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Abstract
Based on the current level of ecological awareness, it is difficult to ignore hazardous
emissions from any industrial process or human activities because of its adverse
impacts on the environment. The substitution of input materials with less- or nontoxic, eco-friendly or renewable raw materials, where possible, has been the concern
of various researchers in recent times. Nanocellulose, a subset of nanomaterials
obtained from cellulose which is one of the most abundant natural resources globally,
has the potential to provide a sustainable, renewable and environmentally benign
building blocks, with improved characteristics for diverse applications in the
nanotechnology community for the benefit of mankind. In this paper, the three main
categories of nanocellulose and synthesis approaches are presented. Its applications in
catalysis, thermal insulation, fire retardation, sensing and biosensing, wastewater
treatment, pharmaceuticals and medicine are highlighted.
Keywords: nanocellulose, sustainable, eco-friendly. top-down, miniaturization,
bottom-up, hydrolysis, ionic liquids, diverse applications

iafor
The International Academic Forum
www.iafor.org

Introduction
The interdisciplinary field of nanotechnology has witnessed considerable attention
from the scientific community in the last decade. This situation is not likely to decline
any time soon because of the widely held opinion that nano-based products and
devices have superior properties that can be tailored for human utilization in a smarter
and more environmentally benign pattern (Bulota, Maasdam and Tiekstra, 2013;
Allhoff, Lin and Moore, 2012; Drexler, 1986; Matteo, Candido, Vera and Francesca,
2012; Drexler and Minsky, 1990; Moran-Mirabal and Cranstan, 2015; Iguchi,
Yamanaka and Budhiono, 2000). This stance is supported by the remarkable
difference, in terms of physical, chemical and biological properties which substances
exhibit in the nanoscale range (1-100nm) compared to its bulk state, as well as the
wide range of adaptations and applications which nanoparticles offer; from medicine,
pharmaceuticals, electronics and computers to catalysis, adsorption, heat transfer, oil
and gas, perovskite supported solar panels and batteries, consumer goods and
biomedical devices and consumables (Sireesha, Babu, Kiran, and Ramakrishna,
2018; Seyda, 2011; Singh, Manikandan and Kumaraguru, 2010; Ye, et al. 2015:
Singh, Ahmed and Growcock 2010).
Therefore, nanotechnology refers to the scientific miniaturization and manipulation of
natural and engineered materials at the nanoscale range for diverse applications
(Allhoff, Lin and Moore, 2010; Drexler, 1986; Moran-Mirabal and Cranston, 2015;
Hubbe, Rojas, Lucia and Sain, 2008). Whereas nanoparticles can be defined as
ultrafine particles of matter having at least two spatial dimensions in the size range of
a billionth of a metre (Horikoshi and Serpone, 2013; Roco, 2011, Drexler and Minsky,
1990; Feyman, 1961; Drexler, 1986). The properties which accounts for its
prominence and versatility include: large surface area versus volume ratio, reduced
degree of structural defects which enhances its mechanical strength, increased array of
surface exposed atoms which enhances reactivity and functionality, increased
quantum effects, improved thermal and electrical characteristics, as well as corrosion
resistance profile, flexibility, ease of adaptation and plasmonic effects (Xia, 2014;
Yang, Hoang and Dridi, 2015; Drexler, 1992).
However, a less restrictive but vital term for the building blocks of devices, systems
and products of nanotechnology is nanomaterials. A comparative analysis of the
numerous definitions of nanomaterials proposed by various standard organisations,
industries and governments are available in the literature (Beverhof et al., 2015). One
of such definitions adopted by the European Commission states that a nanomaterial is
"a natural, incidental or manufactured material containing particles, in an unbounded
state or as aggregate or as a agglomerate, in which 50% or more of the particles size
distribution have one or more external dimensions in the range of 1nm - 100nm"
( Beverhof, et al. 2015). It must be noted that the term nanomaterials encompass
nanostructures (NSs), nanostructured materials (NSMs) and nanocomposites
(NCMs). Nanostructures are characterized by form and dimensionality whereas the
nanostructured materials are characterized by form, dimensionality and composition
while nanocomposites comprise two or more of these components.

Classification Of Nanomaterials
The pioneering effort in the classification of nanomaterials, which was done on the
basis of the chemical composition and dimensionality was attributed to Gleiter
(Tiwari, Tiwari and Kim, 2011). However, the classification scheme presented here is
on the basis of the variations in spatial dimensions which is not in the nanorange as
Postulated by Pokropivny and Skorokhod (Pokropivny, et al. 2007). These include:Zero-dimensional nanomaterials (0 D): Presently, this is the simplest building blocks
that can be used for nanotechnology devices and products. It includes amorphous or
crystalline materials in which all the dimensions (x, y, z) are measured within the
nanometric range (d < 100nm). It may be composed of a single or multi-chemical and
elements and can exist individually as an entity or incorporated in a matrix or
composites. Typical examples of 0D nanomaterials are molecules, nanoparticles,
quantum dots, fullerenes, nanocrystalline films, nanopowders, nanoclusters and
nanorings.
One-dimensional nanomaterials (1D):- These are amorphous or crystalline needleshaped materials with one dimension outside the nanoscale range. It may be
composed of one or more chemical elements and can exist individually or embedded
within another medium. Examples of 1D-nanomaterials are nanofibers, nanotubes,
nanorods, nanowire, nanobelts, nanoribbons, nanofilaments, nanowhiskers and
quantum wire.
Two-dimensional nanomaterials (2D):- These set of nanomaterials are confined to the
nanoscale in one dimension only. It can be amorphous or crystalline, single or multilayered and consists various chemical components. Examples of 2-D nanomaterials
include nanolayers, nanocoatings, nanoplates, nanoprisms, nanosheets, nanowalls,
nanodisk, quantum well and graphene.
Three-dimensional nanomaterials (3D):- These are nanomaterials that are not confined
to the nanoscale in any dimension. Typical examples are nanoballs, nanocoil,
nanocones, nanopillars, multi-nanolayer, nanoflower, diamond, graphite and
lonsdaleite.
Cellulose
In line with the growing demand for eco-friendly, sustainable, biodegradable and
renewable raw materials for the production of equally eco-friendly goods and services,
cellulose, the most universally abundant polymeric polysaccharide presents
enormously viable prospects as a versatile biomaterial (Shrestha, 2010; Chirayil,
Mathew and Thomas, 2014; Kiro 2015). It has been estimated that cellulose
constitutes approximately 1 to 1.5 × 1012 tons of total biomass synthesized annually;
including lignin and hemicellulose from the cell walls of woody plants (Klemm,
Philip, Heinze and Wagenknecht, 1998; Youssef, Lucia and Rojas, 2010; MoranMirabel et al, 2015). Cellulose has crystalline structure, whereas hemicellulose has
amorphous structure consisting of xylans, namans, β-glucans and xyloglucans. Lignin
is a hydrophobic substance that can be removed by bleaching and chemical pulping
(Gharenkhani, Sadeghinezhad, Kazi et al., 2014). Besides, higher plants cellulose is
also found in the cell walls of several marine animals, algae, bacteria, protozoa, and
some invertebrates (Youssef, et al. 2010). Regardless of its source, cellulose consists
of a long chain repeating dimers of D-glucose called pyranose, or cellobiose linked by

single oxygen atoms with respect to its neighbours between C1 of the pyranose ring
and C4 of the next ring. Thus, these linkages are referred to as D-1-4 linkages. Each
D-1-4-glucopyranose bears three hydroxyl groups (OH-) and can form intra- and
intermolecular hydrogen bonds which plays a major role in determining the physical
properties of the cellulose (Kim, Yun and Ounaies, 2006; John and Thomas, 2008;
Chandrahasa, Rajamane and Jeyalakshmi, 2014; Moran, Alvarez, Cyras and Vasquez,
2008, Maleki, Mohammadi and Ji, 2016). Essentially, one of the D-glucose molecule
involved flips at 180º angle to allow for the alignment of the hydroxyl groups (OH-)
alongside each other in order to combine to form the linking glucosidic bonds by
condensation. The molecular formula of glucose can be represented as (C6H10O5)n;
where n can assume values between 3000 and 15000 as natural polymer depending on
the source (Keshk, 2014; Wang, 2009). Fig. 1 shows the different molecular
structures involved in the conversion of D-glucose units to cellulose.
Many properties of cellulose depend on its degree of polymerization or chain length
and degree of crystallinity, which in turn varies with source. The higher the degree of
polymerization, the greater the resistance to tensile forces. High crystallinity index
indicates preference in industrial utilization of the product.
Fig. 1
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(c)
(c) cellulose

This parameter can be determined using any of the following methods; density
measurements, x-ray diffraction, deuterium exchange kinetics, hygroscopicity
measurements, hydrolysis, periodate oxidation, substitution, spectroscopic methods –
nuclear magnetic resonance (NMR), fouriers transform infrared (FTIR) and
Raman vibrational spectroscopies. The response of cellulosic materials varies with
different measurement techniques and the accompanying interpretations (Qingqing,
2012).
Cellulose is typically hydrophilic due to the large amount of OH- groups it possess
and can absorb or lose water with corresponding swelling or shrinkage but it is neither
soluble in water nor organic solvents. As a raw material, cellulose is widely known for
its application in pulp and paper, textile, foods, personal hygiene items,
pharmaceuticals and biofuel processing industries (Wang, 2009).
Types Of Cellulose
Several analytical investigations have revealed that there are four polymorphic forms
of cellulose, namely: CI, CII, CIII and CIV (Van der Hart and Atalla, 1984; Baker,
Helbert, Sugiyama, Chanzy and Langan, 2003; Isogai, Usuda, Kato et al., 1989).
Based on the source, cellulose microfibrils consist of two regions; the neatly ordered

crystalline region and the disordered amorphous or para-crystalline region, in a
variety of shades. The CI allomorph, referred to as native cellulose comprises two
distinct crystalline forms Iα and Iβ (Dufresene, 2012; Gardner and Blackwell, 1974;
Van der Hart et al, 1984; Ciolacu and Popa, 2011; Wang, Yang, Kubicki and Hong,
2016). Cellulose Iα and Iβ can coexist in varying proportions depending on the source
of cellulose. Cellulose Iα is the predominant form in algae and microbes that emit
cellulose e.g. gluconacetobacter xylinum bacteria, halicystis (algae), cladophora,
sarcina ventriculi and valonia. Cellulose Iβ is the predominant form in higher plants
(wood, cotton, flax) and tunicates (Saxena and Brown Jr. 2001; Van der Hart et al,
1984; Keshk, 2014; Jonas, Farah and Luiz, 1998). The difference between the two
varieties of native cellulose include dissimilar molecular shape, hydrogen bonding
type and crystal packing type as well as the difference in the pattern of resonance
around 106ppm, which is singlet for Iα but doublet for Iβ. In terms of the crystal
packing, the unit cell of cellulose Iβ is monoclinic while that for Iα is triclinic crystals
(Horii, Yamamoto and Hirai, 1997). Furthermore, cellulose I can be converted to other
polymorphic forms via different transformation processes by contacting with certain
reagents at elevated temperatures (Moon, Martini, Nairn, Simonsen, Youngblood,
2011; Tort-Agell, 2016).
Nanocellulose
Nanocellulose is a generic term used to describe cellulose-based nanomaterials. It is
an emerging and sustainable raw material for the nanotechnology community (Klemm,
et al. 2011; Charreau, Foresti and Vasquez, 2013; Milanez, Amaral, Faria and
Gregolin, 2013; Araujo, Mohajan, Kerr da Silva et al., 2012).
Besides being in the nanoscale range, nanocellulose exhibit potentially versatile
characteristics which is viewed by various researchers as the aggregation of
advantages over the inorganic counterparts, namely (Klemm, Heublein, Fink and
Bohn, 2005; Liu, Deng, Ma and Brian, 2015; Abdul-Khalil, Davoudpour, Nazuruyl et
al., 2014; Bulota, Krieitsmann, Hughes and Paltakar, 2012; Saito, Kuramae, Wohlert
et al., 2013; Tanpichai, Quero, Nogi and Yano, 2012)
(i) Renewability and biodegradability,
(ii) Wide range of options globally,
(iii) Potential of engaging local farmers,
(iv) Ease of production,
(v) High capacity to interact with neighboring molecules,
(VI) low cost of production,
(vii) Low energy demand,
(viii) Low density,
(ix) Improved mechanical properties (e.g. young modulus, magnetic properties,
stiffness, high aspect ratio),
(x) Improved thermal capacities and
(xi) Improved reactive surface
Presently, three categories of nanocellulose had been synthesized, namely: cellulose
nanofibers or nanofibrillated cellulose (NFC), cellulose nanocrystals or nanowhiskers
or nanocrystalline cellulose (NCC) and bacterial nanocellulose (BNC) (Klemm et al.,
2011; Lavoine, Desloges, Dufresne and Bras, 2012; Quero, Nogi, Yano et al., 2012;
Goncalves, Cruz, Sales et al., 2016; Vora and Shah, 2015).

NFC: The major industrial source of fibrillated nanocellulose is wood fiber. It can be
described as a long, thin and flexible nano-cellulosic particle composed of alternate
crystalline and amorphous regions having dimensions in the range of 20-50nm in
width and 500-2000nm in length (Moon, Martini, Nairn et al., 2011; Kangas,
Lahtinen, Sneck et al., 2014; Kargarzadeh, Ioelovich, Ahmad et al., 2017).
NCC: Nanocrystalline cellulose are highly crystalline (90%) and elongated rod-like
particles with limited flexibility. It can be obtained from a wider variety of sources
than NFC including plant, tunicate- algae- and bacterial-based cellulose as well as
commercial micro-crystalline cellulose. The dimensions of the particle sizes can be in
the range of 5-50nm in diameter and 100-500nm in length. However the dimensions
and degree of crystallinity depends on the source of the cellulose and extraction
conditions (Habibi, Lucia, and Rojan, 2010; Abdul-khalil, Davoudpour, Nazuruyl et
al., 2014; Abitol, Rivkin, Cao et al. 2016).
Its high crystallinity renders it nearly defect free structurally, which confers on it
superior mechanical properties suitable for its usage as reinforcement nanofibres. For
example, the young modulus of elasticity for cotton and tunicate derived
nanocrystalline cellulose had been reported as 105 GPa and 143 GPa respectively,
while the theoretical value is estimated to be 167.5 GPa (Kangardeh, Ioelovich,
Ahmad et al., 2017; Chauhan and Chakrabarti, 2012; Panaitescu, Frone, Ghiurea et al.,
2011).
The tensile strength, modulus of elasticity and density of nanocrystalline cellulose and
other materials are shown in Table 1.
Table 1: Properties of nanocrystalline cellulose relative to other materials
(Chauhan and Chakrabarti, 2012)

Material

Tensile strength
(GPa)

Elastic modulus (GPa)

Density (kg/m3)

NCC

7.5

120 - 143

1500

Glass Fiber

8.4

86

2500

Steel Wire

4.1

207

7850

Graphite Whisker

0.021

410

1800

Nanotube

0.011 - 0.063

270 - 970

1330

Kevlar

0.005

124

1400

It must be mentioned that though both NFC and NCC differ in the degree of
crystallinity, strong acid, alkali or some other solvent is required to break down the
vegetal matrix of pectin, lignin and hemicellulose which makes up the skeletal
framework of the cellulose in both cases.
BNC: Bacterial nanocellulose derives its identity from the methods of production,
which can be described as an extracellular, non-photosynthetic fermentation process.
This process enhances the biocompatibility as well as supports the economical and
eco-friendly profile of BNC (Jozala, Lencastre-Novaes and Lopez, 2016; Keshk, 2014;
Siquera, Bras, and Dufresne, 2010; Iguchi, Yamanaka, and Budhiono, 2000; Bae and
Shoda, 2005).
BNC particle is an organized network of extremely fine, pure and dimensionally
uniform ribbon-like structure. It has the same chemical composition as plant cellulose
but without the carboxyl or carbonyl groups which are usually introduced to the wood
or plant derived cellulose during the purification process (Stevanic, et al. 2011).
It had been reported to assume average dimensions in the range of 20-100 nm in
width, density of 1600kg/m3 and modulus of elasticity of 28 GPa (Kamel, 2007;
Abitol et al, 2016).
The properties which differentiate BNC from NFC and NCC are its biosynthetic
origin, stable nanofibers network, moldability during biosynthesis, non-cytotoxicity
and non-genotoxicty, high purity, high resistance to degradation, high polymerization
degree and excellent mechanical strength while flexible in the wet state. These
properties inspire its novel applications as wound-dressing materials, artificial blood
vessels, artificial skin, fuel cell membranes, films for electronic
appliances, ,biosensors, electrochemical lithium ion battery, purification of drinking
water, air cleaning, contact lenses, cornea replacement, drug delivery and scaffolds
for tissue engineering ( Qingqing, 2012; Moniri, et al. 2017).
Synthesis
There are two broad categories of preparing nanocellulose, namely: top-down and
bottom-down approaches (Moon, Martini Nairn et al., 2011). The top down approach
which obtains nanocelluloses by extracting cellulose particles from different sources
at nanoscale, can be subdivided into three subcategories: mechanical, chemical and
mechanical-chemical methods. The bottom-up approach assembles cellulose
nanostructures either from the solution state of the cellulose molecules or from
biosynthesis process (Klemm, et al. 2011). Through either "extraction" or "assembly",
nanocelluloses are relatively uniform particles with enormously expanded surface
area, which brings in many of the favourable properties that enhances its diverse and
novel applications.
Top-down approach
The top-down approach starts with a raw material like woodchips, cotton litters, etc.
From these sources, mechanical, chemical or mechanical-chemical methods are used
to liberate cellulose microfibrils and nanocelluloses from the native cellulose
structures. For high purity raw materials like cotton litters, this means to release

individual microfibrils from the large fiber bundles whereas for the raw materials
existing in natural composite form e.g. wood chip, the top-down approach means to
separate cellulose from its lignin-hemicellulose matrix to derive nanocelluloses
particles (Moon, et al. 2011).
Mechanical Methods
These processes mainly result in the production of NFC.
High pressure homogenization process: This process utilizes a high pressure
homogenizer (50 - 2000MPa) to convert different types of pulp to net-like
nanostructures ranging from 25 - 100 nm in the dry state by several passes. The major
challenge with this process is its large energy consumption which could be as high as
70,000 kWh/t (Klemm et al., 2011; Spence, Venditti, Rojas et al., 2011; Lavoine,
Desloges, Dufresne and Bras, 2012). To overcome this problem, the pulp can be
subjected to prior pre-treatment with acid hydrolysis, enzymatic hydrolysis or
oxidation which can result in the reduction of energy consumption to about 2,000
kWh/t.
Grinding: A typical grinding equipment for cellulose fiber fibrillation as developed by
Masuko (Tokyo, Japan) consists of two grinding stones with countersense rotation
capabilities. The cellulose slurry is passed between a static grinding stone and a
rotating grinding stone revolving at about 1500rpm, severally until the desired
dimensions in the nano-range is obtained and further size reduction can no longer be
achieved. The basic principle involves the breakdown of cell wall owing to the
shearing force generated by the grinding stones (Kargarzadeh, Ioelovich, Ahmad et al.,
2017; Missoum, Belgacem and Bras, 2013; Lavoine et al., 2012). Wet grinding is
preferred because it prevents agglomeration and promotes effective dispersion of the
created nano-cellulose particles. It also prevents the inhalation of respirable particles.
Sonocation: Sonocator utilizes ultrasound power to induce the formation of
nanofibrils from cellulosic fibers. A typical sonocation system is made up of three
major components; generator, converter and horn/probe. It is equipped with bottons to
facilitate the control of the sonocation parameters. The generator transform alternating
current to high frequency electrical energy at high voltage pulses (≈1200W) with a
frequency of 20 KHz to drive the piezoelectric converter. The converter transforms
electric energy to mechanical vibrations which is amplified down the length of the
probe. There are two types of sonocation methods namely; direct and indirect
sonocation. The amplified vibration energy can either be transmitted directly into the
sample with high intensity during direct sonocation process or the ultrasonic energy
can be transmitted from the probe through water medium into the sample vessel or
multiple sample tubes during the indirect sonocation process. In this case, actual
contact between the probe and the sample is eliminated. Any of these processes can
induce the formation of nanofibrillated cellulose (Dufresne, 2012).
Cryo-crushing: Cryo-crushing refers to the process of crushing cellulosic fibers which
had been frozen with liquid nitrogen to liberate the fibrillated cellulosic fibers. A
typical cryo-crusher is equipped with two grinding stones, a stator and a rotor capable
of revolving at 1500rpm. The dimensions of the derived fibrillated cellulose fibers
depends on the source of the native cellulose but usually in the nano-range of 5-100
nm in diameter. The major drawback of this technique is the high energy requirement

(Chirayil, Matthew and Thomas, 2013; Missoum, Belgacem and Bras, 2013; Kumari,
Sreenivasalu and Reddy, 2016).
Refining: Pulp refining is a widely practiced technique in the pulp and paper
industries to improve pulp quality by changing the fiber characteristics. The most
commonly used laboratory refiner is the PFI mill. In this device the pulp is refined
between a stainless steel roll with bars and a rotating disk with a smooth bed where
the pulp is distributed evenly over the disk wall. Both elements rotate in the same
direction but at different speed (Gharehkhani, et al. 2014; Kerekes, 2005).
Chemical Methods
The cardinal procedure in the chemical treatment methods is the acid hydrolysis,
which leads to the synthesis of mainly nanocyrstalline cellulose (NCC). It is usually
preceeded by pre-treatment processes e.g. purification of the raw cellulosic material,
treatment with alkali to increase surface area and render the fibers more prone to
hydrolysis as well as disrupt lignin structures and/or treatment with a bleaching agent
e.g. H2O2, O2, O3, Cl2, NaClO2 or ClO2 to remove lignin and other impurities in order
to obtain cellulose. Subsequently, the acid hydrolysis step is usually succeeded by
appropriate mechanical treatment for proper dispersion of the derived cellulose
(Dufresne, 2012).
Acid hydrolysis
Acid hydrolysis is the process in which a protic acid is used to catalyse the cleavage
of a chemical bond via nucleophilic substitution reaction, accompanied by the
addition of water molecules. Specifically, when a certain strong mineral acid (6-8M)
under controlled temperature, time, agitation and acid/cellulose ratio conditions, is
contacted with cellulose, the long chain of β-1,4 - glucosidic bonds becomes
fragmented into shorter chain lengths with the addition of water molecules. The
various types of acid which had been used for this purpose include sulphuric acid
(often the preferred choice), hydrochloric, nitric, phosphoric, hydrobromic,
hydroflouric, maleic, formic and oxalic acids (Kargarzadeh, Ioelovich, Ahmed et al.,
2017; Brinchi et al., 2013). The acids predominantly hydrolyse the disordered
amorphous region leaving the stable crystalline region which can be recovered as rodlike crystalline particles. The study of the effects of higher concentrations, longer
reaction times and higher temperatures reveal that nanocrystalline cellulose so derived
will have lower yield, decrease crystallinity and degree of polymerization (DP) but
higher surface charge and narrower sizes (Kargarzadeh et al., 2017; Ioelovich, 2012).
However, the drawback to acid hydrolytic processes are corrosion of reactors and
equipment, poor catalyst recyclability, product separation and hazardous effluent
treatment and high cost of production. It has been well documented in the literature
that various solid acids can be used to minimize some of the problems encountered
with this approach. Some examples of solid acids used for the hydrolysis of cellulose
are phosphor-tungsten acid (H3PW12O14), sulphonated carbonaceous based acids,
polymer based acids and magnetic solid acids (Huang and Fu, 2013; Kargarzadeh et
al., 2017). Alternatively, several time consuming and environmentally harmful steps
associated with mineral acid hydrolysis can be avoided by using certain gaseous acids
e.g. gaseous nitric, hydrochloric or triflouroacetic acids. For effectiveness, moist
cellulose is required. This will minimize the large amount of water usually needed for

the purification of products, eliminate the dialysis step encountered with mineral acids
and acid recycling becomes easy (Kargarzadeh et al., 2017).
Enzymatic hydrolysis
Enzymatic hydrolysis is the process in which enzymes are used to facilitate the
cleavage of bonds in organic molecules, accompanied with the addition of water
molecules. In the case of cellulose, these sort of enzymes are called cellulase and are
of fungal origin. Enzymatic hydrolysis is an important pretreatment step if significant
reduction in energy consumption is desired since it is nature inspired. Microfibrillated
cellulose (MFC) obtained enzymatically from pretreated wood fibers had been
reported to show more favourable structure in terms of length and aspect ratio than
MFC obtained from strong acid hydrolysis (Islam, Alam, Patrucco et al., 2014;
Mossoum, Belgacem and Bras, 2013; Janardhanan and Sain, 2006).
TEMPO-mediated oxidation
TEMPO-mediated oxidation is one of the most promising methods of obtaining
cellulose nanofibrils. Essentially, it entails the oxidation of cellulose fibers by adding
NaClO2 or NaClO (oxidant) to aqueous cellulose suspensions in the presence of a
nitroxyl radical such as 2, 2, 6, 6 - tetramethylpyperidine-1-oxyl as catalyst and
halogen salt (e.g. NaBr) in alkaline medium. Subsequently, the aggregating nanofibers
can be disintegrated by mechanical agitation with the aid of a waring blender. the
TEMPO-mediated oxidation based nanocrystalline cellulose possesses higher
viscosity, higher shear stress, higher carboxylic groups, improved transmittance and
smaller sizes of oxidized NCC particles compared to conventional hydrolysis based
NCC (Qian, Tang and Chen, 2011; Tang, et al. 2017; Missoum Belgacem and Bras,
2013).
Carboxymethylation Process
The procedure aims at introducing functional groups to the cellulose backbone. It can
be affected by the reaction of monochloroacetic acid or its sodium salt (sodium
monochloroacetate) under alkaline condition, in the presence of an organic solvent
(isopropanol). Therefore, carboxymethylation of cellulose fibers promote the
individualization of nanofibrils as wells as increase the number of anionic carboxyl
groups on the fibrillated celluloses, thereby increasing its capacity to bond to cationic
materials (Mohkani and Talaeipour, 2011; Asi, Mousavi and Labbafi, 2017).
Acetylation Process
Acetylation of cellulose fibers is another surface modification technique carried out to
improve its dispersability and compatibility in other polymeric matrices as reinforcing
materials. The principle behind this process is to react the hydroxyl groups (OH-) of
the fiber constituents with a coupling agent having acetyl groups (CH3CO-) e.g. acetic
anhydride the reaction may be sped up by a suitable catalyst (Bledzki, Mamum,
Lucka-Gabor and Gutowski, 2008; Islam, Alam, Zoccola, 2013; Beztout, Boukerrou,
Djidjelli et al., 2015).

Chemical-Mechanical Approach
The chemical-mechanical approach refers to the amalgamation of one or more
chemical pretreatment methods with mechanical disintegration techniques. Figure 4 is
the flow diagram of a typical chemical-mechanical nanocellulose preparation
procedure (Dufresne, 2012).

Milled Fibers

Alkali Treatment 80oC, NaOH4%
wt/wt

Bleaching Treatment 80oC,
NaClO2/Acetate Buffer @ pH = 4.8

Hydrolysis

Mechanical Homogenization

Dialysis

Defribillation

Nanocrystals

Nanofibrillated Cellulose

Figure 4: Typical chemical-mechanical procedure for the synthesis of cellulose
(Dufresne, 2012).
Bottom-Up Approach
The Bottom-Up Approach can generally be viewed as the assemblage techniques
where substances at atomic and molecular scales are stacked on each other to yield
relatively uniform and rather consistent nanofibers. Typical examples of the bottomup methods for nanocellulose synthesis are electrospining and bacterial biosynthesis

(Dufresne. 2012).
Electrospinning
A typical electrospinning equipment consists of a metering syringe pump equipped
with a spinneret, a pippete and complimentated with a high voltage DC power supply
and a collector screen (target) for the propagation of nanocellulose fibrils. During the
process, a sufficiently high voltage (30KV) is imposed on a droplet of polymer
solution held by surface tension at the end of the capillary, which stretches the droplet
to a crititical point where it tapers to a conical shape called Taylor cone. At this point,
the electrostatic force overcomes the surface tension of the droplet and a stream of
liquid erupts from the surface. The solvent evaporates while the jet is on flight leaving
the ultrafine polymeric fibers measuring 10-100nm in diameter on the target.
Dissolution of cellulose can be achieved with the acid of the derivatizing solvents or
non-derivatizing solvents. The dissolved cellulose or polymer solution becomes the
raw material for the electro-spinning process. Derivatizing solvents induces covalent
modification on the cellulose backbone while non-derivatizing solvents separate the
individual cellulose chain from each other without chemical modification. Some
examples of the widely used solvents are: - dimethylacetamide or DMAC/LiCl,
NaOH/Urea/Water; n-methylmorpholine oxide (NMMO)/Water or ionic liquid. The
morphological features of the electrospun nanofibers depends on the effect of various
process parameters including electric field strength, tip-to-collector distance, polymer
solution feed rate and composition (Rebouillat and Pla, 2013; Kargarzadeh, 2017).

Figure: An electrospinning set-up (Alain Dufresne, 2012)
Bacteria Synthesis: The metabolic processes of certain aerobic bacteria (e.g.
gluconacetobacter xylinus) can convert low molecular weight sugars and alcohols to
cellulose molecules free from lignin and hemicellulose components found in plant
cellulose. This simple purification process can remove all impurities leaving pure
nanocellulose fibers. BNC has the same chemical composition as plant cellulose, but
without the carboxyl or carbonyl group which are usually introduced to wood or plant
derived cellulose during the purification process (Stevanic et al. 2011; Dfresne, 2012;

Ashajaran Yazdanshenas, Rashidi et al., 2013)
Applications Of Nanocellulose
Paper, Absorbent Prod
ucts and Cosmetics
Paper and paperboard industries are the traditional users of cellulose and
nanocelluloses. Particularly, nanocellulose offer strong reinforcement and barrier
effects on paper materials. Its capacity to absorb water makes it a suitable candidate
for the manufacturing of various absorbents. It can also be used as composite coating
agent in cosmetics, for example hair, eyelashes, eyebrows and nails (Eriksen, Syverud,
Gregersen, 2008).
Waste Water Treatment
Usually industrial effluents contain various kinds of contaminants depending on the
processes and operations applicable. Such impurities include metal ions, humic acids,
inorganic and organic particles, fine suspended solids, dissolved solid and other
impurities. The development of various nanocellulose adsorbents for the removals of
such toxic pollutants are well documented in literature.(Fu and Wang, 2011; Gupta,
Tyagi, Salegh et al., 2015; Charpentier, Neville, Lanigan et al., 2016; Viosin et al.,
2017).
Jebali et al. (2015) reported on the adsorption of humic acid with the aid of aminemodified nanocellulose. Bagheri et al., (2017) separated water and ethanol with the
aid of the membrane derived from bacterial cellulose.
Catalysis: the quest for greener and cleaner environment requires thorough chemical
processes that are devoid of hazardous waste generation. Conventional catalysts are
often non-biodegradable, non-toxic and non-renewable. Green catalysis is a subset of
catalysis concerned with the philosophy, design, synthesis and application of ecofriendly catalysts (Atabay and Ersoz, 2016; Lu and Ozcan, 2015).
The superior attributes of nanocellulose, namely; high surface area, thermal stability,
abundant hydroxyl and sulphate ester groups, capability of forming stable suspension
in water, biodegradability, non-toxicity and sustainability potential make it quite
suitable in catalyst systems (Kaushik and Moores, 2016). Nanocellulose usually serve
as a catalyst support, in order to hinder aggregation of nanoparticles either as metal or
metal oxides. Examples include precious metal (Au, Ag, Pt and Pd) nanoparticles/nanocellulose composite (Wei, Rodriguez, Rennecker and Vikesland,
2014). The advantage of highly dispersed inorganic nanoparticles is to ensure efficient
contacting between reacting species, resulting in increased rate of reaction. (Bagheri,
Julkapli and Mansouri, 2017).
Energy and electronics
It had been reported by Wei et al. (2014) that:
(i) Nanocellulose can be used as a raw material for rechargeable energy storage
devices in Lithium-ion batteries.
(ii) Pd-NP/BC nanocomposite can be used as membrane electrode assembly (MEA) in

fuel cell, and
(iii) Transparent nanocellulose-paper based solar cell which showed significant power
conversion efficiency had been designed.
Bacterial nanocellulose membrane are used to manufacture paper diaphragms for loud
speakers and headset of electronic devices (Sukara and Meliawati, 2014).
Nanocellulose Concrete
Nanocellulose can be used as an effective and eco-friendly replacement for hazardous
asbestos fibers and glass fibers as concrete composite reinforcement because of its
improved mechanical and physical properties (Bagheri et al., 2017).
Thermal Insulation
The thermal conductivity of native cellulose based insulating material is 40mW/mK
while a thermal conductivity of less than 25mW/mK had been reported for
nanocellulose derivatives which qualifies them as super-insulating materials. (Lavoine
and Bergstrom, 2017).
Fire Retardation
The limiting oxygen index of most fire retardants is in the range of 22-25 LOI, while
nanocellulose foam laced with inorganic fillers (clay or graphene) with a limiting
oxygen index of 34 provides a better option (Lavoine and Bergstrom, 2017).
Nanofluids: nanofluids refer to fluid suspension of nanomaterials. The evaluation of
the application of nanocellulose fluids as well as its chemically modified counterparts
as a 'green' flooding agent in enhanced oil recovery is well documented in literature
(Qinzhi, Bing, Yan et al., 2016; Wei et al., 2016; Xiaofei, Yanyu, Guangpeng and
Zhiyong, 2017).
Sensing and Biosensing
Nanocellulose based technology has become an emerging platform for the fabrication
of efficient, simple, cost-effective and disposable optical/electrical devices for several
sensing applications ranging from environmental monitoring, health care diagnostics,
food quality control and forensic analysis. (Golmohammadi, Morales-Narvaes,
Naghadi and Merkoci, 2017; Weishaupt et al. 2016).
Biomedical Applications
Bandages obtained from BNC is used for wound dressing, skin grafting and treatment
of various other injury sites (Meftahi, Khajavi, Rashidi, et al. 2009). It is also applied
in several other tissue engineering treatment such as bone and cartilage grafts,
contact lenses, cornea replacement, cardiovascular, trachea, artificial blood vessel and
many other tissue scaffolds, reconstruction or regeneration treatment in humans
( Czaja, Young, Kawecki, Brown, 2007; Moniri, et al. 2017).

In the pharmaceutical industry, nanocellulose is used as excipients for drug delivery
(Ul-Islam, Khattak, Khan et al.,2015).
Conclusion And Future Prospects
The present day mantra for the advancement of science and technology in the phase of
growing ecological and social awareness fueled by the precarious impacts of the
exploration, exploitation and the uncertainties bordering the pricing of fossil fuel, is
the adoption of “green and clean technological approaches to goods and services”.
This has in turn inspired research in the direction of “green” raw materials for diverse
applications. Nanocellulose comprising nanofibrillatd cellulose, nanocrystalline
cellulose and bacterial nanocellulose are important integral of the aggregating ideas as
emerging and sustainable raw materials for the nanotechnology community. The
relevance of the candidacy of nanocelluloses is attributable to its sustainability,
biocompatibility, biodegradability, high aspect ratio, transparency, hydrophilicity and
non-toxicity.
Due to the interdisciplinarity of nanoscience, effectively coordinated synergy is
necessary for the transformation of bench-scale researches to rewarding investments
commerce, devoid of safety, health and environmental (SHE) concerns.
In a nutshell, it is safe to opine that the world is currently awaiting nanocelluloseenabled body parts of automobiles, aircrafts, flexible electronic displays, light weight
military armour, artificial organs and many more.

References
Abdul-Khadil, H., Davoudpour, Y., Nazuruyl, I., Asniza M., Sudesh K., Rudi D.,
Jawaid, M. (2014). Production and modification of nanofibrallated cellulose using
various mechanical processes: A review. Carbohydrate Polymers. 99: 649-665.
Abitol, T., Rivkin, A., Cao, Y., Nevo, Y. Abraham, E., Ben-Shalom, T., Lapidot, S. and
Shoseyov, O. (2016). Nanocellulose, a Tiny Fiber with Huge Applications. Current
Option in Biotechnology. Elsevier. 39: 76-88
Allhoff, F., Lin P. and Moore, D. (2012). What is Nanotechnology and Why Does it
Matter? From Science to Ethics. John Wiley and Sons. p 3-5.
Araujo, K., Mahajan, D., Kerr, R. and da Silva, M. (2017). Global Biofuels at the
Crossroads: An Overview of Technical, Policy and Investment Complexities in the
Sustainability of Biofuel Development Agriculture, MDDI, Vol. 7 (38):1-22.
Ashjaran, A., Yazdanshenas, M., Rashidi, A., Khajavi, R., Rezace, A. (2013).
Overview of bionanofabric from bacterial cellulose. Journal of textile Institute.
104(2):121-131.
Asi S., Mousavi M., Labafi M. (2017) Synthesis and Characterization of
carboxymethyl cellulose from sugar cane bagasse. Journal of food processing and
technology. 8(8): 1-6.
Atabay, S. and Ersoz, G. (2016). Novel Catalysts in Advanced Oxidation of Organic
Pollutants. Springer Briefs in Green Chemistry for sustainability. DOI 10.100719783-319-28950-2.2
Bae S., Shoda M. (2005). Statistical Optimization of Culture Conditions for Bacterial
Cellulose Production using Box Behnken Besign. Biotechnology Bioengineering. 90
(1):20-22.
Bagheri, S., Julkapli, N. and Mansouri, N. (2017). Thakur V., Thakur, M. and Kessler
M. (eds.), Handbook of Composites from Renewable Materials, Scrivener Publishing
LLC. 7:523- 556.
Baker A., Helbert, W., Sugiyama J., Mites, J., (2000). New Insight into Cellulose
structure by AFM shows the I Crystal phase at near-Atomic resolution. Biophysical
Journal, BS. 79:1139-1145.
Beztout M., Boukerrou A., Djidjelli H., Barres C. and Fenouillot F. (2015). Effect of
acetylation process and cellulose contact on the mechanical, thermal, morphological
and rheological properties of poly (vinyl chloride)/Cellulose composite. Cellulose
Chemistry and Technology. 49 (5):517-528.
Biofuel: Policies, Standards and Technologies. World Energy Connect
2010.

Bledzki A., Mamun A., Lucka-Gabor M., Gutowski V. (2008). The effect of
acetylation on properties of flux fiber and its polypropylene composites. Express
Polymer Letters. 2(6): 413-422.
Beverhof D., Bramante C, Butala, J., Clancy S., Lafranconi M., West, J. and Gordon S.
(2015). Comparative Assessment of Nanomaterials Definitions and Safety Evaluation
Considerations. Regulatory Toxicology and pharmacology. Elsevier. 73: 137 -150.
Brinchi L., Contana, F., Fortunati, E., Renny, M. J. (2013). Production of
Nanocrystalline cellulose from lignocellulosic biomass. Technolgy and Application.
Carbohydrate polymers. 94(1):154-169.
Bulota, M., Kreitsmann K., Hughes, M., Paltakari, J. (2012) Acetylated
microfibrallated, J. (2012) Acetylated microfibrallated cellulose as a toughening agent
in polylactic acid. Journal of Applied polymer science. 126 (1): E448-E457.
Bulota, M., Maasdam, B. and Tiekstra, S. (2013). Breakthrough Technologies: More
with less. Kenniscentrum Papier en karton, Tjsselbeburet. NL. p 1-16.
Carpenter, A., de Lannoy, C. and Wiesner, M. (2015). Cellulose Nanomaterials in
Water Treatment Technologies. Environmental Sci. Technol. 49 (9): 5277 - 5287
Chandrahasa, R., Rajamane, N. and Jeyalakshimi (2014). Development of Cellulose
Nanofibres from Coconut Husk. Int. Journal of Emerging Technology and Advance
Engineering. p 4.
Charpentier, T.V.J., Neville, A., Lanigan, J. L., Barker, R., Smith, M.J, Richardson,
T.,(2016) Preparation of Magnetic Carboxymethylchitosan Nanoparticles for
Adsorption of Heavy Metal Ions. ACS Omega. 1(1): 77-83.
Charreau H., Foresti M., Vazquez A., (2013) Nanocellulose patent trend : A
comprehensive review on patent on cellulose nanocrystals, microfibrallated and
bacterial cellulose. Recent patent on Nanotechnology. 7 (1):56-80.
Chauhan V., Chakrabarti S. (2012). Use of Nanotechnology for high performance and
papermaking products. Cellulose Chemistry and Technology. 46 (5): 389-400.
Chirayil, C., Mathew, L. and Thomas, S. (2014). Review of Recent Research in
Nanocellulose Preparation from Different Lignocellulosic Fibres. Rev. Adv. Material
Science. 37: 20 - 28
Ciolaco D. and Popa, V. (2011). Cellulose Allomorphs: Structure, accessibility and
Reactivity. Environmental Engineering and Management Journal, Polymer Science
and Technology Series. Nova Science Publisher, Inc NY. 10(3):467-468.
Clirayil C., Mathew L., Thomas S., (2013). Review of result research in
Nanocellulose Preparation for different Lignocellulosic Fibers. Rev. Ad. Mat. Sci.
Advanced Study Center Co. Ltd. 37: 20-28.
Czaja, W., Young, D., Kawecki, M., Brown, R. (2007). The future prospects of

microbial cellulose in biomedical applications. Biomacromolecules. American
Chemical Society. 8(1): 1 – 12.
Dauenhauer, P., Krumm, C., Pfaendtner, J. (2016). Millisecond Paused films Unify the
Mechanism of Fragmentation. Chemistry of Materials. 28 (9): 3104 – 3114.
Dorel, F. (2015). Nanocellulose Composites. Journal of Macromolecular Science, Part
A: Pure and Applied Chemistry. Tailor and Francis Group. 52:322- 329.
Drexler, K. E. (1986). Engines of Creations: The Coming Era of Nanotechnology.
Doubleday. p 2-8.
Drexler, K. E. (1992). Nanosystems; Molecular Machinery, Manufacturing and
Computation. NY: John Wiley and Sons.
Drexler, K. E. and Minskey, M. (1990). Engines of Creation. Fourth Estate, London. p
171- 186.
Dufresne, A., (2012). Nanocellulose: From Nature to high performance Tailored
materials. Walter de Gruyter GMbH, Berhir/Boston. MA.
Dussian, K., Silva, D., Moraes, E., Arruda, P. and Felipe, M. (2014). Dilute Acid
Hydrolysis of Cellulose to Glucose from sugar Cane Bagasse. Chemical Engineering
Transactions, MDIC Servizi. 38:433 – 438.
Eichhorn, S., Dofresne, A., Aranguren et al (2010). Current Int. Research into
Cellulose Nanofibres and Nanocomposites. Journal of Material Science. 45(1) :1-33.
Eichhorn, S., Dufresne, A., Araguren, M., Marcovich E., Capadona J., Rowan, S.
Weder C., Thielemans, W., Roman, M., Renneckar, S., Gindl W., Veigel S., Keckes, J.,
Yano H., Abe K., Nogi, M., Nakagaito, A., Bismark, A., Berglind, L., Peijs, T., (2010).
Review: Current International research into nanofibers and nanocomposites. Journal
of Material Science, 45 (1):1-33.
Eriksen, Q., Syverud, K., Gregersen, W. (2008). The use of microfibrillated
producedfrom kraft pulp as strength enhancer in TMP paper. Nord. Pulp & paper
research Journal. 23(3): 299 – 304.
Fan L.,Gharpuray M., and Lee Y. (1987). Acid hydrolysis of cellulose, Editors: Aiba
S., Fan. L., FIetcher, A., Klein J. and K. Schugerl. Springer-Verlag. Berlin. 121-145.
Feymann, R. (1959). Plenty of Room at the Bottom, in Pasadena: Caltech.
Fu, F., Wang, Q. (2011). Removal of Heavy Metal Ions from Waste Water; A
Review. Journal of Environmental Management. 92: 407-418.
Galo, W. B. (1928). Action of the Alkalis on Cellulose
Gardener, K. and Blackwell, J. (1974). The structure of native cellulose. Biopolymers.

Wiley. 13(10): 1975-2001.
Gharenkhari, S., Sadeghinezhad, E., Kazi, S., Yarmand, H., Badarudin, A., Sataei m.,
Zubir, M. (2014). Basic Effects of pulp refining on Fiber Properties - A Renew.
Carbohydrate Polymers. 115:785-803.
Golmohammadi, H., Morales-Narvaes E., Naghadi, T. and Merkoci, A. (2017).
Nanocellulose in sensing and biosensing. Chemistry of Materials. American Chemical
Society. 29(13):5426-5446.
Goncalves, A., Cruz, A., de Sales, J., Souza, M., da Silva, F., Guimaraes, D., Mattedi,
S. and Jose, N. (2016). Achievement and Characterization of Cellulose Nanowhiskers
of Palm and Bromelia Fibres. Chemical Engineering Transactions, AIDIC. 50: 403408.
Gupta, V. K., Tyagi, I., Sadegh , H., Shahryari – Ghoshekand, R., Makhlouf ,A.S.H.,
Maazinejad, B. (2015). Nanoparticles on absorbent; A Positive Approach for
Removal of Noxious Metal Ions: A review. Science, Technologic and Development.
34 (3): 195-214.
Habibi Y., Lucia, L., Rojas, O. (2010) Cellulose nanocrystals : chemistry, selfAssembly and applications. Chem. Review. 110(6): 3479-3500.
Hokkanen S. (2014). Modified Nano and Microcellulose based adsorption materials in
water treatment, Doctoral Thesis, Lappeenranta University of Technology, Finland.
Holm, J. and Lassi, U. (2011). Ionic Liquids in Pretreatment of Lignocellulose
Biomass, Ed; Kokarin A. Ionic Liquids: Application and Perspectives, In Tech, pp 545
– 560.
Horii, F., Yamamoto, H., Hirai, A. (1997). Microstructural analysis of microfibrils of
bacterial cellulose. Micromolecules Symposia. 120(1): 197-205.
Horikoshi, S. and Serpone, N. (2013). Microwaves in Nanoparticle Synthesis, First
Edition, Wiley - VCH Verlag Camb H&Co. KGaA p 1-5.
How does a Sonocator work? www.sonocator.com.
Hubbe, M., Ayoub, A., Daystar, J., Venditti, R. and Pawlak, J. (2013). Enhance
Absorbent Products Incorporating Cellulose And Its Derivatives; A Review.
BioResources. 8 (4): 6556-6629
Hubbe, M., Rojas, O., Lucia, L., Sain, M. (2008). Cellulose Nanocomposites: A
Reviiew. BioResources. 3: 929- 980.
Iguchi, M.,Yamanaka, S. and Budhiono, A. (2000). A Master Piece of Natures Arts.
Journal of Material Science. 35:261 – 270
Innayem, A. and Ricke, S. (2012). Lignocellulosic Biomass for Bioethanol Production:

Current Perspectives, Potential Value and Fiber Prospects. Progress in Energy and
Combustion Science, Elsevier, 38: 449 - 467
Ioelovich M. (2012) Study or cellulose interaction with concentrated solutions of
Sulphuric acid. Chemical Engineering. p 1-7.
Islam M., Alam M., Zoccola M. (2013) Review on Modification of Nanocellulose for
Application in Composites. Int. Journal of Innovative Research Technology in
Science. 2(10):5444-5451.
Islam M., Alam N., Patrucco A, Montasolo A, Zoccola M. (2014). Preparation of
Nanocellulose: A review, AA TCC Journal of Research. Research gate. 5:17-23.
Isogai, A., Usuda, M., Kato, T., Uryu, T., and Atalla, R. (1989) Solid-State CP/MAS
carbon 13 NMR Study of cellulose Polymorphs. Micromolecules. ACS. 22:3168-3172.
Janardhnan S., Sain M. (2006). Isolation of Microfibrils- An enzymatic approach. Bio
Resources. 1(2):176-188.
Jebali, A., Behzadi, A., Rfezaporl., Jasemizad, T., Hekmatimoghaddam, S., Halvani, H.
and Sedighi, N. (2015) Adsorption of Humic Acid by Ammine-modified
nanocellulose :an experimental and simulation study. International Journal of
Environmental Sci. Technol. Springer. 12: 45-52.
John, M. and Thomas, S. (2008). Biofibers and Biocomposites. Carbohydrates
Polymers. 71: 343- 364.
Jonas, R., Farah, L. (1998). Production and application of microbial cellulose Polymer
Degradation and Stability. Direct Science. 59(1): 101-106.
Jozala A., Lencastre-Novaes L., Lopez A., et al (2016). Bacterial nanocellulose
production and application : a 10-year overview. Applied microbiology and
biotechnology. Sprayer. 100(5):2063-2072.
Kammel S., Ali, N., Jahangir, K., Shah, S., El-Gendy, A. (2008) Pharmaceutical
Significance of Cellulose: A review. Express Polymer letters. 2(11):758-778.
Kammel, S. (2007). Nanotechnology and it's Applications in Lignocellulosic
Composites: a Mini Review. Express Polymer Letters. 9: 546- 575.
Kangas H., Lhatini P., Sneck A., Saarinho, A. M., Laitinen O., Helen, E. (2014).
Characterization of fibrillated cellulose (2014). A short review and evaluation of
characteristics with a combination methods. Nordic Pulp and Paper Research Journal.
29 (1):129-143.
Kargarzadeh, H., loelovich M., Ahmad. I., Thomas S., Dufresne A. (2017). Methods
of extraction of Nanocellulose from various sources. Handbook of Nanocellulose and
Cellulose Nanocomposites, First Edition. Wiley-VCH,Verlag GMbH and Co. KGa.A.
Karim, M., Chowwdhury, Z., Hamid, S. and Md. Eaqub, A (2014).Statiscal

Optimization for Acid Hydrolysis of Micro crystalline Cellulose and its
Physiochemical Characterization by Using Metal Catalyst. Materials. MDPI. 7: 6982 6999.
Kaushik, M. and Moores A. (2016). Review : nanocellulose as a versatile support
for metal nanoparticles and the application in catalysis Green Chemistry. The Royal
Society of Chemistry. 18:622 - 637.
Kerekes R. (2005). Characterizing refining action in PFI Mills. Tappi Journal. 4 (3):
8-13.
Keshk S., (2014). Bacterial Cellulose Production and its Industrial Applications. J.
Bioprocessing and Biotechniques, Omics. 4(2):1-10.
Kim, J., Yun, S. and Ounaies, Z. (2006) Discovery of Cellulose as a Smart Material.
Micro-molecules. 39: 4202 – 4206.
Kiro, M. (2015). Cellulose Fiber Extracted from Agricultural Biomass, Tekstilna
Industrija, Scientific and Professional Journal of the Union of Textile Engineers and
Technicians of Serbia. 6(4):13 – 19.
Klemm D., Kramer, F., Moritz S., Lindstrom T., Ankerfos, M., Gray, D. and Dorris, A.
(2011). Nanocellulose: A New Family of Nature - Based Materials. Angewandte
Chemic International Edition. England, 50 (24):5438 - 5466
Klemm, D., Heublein, B. Fink, H. and Bohn, A.(2005). Cellulose: Fascinating
Biopolymer and Sustainable Raw Material. Angew Chem. International Ed. Vol. 44
(22):3358 - 3393
Klemm, D., Philip, B., Heinze, U. and Wagenknecht, W. (1998). Comprehensive
Cellulose Chemistry, Vol. 1. Fundamentals and Analytical Methods, Wiley - VCH,
Weinheim.
Kondo T., (2005). Hydrogen Bonds In Cellulose And Cellulose Derivatives. In
polysaccharides (2nd ed.): 69-98.
Krishnamoorti, R. (2006). Extracting the benefit of nano technology for the oil
industry. Journal of Petroleum Technology. 58(18): 24-26.
Kumari P., Sreenivasulu N., Reddy D. (2016). 3rd International Conference On Recent
Innovations in Science Engineering and Management, www.conferenceworld.in.
Synthesis of Nanocellulose Fibers from Various Natural Resources and Residue.
Lavoine, N. and Bergstorm, L. (2017). Nanocellulose based Foams and Aerogels.
Journal of Chemistry A. RSC.

Lavoine, N., Desloges, I., Dufresne, A., Bras, J., (2012) microfibrallated cellulose- Its
barrier properties and application in cellulosic materials ; a review. Carbohydrate

Polymers. Elsevier. 90: 735-760.
Liu, S., Liu, Y-J, Deng, F., Ma, M-G, Brian, JJ. (2015). Composition of the effect of
microcrystalline cellulose and cellulose nanocrystals on Fe3O4/C nanocomposite.
Royal Society of Chemistry Advances.. 5: 74198-74205.
Lu, Y. and Ozcan, S. (2015). Green Nanomaterials: on track for a sustainable future to
NanoToday. Science Direct Elsevier. 10: 417-420.
Maleki, S., Mohammadi, K. and Ji, K. (2016). Characterization of Cellulose Synthesis
in Plant Cells. The Scientific World Journal. Hindawi Publishing Corporation. p 2016.
Matteo, C., Candido, P., Vera, R. and Francesca, V. (2012). Current and Future
Nanotech Applications in the Oil Industry. America Journal of Applied Science.
9(6):784 - 793.
Meftahi, A., Khajavi, R., Rashidi, A., Sattari, M., Yazdanshenas, M., Torahi, M.
(2009). The effects of cotton gauze coating with microbial cellulose. Cellulose.
17(1): 199 – 204.
Milanez D., Amoral R., Faria L., Gregolin J. (2013). Assessing nanocellulose
developments using science and technology indicators. Material Research. 16 (3):635641.
Missoum K., Belgacem M., Bras I. (2013). Nanofibrallated Cellulose Surface
modification: A review. Materials. Mdpi. 6: 1745-1766.
Mohkani M., Talaeipour M. (2011). Investigation of the Chemical Structure of
Carboxylated and Carboxymethylated Fibers from water paper via XRO and FTIR
analysis, "Negatively Changed Fibers". Bioresources. 6 (2):1988-2003.
Moniri, M., Moghaddam, A., Azizu, S., Rahim, R., Ariff, A., Sa'ad, W., Nawadiri,
M.and Mohammed, R. (2017) Production and status of Bacterial Cellulose in
Biomedical Engineering. Nanomaterials, MDPI. 7:257-283.
Moon, R., Martini, A., Nairn, J., SImonsen, J., Youngblood, J. (2011). Cellulose
Nanomaterials review: Structure, properties and nanocomposites. Birck and NCN
publications. p 3941-3994.
Moran, J., Alverez, V., Cyras, V. and Vazquez, A. (2008). Extraction of Celluloseand
Preparation of Nanocellulose Sisal Fibers. Cellulose. 15:149 - 159
Moran-Mirabal, J. and Cranstan, E. (2015). Cellulose Nanotechnology: Fundamental
and Applications. Industrial Biotechnology, Mary Ann Liebert. Inc. 11(1):15.
Moran-Mirabal, J. and Cranston, E. (2015). Cellulose Nanotechnology on the rise,
Industrial Biotechnology, Mary Ann Liebert, 11:1-15.
Nang T., Yang H., Kubicki J., Hong M. (2016). Cellulose Structural Polymorphism in
plant primary cell walls investigated by High-field 2D Solid-State NMR Spectroscopy

and Density Functional Theory Calculations. Biomicromolecules, ACS. 17:2210-2222.
Nishiyama, Y., Sugiyama, J., Chemzy, H., and Langan, P. (2003). Crystal Structure
and hydrogen bonding System in cellulose I from synchrotron x-ray and Neutron
Fiber Diffraction, JACS. 125:14300-14306.
Panaitescu, D., Frone, A., Ghiurea, M., Spataru, C., Radovici, C., and Lorga, M.
(2011). Properties of Polymer Composites Cellulose Microfibrils. Advances in
Composite Materials - Ecodesign and Analysis. ISBN: 978-953-307-150-3. In-Tech,
Available from :
http://www.intechopen.com/books/advances-in-composite-materialsecodesign-and-analysis/properties-of-polymer-composites-with-cellulosemicofibrils
Park, S., Baker, J., Himmel, M., Parilla, P. and Johnson, D. (2010). Cellulose
Crystallinity Index: Measurement Techniques and Their Impacts on Interpreting
Cellulose Performance. Biotechnology for Biofuels, Biomed Central. 3 p 10.
Peresin, S., Zoppe, J., Habibi, Y., and Rojas O., (2009). Procs. Int. Conf. on
Nanotechnology for the forest Prod. Ind., Edmonton, Alberta, Canada.
Pokropivny, V., Lohmus,R., Hussainova, I., Pokropivivny, A., Vlassov, S. (2007).
Introduction to nanomaterials and nanotechnology. Tartu University Press. Estonia.
Putro J., Kurniawan A., Ismadji S. and Ju Y. (2017). Nanocellulose based biosorbents
for wastewater treatment: Study of isotherm, Kinetic, Thermodynamics and
reusability. Environmental Nanotechnology, monitoring and management. Elsevier.
8:134-149
Qian R., Tang A., Chen G. (2011). Tempo-mediated oxidation of
cellulose and preparation of cellulose Nanofiltrils. Journal of Biobased
Material and Bioenergy. ASP. 5: 253-257.
Qingqing, Li (2012) Nanocellulose: Preparation, Characterization, Supramolecularmodelling, and Life Cycle Assessment. PhD Dissertation in Forest products. Virginia
Polytechnic Institute & State University. Virginia. p 2-19.
Quero F., Nogi M., Yano H., Abdulsalami K. (2010) Optimization of Mechanical
performance of bacterial cellulose / Poly (L-Lactic) acid composites, ACS. Applied
Materials and Interfaces. 2 (1): 321-330.
Quinzhi, L., Bing, W., Yan, X., Yangbing, W., Jing, L. (2016). Improving the physical
properties of nanocellulose through chemical grafting for potential use in enhanced oil
recovery. Journal of Bio resources and Bio products. 1(4):186-191.
Rebouillat S., Pla F. (2013). State of the art manufacturing and Engineering of
Nanocellulose: A review of available data and industrial applications. Journal of
Biomaterials and Nanobiotechnology. 4:165-188.
Roco, M. C. (2011). National Nanotechnology Initiative - Past, Present, Future.

Handbook of NanoScience, Engineering and Technology. 2:3-9
Saito, T., Horita, M., Tamura, S., Fukuzumi, H., Heux, L. and Isogai, A. (2009).
Individualization of Nano-sized Plant Cellulose Fibrils by Direct Surface
Carboxylation Using TEMPO Catalyst Under Neutral Conditions.
Saito, T., Kuramae, R., Wohlert, J., Berglund, A. and Isogai, A. (2013). An Ultra
Strong Nanofibrillar Biomaterial: The Strength of Single Cellulose Nanofibrils
Revealed Via Sonication Induced Fragmentation Biomolecules. ACS. 14(1): 248 –
253
Saxena I. and Brown Jr. R. (2001) Biosynthesis of cellulose, In Morohoshi, N and
Komamine, A. (eds.), Molecular Breeding of Woody plants. Elsevier Science B. V. p
69-76.
Sireesha, M., Babu, V., Kiraann, S., Ramakrishna, S. (2018). A review on
nanomaterial revolution in oil and gas industry for EOR (Enhanced oil recovery)
methods. Research & Development in material Science. Criimson Publishers. 4(1): 112.
Seyda, B. (2011). Importance of Defining when Applying. Journal of Chemical
Engineering Process Technology. 2:1-4
Shrestha, A. (2010). World Bank document- Open Knowledge Repository.
Singh, M., Manikandan, S., Kumaraguru, A. (2011). Nanoparticles: aa new
technology with wide application. Research Journal of Nanoscience and Technology.
Science Alert. 1(1):1-12.
Singh, S., Ahmed R. and Growcock, F. (2010). Vital Role of Nanopolymer in Drilling
and Simulation Fluid Applications. In SPE Annual Technical Conference Exhibition.
Society of Petroleum Engineers.
Siquera G., Bras J., Dufresne A. (2010) Cellulose Bionanocomposites: a review of
preparation, properties and applications. Polymers. 2 (4):728-765.
Solomons, T. W. G. (1984). Organic Chemistry, 3rd Edition, John Wiley & Sons. p 937
- 970.
Stevanic J., Joly C., Mikkonen K., Pirkkalainen K., Serimaa R., Remond C., Toriz Ca.,
Caatenholm P., Tenkanen M., Salmen L. (2011). Bacterial nanocellulose-reinforced
arabinoxylan films. Journal of Applied polymer Science. Wiley Renodrials Inc. 122(2):
1030-1039.
Suopajarvi, T. (2015). Functionalized Nanocelluloses In Wastewater treatment of
applications. Ph.D Dissertation. University of Dulu, Finland.
Strom, G., Ohgren, C. and Ankerfors M. (2013). Nanocellulose as an additive in food
stuff. Invent Report No: 403

Sukara, E. and Meliawati, R. (2014). Potential values of bacterial cellulose for
industrial applications. Jurnal Selulosa. 4 (1): 7 – 16.
Szczesna-Anczak, M., Kazimierczak, J. and Antczak, T. (2012). Nanotechnology Methods of Manufacturing Cellulose – Nanofibres.
Fibres Textiles. Eastern Europe. 20 (91):8-12 Tang Z., Li W., Lin X., Xiao, H., Miao
Q., Huang L., Chen L., Wu, H. (2017). Tempo-oxidation. Polymers. MDPI. 9: 421431.
Tanpichai, S., Quero, F., Nogi, M and Yano, H.(2012) Effective Young Modulus of
Bacterial and Microfibrallated Cellulose Fibrils in Fibrous Network
biomicromolecules. 13(5): 1340-1349.
Tiwari, J., Tiwari, R. and Kim, S. (2015). Zero-dimensional, One-dimensional, Twodimensional and Three-dimensional nanomaterials for advanced electrical energy
devices. Progress in Material Science. Elsevier. 57: 724 - 803
Tort-Agell, L. (2016). Disseny d'un bioreactor per a La producio de cel-lulosa
bacteriana. Barcelona, Catalunya, Espanya.
Ul-IIslam, M., Khan, S., Khattak, W., Ullah, M., Park, J. (2015). Synthesis, Chemistry
and Medical Application of Bacterial Cellulose Nanocomposites. Advanced
Structured Materials. Springer India. 74:399-437.
Van der Hart, D. L., Atalla, R. H., (1994) Studies of Microstructure in native cellulose
using solid-state carbon 13 NMR. Micromolecule. ACS. 17:1465-1472.
Vilarinho, F., Sanches, A., Vaz, M. and Farinha, J. (2017). Nanocellulose in green
food packaging. Critical Reviews in food science and nutrition. p1-12.
Viosin, H. Bergström, L., Liu, P., Mathew, A. (2017). Review: Nanocellulose based
Material for water purification. Nanomaterials. MDPI. 7(57):1-18.
Vora, R., Shah, Y. (2015). Production of Microcrystalline Cellulose from Corn Husk
and its Evaluation as Pharmaceutical Excipient. International Journal of Research and
Scientific Innovation. 2 (11): 69 – 74.
Wang, H.(2009). Cellulose and Pulp, Forest and Forests Plants. Encyclopedia of Life
Support Systems (EOLSS). 11: 1-13.
Wang, T., Yang, H., Kubicki, J., Hong, M. (2016). Cellulose Structural Polymorphism
in Plant Primary Cell Walls investigated by High-field 2D Solid-state NMR
Spectroscopy and Density fractional Calculations. Biomicrromolecules. ACS.
17:2210-2222.

Wei, B., Li, Q., Jin, F., Li, H., Wang, C. (2016). The Potential of a Novel Nanofluiid
in Enhancing Oil Recovery. Energy&fuels. ACS Publications.
DOI:10.1021/acs.energyfuels.6b00244
Wei, H., Rodriguez, K., Renneckar, S., and Vikesland, P. (2014) Envirnmental Science:
Nano. The Royal Society of Chemistry. 1: 302- 316
Weishaupt R., Siquera, G., Schubert, M., Kampf, M., Zimmermann, T., ManiuraWeber, K. and Facio, G. (2016). A protein-nanocellulose paper for sensing at the
nano-to-micromolar level.Wiley Periodicals Inc.Xia, Y. (2014). Are we Entering the
Nano Era? Angewandte Chemic International Edition on Nanotechnology, 53(46):
12268 - 12291
Xiaofei S., Yanyu Z., Guangpeng C. and Zhiyong G. (2017). Application of
nanoparticles in Enhanced Oil Recovery: A Critical Review of Recent Progress.
Energies. 10:345
Yang, A., Hoang, T., Dridi, M. et al. (2015). Real-time Turnable Lasing from
Plasmonic Nanoactivity Arrays. Nature Comm. 6: 6939.
Ye, R., Peng, Z., Metzger, A., Lin, J., Mann, J., Huang, K., Xiang, C., Fan, X., Samuel,
E., Alemany, L., Marti, A. and Tour, J. (2015). Bandgas Engineering of Coat- derived
Graphene Quantum Dots. Appl. Mater. Interfaces. ACS. 7(12): 7041-7048.
Yinghuai, Z., Yuanting, K. and Hosmane, N. (2013). Application of ionic Liquids in
Lignin Chemistry, Ionic Liquids - New Aspects for the future, In Tech. p 315 – 346
Youssef, H., Lucia, L. and Rojas, O. (2010). Cellulose Nanocrystals: Chemistry Self
Assembly and Applications. Chemical Reviews.. 110(6): 3479- 3500.
Zhao, J., Zhang, F., Liu, X., St.Ange, K., Zhang, A., Li, Q., Linhardt, R., (2007).
Isolation of a Lectin Binding Rhamnogalacturonani Containing Pectic
Polysaccharide from Pumpkin. Carbohydrate Polymers. Elsevier. 163:330- 336.
Contact email: victoretuk@uniuyo.edu.ng

