafting of cellulo:
Elsevier.

mechanism of polymerization in which the stabilized phenyl free
radical is formed from the unstable benzyloxy radical and CO, is
liberated (Scheme 4).>®

1.4.3.4. Ring opening polymerization route of grafting. The
ROP route of grafting is applied to cyclic monomers, for
example lactones, epoxides and lactams and can be carried
out via radicals such as anionic or cationic initiators, through
anionic and cationic ring opening (AROP and CROP) mechanisms,
the obtained ring is considered for the generation of mechanically
stable and biocompatible polymeric materials, as shown in
Scheme 5.'%02%52%8 i ¢t gl demonstrated the grafted stable,
effective and biocompatible nanocomposite polymer from cellulo-
sic fibers by using ROP for the applications, such as tissue repair
engineering, biomedical implants and so on.’’® The cellulosic
backbone with reactive hydroxyl groups was activated with tin(u)
2-ethylhexanoate (Sn(Oct)2) and then applied to open r-lactide
(C6HgO4) and e-caprolactone (CgH;,0,) monomers.>®”

1.4.3.5. Post-polymerization route of grafting. The post-
polymerization route of the grafting-from approach involves
grafting from polystyrene (CgHg), and poly(tert-butyl acrylate)
([CgH140,],) onto oxidized CNCs via the amidation reaction
which couples the terminal amines onto polymers with the

se initiated by KMnO,4. Adapted with permission from ref. 5. Copyright 2017

carboxylic acid (-COOH) groups of the cellulosic material,
which has a grafting density of around 60-64 wt%, this is
sufficient to solubilize the nanocomposite into acetone and
toluene. This grating-from polymerization route could be used
for a large variety of polymers with no degradation of CNCs
using the modification method.*%>%°

1.5. Effect of surface modification on various properties of
nanocellulose

With the decreasing size of a cellulosic biopolymer from the
microscale, such as for polymeric materials, to the nanoscale,
such as for cellulosic nanomaterials, various parameters change
and these lead to more effective and novel applications.>**’
These modifications provide potential nanomaterials which
can be used as reinforcing agents in various nanocomposites
and also promotes the specific features for the production of
novel cellulosic nanomaterials, with the objective of promoting
its applications in the field of modified nanomaterials. The
major properties that are influenced by surface modification of
cellulosic nanomaterial are reported below.

1.5.1. Effect of modification on the crystallinity of nano-
cellulose. The crystallinity of modified nanocellulose mainly
depends on the lignocellulosic source. Many studies have revealed

PhHN OH HO NHPh
R = Alkyl +
St > R R
{05 + : Minor-2A Major-2B
R rt, neat
NH » PhHN OH HO NHPh
1.,R=Ph 2 R = Aromatic + >——/
2, R=CH; . R
Major-1A Minor-1B

Scheme 5 Ring opening polymerization of epoxides using aliphatic and aromatic amines. Adapted with permission from ref. 206. Copyright 2006

Elsevier.
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that the cellulosic nanocrystal obtained from H,SO, exhibits lower
crystalline values in contrast to that obtained from HCL'***°
Another factor which influences the crystallinity value is the time
period of hydrolysis, a greater hydrolysis time period results in the
removal or disintegration of the amorphous phase and enhances
its crystallinity value. The crystallinity values of the cellulosic
content for these samples follows the sequence pineapple >
banana > jute. For example, the values for the degree of crystal-
linity of nanocrystal cellulose from sisal fiber, flax, rice husk,
corn stover, cotton and commercialized microcrystalline cellulose
are 85.9%, 84.9%, 76%, 80.6%, 94% and 81.7% respectively.
Although, crystallinity values of 54%, 59% and 64% have been
observed for nanofibers cellulose achieved from wood, flax and
rutabaga.'®® However, the crystallinity of nanofibrils from soy hull
and wheat straw were demonstrated to be 70% and 78%
respectively.”'“*'* Alternatively, very lower values (30-40%) have
been noted for beet pulp.

1.5.2. Effect of modification on the toxicity of nanocellulose.
Based on the ecotoxicological evaluations with a variety of
aquatic breeds, cellulose nanocrystals have lower toxin levels,
as well as minimal environmental dangers (e.g., to daphnia,
rainbow trout, as well as fathead minnow). In addition, cytotoxi-
city (the intracellular poisonous effect) and proinflammatory
reactions are significantly lower than for multiwalled carbon
nanotubes and crocidolite.””>*"* As well as the genotoxicity
in vitro, cellulose nanofibrils show virtually no side effects.
In vitro toxin levels of bacterial cellulose nanofibers have been
effectively investigated via the cell viability and even cytometric
flow assays, together with in vivo analysis in mice. Bacterial
cellulose often exhibits virtually no side effects in a culture of
human umbilical vein endothelial cells, fibroblasts, as well as
chondrocytes in humans. In addition, in vitro studies show that
95% of the mesenchymal stem cells accumulate in the cellulose
membrane,>'**

1.5.3. Effect of modification on the biodegradability of nano-
cellulose. A significant advantage of biopolymer-dependent
environment-friendly composites is their inherent biodegradability.
Nevertheless, for biodegradation to occur rapidly, a large number of
artificial biopolymers need energy-intensive composting tempera-
tures (60 °C). In comparison, both indigenous cellulose and regen-
erated cellulose can degrade quickly at ambient temperatures.”***"”

1.5.4. Effect of modification on the specific surface area.
Nanocellulose possesses an excellent specific surface area.
Generally, cellulose nanoparticles have a specific surface area
in the range of 50 to 200 g m 2. Alternatively, nanocellulose
aerogels possess a specific surface area from 250 to 350 m* g~ *
as well as having an extremely low density (0.02 g cm ?) and a
substantial porosity of 98%. In the case of cellulose nanocrystals,
particle aggregation takes place in the event of cellulose nano-
crystals being completely dried or dried slightly beyond their
critical concentration, resulting in a decrease in the features, as
well as the functionality. Surfactants or surface modification may
be used to prevent aggregation during drying in order to eliminate
this issue.'”*

1.5.5. Effect of modification on the aspect ratio. The aspect
ratio, which is known as the ratio of the length to width, is a

© 2021 The Author(s). Published by the Royal Society of Chemistry
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significant parameter for cellulosic nanomaterials. The aniso-
tropic phase formation and reinforcing properties are deter-
mined. The mechanical percolation method is also well-known
to be very important for describing the mechanical behavior of
the nanocomposites based on cellulose nanomaterials when
prepared using casting/evaporation. In addition, tensile tests
performed on films prepared using water evaporation of a
series of CNC suspensions have shown that their tensile
modulus increases as the aspect ratio of the nanoparticles
increases, as shown in films, the tensile index and the triethy-
lamine (TEA) index can also be analyzed by dewatering to assess
the consistency of the MFCs or CFs. CNCs and CNFs, however,
cannot be used. Difficulties associated with evaluating the
length render it impossible for the CNFs to determine its
worth.">*'® When increasing the oxidation strength of TEMPO-
pretreated fibers,”'®'° they are considered to be very high, but
strongly reduced. The aspect ratio is easier to determine for
CNCs and it has been found to depend on both the cellulose
source and the conditions of hydrolysis. The aspect ratio ranges
from 10 to higher than 100 for cotton and soyhull respectively.

1.5.6. Effect of modification on the mechanical properties.
In contrast to the 100% pure polymer content, improved
rigidity, toughness, strength, barrier features, and even flame
retardancy can be achieved by adding nanomaterials in the
form of fillers in composite materials.”’>*****' As a con-
sequence of the large surface area of the nanoparticles, the
introduction of a small proportion of nanomaterials is neces-
sary for these changes. In contrast to carbon nanotubes, the
strength of wood cellulose nanofibers is only a quarter of that
of the carbon nanotubes, but the price of cellulose nanofibers is
lower than the price of carbon nanotubes, making the wood-
based nanomaterial more desirable for unique applications.**?
The strengthening ability of the cellulose whiskers stems from
their excessive surface area.>'®*>*>*!

1.5.7. Effect of modification on the thermal properties. A
film forms if cellulose nanomaterial suspensions are dried,
which has a very poor thermal expansion coefficient (TEC),
because of both the high crystallinity and strength of nanocel-
lulosic network interactions. In order to reduce the TEC of the
polymer nanocomposite sheets, the low TEC of the cellulose
nanoparticles can be used if the strength of the network is
sufficiently high enough to limit the thermal capacity.
Although, the low thermal stability of cellulose nanomaterials
can, at high temperatures, restrict the usage and manufacturing
conditions of their nanocomposites.>'®*?° This problem is
especially important for H,SO, hydrolyzed CNC, which, com-
pared to the raw starting material or other types of nanocellu-
lose, exhibits a dramatically reduced thermal stability. This is
due to the classes of sulfate esters.”*>??°

1.5.8. Effect of modification on rheological properties. The
suspension of cellulose nanofibers shows a propensity to shear-
thinning, as well as pseudoplasticity, which also depends on
the pH of the environment. As a result of the electrostatic
interactions, sulfate cellulose shows a pH-dependent viscosity
profile. In addition, the suspension of cellulose nanofibers
demonstrates a reduction in viscosity and an improvement in
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the shear rate. Furthermore, owing to the entangled network
configuration, CNF also offers an outstanding elastic module.**”

1.5.9. Effect of modification on the irreversible agglomera-
tion of nanocellulose. Nanoparticles have clustering problems,
either from the tendency to aggregate (irreversible) or agglom-
erate (reversible). Specific nanocellulose drying causes irrever-
sible agglomeration that disturbs their size and, consequently,
their unique extraordinary properties. This irreversible agglom-
eration is known as hornification and is related to the existing
hydrogen bonds. Agglomeration is avoided when freeze-drying,
or even supercritical dying of CO,, is used.*"”

1.6. Applications of biopolymer nanocellulose

Cellulosic nanocomposites are the most preferred nanomaterial
for large scale applications in various fields, as shown in Table 3,
such as enzyme immobilization which helps in bio-conjugation,
the non-covalent deposition and adsorption process, the isola-
tion of antimicrobial and biomedical polymeric materials, bio-
sensing, green catalysis’®' and the production of drug carrier
medicines®*® in therapeutic and diagnostic applications, which
offer superior advantages in drug delivery applications owing to
their effective properties such as a smaller size, biocompatibility,
stability and hydrophilicity and so on."****"?? In nanomaterials
there is larger surface area and availability of the negative charge
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during hydrolysis, due to this a large amount of drugs can be
bound to the surface of polymeric nanomaterials, which have an
optimal control capacity for activity/dosing. Biopolymer cellu-
losic nanomaterials have also been used for paper and compo-
site industrial applications, as shown in Table 5.°%'7>7'7°
Nanocellulosic materials are considered to be one of the most
promising and effective scaffolds for the refinement of various
cells, osteoblasts and chondroblasts, and nanocellulosic materials
are one of the most favorable potential candidates for use in bone
tissue regeneration and refinement. A membrane generated from
BC (bacterial cellulose) and hydroxyapatite (Hap) was reported as a
biomaterial for bone healing and regeneration, it showed the
growth and refinement of osteoblast cells, a higher level of ALP
(alkaline phosphatase) activity and maximum bone nodule
generation.***> Oprea et al. demonstrated the wider biomedical
applications of nanocellulose hybrids functionalized from metal
oxide nanoparticles, showing sensing properties which are neces-
sary in MRI (magnetic resonance imaging), tissue engineering, bio
separation, and drug loading and delivery (Fig. 9).*** Gao et al
reported the development of transparent NCP (nanocellulose paper)
by coating it with acrylic resins, and mixed organic and inorganic
halides to fabricate biodegradable, favorable, flexible and effective
perovskite solar cells (PSCs), which showed a good stability,
retaining more than 80% stability after bending 50 times.>*

Table 5 Various reported studies on the applications and reinforcement properties of biopolymer nanomaterials

Type of
biopolymer
S. no. composites Preparation route Properties of composites with dimensions  Applications Ref.
1. BNCs Mixture incorporation of =~ Higher thermal stability, biocompatibility, = Novel and emerging applications, 230
graphene oxide (GO) onto tensile strength, Young’s modulus, favorable such as paper based electronics,
BNCs and in situ reduction conductivity and the formation of variable  sensors, antibacterial activities
of GO in BNCs by wt% reduced graphene oxide nanoparticles and so forth.
hydrazine. (rGONPs) in the medium.
2. CNFs Prepared through solvent ~ More transparency, reduction in value of High volume applications, for 237
acrylic casting method. abrasion loss, maximum improvement in example adsorption, separation of
resins Young’s modulus, hardness and 0.08-0.48 contaminants from waste water.
wt% of initiator.
3. NCCs Prepared through co- High stability and biocompatibility of Fe;0, Enzyme immobilization and 238 and 239
precipitation of ferrous nanoparticles with 10-20 nm dimension/ catalysis applications.
and ferric chlorides/in situ  gold nanoparticles with 3-7 nm dimensions.
reduction by sodium
borohydride.
4. NCCs Synthesized by co- High stability, surface area of Fe;O, nano-  Various applications in drug 240
precipitation particles with dimensions less than 100 nm. removal and magnetic nano-
of ferric nitrate (Fe3(NOs)3) hybrids.
and ferrous sulphate
(FeSO,) or via FeCl, and
FeCl;.
5. NCCs Synthesized by Zn(AcO),,  Larger surface area and biocompatibility of Various applications in the 241
silver nitrate (AgNO;)/in ZnO-Ag nanoparticles with 9-35 nm and for generation of antibacterial
situ precipitation or via ZnO nanoparticles dimension is between materials.
self-assembly. 10-30 nm.
6. CNCs Synthesized via latex Lower electrical conductivity, greater Applications in bio-sensing. 242-244
assembly approach. stability, resistivity and reversible resistance
properties with a smaller size.
7. CNFs Prepared by oxidizing Higher surface area and smaller size of In tissue engineering and wound 30 and 245
dialdehyde CNFs. oxidized dialdehyde CNFs as compared to  dressing.
untreated ones.
8. Polyimide  Prepared through the Greater thermal stability, porosity, reduced Application in formation of 246-249
composites solution casting method.  density and shrinkage during aging. aerogel materials which are used
or CNCs in sensors, catalysts, adsorbents,
and so forth.
1886 | Mater. Adv., 2021, 2,1872-1895 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Applications of Nanocellulose
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Fig. 9 Various applications of biopolymer nanocellulose.

Hoeng et al. demonstrated the applications of nanocellulosic
materials in printed electronics, by fabricating self-standing and
thermally stable films, the fabrication involved wide ranging
processing approaches, applications of ink, and resulted in the
generation of flexible and cost effective storage devices.>** Nano-
cellulosic biomaterials are also used as electrodes, electrolytes,
converting devices, separators and binders in lithium ion
batteries.>*® Athukoralalage et al. reported the applications of
3D printed hydrogels in tissue engineering which involve a
crosslinked network of hydrophilic biopolymer chains and have
a larger water holding capacity.>*°

1.6.1. Nanocellulose in catalytic applications. In the area of
catalysis, interest in green methods has developed gradually.
Nanoparticles of metal and metal oxides have been used as
catalysts for the purification of waste water, the esterification of
long-chain fatty acids for the processing of biofuels, deconta-
mination and chemical production. For catalytic applications,
Ag, Au, Pd, Pt, Cu, Ru, Cu-Pd, and CuO-nanocellulose hybrid
composites have all been tested. Under a decreased atmosphere
for catalytic hydrogenation and Heck coupling reactions, CNC
was functionalized with Pd nanoparticles. CNC was compared
to Al,O3 and C supports, showing that the CNC had an equal or
higher activity than the other supports, but requires less Pd,
resulting in a 90% conversion. It seems that the surface of the
CNC is actively engaged in catalytic reactions. To assist the Pd
nanoparticles, cellulose sponges prepared using double cross-
linking cellulose with y-CoH,,05Si (glycidoxypropyltrimethoxy-
silane) and PDA (polydopamine) have been used. The hetero-
geneous Suzuki and Heck -cross-coupling reactions were
successfully applied to this recyclable catalyst. Palladium leach-
ing was negligible, and the catalyst could be removed and
reused easily from the reaction mixture. Compared to tradi-
tional polymer-supported metallic NPs, these novel materials
display an excellent turnover frequency, and the strategy allows

© 2021 The Author(s). Published by the Royal Society of Chemistry

I noble metals to be used more effectively by using abundant
natural bioresources as a support.’>>>* The higher perfor-
mance stems from the increased dispersity of the size of the
nanoparticle and its improved coverage of the support surface.
During ketone hydrogenation reactions, which are thought to
occur through multiple hydrogen bonds between the CNC
surface and the substrate, TEMPO-oxidized CNF has been
shown to induce enantioselectivity (with an enantiomeric
excess of up to 65%), allowing the copper ions to prepare the
catalytic material through the Huisgen click reaction.'?*>?>%>*
Likewise, in order to create composite structures with an excellent
catalytic activity, Ag, magnetite (Fe,O3), and Au nanoparticles have
been integrated into nanocellulose supports.?

1.6.2. Nanocellulose in engineering and electronic applica-
tions. Lightweight, versatile supercapacitors are the most critical
potential opto-electronic applications of nanocellulosic materials.
In order to provide a high volumetric capacitance, nanocellulose
provides the required mechanical support for freestanding and
flexible materials and is combined with a conductive material,
usually a polymer. Polypyrrole (PPy), poly-ethylenedioxythiphene
(PEDOT) and polyaniline (PANI) are the most common conductive
polymers used. Nystrom et al. synthesized the CNF-derived elec-
troactive composites through the coating of cellulose fibrils with
PPy. In addition, this composite was conductive and could also
store energy.”>***'” A material with an almost ideal pseudocapa-
citive response was developed by optimization of the PPy nano-
cellulose method. CNF has recently been used as a precursor to
carbon nanofibers, creating a sodium ion battery anode. In
organic light-emitting diodes, CNF has also been used to coat
cellulose with an indium tin oxide film. As they are lightweight
and have a good thermal and chemical stability, conductive
nanocellulosic papers are promising materials for the production
of flexible electronics. For example, CNC and silver have been 3D
printed into conductive tracks with a high resolution, reducing the
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amount of silver required. Metal oxide nanocellulosic materials
have also been studied as electrical materials that are thermally
insulating. In contrast to the ZnO film alone, the development of a
ZnO TEMPO-oxidized nanocellulose film showed a reduction of
an order of magnitude in the thermal conductivity.>>**!

1.6.3. Nanocellulose in medical applications. Nanocellulose
holds promise for use in biomedical applications owing to its
mechanical features, its nano fibrous chain and its ecofriendly
nature, which is a perquisite for consumers in terms of health
materials. Researchers have been searching for a material with
osteoinductive and osteoconductive features and a surface com-
position similar to the ecofriendly extracellular matrix to
enhance material interactions, within the comprehensive
research field of biomaterial isolation for applications in bone
engineering. BNCs have been developed as efficient biopolymers
and, because of their high mechanical properties, biocom-
patibility, and minimum cytotoxicity, they have been widely used
as a matrix for the isolation of biomaterials for applications in
regenerative medicine and tissue engineering. Saska and co-
workers have recently demonstrated that a nanocellulosic-
collagen-apatite nanocomposite interlinked with an osteogenic
growth peptide can be efficiently used for bone regeneration. It
has been noted that nanocellulose is non-cytotoxic and there-
fore it has been suggested to promote cell augmentation as a
tissue culture phase.'®**® Recently, Petreus and his coworkers
demonstrated the cytotoxicity for tissue scaffold substance for
water soluble H;PO; (phosphorus acid) modified nanocellu-
lose. Nanocellulose derivatized by H;PO; was synthesized by
reacting it with a molten mixture of H;PO; and CH,N,O (urea)
microcrystalline cellulose. Owing to their non-toxic nature, the
obtained water-soluble films were subjected to cell compatibility
studies and found to exhibit a strong cytocompatibility.'®'”?
Functionalized nanocellulosic biomaterials are especially applic-
able to tissue and bone engineering owing to their mechanical
properties and biocompatibility with other biological materials,
for example, apatite and collagen. As a biocompatible material,
phosphorylated nanocellulose has been examined as a scaffold
for bone regeneration.*®**>'*®*>> Once implanted, phosphory-
lated cellulose promotes the precipitation of calcium phosphate,
and the material closely resembles bone. Nanocellulose-based
poly-vinyl alcohol (C,H,0), based hydrogels have been proposed
for ophthalmic advances, as these composite materials are soft
and flexible. They can also be translucent and can have a water
content of almost 90%. If (C,H,0), cellulose nanocomposite
films are exposed to pressure, they undertake a nanocellulose
alignment reconfiguration, visualized using measurements of
the double refraction. Significant characteristics, such as target-
ing, enhanced solubility, maintained drug release, reduced
clearance, a therapeutic effect and drug stability are exhibited
by these efficient drug delivery systems. Owing to their colloidal
stability, high surface-to-volume ratio and negative charge surface,
which permitted the loading of neutral or charged drugs, the
dominance of the deliverance of active substances and the
transport of genes to the target cells, and the low drug-loading
behavior of CNCs, significant efforts have been devoted to the
use of CNCs in the pristine form as an appropriate and efficient
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pharmaceutical carrier and binder. Therefore, to enhance the
binding of hydrophobic drugs, and owing to the presence of the
reactive functional groups on the CNC backbone, a broad variety
of surface modifications of CNCs have been carried out based on
the chemical incorporation of chemical groups.'*®'** However,
after the modification processes, controlling the composition of
CNCs requires further alterations to improve the effectiveness of
the CNC-derived drug delivery systems. The researchers suggested
that epirubicin could be released from pH-responsive carriers
based on CNCs and that the drug-containing complexes acquired
could preserve their anticancer capability. Tang et al recently
reported a novel colon-targeted drug release mechanism devel-
oped by conjugating maleic anhydride CNCs (MCNCs) with the
model drug (tosufloxacintosilate).>'”*** They revealed that
MCNC can effectively trap the model drug, and thus an excellent
behavior was observed for colon targeted release. Ntoutoume
et al. created complexes containing CNC/curcumin/cyclodextrin
to target colon and prostate cancer cells in another study
(Ntoutoume et al., 2016). They showed that, compared to curcumin
alone, such complexes exhibit an important antiproliferative effect
on cancer cells. CNC-based hydrogels, on the other hand, offer
interesting bioavailability and, owing to their high surface area and
open pore structure, can provide a superior drug delivery capacity.
As shown by the latest published articles, intensive research work
has recently been carried out. More recently, using CNCs and
chitosan, Xu et al. produced a novel nanocomposite hydrogel and
used it as a carrier for the controlled delivery of theophylline. They
reported that such biocomposites exhibit excellent drug-controlled
release behavior and can be used as a major carrier for the delivery
of gastric-specific drugs. Jeddi et al. prepared carboxymethyl CNC
in another research study, which was used in the formulation of
bilayer alginate-chitosan hydrogel beads to produce smart, friendly,
and magnetically sensitive hydrogel beads that were successfully
applied as a dexamethanose delivery carrier. They demonstrated
that the simple green production method developed using cost-
effective feedstocks provided a highly efficient drug delivery
Carrier.17,55,2517253

1.6.4. Nanocellulose as a fire retardant. A rare combination
of a good thermal stability and low flammability is provided by
using phosphorylated cellulose. Low thermal stability and high
flammability, burning without charring, can characterize native
cellulose and most of its derivatives. Halogen, phosphorus,
nitrogen, metal ions, and nanofiller-based flame retardants
have been used, with the most effective being halogen-based.
The applications of halogen-based flame retardants, however,
has both ecological and health consequences, because halogens
are toxic compounds that leach into the environment from the
polymer matrix, accumulating in living beings. Moreover, upon
combustion, they may release toxic gases. Compounds based on
phosphorus promote char formation instead of combustible
volatile species. Owing to the reaction between the flame retar-
dant (e.g., phosphorus acids and their salts) and the carbon
a char layer is formed in intumescent flame
23,143,190.210 The material is insulated by this layer
of char, retarding the spread of fire. Cellulose, with its high carbon
composition, can be used in intumescent flame retardants to act

source,
retardants.
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as a carbon source. External flame retardants are used in many ways,
such as diammonium hydrogen phosphate (DAP or (NH,),HPO,)
and ammonium sulfate ((NH,),SO,). There are certain advantages
to attaching a flame retardant, such as phosphate groups, to
cellulose via covalent bonding over external flame retardants.>>*!

1.6.5. Nanocellulose in sensing. The identification of various
molecules in the environment, including small molecules, macro-
molecules, and biomolecules, is necessary to protect human
health and ensure well-being. The global sensor market is
expected to rise at an annual pace of more than 10%, reaching
$20 billion by 2020, driven by increased global competition in
manufacturing and further developments in pollution control,
biomedical applications and health care. Health care sensors and
biomedical applications are of rising significance. Chemical
sensors for customer health monitoring (e.g., for glucose and
cholesterol), for home use and biocompatible materials for use
in implants and prostheses, are key areas in the biomedical
sector. Sensors also play a role in the prevention of accidental
fires, environmental atmospheric monitoring and industrial
processing of toxic and dangerous gases. The photonic, colloidal,
and surface properties of nanocellulose-based materials make
them very attractive sensors, as discussed in a recent study. It has
been shown that pure bacterial cellulose films produced using,
for example, wild type and recombinant Komagataeibacter xylinus
(K xylinus) have a significant intrinsic piezoelectricity; this type
of nanocellulose could therefore be incorporated into piezoelec-
tronic biosensors.'7*'7?32234235 1g agsist fluorescent carbon
quantum dots, TEMPO-oxidized nanocellulose has been used
to form a hydrogel. Upon identification of laccase enzymes, this
hybrid material was used to track fluorescent quenching. The
nanocellulose hydrogel matrix increased the fluorescent signal
strength without changing the wavelengths of excitation or the
emission. Owing to a beneficial interaction between the hydrogel
and fluorophore surfaces, this was a result of the greater disper-
sion of the carbon quantum dots in the hydrogel compared to
that observed in the absence of nanocellulose. TEMPO radical
oxidized NFCs have also been used as a medium for the
immobilization of C-phycocyanin, a sensing biomolecule that
can act as an efficient copper ion detection biosensor.**

1.6.6. Nanocellulose in adsorption, separation, decontami-
nation, and filtration. Applications in water and air purifica-
tion, catalytic degradation of toxic organic compounds, oil
contamination adsorbents, repellents, sensors for waterborne
pathogens and high-performance energy conversion devices
can be fabricated using nanocellulose composites. A recent
review reported the use of nanocellulose as an adsorbent for
environmental remediation. In adsorption and separation,
nanocellulose is typically valued owing to its high hydrophili-
city, as well as its morphology and mechanical properties to
form supports and membranes. In chromatographic columns,
nanocellulose-based systems have been used to separate the
chiral enantiomers necessary for pharmaceutical, clinical, food
and environmental sciences.'**'79?%¢ Traditionally, various chro-
matographic techniques, such as high-pressure liquid chromato-
graphy (HPLC), gas chromatography (GC), supercritical fluid
chromatography (SCFC), and capillary liquids have been used.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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As a result, capillary electro-chromatography, especially open
tubular capillary electrochromatography, has evolved as an alter-
native efficient chiral stationary phase suitable for single-pair
separation of enantiomers and capillary liquid chromatography
(CLC), has been used to separate chiral enantiomers. However,
owing to the long analysis times and the use of very costly chiral
stationary phases, these methods are not ideal. Nanocellulose is
capable of converting a chiral liquid into the crystalline phase at a
critical concentration and can be used as a valuable chiral stable
phase with a uniform hydrophobicity and hydrophilicity. For
enantio separation, nanocellulose crystals altered using 3,5-
dimethylphenyl isocyanate were used as a tubular column
capillary. These reveal the good lifetime of the column, as well
as the stability and repeatability over many cycles and the
applicability for many pairs of enantiomers. In water purifica-
tion technologies, nanocellulose materials are used owing to
their high water permeability, elevated surface area, excellent
mechanical features and efficient surface composition. The
efficiency of nanocellulose metallized with Ag and Pt nanocom-
posites, in the form of thin film composites under forward
osmosis water treatment, was demonstrated in a recent study
by Tato and co-workers. Higher water fluxes and solution
rejections for wastewater samples were seen using this composite.
For Ag®, Cu®**, and Fe*" metal ions, nanocellulose membranes
have been prepared as adsorbents. The native nanocellulose had
pores that were too small and fibers that were too thick to allow
the membrane to penetrate water rapidly. The surface roughness
and filtration time were improved by functionalizing the
membrane with TEMPO.'7#%139209257 1t appears that the metal
ions are first coordinated by the carboxylate groups (-COOH) in
the TEMPO-functionalized nanocellulose system. Enzymatically
phosphorylated nanocellulose adsorbents were used to separate
metal ions (Ag’, Cu®, and Fe*") from an aqueous industrial
effluent model in a study published by Liu et al. The functionality
and sorption behavior of nanocellulose has been significantly
improved by phosphorylation. About 99% of the Cu** and Fe®**
specificity for a specific analyte can be extracted using phosphory-
lated nanocellulose with appropriate consideration of the surface
chemistry. A strong affinity for Cr(vi) was provided using CNF
surface modification with dopamine, in which Fe(m) cross-linked
CNFs adsorbed As(v) better than the other surface functions. To
eliminate copper from the aqueous mixture, Mautner et al. used
phosphorylated nanocellulose paper. The phosphorylating agent
used was H;PO,. Larger concentrations of Cu®*" were readily
adsorbed by the functional groups on the nanopaper surface
compared with the PO,>~ (phosphate groups) between the interior
of the nanopaper.>>'*°

2. Conclusion

Nanocellulose synthesized from cellulosic waste materials has
effective, promising and environmentally friendly properties,
such as a larger crystallinity, Young’s modulus, aspect ratio and
tensile strength, non-toxicity and biodegradable nature, and
can be obtained from the natural MFCs (micro-fibrillated
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cellulose) which upgrades the technology for use in waste
management and waste utilization. Unmodified nanocellulose
has applications in various fields, but the functionalization of
nanocellulosic materials provides greater enhancements in
terms of their properties, for example, the maximum active
binding sites, ion exchange properties and availability of active
functional groups which broaden the area of research in many
fields such as adsorption, separation, bio-catalysis, antimicrobial
activities, waste water treatment, other large scale industrial
applications and so on. Pretreatment methods are necessary
for the economically effective origination of CNFs, as they can
effectively reduce the energy consumption needed throughout
the mechanical degradation treatment. Thus, research into
novel, superior, effective, environmentally friendly and favorable
pre-treatment methods remains a mandatory objective. This
review explains the various routes available for the functionaliza-
tion of cellulose and concludes that some routes possess many
critical issues, such as the generation of a large amount of acid
containing water during the process of acid hydrolysis, greater
energy requirements in the case of mechanical pre-treatment
and the longer reaction times that are necessary for enzymatic
hydrolysis treatment. In addition to the conventional mechanical
and chemical treatment processes traditionally used to isolate
CNFs and CNCs, other promising production techniques and
pretreatment processes have been proposed to develop an econo-
mically efficient and environmentally friendly production route for
nanocellulose. Undoubtedly, biopolymer nanocellulose has extra-
ordinary potential for the development of a novel and effective
biomedical material. Functionalized nanocellulosic biomaterials
are especially applicable to tissue and bone engineering owing to
their mechanical properties and biocompatibility with other bio-
logical materials, such as apatite and collagen. As a biocompatible
material, phosphorylated nanocellulose has been examined as a
scaffold for bone regeneration. The present review shows that
nanocellulose demonstrates the potential to be a truly green
nanomaterial, with several outstanding useful features such as a
large surface area, adaptable surface chemistry, better mechanical
properties and anisotropic shape; these features, among others,
makes it an excellent material for a wide range of applications in
the field of biomedical engineering and materials science, and it
has a high potential for development for use in industry.

3. Future scope

1. By generating effective, more favorable properties with cost
effective modifications and isolation techniques for biopolymer
nanocellulose, it promotes the research towards more acceptance
chances as a commercially available biomaterial in various large-
scale applications. Therefore, future advances emphasizing the
cost effective and eco-friendly routes of nanocellulose extraction
and modification will promote the expeditious and favorable
growth of this “wonder” biomaterial for industrial applications.
2. The phosphorylation route for the functionalization of
nanocellulose is the most effective route owing to its inexpen-
sive and eco-friendly nature and thus, it will be used to explore

1890 | Mater. Adv,, 2021, 2,1872-1895
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the future advances in the field of homogeneous catalysis by
creating sustainable and recyclable biocatalysts with a greater
selectivity and activity.

3. Functionalization through grafting is also considered to
be a superior route because it enhances the properties of
biopolymer cellulose, providing significant advances. Thus,
future research will focus on the advances and applications of
new monomers using different optimized grafting conditions.
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