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Over the past few years, nanocellulose (NC), cellulose in the form of nanostructures,
has been proved to be one of the most prominent green materials of modern times.
NC materials have gained growing interests owing to their attractive and excellent
characteristics such as abundance, high aspect ratio, better mechanical properties,
renewability, and biocompatibility. The abundant hydroxyl functional groups allow a wide
range of functionalizations via chemical reactions, leading to developing various materials
with tunable features. In this review, recent advances in the preparation, modification,
and emerging application of nanocellulose, especially cellulose nanocrystals (CNCs), are
described and discussed based on the analysis of the latest investigations (particularly
for the reports of the past 3 years). We start with a concise background of cellulose,
its structural organization as well as the nomenclature of cellulose nanomaterials for
beginners in this field. Then, different experimental procedures for the production of
nanocelluloses, their properties, and functionalization approaches were elaborated.
Furthermore, a number of recent and emerging uses of nanocellulose in nanocomposites,
Pickering emulsifiers, wood adhesives, wastewater treatment, as well as in new evolving
biomedical applications are presented. Finally, the challenges and opportunities of
NC-based emerging materials are discussed.
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INTRODUCTION
Nowadays, the application of green, renewable and sustainable materials has become increasingly
important for producing various high-value products with low environmental impact (Oksman
and Bismarck, 2014; Pandey et al., 2015; Thakur, 2015a,b; Kargarzadeh et al., 2018a,b). This
area of research has attracted the interest of a great number of academicians and industrials
as such materials turn out to be an alternative solution to the ever-depleting non-renewable
sources, environmental pollution, global warming, and energy crisis. In this context, cellulose,
starch, alginate, chitin, chitosan, and gelatin have been revealed to be promising candidates with
regards to their abundant availability from various resources (Trache, 2018). Among them, cellulose
is by far the most abundant renewable compound obtained from the biosphere and it can be
found in plants, algae, tunicates, and some bacteria (Vazquez et al., 2015; Trache et al., 2016a,b).
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This fascinating polymer, seen as an inexhaustive source of raw
materials, has potential to be modified and functionalized with
several available industrial uses and there is still plenty to discover
and celebrate in cellulose (Mokhena and John, 2020; Moohan
et al., 2020; Trache et al., 2020). The benefit of cellulose can
be further extended when cellulose chains are bundled together,
generating highly ordered regions that can be subsequently
isolated as nano-particles, known as cellulose nanomaterials or
nanocelluloses, considered as useful class of futuristic materials
(Foster et al., 2018) owing to their physicochemical features. In
addition to be renewable and abundant, they combine chemical
inertness, excellent stiffness, high strength, low coefficient of
thermal expansion, low density, dimensional stability, and
ability to modify its surface chemistry (Phanthong et al., 2018;
Rajinipriya et al., 2018; Naz et al., 2019; Vineeth et al., 2019; Köse
et al., 2020).
Typically, nanocellulose can be categorized into two major
classes, (1) nanostructured materials (cellulose microcrystals and
cellulose microfibrils) and (2) nanofibers (cellulose nanfibrils,
cellulose nanocrystals, and bacterial cellulose) (Trache et al.,
2017; Hussin et al., 2019; Pennells et al., 2020). A number of
nanocellulose forms can be produced using different methods
and from various cellulosic sources (Phanthong et al., 2018; Pires
et al., 2019; Salimi et al., 2019). The morphology, size, and other
characteristics of each nanocellulose class depend on the cellulose
origin, the isolation and processing conditions as well as the
possible pre- or post-treatments. The opportunity of producing
nanocellulose with various features is considered fairly an
exciting topic, which can promote the exploration of unexplored
biomass. The benefits of the 3-D hierarchical nanostructure of
nanocellulose and its physicochemical characteristics at nano
scale open new prospects in several applications (Li et al.,
2018; Vilarinho et al., 2018; Pires et al., 2019; Köse et al.,
2020). According to Markets and Markets, the nanocellulose
market is forecasted to achieve USD 783 Million by 2025.
The rising demand and the employment of new applications
have driven the researchers and the industry to exploit even
more the employment of nanocellulose (Coelho et al., 2018).
In addition, the number of papers is increasing year after year,
reflecting the high concern in this type of nanomaterial. This
attention expresses itself by the new International Organization
for Standardization (ISO), Technical Association of the Pulp and
Paper Industry (TAPPI), and Canadian Standards Association
(CSA) Standards on CNCSs that are being developed and
published, highlighting the market interest (Klemm et al., 2018).
Nanocellulose, which can currently be produced in industrial
scale at the tons per day, can be employed in several fields in our
life, such as nanocomposite materials, biomedical products, wood
adhesives, supercapacitors, template for electronic components,
batteries, catalytic supports, electroactive polymers, continuous
fibers and textiles, food coatings, barrier/separation membranes,
antimicrobial films, paper products, cosmetic, cements, and
many more emerging uses (Moon et al., 2016; Thomas et al.,
2018).
The search of novel applications and improving the properties
of the current nanocellulose-based materials are crucial driving
forces for research and development (R&D) in various research
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groups and increasingly in companies. It can be seen that several
literature review articles have been published during the last
few years and most of them focused on the production of
nanocelluloses, their modification and applications (Dufresne,
2019; He et al., 2019; Karimian et al., 2019; Kim J. H. et al.,
2019; Luo et al., 2019; Miao and Hamad, 2019; Naz et al.,
2019; Park et al., 2019; Salimi et al., 2019; Sharma et al., 2019;
Shojaeiarani et al., 2019; Tan et al., 2019; Younas et al., 2019;
Köse et al., 2020; Mokhena and John, 2020; Moohan et al.,
2020; Tong et al., 2020). Certain recent findings and advances
have not been enough addressed in previous publications, while
here, we concisely provide some of the most recent applications
of nanocellulose (NC), especially cellulose nanocrystals (CNC).
The aims of this review is to make a brief summary on the
study of nanocelluloses, with a special focus on CNCs, as well
as their recent applications. At first, a brief introduction on
cellulose, nanocellulose nomenclature, its isolation from several
feedstocks, properties and functionalization are presented.
Important challenges related to their production and new
directions are addressed. In the subsequent sections, we shed
light on current trends and recent research on the use
of nanocellulose with special emphasis on nanocomposites,
medical, Pickering emulsifiers, wood adhesives, adsorption,
separation, decontamination, and filtration applications, to
provide readers with a comprehensive overview of the advanced
science and engineering of nanocellulose-based emerging
materials and uses. Other emerging applications of nanocellulose
such as papermaking, oil and gas drilling and cementing,
energy storage systems, sensors and biosensors, which have been
extensively reviewed in recent years (Du X. et al., 2017; Chen
et al., 2018; Kim J. H. et al., 2019; Tayeb and Tayeb, 2019; Balea
et al., 2020; Dai et al., 2020; Lasrado et al., 2020; Ramasamy and
Amanullah, 2020; Zhang et al., 2020), are excluded and they are
beyond the scope of the present review. It is expected that this
review will forge new directions for the preparation of NC as
well as the design and production of new NC-based materials for
widespread advanced applications.

OVERVIEW OF NANOCELLULOSE
Structure and Source of Cellulose
Cellulose, a fascinating and sustainable feedstock, is the
most abundant polymeric raw material on earth. Its annual
production is estimated to be between 1010 and 1011 t,
but only a small portion of 6 × 109 t is exploited by a
number of industrial fields such as papers, textile, chemical,
and material industries (Trache et al., 2020). Anselme Payen
extracted this white biomacromolecule for the first time in
1838 and Herman Staudinger established its chemical structure
few years later (Trache et al., 2016a). Cellulose is basically
constituted by repeating β (1,4)-bound D-glucopyranosyl units
(anhydroglucose unit, AGU) in the 4 C1 -chain configuration, in
which every monomer unit is corkscrewed at 180◦ compared to
its neighbors (Gopi et al., 2019). The generated cellobiose units
are linked together to produce a crystalline structure of cellulose
known as elementary fibrils. These latter are bundled together
to produce micro-fibrils, which in turn formed macro-fibrils or
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cellulosic fibers. The intra- and intermolecular chemical groups
impart cellulose its specific properties such as hydrophilicity,
chirality, ease of chemical functionalization, insolubility in most
aqueous solvents, and infusibility (Habibi et al., 2010). Obviously,
cellulosic chains have a degree of polymerization of ∼10 000
AGUs and 15 000 units, in wood- and cotton-derived cellulose,
respectively. Cellulose characteristics are closely dependent on
the degree of polymerization as well as the polymeric chain
length. Native cellulose is composed of both ordered (crystalline)
and disordered (amorphous) domains. Its crystallinity can vary
from 40 to 70% depending on the natural source as well as
the extraction procedure. The amorphous regions have low
density compared to the crystalline ones and are prone to
react with other molecular groups (Wertz et al., 2010; Dufresne
and Belgacem, 2013; Kargarzadeh et al., 2017; Tarchoun et al.,
2019a,b,c). Broadly, crystalline domains are more resistant to
chemical, mechanical, and enzymatic treatments compared to
the amorphous ones. Based on the molecular orientations,
van der Waals, intra- and intermolecular interactions, isolation
and treatment method, cellulose can be found as different
polymorphs, i.e., cellulose I, II, IIII , IIIII , IVI , and IVII , which can
be transformed from one to another by using thermal or chemical
treatments (Thakur, 2015a,b). Various sources (Table 1) such as
wood, herbaceous plants, grass, agricultural crops and their byproducts, animal, algae and bacterial sources, waste paper, among
others, can be used as raw material to produce cellulose (Trache,
2017; Trache et al., 2017; Nandi and Guha, 2018; Kumar V. et al.,
2020). A graphical presentation of cellulose from its natural raw
material to the fundamental molecule is displayed in Figure 1.
Cellulose with different features can be obtained depending on
the natural source, its origin and maturity, pretreatment, and
processing methodologies and reaction parameters (Dufresne,
2013; Zhao and Li, 2014; Ummartyotin and Manuspiya, 2015;
Campano et al., 2016; Trache et al., 2017). Broadly, lignocellulosic
sources require the elimination of non-cellulosic components
through the removal of extractive components (fat, tannins, rein,
rosin, free sugars, flavonoids, terpenoids, terpene, fatty acid,
and waxes), the delignification and bleaching processes (Pires
et al., 2019; Fodil Cherif et al., 2020). Such pre-treatments can
be carried out using various chemical, physical, biological, and
combined methods (Agbor et al., 2011; Karimi and Taherzadeh,
2016; Rabemanolontsoa and Saka, 2016; Hassan et al., 2018).
They allow disrupting the compact structure of the lignocellulosic
and overcoming its recalcitrance. Pretreatments present more
than 40% of the total processing cost (Bhutto et al., 2017).
The most important procedures can be found in several recent
review papers (Behera et al., 2014; Karimi and Taherzadeh, 2016;
Rabemanolontsoa and Saka, 2016; Bhutto et al., 2017; Hassan
et al., 2018). These pretreatments allow the separation of pure
and crystalline cellulose, ensure the break of the linkages existing
between cellulose and non-cellulosic compounds (lignin and
hemicellulose), decrease the degree of polymerization, promote
the accessibility toward cellulose-rich fraction and increase the
porosity, the inner surface and reactivity (Kargarzadeh et al.,
2017). However, a number of pretreatments may negatively affect
the process through the generation of toxic and hazardous wastes,
imperfect separation, degradation, and loss of cellulose as well as
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TABLE 1 | Various sources for the production of cellulose fibers.
Source group

Sources

Hardwood

Eucalyptus, Aspen, Balsa, Oak, Elm, Maple, Birch

Softwood

Pine, Juniper, Spruce, Hemlock, Yew, Larch, Cedar

Annual
plants/Agricultural
residues

Oil palm, Hemp, Jute, Agave, Sisal, triticale straw,
soybean straw, Alfa, Kenaf, Coconut husk, Begasse,
Corn leaf, Sunflower, Bamboo Canola, Wheat, Rice,
pineapple leaf and coir, Peanut shells, Potato peel,
Tomato peel, Garlic straw residues, Mulberry fiber,
Mengkuang leaves

Animal

Tunicates, Chordata, Styela clava, Halocynthia roretzi
Drasche

Bacteria

Gluconacetobacter„ Salmonella, Acetobacter,
Azotobacter, Agrobacterium, Rhizobium, Alkaligenes,
Aerobacter, Sarcina, Pseudomonas, Rhodobacter

Algae

Cladophora, Cystoseria myrica, Posidonia oceanica

of the high overall process expenses. For these reasons, several
studied are still in progress over the world to well-understand the
phenomena that can occur during the pretreatments, optimize
the efficiency and the easiness of the processes, and reduce their
costs and environmental impact (Phanthong et al., 2018). In the
case of animal cellulose, some pretreatments are usually required
to produce pure cellulose as reported by Trache et al. (2017). On
the other hand, bacterial cellulose does not contain extractives,
hemicellulose, and lignin with respect to vegetable cellulose, and
thus does not necessitate specific pretreatments. Nevertheless, its
production in industrial scale remains relatively expensive (Oun
et al., 2020).

Nomenclature and Types of Nanocellulose
Nanotechnology has become one of the driving forces behind
a new industrial revolution in several fields, ranging from
bionanocomposites, passing through medical, or even sensing
and biosensing applications (Arof et al., 2019). Nanoscale
materials have a size of about 100 nm in at least one dimension
with specific physicochemical, optical, magnetic, and biological
features compared to the bulk materials (He et al., 2019). Despite
cellulose is widely studied for several decades, nanocellulose has
emerged as a prominent and outstanding material in the last
two decades, as indicated by three widely employed databases,
namely Web of Science, PubMed, and ProQuest (Bacakova
et al., 2019). This nanomaterial endows useful features such
as high surface area-to-volume ratio, high Young’s modulus
and high tensile strength, low coefficient of thermal expansion,
hydrogen-bonding capacity, biocompatibility, eco-friendliness,
renewability, and lack of toxicity character (Salimi et al., 2019).
The open literature has revealed that several terminologies have
been and are currently used to define nanocellulose or cellulose
nanomaterials, which unfortunately lead to misunderstanding
and ambiguities (Trache et al., 2017; Hussin et al., 2019).
Since anomalies still exist for nanocellulose nomenclature, it
is important to introduce a standard nomenclature for the
family of nanocelluloses, and efforts have to be devoted to
rationalize the employment of the various terms based on
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FIGURE 1 | Cellulose contained in plants or trees has a hierarchical structure from the meter to the nanometer scale, as shown in (A). A schematic diagram of the
reaction between cellulose and strong acid to obtain Nanocellulose is shown in (B). Bionanocellulose cultured from cellulose-synthesizing bacteria is shown in (C).
Reprinted with permission from Miyashiro et al. (2020) as distributed by creative common license CC BY license, MDPI publisher.

2013; Charreau et al., 2013; Mariano et al., 2014; Vazquez
et al., 2015; Trache et al., 2017). However, in the last few
years the nomenclature has progressively converged to cellulose
whiskers, cellulose nanowhiskers, and, more recently, to cellulose
nanocrystals and nanocrystalline cellulose (Charreau et al.,
2020). Nanofibrillated cellulose (CNF), commonly obtained by
mechanical treatment, presents an entangled network structure
with flexible, longer and wide nanofibers (20–100 nm in width
and >10,000 nm in length), and lower crystallinity with respect
to CNCs. Various names have been used for CNF such
as cellulose nanofbril, nanofibrillar cellulose, and nanofibrous
cellulose. The production of CNF from lignocellulosic biomass
has most commonly performed through a range of chemical,
mechanical, and enzymatic treatments, or a combination thereof,
as recently described in detail elsewhere (Nechyporchuk et al.,
2016; Osong et al., 2016). The common sources of CNF as
well as its top research fields have been recently reviewed by
Pennells et al. (2020). On the other hand, bacterial nanocellulose,
also known as microbial nanocellulose, is considered as a

their morphology, size, and synthetic procedures. Few years
ago, the Technical Association of the Pulp and Paper Industry
(TAPPI) has established a Nanotechnology Division dedicated
to standardize the nomenclature of cellulose nanomaterials.
A draft version standard, TAPPI WI 3021: Standard Terms
and Their Definition for cellulose Nanomaterials, has been
established (Dufresne, 2017; Kargarzadeh et al., 2018b). Broadly,
nanocellulose can be categorized into nanostructured materials
and nanofibers. The first category includes microcrystalline
cellulose and cellulose microfibrils, whereas the second one
comprises cellulose nanocrystals, cellulose nanofibrils, and
bacterial cellulose. Cellulose nanocrystals (CNCs), usually
produced by acid hydrolysis, consist of cylindrical, elongated, less
flexible, and rod like nanoparticles with 4–70 nm in width, 100–
6,000 nm in length, and 54–88% crystallinity index (Naz et al.,
2019). It received a number of names throughout the two last
decades encompassing nanocrystalline cellulose, rodlike cellulose
crystals, nanowires, nanorods, nanoballs, cellulose crystallites,
cellulose nanowhiskers, and cellulose whiskers (Brinchi et al.,
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However, depending on the natural source, isolation procedure,
conditions, and pre-post-treatments, the characteristics of
nanocellulose such as crystallinity, yield, dimensions and
morphology, surface chemistry, physicochemical, and thermal
properties can be tailored for a specific use, opening an
extensive range of possibilities to develop new materials and
devices (Wang Z. et al., 2017; Phanthong et al., 2018; Thomas
et al., 2018; Wohlhauser et al., 2018). They can be employed
in energy storage, substrate for printing electronics, aerogels,
emulsion stabilizers, support for catalysts and immobilization
of enzymes, low-calorie food additives, templates, reinforcing
polymer composite, liquid crystals, pharmaceutical binder,
biomimetic materials, biosensors and bio-imaging, etc. (Serpa
et al., 2016; Agate et al., 2018; Seabra et al., 2018; Dufresne, 2019;
Kim J. H. et al., 2019).
The preparation of nanocellulose from cellulose requires
typically two main stages (Trache et al., 2017; Nandi and
Guha, 2018; Xie et al., 2018). The first, as summarized in
Table 2 (See also the above section: Structure and source of
cellulose), focuses on the pretreatments of feedstocks to obtain
pure cellulose, whereas the second stage is dedicated to the
transformation of cellulose to nanocellulose. During the first
stage, extractives (monomers, dimers and polymers of fat, free
sugar, tannins, resin, rosin, flavonoids, terpenoids, terpene,
waxes, fatty acids, etc.), hemicelluloses and lignin have to be
partially or totally eliminated from the feedstocks based on
specific pre-treatment methods (Kargarzadeh et al., 2017; Chen
et al., 2018). The second stage, however, is usually dedicated
to the production of cellulose nanocrystals. This latter ensures
the elimination of amorphous domains form pristine cellulose,
giving rise to the production of CNCs (Dufresne, 2013, 2017;
Jonoobi et al., 2015). The disordered regions distributed as chain
dislocations on segments along the elementary fibril are prone
to hydrolytic action because of the reduced steric hindrance
and kinetic factors, whereas the ordered domains, which present
a higher resistance to the hydrolysis process, remain intact.
Subsequently, the cellulose fibrils are transversely cleaved,
generating the short CNCs with relatively high crystallinity.
Nevertheless, after this second stage, further post-treatments
such as solvent elimination, neutralization, washing, purification,
filtration, centrifugation, sonication, dialysis, fractionation,
surface modification, stabilization, and drying (freeze-drying,
spray-drying) need to be undertaken after the hydrolysis process
to recuperate CNC product.
Despite acid hydrolysis using sulfuric acid is the oldest
process, it remains the most common preparation method of
CNCs. A typical approach starts with alkali and bleaching
pretreatments followed by acid hydrolysis. It was reported that
Calvert was the first author who performed the hydrolysis of
cellulose in 1855 (Mao et al., 2017). Few decades later, in 1951,
Rånby has successfully prepared stable colloidal suspensions of
cellulose using H2 SO4 (Nascimento et al., 2018). Nonetheless,
the presence of sulfate esters at the cellulose surface decreases its
thermal stability, but permits a well-dispersion of individual CNC
bundles in aqueous media. An example of the procedure used to
prepare CNCs form hardwood is depicted in Figure 2.
In recent years, hydrochloric, phosphoric, and hydrobromic
either liquid, solid or gaseous acids, organic acids, or mixtures

promising and cost-effective natural nanomaterial for biomedical
uses (Carvalho et al., 2019; Sharma and Bhardwaj, 2019).
It consists of ultrafine, pure and ribbon-shaped nanofibers
with 20–100 nm in diameter and micrometers lengths, which
entangled to produce three-dimensional network as a hallmark.
Such kind of nanocellulose is typically produced from bacteria,
but its synthesis is seen extremely expensive because of the
high costs of synthetic media (Trache, 2018). The amorphous
nanocellulose (ANC) is another class of nanocellulose of
spherical to elliptical shape with a diameter ranging from 80 to
120 nm. It can be prepared using acid hydrolysis with subsequent
ultrasound disintegration from a regenerated cellulose, which
can be obtained directly from cellulose solution via a physical
dissolution, shaping, and regeneration process (Wang et al.,
2016). ANC with enhanced properties such as high accessibility,
improved sorption, and higher functional group amount can
be primarily used as thickening agent in aqueous systems and
carriers for bioactive substances (Kargarzadeh et al., 2017; Ram
and Chauhan, 2018). Cellulose nanoyarn (CNY), one of the less
investigated nanocellulose with diameters of 100–1,000 nm, is
often obtained by electrospining of solutions containing cellulose
or its derivatives. CNY finds application as wound dressings
(Grumezescu, 2016). More recently, cellulose nanoplatelets
(CNP), which are formed by entangled cellulose nanofibrils of
3 nm in diameter, have been prepared through oxidation under
mild conditions. The thickness of such CNP is around 80 nm
(Chávez-Guerrero et al., 2018).
The outstanding properties of cellulose nanofibers such as the
nanometric scale, non-toxicity, high specific surface area, easy
processing, high aspect ratio and stiffness, interesting mechanical
characteristics, and good thermal stability have built up new
opportunities for developing of novel kind of nanocellulosebased systems (Almeida et al., 2018; Dufresne, 2019; Liu et al.,
2019b). Furthermore, many structures of nanocellulose, which
can be prepared from various cellulosic sources based on several
manufacturing methodologies, have permitted the development
of different types of applications.
The emphasis of the following sections of this paper will be
placed on one type of nanocellulose, i.e., cellulose nanocrystals,
where the preparation methods, properties, surface modification
as well as the recent applications of these nanomaterials will be
treated. A special interest will be given to the studies carried out
during the last 3 years and the term “nanocellulose” will be mainly
reserved to describe CNCs, whereas only few details on CNFs
are provided.

Isolation Methods of Cellulose
Nanocrystals
Despite being the most available biomacromolecule on the
earth, only on the recent years that cellulose has received more
attention as an outstanding nanomaterial for many applications
and new added-values products. Owing to its nanoscale,
nanocellulose exhibits various advantageous features than the
bulk material, encompassing nanoscale effect, biocompatibility,
biodegradability, high specific surface area, high crystallinity,
purity, amphiphilic nature, surface chemical reactivity, barrier
properties, high mechanical strength, green and non-toxic (Chen
et al., 2018; Klemm et al., 2018; Nascimento et al., 2018).
Frontiers in Chemistry | www.frontiersin.org
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TABLE 2 | The most employed and/or recently explored pre-treatment processes of lignocellulosic biomass, their advantages and shortcomings.
Category

Pre-treatment
process

Advantages

Shortcomings

References

Chemical

Diluted acid

- Low acid consumption.
- Extensive hemicellulose degradation.

- Corrosion of the equipment but low
temperature is necessitated.
- Degradation of cellulose.
- Inhibitor formation increases with increase
in temperature.

Agbor et al., 2011;
Rabemanolontsoa and
Saka, 2016; Bhutto
et al., 2017; Chen
et al., 2017; Hassan
et al., 2018; Satlewal
et al., 2018

Concentrated acid

- Extensive hemicellulose degradation.

- Corrosion of the equipment, toxicity of the
environment, requires high amount of acid,
and energy consumption for acid recovery.
- Degradation of cellulose.
- Inhibitor formation increases with increase
in concentration.

Organic acids

- Avoid equipment corrosion, low energy consumption
for acid recovery.

- Less efficient for biomass with higher
hemicellulose content.

Alkaline

- Disrupts the lignin structure.
- Removes acetyl groups from hemicellulose.
- Mild reaction conditions.

- Long residence time.
- Neutralization issues.

Ionic liquids (ILs)

-

- Commercial application requires more
implementation to overcome the
scaling challenges.
- The challenge of polysaccharides recovery.
- High price of chemical products.
- Cellulose degradation.

Deep eutectic
solvents (DES)

- Easy to prepare, stable, cost-effective, and most of
them are environmental-friendly.
- Mild reaction conditions.
- Efficient dissolution of lignin.
Disrupts lignin-carbohydrate complexes.

Physical

Efficient lignin elimination.
Mild reaction conditions.
Some of them are reusable.
Better thermal stability.

- Its efficiency depends on the nature
of biomass.
- Present high viscosity.
- DES need to be manufactured at an
industrial scale for availability as low-cost
green solvents.

Oxidation

- Elimination of hemicellulose and lignin.

Organosolv

- Selective pretreatment methodology generating three
separate fractions: dry lignin, relatively pure cellulose
fraction, and an aqueous hemicellulose stream.
- Low boiling point organic solvents are always easy to
recover by distillation.
- Efficient biomass delignification.
- Increase the surface area.
- Lack of toxicity, low price, and ease of recovery.

- Formation of inhibitor during
lignin dissolution.
- Required high pressure during pretreatment.

Mechanical
splintered

- Increase the specific surface area and decrease the
particle size, which improve the hydrolysis yield.

- Requires more energy for hardwood than
agricultural residues.
- Less efficient process.

High-intensity
ultrasonication

- Lignocellulosic biomass is commonly treated by
- Depends closely on the nature of biomass
ultrasound acoustic wave with the frequency range
and experimental conditions.
from 10 kHz to 20 MHz.
- The efficiency and reliability of the operation
- The generated cavitations, which depend on the
depend on the ultrasonic mode (continuous
frequency, will collapse and release huge amount of
or pulse), frequency, power, processing
energy that create a localized hot spots at temperature
temperature, solvent, aeration, and the
of 2,000–5,000◦ C and pressure of 500–1,800 bars
design of reactors with proper
with a life time of a few microseconds.
geometric construction.
- No toxic with reduced reaction time.
- Degrades preferentially the lignin.
- Decreases hemicellulose content.

Microwave
radiation

- The process can be carried out at temperature of 50 to
210◦ C for 5–25 min.
- A non-ionizing microwave radiation with a wavelengths
ranging from 1 mm to 1m has frequency of 300 to
300,000 Mhz.

Singh R. et al., 2014;
Bhutto et al., 2017;
Rodriguez et al., 2017;
Hassan et al., 2018; Liu
et al., 2019a; Rezania
et al., 2020

(Continued)
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TABLE 2 | Continued
Category

Pre-treatment
process

Advantages

Shortcomings

- Higher microwave power with short pretreatment time
and the low microwave power with long pretreatment
time had almost same effect.
- The process insures fast heat transfer, short duration
time, selectivity and uniform volumetric heating
performance, easy operating and energy efficient.
- Green technology.
- Fast fractionation and lignin disruption.
- Degrade hemicellulose.

- Increase the degradation of cellulose.

- Gamma radiation, obtained fromradioisotopes
(Cobalt-60 or Cesium-137) can easily penetrate the
lignocellulosic structure.
- The most effective irradiation doses (891–1,200 kGy)
possesses the most efficiency as ILs pretreatment.
- Improves the post-treatments efficiency.

- May cause the cellulose degradation.

- -The process requires treatment with water and air or
oxygen at temperatures above 120◦ C under pressure
up to 20 MPa for a period time 5–120 min.
- Economic and available.
- Assists to hemicellulose hydrolysis.

- Costs may be high.

Hydrothermolysis

- The process can be carried out at temperature of 140
to 220◦ C for 4–180 min.
- Environmentally friendly.
- No corrosion problems.
- Effectively removes hemicellulose.
- Reduces the need for post-treatments.

- More energy demanding.

Steam explosion

- Biomass is treated with hot steam at 180–240◦ C
under pressure (1–3.5 MPa) to improve the
hemicellulose hydrolysis and the depolymerization of
lignin, which are than enhanced with the second stage
of depressurization.
- Cost-effective process and low energy consuming.
- Disruption of lignin and hemicellulose.
- Can be used at commercial scale.
- Less energy consumption and cost effective.

- Incomplete disruption of
lignin-carbohydrate matrix.
- Generation of inhibitors that can affect
the post-processing.
- Requires high pressure.
- Excessive cellulose degradation.

Supercritical fluid

- Moderate critical temperature of 31.1◦ C and pressure
of 7.4 MPa, and high solid capacity.
- CO2 is inert in nature, inexpensive, non-toxic,
non-inflammable, and available from the by-products
of several industrial processes.
- No generation of toxins.
- Green technology and readily available.

- Less treatment efficiency.
- High costs.

Ammonia fiber
explosion (AFEX)

- AFEX is a dry-to-dry process. No wash stream in the
process, and no toxic chemicals are produced for
downstream processes.
- Requires moderate temperature (<100◦ C), pH (<12),
and short time duration.
- Ammonia is the common chemical.
- Insure the cleavage of lignin-carbohydrate complex
linkages as well as the C-O-C bonds in lignin.

- Less effective for biomass containing high
lignin content.
- Requires high energy input for recycling
and recovery.

Ammonia recycle
percolation (APR)

- In APR process, the aqueous ammonia (10–15 wt%)
pass through biomass at elevated temperature
(150–170◦ C). Lower temperature (80–150◦ C) was also
reported. The residence time varies between 5 and
30 min.
- Efficient treatment for hardwood and herbaceous
plants.

Gamma radiation

PhysicochemicalWet oxidation

References

Singh R. et al., 2014;
Karimi and Taherzadeh,
2016; Bhutto et al.,
2017; Chen et al.,
2017; Hassan et al.,
2018; Rezania et al.,
2020; Zhao et al., 2020
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TABLE 2 | Continued
Category

Biological

Pre-treatment
process

Microbial

Advantages

Shortcomings

- Recyclable.
- Causes the depolymerization of lignin and cleavage of
lignin-carbohydrates linkages.
- Relatively low cost process.

- Less effective for softwoods.

-

Behera et al., 2014;
- Relatively time consuming processes.
Singh R. et al., 2014;
- Some additional pre-treatments may
Chen et al., 2017
increase costs.
- Require large space and specific
growth conditions.
- Require further research activities to
understand some important parameters such
as kinetics.

Elimination of lignin and hemicellulose.
Low energy consumption.
Mild reaction conditions
No release of hazardous and harmful compounds.

References

Fungal species
Enzymatic
Consolidated
bioprocessing
Combined

At least two of the
above-mentioned
pre-treatment
processes

- Increase the efficiency of the elimination of lignin and
hemicellulose at reasonable time.

- May enhance the operating cost.
- Require further research work to optimize
the processes.
- Balance needs to be struck between
efficiency improvement and cost.

Chen et al., 2017; Liu
et al., 2019a

FIGURE 2 | An example of the procedure used to prepare CNC form hardwood. Reprinted with permission from Lin K. H. et al. (2019) as distributed by creative
common license CC BY license, MDPI publisher.

2016), mechanical treatment (Pandey et al., 2015), oxidation
methods (Sun et al., 2015; Vazquez et al., 2015), enzymatic
hydrolysis (Anderson et al., 2014; Tong et al., 2020), ionic
liquid treatments (Lazko et al., 2016), deep eutectic solvents
(Sirviö et al., 2016), subcritical water hydrolysis (Novo et al.,
2015, 2016), and combined processes (Trache et al., 2017, 2020;
Xie et al., 2018). This latter class seems to be an interesting
path since these methods combine two or many processes,
which can overcome the shortcomings of the single approaches
by improving the CNC properties, increasing the yield and
reducing the cost. Some recent approaches to produce CNCs
are displayed in Table 3. Trache et al. have recently reported
the advantages and shortcomings of some important hydrolysis
processes (Trache et al., 2017, 2020). Despite the aforesaid
reports, there are some potential concerns associated with CNCs
preparations. Broadly, their isolation is time consuming, high
energy-demanding and requires more attention to avoid the

of inorganic and organic acids have been used to produce CNC
(Trache et al., 2017). For instance, the use of hydrochloric acid
instead of sulfuric acid for cellulose hydrolysis will generate
CNCs with better thermal stability, but the lack of electrostatic
repulsion force between crystals causes them agglomeration and
less stable aqueous solution can be obtained (Gopi et al., 2019).
Thus, both of reaction conditions and cellulose origin affect the
properties of the obtained CNCs such as the morphology, aspect
ratio, density, mechanical features, thermal stability, dimensional
dispersity, and crystallinity.
In the pursuit of lowering production costs, improving the
characteristics of nanocellulose, several preparation methods
of CNCs have been published and others continue to be
developed worldwide, seeking an economic/sustainable approach
to produce CNCs with preferred features. A number of processes
have been reported to obtain CNCs, namely, improved chemical
acid hydrolysis (Thakur, 2015b; Du et al., 2016; Kontturi et al.,
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TABLE 3 | A selection of recent CNC production methods from the corresponding natural source.
Natural source

Methodology

References

Filter paper and microcrystalline
cellulose

Solution plasma-chemical processing as an oxidation–hydrolysis strategy

Surov et al., 2018

Cotton linters

Single step ammonium persulfate-assisted swelling, followed by oxidation

Wang et al., 2019

Cellulose fibers

Ball mill assisted fully recyclable solid acid hydrolysis

Song et al., 2018

Broomcorn Stalks

Acid hydrolysis followed by sonication

Langari et al., 2019

Eucalyptus hardwood

Irradiation oxidation and organosolv solubilization

Zhang and Liu, 2018

Microcrystalline cellulose

Ultrasonic pretreatment in ionic liquid followed by acid hydrolysis

Pang et al., 2018

Nata de coco

Ultrasonic irradiation coupled with microwave treatment

Wardhono et al., 2018

Oil palm

Sono-assisted TEMPO oxidation

Rohaizu and Wanrosli, 2017

Wood sawdust

Sono-chemical synthesis using acid hydrolysis

Shaheen and Emam, 2018

Microcrystalline cellulose

Recyclable citric/hydrochloric acids

Yu et al., 2019

Commercial microcrystalline
cellulose

Facile and rapid one-step hydrolysis by H2 SO4 /HNO3 mixed acid

Cheng et al., 2020

Blue agave leaves and bagasse
fibers

Sonochemical acid hydrolysis enhanced with sonication

Robles et al., 2018

Eucalyptus pulp

Periodate oxidation route followed by reductive treatment with NaBH4

Errokh et al., 2018

Cotton cellulose powder

High-pressure homogenization controlling a process temperature

Park et al., 2019

Commercial microcrystalline
cellulose

A two-step collaborative process combining solvothermal pretreatment and
mechanical exfoliation

Gao et al., 2019

Commercial microcrystalline
cellulose

Ball milling with water followed by centrifugation

Kang et al., 2018

Lignocellulosic biomass

Hydrolysis by Ni(II)-transition metal salt followed by washing with distilled
water, centrifugation, sonication and dialysis

Yahya et al., 2018

price of these nanomaterials is expected to decrease with the
employment of cheaper sources of pulps and the optimization of
extraction process. Moreover, The increase of the production rate
worldwide, in the years to come as forecasted could bring down
the cost significantly as well.

use of toxic chemicals, which are detrimental to human and
the environment.
More recently, Charreau et al. have emphasized the increasing
industrial interest on the field of cellulosic nanomaterials, which
is evidenced by the astonishing increase in nanocellulose patents
since 2010, and especially within the last 5 years, suggesting
that the increasing trend would not stop in the following years
(Charreau et al., 2020). For instance, more than 950 documents
refereeing to CNCs have been published from 2010 and 2017.
Most of them refer to the isolation methods, derivatization
techniques as well as to different products containing these
particles. However, it is worthy to note that the technology
transfer, i.e., scaling-up form laboratory to bulk-scale is one of
the major problem (Mishra et al., 2019). Overall, some methods
are shorter and others are longer, some are environmentally
benign whereas others are not, some are economic and less
effective while others are efficient but expensive. Therefore, the
journey so far not been so worthwhile. Nonetheless, more efforts
are being devoted on the path to surmount all present-day
obstacles. Besides that, some commercial producers currently
prepare CNCs at capacities beyond pilot plant scale such
as CelluForce (Canada, 1,000 kg/day), American Process Inc.
(USA, 500 kg/day), Melodea/Holmen (Sweden, 100 kg/day),
Blue Goose Biorefineries (Canada, 10 kg/day), Alberta Innovates
(Canada, 100 kg/week), US forest products lab (USA, 10 kg/day),
India Council for Agricultural Research (India, 10 kg/day),
FPInnovation (Canada, 3 kg/day) (Xie et al., 2018; Trache et al.,
2020). Nonetheless, the utilization of alternative cellulose sources
to produce large-scale of CNCs remains timid. In this sense, the

Frontiers in Chemistry | www.frontiersin.org

PROPERTIES AND SURFACE
MODIFICATION OF NANOCELLULOSE
Characterization and Properties of
Nanocellulose
Depending on the source or origin (mainly from higher plants,
algae, and bacteria), cellulose consists of varying portions of
mostly crystalline (highly ordered) regions accompanied by some
amorphous (disordered) fractions (George and Sabapathi, 2015).
Upon isolating the crystalline regions from the biomass, it
results in attaining polysaccharide nanocrystals, most commonly
in the form of rod-shaped cellulose nanocrystals (Lin et al.,
2012). Cellulose, the most ubiquitous biopolymer, in the form
of nanocellulose (NC) has gained growing interest among
researchers corroborating to its mechanical, physicochemical,
and biological properties in consort with being eco-friendly (Saba
et al., 2017). Nanocellulose (NC) can be obtained from natural
cellulose, with few to tens of nanometers size range at least in one
dimension. Xu et al. systematically discussed on nanocrystalline
cellulose suspensions in the perspective of rheology, liquid
crystal ordering, and colloidal phase behavior (Xu Y. et al.,
2019). It was pointed out that geometrical dimensions and
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a most recent study (Kumar A. et al., 2020), high-field dynamic
nuclear polarization enhanced solid-state NMR technique has
been employed to characterize surface species of metronidazole
drug-functionalized TEMPO-oxidized cellulose nanofibrils,
where comprehensive structural and chemical characterization
of nanocellulose surface chemistry is still limited, especially for
a very low level of functionalization (<1 wt.%). The researchers
grafted the metronidazole drug onto CNF through a Diels-Alder
reaction under heterogeneous aqueous conditions. Dynamic
nuclear polarization enhanced-NMR data explicitly accounted
the presence of trace amounts of TEMPO components and
depolymerized cellulosic units in CNF, as well as coupling
agents (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide and
N-hydroxysuccinimide) on its surface. Moreover, their study
showed that DNP-enhanced NMR spectroscopy is the only
technique that can differentiate between surface adsorption
and grafting.
With regards to cellulose’s natural nano-structure, various
methods can be employed to discover the characteristics
of its structure through obtaining three different forms of
nanocellulose such as cellulose nanocrystals (CNC), otherwise
known as whiskers or microcrystallites, micro-fibrillated
cellulose (MFC), also denoted as cellulose nanofiber (CNF), or
nano-fibrillated cellulose (NFC) (Kaboorani and Riedl, 2015),
and bacterial nanocellulose (BNC) (Gao et al., 2020). These three
different forms of nanocellulose vary in their morphology (Liu
et al., 2016). The isolation method governs the morphology and
properties of nanocellulose (Yang et al., 2017). Nanocellulose
exhibits some exclusive features such as exceptional mechanical
properties (i.e., low density, high flexibility, and strength while
being chemically inert) (Lavoine and Bergström, 2017) and
thermal properties (Gan et al., 2020). Over the past few decades,
many research studies have been conducted on the reinforcement
of polymer matrix nanocomposites, for instance, natural rubber
nanocomposites (Neto et al., 2016; Cao et al., 2018; Dominic
et al., 2020), polylactic acid nanocomposites (Gitari et al.,
2019; Rigotti et al., 2019), epoxy nanocomposites (Ayrilmis
et al., 2019; Yan et al., 2019; Yue et al., 2019), and polystyrene
nanocomposites (Clarke et al., 2019; Neves et al., 2019), where
nanocellulose has been introduced as a reinforcing agent.
Gan et al. reviewed plant-based nanocellulose composites
and their properties, with a focus, especially on their thermalrelated and dynamic mechanical characteristics (Gan et al.,
2020). The authors pointed out that nanocellulose-reinforced
composites possess outstanding properties due to the presence of
nanosize filler, which makes them potential candidates to replace
conventional synthetic polymer composites. It was noted that the
exceptional reinforcing capability of nanocellulose is attributable
to its light-weight, high stiffness, and superior mechanical
strength. Nanocellulose has established to be a substantial
reinforcement, even at low filler loading, where its modulus of
elasticity could reach up to 150 GPa with a staggering aspect ratio
up to 640, low thermal expansion coefficient (0.01 ppm·K−1 ),
and high specific surface area (several 100 m2 ·g−1 ). Dominic
et al. studied the effect of rice husk derived nanocellulose in
replacing carbon black in natural rubber compounding (Dominic
et al., 2020). The dynamic mechanical analysis demonstrated that

the morphology of cellulose nanocrystals vary based on their
origin, extraction methods, and manufacturing conditions, which
causes inconsistencies in suspension rheology and colloidal
behaviors. The authors concluded that the rheology and colloidal
behavior of aqueous nanocrystalline cellulose suspensions are
comprehensively explained by colloidal volume fraction, the
dimension of nanocrystalline cellulose rods and interparticle
forces. Moreover, nanocrystalline cellulose suspensions form an
ordered liquid crystal state when its concentration reaches a
critical value. Abitbol et al. deduced that the stability of cellulose
nanocrystal suspensions in water could be amended by regulating
the surface charge, i.e., the degree of substitution of sulfate groups
on their surface (Abitbol et al., 2018). The study presented that
the viscosity of nanocellulose suspensions was inclined by surface
charge, where CNCs with lower surface charge forms more
viscous suspensions, consequently undergo gelation at lower
concentrations. Researchers concluded that the effective volume
of suspensions plays a major role throughout the concentration
range relevant to liquid crystalline phase formation once the
surface charge density of CNCs reaches a threshold value.
Nanocellulosic materials can be characterized by employing
various techniques for instance; nitrogen gas and water
adsorption isotherms, X-ray diffraction (XRD), helium
pycnometry, dielectric spectroscopy, and mechanical testing
to infer their properties (Le Bras et al., 2015). The crystallinity
index (crystallinity percentage), which governs the mechanical
and physical properties of nanocellulose is calculated employing
an X-ray diffractometer, based on the maximum intensity of
diffraction of the (002) lattice peak representing crytsalline
region (I002) and the intensity of diffraction between (002) and
(101) lattice peaks representing amorphous region (Iam). Thus,
XRD peak position (2θ) and their intensities are referred in
order to determine crystallinity. Morphological and dimensional
evaluation of nanocellulose can be carried out using transmission
electron microscopy (TEM), field emission scanning electron
microscopy (FESEM), and atomic force microscopy (AFM)
(Mohaiyiddin et al., 2016; Foster et al., 2018). Some TEM
micrographs of CNCs prepared from different sources are
displayed in Figures 3, 4, showing that their particle size ranges
from 70 to 300 nm in length and 4 to 20 nm in width.
Density and the porosity of nanocellulose are measured
using a helium pycnometer. Specific surface area and total
pore volume can be obtained through the characterization
involving N2 sorption analysis (Le Bras et al., 2015). Yang
et al. (2017) reported that the zeta potential value, which
examines the surface charge, reflects the dispersion stability
of nanocellulose. Elemental composition on the surface of
nanocellulose samples can be analyzed via X-ray photoelectron
spectroscopy (XPS), while thermal stability, which signifies
the thermal decomposition and impurities of nanocellulose,
can be investigated through differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), and differential
thermogravimetry (DTG) (Jordan et al., 2019).
Utilization of dynamic nuclear polarization (DNP)-enhanced
NMR spectroscopy has been an emerging tool to comprehend the
surface chemistry of cellulose as it enhances conventional NMR
sensitivity by several orders of magnitude (Smith et al., 2019). In
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FIGURE 3 | SEM micrographs of (a) the raw material (corn stalk) and (b) the extracted cellulose; (c,d) transmission electron microscopy (TEM) micrographs of the
cellulose nanocrystals (CNCs). Reprinted from Huang et al. (2017) as distributed by creative common license CC BY license, MDPI publisher.

the loss tangent (tan δ) at 60 ◦ C is lower for the composite
containing 5 wt.% of rice husk-nanocellulose and 25 wt.%
carbon black compared to the composite containing 30 wt.%
carbon black, implying that rice husk-nanocellulose contributes
to low rolling resistance, which is a crucial parameter for green
tire applications. Thus, the study has proven the potential
replacement of carbon black with nanocellulose.
The maximum processing temperature of nanocellulosebased composites depends on its thermal characteristics.
Nepomuceno et al. detailed that understanding the thermal
behavior of nanocellulose is essential, particularly during
the processing of nanocellulose and polymer composites
(Nepomuceno et al., 2017). Since nanocellulose decompose at
a temperature around 200–300◦ C, the processing temperature
should be controlled at ∼200◦ C to prevent the degradation
of nanocellulose. The researchers found out that a longer
duration of acid hydrolysis minimizes the thermal stability
and subsequently, the degree of crystallinity of nanocellulose.
Moreover, the thermal stability of nanocellulose is influenced
by several factors, including the cellulose source, the processing
methods used to isolate the nanocellulose and the sulfate
content. Polymer matrices with the incorporation of cellulose
nanocrystals usually have a low decomposition temperature in

Frontiers in Chemistry | www.frontiersin.org

comparison to nanofibrillated cellulose owing to the existence of
sulfate groups on the surface of cellulose nanocrystals because
of the use of sulfuric acid during the preparation. However,
the thermal stability can be enhanced by the desulfation of
nanocellulose and other physical or chemical modifications (Gan
et al., 2020).
Besides nanocellulose’s nano-reinforcement function, it also
possesses properties such as renewability, high specific surface
area, biocompatibility (Zhang et al., 2017), biodegradability,
optical transparency, and low thermal expansion. Nonetheless,
vital properties explicitly crystallinity, surface morphology,
surface chemistry, and the dimension of nanocellulose differ
reliant on the source of raw material and its extraction
process, which will ultimately determine their applicability (Liu
et al., 2016). Yang et al. noted that nanocellulose with higher
crystallinity usually possess improved mechanical and thermal
properties (Yang et al., 2017). CNCs are highly crystalline stiff
rod-like fragments of several hundred nanometers in length and
a width or diameter around 5 to 70 nm (Liu et al., 2016; Lavoine
and Bergström, 2017), typically prepared using strong acid
(sulfuric acid or hydrochloric acid) hydrolysis of cellulosic fibers.
Defibrillation involving acid hydrolysis dissolves the amorphous
regions of cellulosic fibers, leaving tiny rod-shaped particles
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FIGURE 4 | Transmission electron microscopy (TEM) micrographs of CNC isolated from: filter paper enzyme-treated for (A) 0 h, (B) 2 h, and (C) 10 h and wood pulp
enzyme-treated for (D) 0 h, (E) 2 h, and (F) 10 h. Reprinted from Beyene et al. (2018) as distributed by creative common license CC BY license, MDPI publisher.

they are chemically similar (Saba et al., 2017). Le Bras and coworkers characterized dielectric properties of nanocellulose from
wood (cellulose nanofibrils) and algae (Cladophora cellulose) for
electrical insulator applications (Le Bras et al., 2015). The study
demonstrated a high crystallinity for Cladophora nanocellulose
and a lower moisture adsorption capacity in comparison to
CNF. Furthermore, algae nanocellulose sample was much more
porous, resulting in higher dielectric loss and lower strength.
It was concluded that solid-state properties of nanocelluloses
might govern its dielectric properties with regards to electrical
insulator applications. Table 4 depicts some of the properties and
features of various forms of nanocelluloses based on the source of
extraction and their preparation method.

denoted as CNC with improved crystallinity (Moberg et al.,
2017). CNCs typically possess a high specific surface area of
around 150 m2 ·g−1 (Kaboorani and Riedl, 2015) and Young’s
modulus up to 170 GPa attributable to high crystallinity (typically
around 50–90%) (Wei et al., 2017).
CNFs possess a width of 3–50 nm and a few micrometers of
length, where the dimensions mainly depend on the conditions
employed during its preparation and chemical modification
(Lavoine and Bergström, 2017). CNFs possess an extended
network of flexible fibers and interchangeable amorphous and
crystalline regions in comparison to CNCs (Liu et al., 2016).
Due to the presence of different colloidal forms, both types of
nanocellulose have different physical characteristics even though
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Preparation
method

Diameter (nm)
and structural
morphology

Average Young’s
modulus (GPa)

Apparent
crystallinity (%)

Maximum
degradation
temperature (◦ C)

Average tensile
strength (MPa)

Zeta potential

CNC

H2 SO4 hydrolysis

5.5 ± 1.9, short
rod-shaped

–

55.9

313

–

−33.8 ± 1.7

CNC

Formic acid
hydrolysis

6.5 ± 2.0, long
rod-shaped

–

63.8

360

–

−14.3 ± 0.4

CNF

TEMPO-mediated
oxidation

2.1 ± 1.1, twisted
structure

–

49.9

305

–

−23.1 ± 2.3

CNF

PFI refining

43.1 ± 25.3,
twisted

–

52.1

336

–

−40.3 ± 1.5

Stalks of wheat
straw (Triticum
paleas)

CNF

H2 SO4 hydrolysis
and ultrasound
treatment

10–40, a
mesh-like
multilayer structure

11.45

72.5

ca. 400

42.3

–

Cornhusk

CNC

H2 SO4 hydrolysis

26.9 ± 3.35, short
rod-shaped

–

83.5

351

–

−34.6 ± 2.3

CNF

TEMPO-mediated
oxidation

10.48 ± 1.83,
slender
interconnected
webs

–

72.3

279

–

−69.4 ± 1.7

CNF

High-intensity
ultrasonication

20.14 ± 4.32,
slender
interconnected
webs

–

53.4

348

–

−24.3 ± 2.5

Banana
pseudostem

CNF

High-pressure
homogenization

30–50, entangled
network of
polydisperse
bundles

–

67.0

337

–

–

Velásquez-Cock
et al., 2016

Cotton

CNC

H3 PO4 hydrolysis

31 ± 14, rod-like
shape

–

81.0

325

–

–

Camarero
Espinosa et al.,
2013

Ushar (Calotropis
procera) seed fiber

CNC

H2 SO4 hydrolysis

14–24, needle
shape

–

70.0

ca. 330

–

–

Oun and Rhim,
2016

CNF

TEMPO- oxidation

10–20, web-like
shape

–

59.0

316

–

–

BNC

Static culture for
96 h at 30 ◦ C

29.13 ± 6.53,
denser network
structure

0.72

47.4

335

0.235

−44.1 ± 0.9

BNC

Agitated culture:
300 rpm at 30 ◦ C

29.51 ± 8.03,
loose and porous
network

–

22.1

310

–

−46.5 ± 1.5

CNC

H2 SO4 hydrolysis
and ultrasonic
treatment

10–28,
morphology not
defined

−

80.0

ca. 420

61.4

−

Cellulosic
substrate

Nanocellulose

Corncob residue

13
Kenaf (Hibiscus
cannabinus L.)
fiber

TEMPO, 2,2,6,6-tetramethylpiperidine-1-oxyl.

Liu et al., 2016

Barbash et al.,
2017
Yang et al., 2017

Gao et al., 2020

Barbash and
Yashchenko, 2020
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Bacterial strain
Komagataeibacter
xylinus (BCC529)

References

(mV)

Trache et al.
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TABLE 4 | Properties and characteristics of nanocellulose substrates reliant on the cellulosic source and defibrillation method.
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Surface Modification of Nanocellullose

method to reinforce nanocomposite films. Infrared spectroscopy
affirmed the occurrence of strong hydrogen bonding on
the surface of CNC, i.e., between hydroxyl groups of PVA
matrix and polyacrylamide chains, which improved the
interfacial compatibility. The study revealed that prepared
nanocomposite films at 0 and 50% relative humidity achieved
an increase in elastic modulus. The thermogravimetric analysis
demonstrated the enhanced thermal stability of reinforced
PVA-nanocomposites, corroborating the significance of surface
modification of CNC through grafting in view of enhancing
its thermal and tensile properties (Li B. et al., 2020). In a study
carried out by Tang et al. discovered that hydrophobically
modified cellulose nanofibrils through the grafting of cinnamoyl
chloride and butyryl chloride displayed favorable surface
properties, capable of stabilizing oil-water emulsions (Tang C.
et al., 2019). They noted that nanocelluloses possessing high
surface charge density do not effectively stabilize Pickering
emulsions, which limit their application as interfacial stabilizers.
Thus, surface modification via grafting hydrophobic polymers
onto nanocelluloses improve their wettability by the oil phase,
resulting in reduced interfacial tension.
Moreover, the use of adsorbing surfactants (Kaboorani and
Riedl, 2015) and polymer coatings (Islam et al., 2013) have also
been employed.
Bertsch and Fischer discussed on the adsorption and
interfacial structure of nanocelluloses (NC) at the fluid
interface, where nanocelluloses with their native hydrophilic and
hydrophobized surfaces impart essentially different interfacial
structure and adsorption characteristics (Bertsch and Fischer,
2019). It was noted that nanocelluloses are green alternative
for the stabilization of fluid interfaces. The adsorption of NCs
at oil-water interfaces facilitates the formation of stable and
biocompatible Pickering emulsions. Furthermore, the review
study elaborated that unmodified NCs cannot stabilize foams.
In contrast, NCs with covalent surface modifications or through
the adsorption of surfactants could hydrophobize its surface
(contact angle, θ > 90Â◦ ), consequently stabilize foams or
inverse and multiple emulsions. Many pioneering applications
already employ nanocellulose-stabilized colloids, for instance,
preparation of 3D-printing inks (Huan et al., 2018, 2019),
novel bio-nanocomposites (Reid et al., 2019; Bielejewska and
Hertmanowski, 2020), and in gastric stable delivery systems (Bai
et al., 2019; Liu and Kong, 2019), pertaining to NCs’ outstanding
stability and biocompatible nature. Xiang et al. discovered
that cellulose nanofibrils form more stable foams compared
to cellulose nanocrystals, attributed to cellulose nanofibrils
ability to spread into the bulk, ensuing enhanced interfacial
and bulk elasticity (Xiang et al., 2019). Bai et al. investigated
the stabilization of concentrated edible oil-in-water Pickering
emulsions by modifying the surface of naturally derived
cellulose nanocrystals with a food-grade cationic surfactant
(ethyl lauroyl arginate) (Bai et al., 2018). The researchers
revealed that as surfactant-covered NCs are more hydrophobic,
their surfaces impart lower surface tension and higher surface
coverage, contributing to enhanced electrostatic stabilization and
emulsifying ability.

The study of functional nanoscale materials has emerged as an
attractive field of research since they possess vastly improved
properties and characteristics, enabling these high value-added
substrates to be applied in the field of materials science. Cellulose
is a natural polysaccharide, and an abundant biopolymer serves
as building blocks in the structural hierarchy (Lin et al., 2012).
Concerning the vastly hydrophilic nature of nanocellulose owing
to the existence of OH groups on their surface, the surface
chemistry can be tuned chemically, physical interactions (Huang
et al., 2020), and biological approaches. Surface functionalization
can be carried out during the preparation step or post-production
of nanocellulose (Wei et al., 2017). These modifications lead
to attaining desirable properties, which, in turn, enhance their
effectiveness for a given application (Lin et al., 2012; Afrin and
Karim, 2017; Liang et al., 2020; Tao et al., 2020). Through the
incorporation of any chemical functionality, the surface of a
nanocellulosic material can be modified the way it reacts with
foreign substances (George and Sabapathi, 2015). Lin et al.
remarked that polymeric matrices with improved reinforcement,
i.e., enhanced thermal and mechanical performances, can be
obtained through the surface modification of polysaccharide
nanocrystals (Lin et al., 2012).
On the contrary, cellulose nanocrystals not only consist
of primary reactive sites (i.e., hydroxyl groups), they possess
high surface area to volume ratio, making CNC highly
reactive and easy to be functionalized. Cellulose nanocrystals
are chemically modified in order to impart stable positive
or negative electrostatic charges on the surface for a better
distribution of particles and to enhance their compatibility
(Kaboorani and Riedl, 2015). In 2019, Lu and co-workers
studied the interfacial compatibility of hydroxyapatite
modified nanocellulose with polylactic acid (PLA) matrix
to overcome PLA’s inherent hydrophobicity (Lu et al., 2019).
Morphological study via transmission electron microscopy,
Fourier transform infrared spectroscopy, and X-ray diffraction
analysis corroborated successful structural modification of
nanocellulose obtained from cotton pulp. The study revealed
that hydroxyapatite modified nanocellulose enhanced the
mechanical properties of PLA based nanocomposite films
pertaining to the occurrence of strong hydrogen bonding
interaction at the interface, which resulted in a good dispersion
in the PLA composite. Moreover, the surface modification
significantly improved the tensile strength, tensile modulus,
and thermal stability of the nanocomposite, signifying that
hydroxyapatite modified nanocellulose is a good reinforcing
material for PLA.
According to previous literature (George and Sabapathi,
2015; Afrin and Karim, 2017; Daud and Lee, 2017; Huang
et al., 2020), the surface of cellulose nanocrystals can be
chemically modified using numerous methods, mainly covalent
surface modification including sulfonation, polymer grafting,
oxidation, esterification, nucleophilic substitution, etherification,
silylation, and carbamation. In a recent study, polyacrylamide
has been grafted onto cellulose nanocrystals (CNC) to integrate
into poly(vinyl alcohol) (PVA) employing a solution casting
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By definition, such mixture consists of a homogeneous matrix
(polymer or biopolymer) constituent that is reinforced by a
stiffer, stronger component with a small amount of nanosized
of organic or mineral fillers of specific shape, size, and surface
chemistry (Abdul Khalil et al., 2019). CNCs have been revealed
to be an interesting nanofiller owing to their chemical structure
(abundance of -OH groups), reactivity, high specific surface
area, mechanical, thermal and optical properties, even when
incorporated at low concentrations (Chen et al., 2019). Broadly,
it is pointed out that the incorporation of CNCs into a
polymeric matrix enhances the tensile strength and decreases
the elasticity. Such behavior can be assigned to the strong
intermolecular linkages such as covalent bonds, van der Waals
forces, mechanical interlocking and molecular entanglement
between CNCs and the polymeric matrix (Pires et al., 2019).
Besides that, compared to the conventional nanofillers such
as carbon black, mica, silica, nanoclay, and non-aluminum
oxide, CNCs present lower health and environmental negative
impacts (Ng et al., 2017). Various processing methods have been
developed to produce CNC-based nanocomposites. The most
important ones are the solution casting, melt extrusion, ball
milling, injection molding, compression molding, precipitation
routes, 3D printing, layer-by-layer assembly, wet- and electorspinning, and micropattering techniques (Oksman et al., 2016;
Dufresne, 2018; Nascimento et al., 2018; Thomas et al., 2018;
Sharma et al., 2019). This kind of nanocomposites can be
used in several scientific area and industries such as packaging,
automotive, aerospace, paints and coatings, adhesives, hydrogels,
nanobarriers, inks and printing, fire retardants, cementitious
materials, and defense, to name a few. CNC-based composites
presenting wide range of applications have been comprehensively
reviewed in recent years (Malucelli et al., 2017; Ilyas et al., 2018;
Klemm et al., 2018; Thomas et al., 2018; Dufresne, 2019; Fiss et al.,
2019; Naz et al., 2019; Sharma et al., 2019; Montes et al., 2020).
Nonetheless, most synthetic polymers are hydrophobic
materials, giving rise to week adhesion, reduced dispersion, and
poor wettability of CNCs with the polymer matrix. Furthermore,
the use of non-polar media causes a poor dispersion of
CNCs due to their ability to generate aggregates owing to the
presence of polar chemical groups and the high surface energy
of these nanoparticles (Dufresne, 2019; Younas et al., 2019).
Hence, surface modifications via covalent binding, surfactants,
ionic interactions, reductive amination, physical adsorption,
and molecule/polymer grafting have been demonstrated as
efficient approaches for enhancing the compatibility between
nanocomposite components, thereby improving the dispersion
and interaction between them (Thakur et al., 2013; Abitbol et al.,
2016; Younas et al., 2019; Nigmatullin et al., 2020). Moreover, the
processing temperature of CNCs and some engineering plastics
such as polyethylene and polypropylene is another shortcoming,
which requires the development of high-performance natural
fiber-reinforced composites (Gopi et al., 2019).
CNCs have been employed to reinforce a wide range of
polymer matrixes. Both thermoplastic polymers and thermosets
have been reinforced with CNCs to produce high-quality
and cost-effective materials (Lu et al., 2014). Many indepth research papers and reviews dealing with CNC-based

Some of the physical surface functionalization techniques
may include electric discharge (plasma treatment), ultrasonic
treatment, irradiation, and surface fibrillation (Islam et al., 2013).
Enzymes can also be used to modify the surface of nanocellulose,
for instance, Afrin and Karim (2017) employed two approaches
in their study; (a) direct modification, where the enzyme directly
gets in contact with nanocellulose, and (b) indirect enzymemediated modification. They concluded that the enzymatic
approach to produce nanocellulose and to further functionalize
them is a viable greener modification method compared to
chemical modification route. Islam et al. (2013) pointed out
that the main obstacle in modifying cellulose nanofibrils (CNF)
is that the approach needs to alter only the surface without
disrupting the morphology to preserve the crystal structure.
According to Robles et al. (2015), surface modification of CNC
and CNF with silanes generates hydrophobic surfaces, which
increase their stability.
Hydrolases and oxidoreductases are two of the most
commonly used classes of enzymes. Glycosidases, proteases,
and lipases are the frequently used hydrolase enzymes,
while in the case of oxidoreductases, laccase, tyrosinase, and
peroxidase are the majorly employed enzymes. Concerning
biomedical applications, nanocellulosic materials functionalized
via enzymatic approach possess a significant advantage over the
chemical route, which avoids the toxicity of the modified product
(Karim et al., 2017). Besides, based on the presence of a high
density of hydroxyl groups, BNCs can also be modified (Wang
et al., 2020). Kalhori and Bagherpour (2017) pointed out that
the utilization of bacterial cellulose for engineering applications
is a growing topic of interest among materials scientists and
engineers. For instance, Akhlaghi et al. (2020) investigated the
susceptibility of bacterial nanocellulose fibers as reinforcement in
cement composites, in which they observed that BNCs improved
the mechanical properties of cement mortars. Consequently, the
development of modified nanocellulose substrates with intact
surface properties through “sustainability” is still an uphill task
in nanocellulose research. Figure 5 depicts a schematic diagram
representing the most commonly used surface modification
routes of nanocellulose, while Table 5 portrays some previous
studies on surface modification of nanocellulose substrates along
with their salient features and applications.

NANOCELLULOSE BASED
NANOCOMPOSITES
The unique and attractive characteristics of cellulose nanocrystals
are already well-documented, which pushed the scientific
community to focus on the development of practical applications
for this nanoscale material (Kiziltas et al., 2013; Pandey et al.,
2015; Thakur, 2015b; Abitbol et al., 2016; Jawaid et al., 2017;
Wang X. et al., 2017; Nascimento et al., 2018; Salimi et al.,
2019; Younas et al., 2019). The employment of CNCs as
reinforcing agent of polymers is one of the most studied
area in composites field. A nanocomposite is considered as a
heterogeneous mixture, which contains two or more different
components with substantially various physicochemical features.
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FIGURE 5 | Schematic representation of the most commonly used surface modification routes of nanocellulose.

thermoplastics have been published over the past 20 years,
covering the preparation methods, potential applications,
shortcomings and advantages. Various polymers such as
polymethyl methacrylate, polybutyl methacrylate, polyvinyl
chloride, poly exo-ethylene, ethylene oxide-epichlorohydrin copolymers, polyurethane, polycarbonate, poly lactic acid, poly
vinyl acetate, and polyvinyl alcohol (Abitbol et al., 2016; Nandi
and Guha, 2018). The mechanical features of this kind of
nanocomposites are deeply affected by the interfacial adhesion
between CNCs and the polymer matrix, which can enhanced
by caring out specific modifications on these components (Gopi
et al., 2019). On the other hand, the combination of CNCs and
thermosets (unsaturated polyesters, some polyurethanes, epoxy
and phenolic resins) in nanocomposites aims to couple attractive
features from each compound in a synergetic manner (Peng
et al., 2017; Yue et al., 2018). CNCs provide better strength
and stiffness along with resistance to corrosion. These nanfillers
could be beneficial in reducing the internal stresses introduced
during curing process and can increase the cross-linking
density and impart nanocomposites with significantly improved
toughness (Miao and Hamad, 2019). Recently, Yue et al. have
pointed out that the use of modified CNCs enables physical
interlocking points in the cured epoxy matrix restricting chain
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mobility, and the homogeneity of the dispersion is a key factor,
which enhances the filler-matrix dispersion contributing to the
significant improvement in storage modulus and glass transition
(Yue et al., 2018). Furthermore, the formation of CNC-polymer
matrix network depends on the percolation threshold that relies
on the aspect ratio of the nanofillers and strength of the filler/filler
interactions. Nevertheless, despite such nanocomposites present
interesting characteristics compared to thermoplastics (Gopi
et al., 2019), they show some drawbacks such as the high
curing temperature and time as well as some recycling issues
(Liu et al., 2012). Notwithstanding, with constancy proposing
environmental and sustainable concerns in the last decades,
the employment of natural fillers and polymer matrixes from
natural and renewable resources in nanocomposites have drawn
more and more attention. Various bionanocomposites have
been produced using CNCs as nanofillers and natural polymer
matrixes such as chitosan, gelatin, proteins, cyclodextrin,
starch, gluten, alginate, natural rubber, xanthine, and cellulose
derivatives (carboxymethyl cellulose, hydroxypropylcellulose,
regenerated cellulose and cellulose diacetate) (Younas et al.,
2019). This latter class may find potential real applications in
the near future. Recently, despite much progress has been made,
more effective and efficient methodologies and strategies require
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TABLE 5 | Previous studies on surface modification of nanocellulose substrates along with their salient features and applications.
Cellulosic
source

Nanocellulose Preparation
method

Surface modification
strategy

Salient features

Application

References

Eucalyptus dry lap
wood pulp

CNC

H2 SO4 hydrolysis

Transesterification with
canola oil fatty acid methyl
ester

Higher hydrophobicity and
thermal stability

Hydrophobic coatings and
reinforcing agents to
hydrophobic polymer for
nanocomposites

Wei et al.,
2017

Blue agave (A.
tequilana) bagasse

CNF

High-pressure
homogenization

Silanization with
3-aminopropyl
triethoxysilane

Enhanced mechanical
properties and
hydrophobicity

Additive in poly(lactic acid)
to form strengthened
composites

Robles et al.,
2015

CNC

H2 SO4 hydrolysis

Esterification with
dodecanoyl chloride

Softwood pulp

CNF

TEMPO-mediated
oxidation

Grafting of
cetyltrimethylammonium
bromide surfactant

Increased hydrophobicity
and thermal stability

Improve the redispersibility
of TEMPO-oxidized CNFs in
N, N-dimethylformamide

Qu et al., 2019

Softwood sulphite
fibers

CNF

Successive
grinding

Sonication in the presence
of lactic acid

Rapid water draining and
enhanced mechanical
properties

Performance-enhancement
additive in traditional
papermaking

Sethi et al.,
2018

Sugarcane
bagasse

CNC

H2 SO4 hydrolysis

Functionalization using
adipic acid

Improved dispersion and
thermodynamic wetting

Reinforcements for
hydrophobic polymer
matrices

Ferreira et al.,
2018

Bacterial strain
Gluconobacter
xylinus (53582)

BNC

Static culture at
26◦ C for 168 h

Incorporation of polyvinyl
alcohol and Ag
nanoparticles

Outstanding antimicrobial
and mechanical properties

Packaging films for the food
industry

Wang et al.,
2020

Sea pineapple
(Halocynthia
roretzi)

CNF

TEMPO-mediated
oxidation

Grafting of polyethylenimine

Well-developed pore
structure with excellent
adsorption ability

To develop circular routes in
recovering metals and reuse
them directly

Hong et al.,
2020

Aspen kraft pulp

CNC

H2 SO4 hydrolysis

Oxidizing CNC by sodium
periodate followed by
covalent immobilization of
black wattle tannin

Better regeneration and
reusability with high metal
adsorption capacity

Novel nanocomposite to
eliminate contaminants from
industrial effluents

Xu et al., 2017

Nanocellulose/nanocarbon composites present outstanding
properties such as stretchability, flexibility, high mechanical
strength, tunable optical transparency, tunable electrical
and thermal conductivity, photothermal and photodynamic
activity, nanoporous character, and high adsorption capacity.
Consequently, they are prominent for a wide range applications
such as food packaging, water purification, energy harvesting,
storage and conversion, shape memory devices, construction
of fire retardants, and biomedical uses (Bacakova et al., 2020).
Other CNC hybrids based on metals, oxides, mineral salts,
and non-metallic elements have been also investigated. These
nanocomposites exhibited numereous innovative features due
to synergetic effects, which are unachievable by nano-structured
materials alone (Zhang et al., 2020). For instance, CNC-loaded
with noble metal nanoparticles found applications in the field
of antibacterial, biomedical, protein/enzyme immobilization,
catalysis, photoelectric materials, and sensing. However, some
challenges in controlling size, shape, distribution uniformity,
and density of nanoparticles on CNCs need to be overcome.
Moreover, the interactions and the complex mechanisms
between these nanomaterials from a fundamental point of view
have to be illucidated. Besides, more environmentally friendly
and green synthetic approaches should also be considered to
meet the sustainable development and the strong demands.
Nonetheless, the fabrication and exploring CNC loaded with

to be developed to obtain nanocomposites with optimal features,
encompassing the scale up to industrial level at economic way
(Vilarinho et al., 2018). To resolve this, efforts are being made
to seek for new approaches capable of improving the existing
processes or promoting large scale synthesis.
On the other hand, owing to the surface characteristics
of CNCs, they can be modified by oxidation of hydroxyl
groups using the TEMPO-oxidation or ammonium persulfate
method to produce multifunctional hybrid nanomaterials
coupled with metal or metal oxide nanoparticles such as Ag,
ZnO, CuO, and Fe2 O3 , as recently described by Oun et al.
(2020). These composites have a high potential to be employed
in different fields encompassing food packaging and other
biotechnological applications. Nanocomposites, containing
nanocellulose and nanocarbons such as graphene, graphene
oxide, carbon nanotube, nanodiamond, and graphene, are
considered as newly emerging smart hybrid materials, where
nanocellulose component acts as a dispersing agent (Bacakova
et al., 2020; Miyashiro et al., 2020). For instance, CNCs were
considered ideal for immobilization of fullerene nanoparticles. A
scheme of preparation of CNC/fullerene composite is depicted
in Figure 6. Such composite showed a higher radical scavenging
capacity in vitro than fullerenes alone, and therefore are
promising for biomedical application in antioxidant therapies,
e.g., as components of skin care product (Awan et al., 2016).
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FIGURE 6 | Scheme of fullerene C60 (A) and of the preparation and structure of nanocellulose/fullerene composites (B). Reprinted from Bacakova et al. (2020) as
distributed by creative common license CC BY license, MDPI publisher.

2019; Shojaeiarani et al., 2019; Tan et al., 2019; Younas et al., 2019;
Mokhena and John, 2020; Moohan et al., 2020).
CNCs have shown great promise owing to their
biodegradability, biocompatibility, high surface area-tovolume ratio, interesting thermal, optical, electrical, barrier
and mechanical characteristics, no/low toxicity, self-assembly
behavior, crystallinity, rheology, potential versatility in terms of
functionalization and modification (Plackett et al., 2014; Jorfi
and Foster, 2015; Karimian et al., 2019). It has been reported
that CNCs are non-cytotoxic, non-immunogenic and do not
contribute to serious environmental hazards, and suggested as
a tissue culture medium to assist cell proliferation (Ilyas et al.,
2018). Nevertheless, recent research activities have revealed
that CNCs may cause inflammatory response, mages, induce
oxidative stress and are able to enter cells, what is dominated by
the nanometric size as well as the nature of surface chemistry, and
thus CNC-based materials may influence the toxicity in different
manners (Thomas et al., 2018). However, such immunogenicity
and cytotoxicity can be modulated by CNC physicochemical
features through endowing an electrical charges or by the
functionalization of specific chemical groups (Bacakova et al.,
2019). Moreover, further investigations on the CNC toxicity are
required to have a better insight for the next applications in the
biomedical field (Seabra et al., 2018).
Efficient drug delivery systems exhibit important features
such as targeting, improved solubility, controlled drug release,
reduced clearance, drug stability, and therapeutic effect. Some
endeavors have been devoted to utilize CNCs as an appropriate
pharmaceutical excipient and carrier owing to their colloidal
stability, high surface-to-volume ratio and the negative surface
charge, which allowed loading charged/neutral drugs, controlling
the release of active compounds, and transporting the genes
to the target cells (George and Sabapathi, 2015; Grishkewich
et al., 2017; Tan et al., 2019). However, the hydrophilic character

nano objects and their extended uses will remain as one of the
key focuses of future research activities.

NANOCELLULOSE FOR BIOMEDICAL
APPLICATIONS
The advances in the area of nanomaterials, with outstanding
features and various structures, have attracted more interest
for their use in biomedical applications. The coupling of
multidisciplinary fields such as life science, biology, physics,
chemistry, and engineering has long assisted the evolution
of nanobiomaterials, which can be rationally designed from
biological or synthetic materials, for biomedical utilizations
(Kim D. et al., 2019; Pires et al., 2019). Since the pioneer
work of Kramet et al. appeared in June 2006 giving light to
the potential employment of nanocellulose as biomaterial for
constructing tissues replacements (Kramer et al., 2006), extensive
research activities have been conducted and others continue to
appear worldwide focusing on the employment of nanocellulose
such as CNCs in several fields of medicine encompassing
tissue regeneration, tissue repair, substitute implants, biosensing,
drug delivery, hemodialysis membranes, absorbable hemostats,
biocatalysts, anti-bacterial etc. (Lin and Dufresne, 2014; Trache,
2018; Bacakova et al., 2019; Karimian et al., 2019; Moohan
et al., 2020). Some important applications will be discussed
below, whereas detailed discussions dealing with other medical
uses of CNC-based materials can be found in other reviews
(Golmohammadi et al., 2017; Grishkewich et al., 2017; Reiniati
et al., 2017; Phanthong et al., 2018; Seabra et al., 2018;
Wohlhauser et al., 2018; Bacakova et al., 2019; Carvalho et al.,
2019; Du et al., 2019; Dufresne, 2019; Jin et al., 2019; Kim D.
et al., 2019; Luo et al., 2019; Naz et al., 2019; Pires et al., 2019;
Salimi et al., 2019; Sharma and Bhardwaj, 2019; Sharma et al.,
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attention and are actively investigated through TE approach
since they present all the requirements of TE technology
such as sustainability, biodegradability, biocompatibility, water
retention, water absorption, better mechanical features, enhance
cell adhesion, growing, and differentiation (Abitbol et al., 2016;
Mokhena and John, 2020). Various manufacturing techniques
have been developed for TE scaffolds such as electorspinning,
freeze-drying, crosslinking, solvent casting, and 3D printing
(Kim D. et al., 2019; Luo et al., 2019; Moohan et al., 2020).
CNCs have constantly shown to be promising component in
several formulations for TE applications such as in the repair of
ophthalmic, hepatic, muscular, neural, vascular, skin, cartilage,
cardiac, and bone tissue, especially after their chemical and
physical characteristics have been modified. CNCs can reinforce
many polymeric matrices and are compatible with various
biological materials such as poly(lactic acid), chitosan, silk
fibronin, alginate, collagen, apatite, and gelatin (Grishkewich
et al., 2017; Thomas et al., 2018; Shojaeiarani et al., 2019). Many
formulations have been developed for widespread application
and prominent results have been achieved in the recent
years (Gopi et al., 2019; Kim D. et al., 2019; Naz et al.,
2019; Moohan et al., 2020). For instance, Shaheen et al.
fabricated chitosan/alginate/hydroxyapatite/CNC scaffold using
freeze-drying method for bone tissue engineering (Shaheen et al.,
2019). They confirmed that the incorporation of CNCs improved
the mechanical as well as physical properties of scaffolds, and
cell adherence and proliferation were enhanced. In another work,
Osorio et al. prepared hydrazone cross-lined CNC aerogels as
viable bone tissue scaffolds (Osorio et al., 2019). They claimed
that the obtained aerogels are flexible, porous, and efficiently
facilitate bone growth after they implantation if bone defects.
More details of other interesting applications of CNCs for other
TE can be found in some recent reviews (Bacakova et al., 2019;
Gopi et al., 2019; Kim D. et al., 2019; Luo et al., 2019; Naz et al.,
2019; Pires et al., 2019; Sharma et al., 2019; Mokhena and John,
2020; Moohan et al., 2020).
Human skin, the interface between the body and the
environment, plays a prominent role as protective layer and
physicochemical barrier against aggressions. Skin injuries, which
happen in daily life, necessitate an efficient treatment and proper
management to avoid severe illnesses or even mortality (Du et al.,
2019). Wound dressings is a practical and efficient way to heal
skin injuries and protect the area from the risk of infection
from microorganisms. An effective wound dressing material
needs to satisfy a number of features, i.e., it should be nonallergic and non-toxic, induces wound healing, eliminates dead
spaces and non-viable tissues and control odors, avoids further
inflammation, cleans the injured tissue, minimizes/eliminates
pain, controls and prevents microbial biofilms, absorbs excess
exudate and toxins, has good permeability to oxygen, maintains
suitable moisture at the surface, and must be simple to eliminate
without any trauma to the wound (Mogoşanu and Grumezescu,
2014; Hamedi et al., 2018). The application of CNCs to wound
healing was recently reported is many investigations, and
promising achievements have been reached owing to their useful
properties as well as their ability to be functionalized (Bacakova
et al., 2019; Dufresne, 2019; Kim D. et al., 2019; Miao and Hamad,

and the low drug-loading behavior of CNCs limit it use in
pristine form. Therefore, to improve binding of hydrophobic
drugs, a wide range of surface modifications of CNCs have
been carried out based on the chemical introduction of chemical
groups owing to the presence of reactive functional groups on
CNC backbone (Lin and Dufresne, 2014; Plackett et al., 2014;
Salimi et al., 2019). Nevertheless, maintaining the morphology of
CNC crystals after modification processes remain an additional
challenge that necessitates further improvements to enhance the
efficiency of CNC-based drug delivery systems (Karimian et al.,
2019). For instance, Wan et al. developed a new approach to
prepare hyperbranched polymers-functionalized CNCs through
direct anionic polymerization utilizing glycidol as the monomer
and surface hydroxyl groups of CNCs as initiator. The peripheral
end functional groups of the modified CNCs were then converted
to hydrazide groups, which could be used for loading anticancer
drugs, such as epirubicin, through the formation of hydrazone
bonds with pH-responsiveness (Wan et al., 2019). The authors
suggested that epirubicin could be released from CNCs-based
carriers with pH-responsive behavior and that the obtained
drug-containing complexes could preserve their anticancer
capability. Recently, Tang et al. prepared a novel colon-targeted
drug release system by conjugating of maleic anhydride CNCs
(MCNC) with model drug (tosufloxacintosilate) (Tang et al.,
2018). They revealed that the model drug could be entrapped
effectively by MCNC, and hence excellent behavior for colontargeted release is found. In another work, Ntoutoume et al.
developed complexes containing CNC/curcumin/cyclodextrin
to target colon and prostate cancer cells (Ntoutoume et al.,
2016). They demonstrated that such complexes present an
effective antiproliferative effect on cancer cells compared to
curcumin alone. On the other hand, CNC-based hydrogels
present interesting bioavailability and can provide superior drug
delivery capacity due to their high surface area and open pore
structure. Intense research works have been recently performed
as demonstrated by the recent published reviews (Du et al., 2019;
Shojaeiarani et al., 2019). More recently, Xu et al. fabricated a
novel nanocomposite hydrogel using CNCs and chitosan and
employed it as a carrier for the controlled delivery of theophylline
(Xu Q. et al., 2019). They reported that such biocomposite
exhibited excellent drug-controlled release behavior and can be
employed as prominent carrier for gastric-specific drug delivery.
In another research work, Jeddi et al. prepared carbocymethyl
CNC, which is utilized in bilayer alginate-chitosan hydrogel
beads formulation to produce smart, friendly, and magnetic
sensitive hydrogels beads and successfully applied as a carrier
for dexamethanose delivery (Jeddi and Mahkam, 2019). They
claimed that the developed simple green manufacturing method
using economical feedstocks provided a highly prominent carrier
for drug delivery.
Tissue engineering (TE), a fast growing area of biomedical
science, has emerged as a prominent approach to develop
biological substitutes for repairing, treatment or regenerating
lost or damaged tissue or organ based on the application
of principles and methodologies of engineering, chemistry,
biological sciences, and medicine (Du et al., 2019; Shojaeiarani
et al., 2019). CNC-based materials have received a tremendous
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2019; Naz et al., 2019; Sharma et al., 2019; Shojaeiarani et al., 2019;
Mokhena and John, 2020; Moohan et al., 2020). For example, Yin
et al. synthesized hydrogels based on gelatin (GA), hyaluronic
acid (HA) and CNCs by crosslinking and freeze-drying (Yin et al.,
2019). They obtained hydrogels through the formation of amide
bond and hydrogen bonding between hydrogel components.
The authors claimed that the introduction of CNCs improved
the characteristics of hydrogels and played a prominent role
according to the swelling and rheology behavior. The cell
culture exhibited that NIH-3H3 cells can attached to, grow,
and proliferate well on the GA-HA-CNC hydrogels, confirming
their potential application in wound dressing field. Recently,
Dehkordi et al. prepared a novel CNC-reinforced hyaluronic
acid composite containing nanochitosan loaded with granulocyte
macrophage colony stimulating factor (GM-CSF) as an efficient
candidate for wound healing (Dehkordi et al., 2019). The resulted
composite exhibited interesting features such as high swelling
capacity, suitable mechanical characteristics and controlled
release of GM-CSF. The authors reveled that this composite
enhanced granulation formation, improved re-epithelialization,
and decreased inflammatory reaction, suggesting that such
composite can be possibly used in clinical practice for wound
treatment. Most recently, Shojaeiarani et al. reported that
thermo-responsive injectable hydrogels reinforced by cellulose
nanocrystals have the capability to efficiently orient medicine to
narrow or deep-opening wounds and the aptitude of continued
release of antibiotics, which are appropriate in wound healing
uses (Shojaeiarani et al., 2019). Some other specialized reviews
have been recently published on this topic (Alavi, 2019; Du et al.,
2019; Dufresne, 2019; Kim D. et al., 2019; Shojaeiarani et al., 2019;
Mokhena and John, 2020; Moohan et al., 2020).
Biocatalysts, as biological substances, can be used for the
initiation, modification, and promotion of the chemical reaction
rates. They present numerous advantageous compared to the
conventional chemo-catalysts for biomedical and healthcare
applications since they are biocompatible and selective, exhibit
higher catalytic activity, increased susceptibility, improved
enzyme-substrate affinities, and reusability, and may be prepared
via green chemical processes under mild conditions (Karimian
et al., 2019; Lin N. et al., 2019). In recent years, CNC has
been widely used as a novel matrice for the immobilization
of enzymes/proteins (Grishkewich et al., 2017; Karimian et al.,
2019). It is revealed that enzyme/CNC can considerably enhance
the catalytic activity, enantioselectivity, and stability of the
enzymes (Sunasee et al., 2016). An effective chemoenzymatic
approach for immobilizing proteins onto CNC scaffolds has been
reported by Uth et al. An oligo-GLy sequence was conjugated
to CNC surface, which could be recognized and cleaved by
sortase A to allow for protein immobilization, following the
conversion of the surface hydroxyl to aldehyde groups (Uth
et al., 2014). The advantageous of this method is that the protein
grafting can be site specific and region-specific at physiological
conditions, allowing the protein to maintain its structure without
affecting its activity (Grishkewich et al., 2017). Thus, taking into
account of the benefit of the high dispersible CNC scaffold,
such approach can be applied for several proteins and bioactive
molecules. In another work, Cao et al. have produced magnetic
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CNC as an enzyme support for immobilization of Pseudomanas
cepacialipase (PCL) (Cao et al., 2016). The authors demonstrated
that the use of CNC enhances the stability and solvent tolerance
owing to the increase of the enzyme structure rigidity. This
biocatalyst seems to be able to effectively catalyze the hydrolysis
of ketoprofenethyl ester with high yield. Recently, Huang et al.,
prepared a novel nanobiocatalyst by immobilizing penicillin
acylase onto magnetic CNCs and assessed its use for the
efficient synthesis of cefaclor (Huang et al., 2018). The authors
revealed that the obtained nanobiocatalyst exhibited significantly
enhanced stability and manifested higher enzyme-substrate
affinity and catalytic efficiency with higher yield. Such biocatalyst
can be considered as a prominent and effective substance for
biocataltic reactions, which may be used to produce semisynthetic antibiotics. More recently, Wu et al. have improved
the biocatalysis of cefaclor through a new approach based on the
synthesis of penicillin acylase immobilized on magnetic CNCs in
deep eutectic solvents (Wu et al., 2019). This approach allowed
obtaining a yield of 91% of cefaclor.
Despite interesting positive results and achievements on
the application of CNC-based materials for biomedical uses
have been reached, further investigations on the long-term
biocompatibility and toxicology should be carried out in addition
to the implementation of the validation of these CNC-based
biomaterials using the standards and methodologies applied by
the competent authorities.

NANOCELLULOSE AS PICKERING
EMULSIFIERS
Pickering emulsions have drawn more interest in recent two
decades owing to new developments and insights in material
science and engineering (Fujisawa et al., 2017). Pickering
emulsion refers to solid-stabilized emulsions, where solid
particles are introduced to well stabilize emulsions, instead of
traditional surfactants, through the adsorption process on the
surface of emulsion droplets and the lowering of the interfacial
tension to generate a protective coating that obstructs the
flocculation and coalescence of droplets owing to the instruction
of steric or electrostatic repulsive forces (Tang J. et al., 2019).
Among several solid stabilizes, it was recently exhibited that
CNCs can be used as Pickering emulsion stabilizers owing to their
amphiphilicity, unique nanosizes and promising features such
as renewability, biocompatibility, biodegradability, and chemical
stability. One of the pioneers research group in the field is
that of Capron, who demonstrated in 2011 that unmodified
CNCs can efficiently adsorb oil-water interfaces and generate
deformable and highly stable oil-in-water emulsions, showing
the amphiphilic character of CNCs, demonstrated by molecular
organization at crystalline surfaces, with the exhibition of
affinity between both hydrophobic and aqueous phases (Capron,
2018). Despite the known hydrophilic character of cellulose
(abundance of –OH groups), a more hydrophobic edge plane
constituted by only CH groups has been recognized as (200)
crystalline plane for Iβ allomorph, and (110) Iα allomorph.
This hydrophobic edge plane is appeared responsible for wetting
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by isobutyrate bromide moieties. It is revealed that such stabilizer
can influence the nature of emulsion either direct (O/W), inverse
(W/O), or double. The nature of emulsions led to produce
diverse kinds of products, such as open-cell solids, beads, and
capsules (Werner et al., 2018a). In a separate research work, Gao
et al. have modified CNCs reducing end stabilizer and employed
it during the polymerization. Polystyrene microspheres covered
with asymmetric modified CNCs are generated (Du W. et al.,
2017). CNC/polymer nanocomposites can be produced by a
simple and environmentally friendly media, in which CNCs
work both as stabilizer and as nanofillers in the emulsion and
polymer compote. Réroguez’s research group published an easy
method to prepare polymer composites via polymerizations in
Pickering emulsions stabilized by acetylated CNCs (Werner et al.,
2018b). These authors reported that such method improved the
mechanical features of the composite compared to the unfilled
polystyrene sample. Similar enhancement of mechanical features
is obtained for the poly(n-butyl methacrylate) composites. In
recent years, Pickering emulsion based delivery systems have
been used for encapsulation and controlled release applications
in various fields such as cosmetic, food, biomedical, and
pharmaceutics (Tang J. et al., 2019). For instance, Mackie et al.
have produced sunflower (O/W) emulsions stabilized by CNCs,
which were exposed to stimulated upper gastrointestinal tract
digestion (Mackie et al., 2019). They demonstrated that CNCs
were entrapped in the intestinal mucus layer and failed to
reach the underlying epithelium, leading to the decrease of the
adsorption of saturated lipids, thus concluded the effectiveness of
CNC emulsifier through the reduction of plasma cholesterol. As
an emerging application, the stability of CNC-based Pickering
emulsion systems can be instantaneously controlled via external
triggers by incorporating stimuli-responsive features, which
can provide an appropriate platform to developing particular
materials with outstanding properties. Tang et al. have recently
grafted some polymers such as poly(methacrylic acid) onto
CNCs surface (Tang et al., 2016). The authors claimed that the
modified nanoparticles showed thermal and pH-responsive
features. They revealed that the combination of stimuliresponsive properties with CNCs offer an easy and efficient
way for oil harvesting applications. More recently, Li et al.
have developed a new green and recyclable emulsifier for
pH-responsive Pickering emulsion through the modification
of CNCs with benzyl-polyethyleneimine (Ben-PEI-CNC) via
the periodate oxidation of CNCs and reductive amination (Li
W. et al., 2020). The authors demonstrated that the obtained
Pickering emulsions stabilized by Ben-PEI-CNC are very
sensitive to pH change, where the transition from stable
emulsion to an unstable emulsion can be easily carried out.
The authors claimed that this approach could open up new
avenues for heterogeneous catalysis, emulsion polymerization,
and oil recovery. Some other emerging applications based on
Pickering emulsions stabilized by CNCs can also be find in
the open literature such as antimicrobial applications, personal
care products and cosmetic, improved food storage, composites
with improved barrier characteristics and thermo-regulating
materials (Fujisawa et al., 2017; Capron, 2018; Tang J. et al.,
2019).

CNCs at the oil/water (O/W) interface, and hence its accessibility
to oil droplets governs the establishment of thermodynamically
stable oil droplets (Tarimala and Dai, 2004; Goi et al., 2019).
Typically, unmodified CNCs are revealed to generate only
oil-in-water emulsions. Besides that, it is reported that the
nature of CNCs source, the pretreatment of biomass and the
isolation method do not significantly influence the ability to
form the Pickering emulsions, because native cellulose has
common crystal allomorphs. However, the morphology, shape,
aspect ratio, specific surface as well as the quantity of CNCs
involved may cover in different ways the droplets and modify
the behavior of the emulsion (Fujisawa et al., 2017; Capron,
2018). Aside from their biocompatibility and abundance, another
benefit of utilizing CNCs is that they can be easily modified.
Various modification methodologies, encompassing covalent
bonding through the insertion of functional chemical groups
or surface active species (surfactants, polymers, or proteins)
and non-covalent bonding through physical interactions such
as electrostatic interaction, hydrogen bonding, and van der
Waals force, have been developed to tailor their characteristics
and enhance the emulsion stability (Hu et al., 2015b; Bai
et al., 2018; Liu et al., 2018; Pindáková et al., 2019; Tang J.
et al., 2019). The CNCs functionalization controls the type
of emulsion. Thus, the hydrophobic character of the CNC
modification produces water-in-oil (W/O) emulsions with high
stability. The combination of the (O/W) and (O/W) emulsions
produces double emulsions (W/O/W or O/W/O) via coupling
of unmodified and modified CNC (Kalashnikova et al., 2013; Hu
et al., 2015a).
CNC-based Pickering emulsions find applications in various
fields such as food, sensing, biomedicine, pharmaceuticals,
cosmetics, oil recovery, emulsion polymerization, and
heterogeneous catalysis, to site a few. The open literature
demonstrates the ambitions to further develop this kind
of emulsions with new functionalities and more complex
structures, as well as exploring new applications. Thus, only a
few examples are given here. Polymerization occurring in the
Pickering emulsion systems has received a growing interest
as revealed by several research activities (Glasing et al., 2019).
Werner et al. have developed an appropriate approach to
produce surfactant-free micro- and nanolatexes from Pickering
emulsions stabilized by modified CNCs, which are grafted by
acetyl moieties at the surface. The polymerization of the systems
in the presence of thermoactive initiator produced a latex
constituted by a mixture of polystyrene micro- and nanobeads,
which were easily separated by filtration and centrifugation.
The obtained beads can be used as reinforcement agents
(Werner et al., 2017). Recently, Capron’s research group has
performed work studying the polymerization details in systems
of pristine CNCs stabilized monomer (butyl methacrylate,
lauryl methacrylate, styrene, etc.) droplets. This group produced
latex particles with different sizes through two concomitant
mechanism. Microparticles were produced by suspension
polymerization mechanism, whereas the nanoparticles were
obtained by emulsion polymerization mechanism (Saelices
et al., 2019). In another work, Hérogues et al., investigated the
Pickering emulsions of monomers stabilized with grafted CNCs
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NANOCELLULOSE IN WOOD ADHESIVES

a stable network and higher reinforcement efficiency, however,
the amount of typical nanocellulose added should be sprayable
for manufacturing.
Local stress concentration along the wood bond line in the
brittle adhesives such as UF, phenolic formaldehyde (PF) and
melamine-UF (MUF) is high due to high methylene crosslink
density (Lubis et al., 2018) and the formation of crystalline region.
Fortunately, there is possible interaction between hydroxyl
groups of cellulose and methylol groups from UF resin that
results in improvement of ductility of the adhesive (Fornué
et al., 2011). The formation of various morphologies and size
of crystalline region regarded as polycrystals in the UF resin
adhesives especially at low formaldehyde/urea (F/U), i.e., 0.9
to 1.0 had been reported by Park and Causin (2013); Singh
A. P. et al. (2014), and Nuryawan et al. (2017). Singh et al.
studied the pattern of cured UF resin in contact with and
without wood (Singh A. P. et al., 2014). The result suggested
that at low formaldehyde thermosetting resin, in the presence of
wood, cured UF resin possesses the distinct crystalline structure,
although all the aspects from their study were poorly understood
and still needed further clarification. The presence of the crystal
was characterized under small angle X-ray scattering (SAXS)
(Park and Causin, 2013). They believed that the crystalline
regions took responsible for the stablility to hydrolysis and less
hazardous due to the small release of formaldehyde gases. On
the other hand, the addition of modified CNC had proof to
reduce formaldehyde emission by 13% at optimum addition
of 1 wt.% CNC as reported by Zhang et al. (2013). As far
as author knowledge, there is no report, which studied the
crystalline structure of UF resin in the presence of nanocellulose
as reinforcing agent in adhesive, yet.
The main challenge of modified adhesive with nanocellulose
is the adding either redispersible dried nanocellulose or
nanocellulose suspension at the beginning of the adhesive
synthesis (Gindl-Altmutter and Veigel, 2014). Simply,
nanocelluloses were well-dispersed in a high concentrated
formaldehyde solution (or dried formaldehyde), which was
subsequently used for the synthesis of UF resin. Up to now,
the cellulose-adhesive mixtures were commonly produced by
adding aqueous nanocellulose into a commercial adhesive. Those
method caused the limit addition of nanocellulose into adhesive.
The more the cellulose suspension was added, the higher amount
of water content in the system resulted in lowering the solid
adhesive content which further slower the curing and gelling
process (Kwon et al., 2015). The synthesis reaction of UF resin
are possible to be conducted at three condition alkaline, weak
acid, and strong acid. In this idea, the type of nanocellulose that
used during synthesis would be limited to positive or uncharged
nanocellulose for strong acid environment, since TEMPO-CNF
with pKa ∼3.50 will be agglomerated to form hydrogen bonding
themselves and reduced dispersion in the matrix. Commercially,
UF was synthesized with alkaline catalyst to initiate addition
reaction and then was converted to acid side to promote the
condensation reaction (down to pH 4.6) and then normalized
to pH 8 to terminate the reaction (Nuryawan et al., 2017). More
recently, Vineeth et al. demonstrated that the incorporation of
NC in wood adhesives and crosslinking with binders such as poly

There are few reports which studied on the application of
nanocellulose in wood adhesives (Lengowski et al., 2019; Vineeth
et al., 2019). Commonly, wood adhesives can be classified
into two big groups, which are soft and brittle adhesive.
Isocyanate containing adhesives and polyethylene-vinylacetate
including epoxies are less stiffer than amino-based and phenolicbased adhesives (Stoeckel et al., 2013). Good bonding within
lignocellulosic part requires the understanding of complexity of
wood polymer adhesive bonds in terms of surface chemistry,
surface geometry, and adhesive penetration which the adhesive
have to fulfill the ability of wetting to the wood surface in
liquid state and the possibility to construct adequate cohesion
within polymer during the curing state. The addition of highstiffness and high-surface area of nanocellulose to such soft
polymers explicitly results in stiffening of the cured modified
adhesive. Those related to the fact that the cellulose addition
rapidly increased the viscosity of the adhesive, therefore, limit
the amount of nanocellulose that can be added into the system
(Veigel et al., 2012) and affect the formation of bond line
thickness as the nanocellulose also fills the hole and irregularities
in the wood surface, which decreasing the porosity (Ayrilmis
et al., 2016). Table 6 summarizes the effect of nanocellulose
addition on the wood adhesive characteristics. The questions
that need to be elaborated in the application of nanocellulose
in wood adhesive are the mechanisms that responsible for the
toughening effect and the study regarding the bond line structure
of reinforced adhesive. Since urea-formaldehyde (UF) adhesive
is the most common adhesive used in the wood-based composite
industry, this section approaches to understand those mechanism
in the scope of UF adhesive. An excellent review on UF adhesive
resins for wood is reported in the literature (Dunky, 1998).
In addition, according to Richter et al. (2009), some
critical parameter affecting the mechanical performance of
the reinforced wood adhesive are the quality of controlled
fibril morphology, the homogenous as well as the comparable
polarity of fibrils and adhesive. In that case, methods of
extraction and surface modification of nanocellulose dictate
the behavior of modified adhesive and affect the bonding
strength within adhesive and wood. Microfibrillated cellulose
(MFC), which produced by high mechanical shearing fibrillation
resulted in non-charged longer fibrillated cellulose lead
high viscosity due to an entangled network structure in the
adhesive (Veigel et al., 2012; Ayrilmis et al., 2016). TEMPO
[(2,2,6,6-tetramthylpiperidin-1-yl)oxyl]-mediated
cellulose
oxidation (TEMPO-CNF), a longer fibrillated negative surface
charged promote well-dispersion in polar adhesive (Isogai
et al., 2011). While cellulose nanocrystals (CNC) modified
with aminopropyltriethoxysilane (APTES) lowering the surface
energy of modified CNC by increased about 26.4% on the contact
angle between CNC and UF resin adhesive (Zhang et al., 2013).
In other words, tunable wettability of reinforced adhesive could
be obtained by modifying the surface of nanocellulose in order
to manage the energy dissipation at the toughening mechanism
of adhesive. It seem that the morphology of CNF has higher
potential rather than that of cellulose whisker (CNC) to form
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TABLE 6 | The summarize of nanocellulose for wood adhesive applications reported in the literature.
Nanocellulose
form

Percentage cellulose
addition (wt. %)

Resin

Findings

Reference

CNF

Up to 1.33

Water based polyvinyl
acetate latex-PVAc

Improved rheological behavior and bonding properties.

Richter et al., 2009

Up to 10

One-component
polyurethane (1C-PUR)

CNC

Up to 2

UF

The formaldehyde emission of the UF resin decreased at optimum
condition by adding only 1 wt. % Sulfuric acid hydrolysis (CNC).

Zhang et al., 2013

CNC

Up to 10

Hydroxypropyl cellulose The employment of CNC is very promising in consolidation of wood
without negative effect on its properties even after aging.

Hamed and Hassan,
2019

CNC

Up to 10

cottonseed protein

The introduction of CNC improves strength by 16% with respect to
pure protein. The hot water resistance of cottonseed protein is also
enhanced.

Cheng et al., 2019

CNC

Up to 5

UF

The incorporation of CNC in UF increased the liquid suspension
viscosity, and the specimens exhibited a higher mechanical
performance.

de Almeida Mesquita
et al., 2018

CNC

Up to 3

PVAc

Modified PVAc showed higher bond strength at dry and wet
observation and at elevated temperature.

Kaboorani et al., 2012

TEMPO-CNF

Up to 2

UF

UF-adhesive bonds can be significantly toughened by only small
portion addition of nanocellulose.

Veigel et al., 2011

1MFC

Up to 5

UF at different F/U mol
rations

The incorporation of MFC decreased the stress concentrations along
the bond line, improved ductility of the adhesive.

Ayrilmis et al., 2016

MFC

0.5 to 5

UF

The fracture observation showed that the failure occurred in the wood
rather than in the adhesive indicated the strength of the bond line by
addition of MFC.

Kwon et al., 2015

MFC

Up to 5

UF

The addition of MFC indicated lower thermal stability at different F/U
mol ratio except the enhancement of thermal stability at low F/U mol
ratio which is 0.9 (E0).

Nuryawan et al., 2017

and amine (-NH2 ) groups ionically or covalently are used
to select targeted contaminant or dyes (Gebald et al., 2011;
Mohamed et al., 2017a). Immobilized mycelia Pestalotiopsis
sp NG007 showed the ability to grow and decolorized some
reactive dyes due to the laccase enzyme activities (Yanto et al.,
2014). Further, laccase immobilization on nanocellulose fibrils by
electrospinning process has been reported by Sathishkumar et al.
(2014). They proposed an eco-friendly system that may be used
to treat textile effluent which contains a mixture of different dyes
and salts. Laccase immobilization on nanocellulose also can be
used as antimicrobial membrane for wound dressing applications
(Sampaio et al., 2016).
Nanocellulose composites have been used for heavy metal
removal in water environment. Heavy metals such as Zn2+ ,
Cu2+ , Cd2+ , Hg+ , Pb2+ , Cr3+ are known as toxic and
possible to accumulate in living organism and human body.
Wang et al. produced composite membrane of polyacrylonitrile
(PAN)/microscale polyethylene terephthalate (PET) fibrous
scaffold with 5 nm cellulose nanofibrils (Wang et al., 2013).
The high surface area, fibrous structure and high porosity of
nanocellulose induced high adsorption of Cr6+ and Pb2+ up to
100 and 260 mg/g, respectively. Meanwhile, Yu et al. reported the
modified cellulose nanocrystals with succinic anhydride could
improve the adsorption rate up to 465.1 mg/g which is the
highest adsorption rate of heavy metals have been reported so far
(Yu et al., 2013). An excellent review on nanocellulose as novel

(vinyl alcohol) may increase the performance and mechanical
features, opening new possibilities for eco-friendly and bio-based
wood adhesives (Vineeth et al., 2019). These achievements can
reduce the dependency of petrochemicals in wood adhesives
field in the near future.

NANOCELLULOSE FOR ADSORPTION,
SEPARATION, DECOMTAMINATION, AND
FILTRATION
In addition to the plethora of applications outlined above,
extensive research activities continue to be conducted worldwide
to conquer new domains and develop new sectors of uses
of Nanocellulose.
NC materials have garnered much spotlight for application
in the field of water treatment (Jamshaid et al., 2017; Mohamed
et al., 2017b; Putro et al., 2017), dye removal (Karim et al., 2014;
Mohammed et al., 2015), air purification (Gebald et al., 2011;
Nemoto et al., 2015), and microbe and viruses decontamination
(Wang et al., 2013; Rosilo et al., 2014; Li et al., 2018). In general,
the mechanism for adsorption and separation is classified
in four categories which are physical, chemical, biological,
and acoustical, radiation and electrical processes (Mohamed
et al., 2017b). The use of functionalized nanocellulose through
sulfuric acid hydrolysis (SO3− ), carboxylated groups (COO− ),
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revealed that nanocellulose is become an important, safe,
and economically sensible new material that is particularly
appropriate for membrane applications (Sharma et al., 2020).
They reported that nanocellulose membranes developed
from inexpensive, abundant, and sustainable resources,
such as agricultural residues and underutilized biomass
waste, can lower the cost of membrane separation, as these
membranes will offer the ability to remove a range of
pollutants in one step, via size exclusion and/or adsorption.
The nanocellulose-enabled membrane technology not
only may be suitable for tackling global drinking water
challenges, but it can also provide a new low-cost platform
for various pressure-driven filtration techniques, such as
microfiltration, ultrafiltration, nanofiltration, and reverse
osmosis. However, further research activities need to be
conducted in the future to reduce cost of processing with
improving performance parameters.

nanostructured for environmental remediation was presented by
Mahfoudhi and Boufi (2017).
Nanocellulose appeared as adsorption in common
applications in the form of cellulose beads composite with
others organic materials such as chitin (d’Halluin et al., 2017),
chitosan (Li and Bai, 2005), or sodium alginate (Vijayalakshmi
et al., 2016), composite with inorganic compounds such as
sodium montmorillonite (NaMMT) (Kumar et al., 2012),
titanium dioxide (TiO2 ) (Li et al., 2015) or ferric chloride
solution (Kim et al., 2006), hydrogels (Jamshaid et al., 2017),
and aerogels form (Wei et al., 2018, 2019; Gu et al., 2020).
Recently, Tchikovhi et al. Have comprehensively reviewed
the nanocellulose based composites reinforced with activated
carbon, carbon nanotube, graphene oxides, metal, non-metals,
and ceramics as adsorbents for diverse organic and inorganic
contaminants in water (Tshikovhi et al., 2020). They also reported
the eventual interactions between adsorbent and adsorbates,
which can influence the efficiency of the adsorption process. It is
demonstrated that the most of the adsorption process involves
interactions between the pollutants and the materials through
different mechanisms such as electrostatic interaction, van der
Waals forces, hydrogen bondings, and pi-pi interactions.
Recyclable cellulose nanocrystal reinforced alginate hydrogels
have been reported by Mohammed et al. (2015). Methylene
blue (MB) is used as adsorption-desorption model which the
removal efficiency of MB remained at 97% after five time
cycles. The adsorption rate is influenced by contact time, initial
dye concentration, pH, temperature, ionic strength, crosslinking
density, and bead size. Thermodynamic adsorption study such
as free energy (1G◦ ), enthalpy (1H◦ ), and entropy (1S◦ ) could
be calculated from the effect of temperature vs. percentage
of dye removal. A highly recyclable cellulose beads, 10 times
adsorption-desorption with 86.83% efficiency, for highly efficient
dye removal 288.81 mg/g adsorption capacity was obtained by
highly carboxylated cellulose (4.93 mmol/g) (Meng et al., 2019).
They produced highly carboxylated cellulose by introduced citric
acid in the presence of trisodium citrate catalysts and reacted
dissolved cellulose for 2–6 h at 110–120◦ C. On the other hand,
highly carboxyl cellulose nanofibrils with no change in the crystal
structure, higher molar-mass, and better thermal stability could
be produced by esterification reaction using maleic anhydride
(Iwamoto and Endo, 2015) and succinic anhydride (Sehaqui
et al., 2017). Those highly carboxylated CNF were effectively
integrated into paper filters for removal lead from aqueous
solution or as transparent films for advanced applications.
NC-based materials as efficient adsorbent and flexible
membrane have been recently reviewed by Abouzeid et al.
revealing that such materials with outstanding features
such as high surface area, better mechanical characteristics,
hydrophilicity, and tailorability of the surface chemistry through
grafting anionic and cationic surface chemical groups match
with the prerequisites for wastewater treatment materials
(Abouzeid et al., 2018). More recently, a comprehensive
review article has been published by Köse et al., dealing
with NC-based adsorbents, revealed the importance of such
new materials as viable sustainable alternatives as adsorbents
(Köse et al., 2020). In another work, Sharma et al. have
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CONCLUSIONS AND FUTURE
PERSPECTIVES
The present review reports advances in the preparation,
modification, and employment of nanocellulose, especially
cellulose nanocrystals, as principal ingredients for various
emerging applications. It provides knowledge to stimulate
further research works in this field. Although the literature of
nanocellulose, produced from several natural occurring sources
using different approaches, has been intensively studied over the
past 20 years, some challenges should be overcome, particularly
in the fields of surface and end-reducing modifications,
the improvement of environmentally-friendly processes of
extraction at lower cost with reduced energy-consuming
processes as well as the up-scaling production. It is demonstrated
in the present review that nanocellulose shows the potential
to be truly green nanomaterial with several outstanding useful
features such as high surface area, tailorability of surface
chemistry, better mechanical characteristics, anisotropic shape,
among others, making it an excellent material for widespread
range of applications in the field of biomedical engineering and
material science, and it exhibits a high potential for evolving
industries. With the emergence of cost-effective commercial
sources of nanocellulose, a room for new applications and
improvement of the existing ones, which can be employed
in various industries that require materials with advanced
properties, still exists and such topic is of particular interest
for the future. Therefore, further research activities need to be
conducted to fill current gaps through the practical transition
from laboratory scale to industrial or commercial production,
and achieve the feasibility of the final materials and introduce
them in the market, in particular, (1) optimize the whole
process and develop new methods to produce new NC-based
materials; (2) use of life cycle assessment to some environmental
aspects of NC-based materials; (3) decrease the energy- and
time-consumption of the NC-based materials. Despite the
above-mentioned challenged, we expect that nanocellulose-based
materials will certainly improve the people’s quality of life in
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Mechanochemical phosphorylation of polymers and synthesis of flameretardant cellulose nanocrystals. ACS Sustain. Chem. Eng. 7, 7951–7959.
doi: 10.1021/acssuschemeng.9b00764
Fodil Cherif, M., Trache, D., Brosse, N., Benaliouche, F., and Tarchoun, A. F.
(2020). Comparison of the physicochemical properties and thermal stability of
organosolv and kraft lignins from hardwood and softwood biomass for their
potential valorization. Wast. Biomass Valori. doi: 10.1007/s12649-020-00955-0.
[Epub ahead of print].
Fornué, E. D., Allan, G. G., Quiñones, H. J. C., González, G. T., and
Saucedo, J. T. (2011). Fundamental aspects of adhesion between
cellulosic surfaces in contact–a review. O Papel. 72, 85–90. Available
online
at:
http://www.revistaopapel.org.br/noticia-anexos/1359375586_
e6c25d9d766ede16d254e50f13f6d026_495274781.pdf
Foster, E. J., Moon, R. J., Agarwal, U. P., Bortner, M. J., Bras, J., Camarero-Espinosa,
S., et al. (2018). Current characterization methods for cellulose nanomaterials.
Chem. Soc. Rev. 47, 2609–2679. doi: 10.1039/C6CS00895J
Fujisawa, S., Togawa, E., and Kuroda, K. (2017). Nanocellulose-stabilized Pickering
emulsions and their applications. Sci. Technol. Adv. Mat. 18, 959–971.
doi: 10.1080/14686996.2017.1401423
Gan, P., Sam, S., Abdullah, M. F., and Omar, M. F. (2020). Thermal properties of
nanocellulose-reinforced composites: a review. J. Appl. Polym. Sci. 137:48544.
doi: 10.1002/app.48544
Gao, A., Chen, H., Hou, A., and Xie, K. (2019). Preparation of high-aspectratio cellulose nanocrystals by solvothermal synthesis followed by mechanical
exfoliation. Cellulose 26, 5937–5945. doi: 10.1007/s10570-019-02507-9
Gao, H., Sun, Q., Han, Z., Li, J., Liao, B., Hu, L., et al. (2020). Comparison
of bacterial nanocellulose produced by different strains under static
and agitated culture conditions. Carbohyd. Polym. 227:115323.
doi: 10.1016/j.carbpol.2019.115323

Cao, S. L., Huang, Y. M., Li, X. H., Xu, P., Wu, H., Li, N., et al. (2016). Preparation
and characterization of immobilized lipase from Pseudomonas cepacia onto
magnetic cellulose nanocrystals. Sci. Rep. 6:20420. doi: 10.1038/srep20420
Capron, I. (2018). “Application of nanocellulose as pickering emulsifier,”
in Nanocellulose and sustainability: production, properties, applications,
and case studies, ed K.-Y. Lee (Boca Raton, FL: CRC Press), 175–196.
doi: 10.1201/9781351262927-9
Carvalho, T., Guedes, G., Sousa, F. L., Freire, C. S., and Santos, H. A.
(2019). Latest advances on bacterial cellulose-based materials for wound
healing, delivery systems, and tissue engineering. Biotechnol. J. 14:1900059.
doi: 10.1002/biot.201900059
Charreau, H., Cavallo, E., and Foresti, M. L. (2020). Patents involving
nanocellulose: analysis of their evolution since 2010. Carbohyd. Polym.
237:116039. doi: 10.1016/j.carbpol.2020.116039
Charreau, H. L., Foresti, M., and Vazquez, A. (2013). Nanocellulose patents
trends: a comprehensive review on patents on cellulose nanocrystals,
microfibrillated and bacterial cellulose. Recent Pat. Nanotechnol. 7, 56–80.
doi: 10.2174/187221013804484854
Chávez-Guerrero, L., Sepúlveda-Guzmán, S., Silva-Mendoza, J., Aguilar-Flores, C.,
and Pérez-Camacho, O. (2018). Eco-friendly isolation of cellulose nanoplatelets
through oxidation under mild conditions. Carbohyd. Polym. 181, 642–649.
doi: 10.1016/j.carbpol.2017.11.100
Chen, H., Liu, J., Chang, X., Chen, D., Xue, Y., Liu, P., et al. (2017). A review on the
pretreatment of lignocellulose for high-value chemicals. Fuel Process. Technol.
160, 196–206. doi: 10.1016/j.fuproc.2016.12.007
Chen, W., Yu, H., Lee, S.Y., Wei, T., Li, J., and Fan, Z. (2018). Nanocellulose: a
promising nanomaterial for advanced electrochemical energy storage. Chem.
Soc. Rev. 47, 2837–2872. doi: 10.1039/C7CS00790F
Chen, Y., Gan, L., Huang, J., and Dufresne, A. (2019). “Reinforcing mechanism
of cellulose nanocrystals in nanocomposites,” in Nanocellulose: From
Fundamentals to Advanced Materials, eds J. Huang, A. Dufresne, and N. Lin
(Weinheim: John Wiley & Sons) 201–249. doi: 10.1002/9783527807437.ch7
Cheng, H., Kilgore, K., Ford, C., Fortier, C., Dowd, M. K., and He, Z. (2019).
Cottonseed protein-based wood adhesive reinforced with nanocellulose.
J. Adhes. Sci. Technol. 33, 1357–1368. doi: 10.1080/01694243.2019.15
96650
Cheng, M., Qin, Z., Hu, J., Liu, Q., Wei, T., Li, W., et al. (2020).
Facile and rapid one–step extraction of carboxylated cellulose nanocrystals
by H2SO4/HNO3 mixed acid hydrolysis. Carbohyd. Polym. 231:115701.
doi: 10.1016/j.carbpol.2019.115701
Clarke, A., Vasileiou, A. A., and Kontopoulou, M. (2019). Crystalline
nanocellulose/thermoplastic polyester composites prepared by in situ
polymerization. Polym. Eng. Sci. 59, 989–995. doi: 10.1002/pen.25052
Coelho, C. C., Michelin, M., Cerqueira, M. A., Gonçalves, C., Tonon, R. V.,
Pastrana, L. M., et al. (2018). Cellulose nanocrystals from grape pomace:
production, properties and cytotoxicity assessment. Carbohyd. Polym. 192,
327–336. doi: 10.1016/j.carbpol.2018.03.023
Dai, L., Wang, Y., Zou, X., Chen, Z., Liu, H., and Ni, Y. (2020). Ultrasensitive
physical, bio, and chemical sensors derived from 1, 2, and 3-D nanocellulosic
materials. Small 16:1906567. doi: 10.1002/smll.201906567
Daud, J. B., and Lee, K.Y. (2017). “Surface modification of nanocellulose,” in
Handbook of Nanocellulose and Cellulose Nanocomposites, eds H. Kargarzadeh,
I. Ahmad, S. Thomas, and A. Dufresne (Weinheim: Wiley), 101–122.
doi: 10.1002/9783527689972.ch3
de Almeida Mesquita, R. G., Mendes, L. M., Sanadi, A. R., de Sena Neto, A. R.,
Claro, P. I. C., Corrêa, A. C., et al. (2018). Urea formaldehyde and cellulose
nanocrystals adhesive: studies applied to sugarcane bagasse particleboards. J.
Polym. Environ. 26, 3040–3050. doi: 10.1007/s10924-018-1189-4
Dehkordi, N. K., Minaiyan, M., Talebi, A., Akbari, V., and Taheri, A. (2019).
Nanocrystalline cellulose–hyaluronic acid composite enriched with GM-CSF
loaded chitosan nanoparticles for enhanced wound healing. Biomed. Mater.
14:035003. doi: 10.1088/1748-605X/ab026c
d’Halluin, M., Rull-Barrull, J., Bretel, G., Labrugère, C., Le Grognec, E.,
Felpin, F., et al. (2017). Chemically modified cellulose filter paper for
heavy metal remediation in water. ACS Sustain. Chem. Eng. 5, 1965–1973.
doi: 10.1021/acssuschemeng.6b02768
Dominic, M., Joseph, R., Begum, P. S., Kanoth, B. P., Chandra, J., and Thomas,
S. (2020). Green tire technology: effect of rice husk derived nanocellulose

Frontiers in Chemistry | www.frontiersin.org

26

May 2020 | Volume 8 | Article 392

Trache et al.

Nanocellulose: Fundamentals and Advanced Applications

Huan, S., Mattos, B. D., Ajdary, R., Xiang, W., Bai, L., and Rojas, O. J. (2019). Twophase emulgels for direct ink writing of skin-bearing architectures. Adv. Funct.
Mater. 29:1902990. doi: 10.1002/adfm.201902990
Huang, J., Ma, X., Yang, G., and Alain, D. (2020). “Introduction to nanocellulose,”
in Nanocellulose: From Fundamentals to Advanced Materials, eds J. Huang, D.
Alain, and L. Ning (Wiley), 1–20. doi: 10.1002/9783527807437.ch1
Huang, S., Zhou, L., Li, M.C., Wu, Q., and Zhou, D. (2017). Cellulose
nanocrystals (CNCs) from corn stalk: activation energy analysis. Materials
10:80. doi: 10.3390/ma10010080
Huang, Z.X., Cao, S.L., Xu, P., Wu, H., Zong, M.H., and Lou, W.Y. (2018).
Preparation of a novel nanobiocatalyst by immobilizing penicillin acylase onto
magnetic nanocrystalline cellulose and its use for efficient synthesis of cefaclor.
Chem. Eng. J. 346, 361–368. doi: 10.1016/j.cej.2018.04.026
Hussin, M. H., Trache, D., Chuin, C. T. H., Fazita, M. N., Haafiz, M. M.,
and Hossain, M. S. (2019). “Extraction of cellulose nanofibers and their
eco-friendly polymer composites,” in Sustainable Polymer Composites and
Nanocomposites, eds S. Thomas, R. K. Mishra, and A. M. Asiri (Springer),
653–691. doi: 10.1007/978-3-030-05399-4_23
Ilyas, R., Sapuan, S., Sanyang, M. L., Ishak, M. R., and Zainudin, E.
(2018). Nanocrystalline cellulose as reinforcement for polymeric matrix
nanocomposites and its potential applications: a review. Curr. Anal. Chem. 14,
203–225. doi: 10.2174/1573411013666171003155624
Islam, M. T., Alam, M. M., and Zoccola, M. (2013). Review on modification of
nanocellulose for application in composites. Int. J. Innov. Res. Sci. Eng. Technol
2, 5444–5451. Available online at: http://www.ijirset.com/
Isogai, A., Saito, T., and Fukuzumi, H. (2011). TEMPO-oxidized cellulose
nanofibers. Nanoscale 3, 71–85. doi: 10.1039/C0NR00583E
Iwamoto, S., and Endo, T. (2015). 3 nm thick lignocellulose nanofibers obtained
from esterified wood with maleic anhydride. ACS Macro Lett. 4, 80–83.
doi: 10.1021/mz500787p
Jamshaid, A., Hamid, A., Muhammad, N., Naseer, A., Ghauri, M., Iqbal,
J., et al. (2017). Cellulose-based materials for the removal of heavy
metals from wastewater–an overview. Chem. Biol. Eng. Rev. 4, 240–256.
doi: 10.1002/cben.201700002
Jawaid, M., Boufi, S., and Khalil, H.P.S. (2017). Cellulose-Reinforced Nanofibre
Composites: Production, Properties and Applications. Duxford, UK:
Woodhead Publishing.
Jeddi, M. K., and Mahkam, M. (2019). Magnetic nano carboxymethyl
cellulose-alginate/chitosan hydrogel beads as biodegradable devices
for controlled drug delivery. Int. J. Biol. Macromol. 135, 829–838.
doi: 10.1016/j.ijbiomac.2019.05.210
Jin, Y., Jia, Q., and Shan, S. (2019). Research progress of hydroxyapatite/cellulose
composites in bone tissue engineering. Mater. Rep. 33, 4008–4015. Available
online at: https://en.cnki.com.cn/Article_en/CJFDTotal-CLDB201923019.htm
Jonoobi, M., Oladi, R., Davoudpour, Y., Oksman, K., Dufresne, A., Hamzeh, Y.,
et al. (2015). Different preparation methods and properties of nanostructured
cellulose from various natural resources and residues: a review. Cellulose 22,
935–969. doi: 10.1007/s10570-015-0551-0
Jordan, J. H., Easson, M. W., Dien, B., Thompson, S., and Condon,
B. D. (2019). Extraction and characterization of nanocellulose crystals
from cotton gin motes and cotton gin waste. Cellulose 26, 5959–5979.
doi: 10.1007/s10570-019-02533-7
Jorfi, M., and Foster, E. J. (2015). Recent advances in nanocellulose for biomedical
applications. J. Appl. Polym. Sci. 132:41719. doi: 10.1002/app.41719
Kaboorani, A., and Riedl, B. (2015). Surface modification of cellulose
nanocrystals (CNC) by a cationic surfactant. Ind. Crop Prod. 65, 45–55.
doi: 10.1016/j.indcrop.2014.11.027
Kaboorani, A., Riedl, B., Blanchet, P., Fellin, M., Hosseinaei, O., and Wang,
S. (2012). Nanocrystalline cellulose (NCC): a renewable nano-material
for polyvinyl acetate (PVA) adhesive. Eur. Polym. J. 48, 1829–1837.
doi: 10.1016/j.eurpolymj.2012.08.008
Kalashnikova, I., Bizot, H., Bertoncini, P., Cathala, B., and Capron, I. (2013).
Cellulosic nanorods of various aspect ratios for oil in water Pickering
emulsions. Soft Matter 9, 952–959. doi: 10.1039/C2SM26472B
Kalhori, H., and Bagherpour, R. (2017). Application of carbonate precipitating
bacteria for improving properties and repairing cracks of shotcrete.
Constr. Build. Mater. 148, 249–260. doi: 10.1016/j.conbuildmat.2017.
05.074

Gebald, C., Wurzbacher, J. A., Tingaut, P., Zimmermann, T., and Steinfeld, A.
(2011). Amine-based nanofibrillated cellulose as adsorbent for CO2 capture
from air. Environ. Sci. Technol. 45, 9101–9108. doi: 10.1021/es202223p
George, J., and Sabapathi, S. (2015). Cellulose nanocrystals: synthesis,
functional properties, and applications. Nanotechnol. Sci. Appl. 8:45–54.
doi: 10.2147/NSA.S64386
Gindl-Altmutter, W., and Veigel, S. (2014). “Nanocellulose-modified wood
adhesives,” in Handbook of Green Materials: Processing Technologies, Properties
and Applications, eds K. Oksman, A. P. Mathew, A. Bismarck, O. Rojas, and
M. Sain, (Singapore: World Scientific and Engineering Academy and Society),
253–264. doi: 10.1142/9789814566469_0031
Gitari, B., Chang, B. P., Misra, M., Navabi, A., and Mohanty, A. K. (2019). A
comparative study on the mechanical, thermal, and water barrier properties of
PLA nanocomposite films prepared with bacterial nanocellulose and cellulose
nanofibrils. Bioresources 14, 1867–1889.
Glasing, J., Jessop, P. G., Champagne, P., Hamad, W. Y., and Cunningham, M. F.
(2019). Microsuspension polymerization of styrene using cellulose nanocrystals
as pickering emulsifiers: on the evolution of latex particles. Langmuir 36,
796–809. doi: 10.1021/acs.langmuir.9b03583
Goi, Y., Fujisawa, S., Saito, T., Yamane, K., Kuroda, K., and Isogai, A. (2019). Dual
functions of tempo-oxidized cellulose nanofibers in oil-in-water emulsions:
a pickering emulsifier and a unique dispersion stabilizer. Langmuir 35,
10920–10926. doi: 10.1021/acs.langmuir.9b01977
Golmohammadi, H., Morales-Narvaez, E., Naghdi, T., and Merkoci, A. (2017).
Nanocellulose in sensing and biosensing. Chem. Mater. 29, 5426–5446.
doi: 10.1021/acs.chemmater.7b01170
Gopi, S., Balakrishnan, P., Chandradhara, D., Poovathankandy, D., and Thomas, S.
(2019). General scenarios of cellulose and its use in the biomedical field. Mater.
Today Chem. 13, 59–78. doi: 10.1016/j.mtchem.2019.04.012
Grishkewich, N., Mohammed, N., Tang, J., and Tam, K. C. (2017). Recent advances
in the application of cellulose nanocrystals. Curr. Opin. Colloid Interface Sci. 29,
32–45. doi: 10.1016/j.cocis.2017.01.005
Grumezescu, A. (2016). Fabrication and Self-Assembly of Nanobiomaterials:
Applications of Nanobiomaterials. Oxford, UK: William Andrew.
doi: 10.1016/B978-0-323-41533-0.00025-8
Gu, H., Zhou, X., Lyu, S., Pan, D., Dong, M., Wu, S., et al. (2020). Magnetic
nanocellulose-magnetite aerogel for easy oil adsorption. J. Colloid Interface Sci.
560, 849–856. doi: 10.1016/j.jcis.2019.10.084
Habibi, Y., Lucia, L. A., and Rojas, O. J. (2010). Cellulose nanocrystals:
chemistry, self-assembly, and applications. Chem. Rev. 110, 3479–3500.
doi: 10.1021/cr900339w
Hamed, S. A. A. K. M., and Hassan, M. L. (2019). A new mixture of hydroxypropyl
cellulose and nanocellulose for wood consolidation. J. Cult. Herit. 35, 140–144.
doi: 10.1016/j.culher.2018.07.001
Hamedi, H., Moradi, S., Hudson, S. M., and Tonelli, A. E. (2018). Chitosan
based hydrogels and their applications for drug delivery in wound dressings:
a review. Carbohyd. Polym. 199, 445–460. doi: 10.1016/j.carbpol.2018.
06.114
Hassan, S. S., Williams, G. A., and Jaiswal, A. K. (2018). Emerging technologies for
the pretreatment of lignocellulosic biomass. Bioresour. Technol. 262, 310–318.
doi: 10.1016/j.biortech.2018.04.099
He, X., Deng, H., and Hwang, H. (2019). The current application of
nanotechnology in food and agriculture. J. Food. Drug. Anal. 27, 1–21.
doi: 10.1016/j.jfda.2018.12.002
Hong, H.J., Yu, H., Hong, S., Hwang, J. Y., Kim, S. M., Park, M. S., et al.
(2020). Modified tunicate nanocellulose liquid crystalline fiber as closed
loop for recycling platinum-group metals. Carbohyd. Polym. 228:115424.
doi: 10.1016/j.carbpol.2019.115424
Hu, Z., Ballinger, S., Pelton, R., and Cranston, E. D. (2015a). Surfactant-enhanced
cellulose nanocrystal Pickering emulsions. J. Colloid Interface Sci. 439, 139–148.
doi: 10.1016/j.jcis.2014.10.034
Hu, Z., Patten, T., Pelton, R., and Cranston, E. D. (2015b). Synergistic
stabilization of emulsions and emulsion gels with water-soluble polymers
and cellulose nanocrystals. ACS Sustain. Chem. Eng. 3, 1023–1031.
doi: 10.1021/acssuschemeng.5b00194
Huan, S., Ajdary, R., Bai, L., Klar, V., and Rojas, O. J. (2018). Low solids emulsion
gels based on nanocellulose for 3D-printing. Biomacromolecules 20, 635–644.
doi: 10.1021/acs.biomac.8b01224

Frontiers in Chemistry | www.frontiersin.org

27

May 2020 | Volume 8 | Article 392

Trache et al.

Nanocellulose: Fundamentals and Advanced Applications

amounts of microfibrillated cellulose. Int. J. Adhes. Adhes. 60, 88–91.
doi: 10.1016/j.ijadhadh.2015.04.002
Langari, M. M., Nikzad, M., Ghoreyshi, A. A., and Mohammadi, M. (2019).
Isolation of nanocellulose from broomcorn stalks and its application
for nanocellulose/xanthan film preparation. Chem. Select 4, 11987–11994.
doi: 10.1002/slct.201902533
Lasrado, D., Ahankari, S., and Kar, K. (2020). Nanocellulose-based polymer
composites for energy applications—a review. J. Appl. Polym. Sci. 48959.
doi: 10.1002/app.48959
Lavoine, N., and Bergström, L. (2017). Nanocellulose-based foams and aerogels:
processing, properties, and applications. J. Mater. Chem. A 5, 16105–16117.
doi: 10.1039/C7TA02807E
Lazko, J., Sénéchal, T., Bouchut, A., Paint, Y., Dangreau, L., Fradet, A., et al. (2016).
Acid-free extraction of cellulose type I nanocrystals using Brønsted acid-type
ionic liquids. Nanocomposites 2, 65–75. doi: 10.1080/20550324.2016.11
99410
Le Bras, D., Strømme, M., and Mihranyan, A. (2015). Characterization of dielectric
properties of nanocellulose from wood and algae for electrical insulator
applications. J. Phys. Chem. B 119, 5911–5917. doi: 10.1021/acs.jpcb.5b00715
Lengowski, E. C., Júnior, E. A. B., Kumode, M. M. N., Carneiro, M. E.,
and Satyanarayana, K. G. (2019). “Nanocellulose-reinforced adhesives for
wood-based panels,” in Sustainable Polymer Composites and Nanocomposites,
eds S. Thomas, R. K. Mishra, and A. M. Asiri (Springer), 1001–1025.
doi: 10.1007/978-3-030-05399-4_35
Li, B., Wu, C., Zhang, Y., Cao, X., and Luo, Z. (2020). Microstructure and thermal
and tensile properties of poly (vinyl alcohol) nanocomposite films reinforced by
polyacrylamide grafted cellulose nanocrystals. J. Macromol. Sci. B 59, 223–234.
doi: 10.1080/00222348.2019.1710364
Li, J., Cha, R., Mou, K., Zhao, X., Long, K., Luo, H., et al. (2018).
Nanocellulose-Based Antibacterial Materials. Adv. Healthc. Mater. 7:1800334.
doi: 10.1002/adhm.201800334
Li, N., and Bai, R. (2005). Copper adsorption on chitosan–cellulose hydrogel
beads: behaviors and mechanisms. Sep. Purif. Technol. 42, 237–247.
doi: 10.1016/j.seppur.2004.08.002
Li, W., Ju, B., and Zhang, S. (2020). Novel amphiphilic cellulose nanocrystals
for pH-responsive Pickering emulsions. Carbohyd. Polym. 229:115401.
doi: 10.1016/j.carbpol.2019.115401
Li, Y., Cao, L., Li, L., and Yang, C. (2015). In situ growing directional spindle TiO2
nanocrystals on cellulose fibers for enhanced Pb2+ adsorption from water. J.
Hazard. Mater. 289, 140–148. doi: 10.1016/j.jhazmat.2015.02.051
Liang, L., Bhagia, S., Li, M., Huang, C., and Ragauskas, A. J. (2020). Cross-linked
nanocellulosic materials and their applications. Chem. Sus. Chem. 13, 78–87.
doi: 10.1002/cssc.201901676
Lin, K.H., Enomae, T., and Chang, F.C. (2019). Cellulose nanocrystal isolation
from hardwood pulp using various hydrolysis conditions. Molecules 24:3724.
doi: 10.3390/molecules24203724
Lin, N., and Dufresne, A. (2014). Nanocellulose in biomedicine:
current status and future prospect. Eur. Polym. J. 59, 302–325.
doi: 10.1016/j.eurpolymj.2014.07.025
Lin, N., Huang, J., and Dufresne, A. (2012). Preparation, properties and
applications of polysaccharide nanocrystals in advanced functional
nanomaterials: a review. Nanoscale 4, 3274–3294. doi: 10.1039/c2nr30260h
Lin, N., Tang, J., Dufresne, A., and Tam, M. K. (2019). Advanced
Functional Materials from Nanopolysaccharides. Gateway East: Springer.
doi: 10.1007/978-981-15-0913-1
Liu, C., Li, B., Du, H., Lv, D., Zhang, Y., Yu, G., et al. (2016). Properties
of nanocellulose isolated from corncob residue using sulfuric acid, formic
acid, oxidative and mechanical methods. Carbohyd. Polym. 151, 716–724.
doi: 10.1016/j.carbpol.2016.06.025
Liu, D., Song, J., Anderson, D. P., Chang, P. R., and Hua, Y. (2012). Bamboo
fiber and its reinforced composites: structure and properties. Cellulose 19,
1449–1480. doi: 10.1007/s10570-012-9741-1
Liu, F., Zheng, J., Huang, C.H., Tang, C.H., and Ou, S.Y. (2018). Pickering high
internal phase emulsions stabilized by protein-covered cellulose nanocrystals.
Food Hydrocoll. 82, 96–105. doi: 10.1016/j.foodhyd.2018.03.047
Liu, L., and Kong, F. (2019). In vitro investigation of the influence of nanofibrillated cellulose on lipid digestion and absorption. Int. J. Biol. Macromol.
139, 361–366. doi: 10.1016/j.ijbiomac.2019.07.189

Kang, X., Kuga, S., Wang, C., Zhao, Y., Wu, M., and Huang, Y. (2018). Green
preparation of cellulose nanocrystal and its application. ACS Sustain. Chem.
Eng. 6, 2954–2960. doi: 10.1021/acssuschemeng.7b02363
Kargarzadeh, H., Ahmad, I., Thomas, S., and Dufresne, A. (2017). Handbook of
Nanocellulose and Cellulose Nanocomposites. Weinheim: John Wiley & Sons.
doi: 10.1002/9783527689972
Kargarzadeh, H., Huang, J., Lin, N., Ahmad, I., Mariano, M., Dufresne, A., et al.
(2018a). Recent developments in nanocellulose-based biodegradable polymers,
thermoplastic polymers, and porous nanocomposites. Prog. Polym. Sci. 87,
197–227. doi: 10.1016/j.progpolymsci.2018.07.008
Kargarzadeh, H., Mariano, M., Gopakumar, D., Ahmad, I., Thomas, S., Dufresne,
A., et al. (2018b). Advances in cellulose nanomaterials. Cellulose 25, 2151–2189.
doi: 10.1007/s10570-018-1723-5
Karim, Z., Afrin, S., Husain, Q., and Danish, R. (2017). Necessity of enzymatic
hydrolysis for production and functionalization of nanocelluloses. Crit. Rev.
Biotechnol. 37, 355–370. doi: 10.3109/07388551.2016.1163322
Karim, Z., Mathew, A. P., Grahn, M., Mouzon, J., and Oksman, K. (2014).
Nanoporous membranes with cellulose nanocrystals as functional entity in
chitosan: removal of dyes from water. Carbohyd. Polym. 112, 668–676.
doi: 10.1016/j.carbpol.2014.06.048
Karimi, K., and Taherzadeh, M. J. (2016). A critical review of analytical methods
in pretreatment of lignocelluloses: composition, imaging, and crystallinity.
Bioresour. Technol. 200, 1008–1018. doi: 10.1016/j.biortech.2015.11.022
Karimian, A., Parsian, H., Majidinia, M., Rahimi, M., Mir, M., Smadi-Kafil, H., et al.
(2019). Nanocrystalline cellulose: preparation, physicochemical properties, and
applications in drug delivery systems. Int. J. Biol. Macromol. 133, 850–859.
doi: 10.1016/j.ijbiomac.2019.04.117
Kim, D., Islam, M. S., and Tam, M. K. (2019). “The use of nanopolysaccharides in biomedical applications,” in Advanced Functional Materials
from Nanopolysaccharides, eds N. Lin, J. Tang, A. Dufresne, and M. K. Tam
(Singapore: Springer), 171–219. doi: 10.1007/978-981-15-0913-1_5
Kim, J., Mann, J. D., and Spencer, J. G. (2006). Arsenic removal from water
using lignocellulose adsorption medium (LAM). J. Environ. Sci. Health A 41,
1529–1542. doi: 10.1080/10934520600754284
Kim, J. H., Lee, D., Lee, Y. H., Chen, W., and Lee, S. Y. (2019). Nanocellulose for
energy storage systems: beyond the limits of synthetic materials. Adv. Mater.
31:1804826. doi: 10.1002/adma.201804826
Kiziltas, A., Erbas Kiziltas, E., Boran, S., and Gardner, D. J. (2013). “Micro-and
nanocellulose composites for automotive applications,” in Proceedings of SPE
Automotive Composites Conference and Exhibition (ACCE) (Troy, MI).
Klemm, D., Cranston, E. D., Fischer, D., Gama, M., Kedzior, S. A., Kralisch,
D., et al. (2018). Nanocellulose as a natural source for groundbreaking
applications in materials science: Today’s state. Mater. Today. 21, 720–748.
doi: 10.1016/j.mattod.2018.02.001
Kontturi, E., Meriluoto, A., Penttilä, P. A., Baccile, N., Malho, J. M., Potthast, A.,
et al. (2016). Degradation and crystallization of cellulose in hydrogen chloride
vapor for high-yield isolation of cellulose nanocrystals. Angew. Chem. Int. Ed.
55, 14455–14458. doi: 10.1002/anie.201606626
Köse,
K.,
Mavlan,
M.,
and
Youngblood,
J.
P.
(2020).
Applications and impact of nanocellulose based adsorbents.
Cellulose
27,
2967–2990.
doi:
10.1007/s10570-02003011-1
Kramer, F., Klemm, D., Schumann, D., Heßler, N., Wesarg, F., Fried, W.,
et al. (2006). Nanocellulose polymer composites as innovative pool for (bio)
material development. Macromol. Symp. 244, 136–148. doi: 10.1002/masy.200
651213
Kumar, A., Durand, H., Zeno, E., Balsollier, C., Watbled, B., Sillard, C. B., et al.
(2020). The surface chemistry of a nanocellulose drug carrier unravelled by
MAS-DNP. Chem. Sci. 11, 3868–3877. doi: 10.1039/C9SC06312A
Kumar, A. S. K., Kalidhasan, S., Rajesh, V., and Rajesh, N. (2012). Application
of cellulose-clay composite biosorbent toward the effective adsorption and
removal of chromium from industrial wastewater. Ind. Eng. Chem. Res. 51,
58–69. doi: 10.1021/ie201349h
Kumar, V., Pathak, P., and Bhardwaj, N. K. (2020). Waste paper: an underutilized
but promising source for nanocellulose mining. Waste Manage. 102, 281–303.
doi: 10.1016/j.wasman.2019.10.041
Kwon, J. H., Lee, S.H., Ayrilmis, N., and Han, T. H. (2015). Tensile
shear strength of wood bonded with urea–formaldehyde with different

Frontiers in Chemistry | www.frontiersin.org

28

May 2020 | Volume 8 | Article 392

Trache et al.

Nanocellulose: Fundamentals and Advanced Applications

Mohamed, M. A., Salleh, W., Jaafar, J., Ismail, A., Mutalib, M. A., Mohamad, A.
B., et al. (2017b). Physicochemical characterization of cellulose nanocrystal
and nanoporous self-assembled CNC membrane derived from Ceiba
pentandra. Carbohyd. Polym. 157, 1892–1902. doi: 10.1016/j.carbpol.2016.
11.078
Mohammed, N., Grishkewich, N., Berry, R. M., and Tam, K. C. (2015). Cellulose
nanocrystal–alginate hydrogel beads as novel adsorbents for organic dyes in
aqueous solutions. Cellulose 22, 3725–3738. doi: 10.1007/s10570-015-0747-3
Mokhena, T., and John, M. (2020). Cellulose nanomaterials: new
generation materials for solving global issues. Cellulose 27, 1149–1194.
doi: 10.1007/s10570-019-02889-w
Montes, F., Fu, T., Youngblood, J. P., and Weiss, J. (2020). Rheological impact
of using cellulose nanocrystals (CNC) in cement pastes. Constr. Build. Mater.
235:117497. doi: 10.1016/j.conbuildmat.2019.117497
Moohan, J., Stewart, S. A., Espinosa, E., Rosal, A., Rodríguez, A., Larrañeta,
E., et al. (2020). Cellulose nanofibers and other biopolymers for biomedical
applications. A review. Appl. Sci. 10:65. doi: 10.3390/app10010065
Moon, R. J., Schueneman, G. T., and Simonsen, J. (2016). Overview of
cellulose nanomaterials, their capabilities and applications. JOM 68, 2383–2394.
doi: 10.1007/s11837-016-2018-7
Nandi, S., and Guha, P. (2018). A review on preparation and properties of
cellulose nanocrystal-incorporated natural biopolymer. J. Package Technol. Res.
2, 149–166. doi: 10.1007/s41783-018-0036-3
Nascimento, D. M., Nunes, Y. L., Figueirêdo, M. C., de Azeredo, H. M., Aouada,
F. A., Feitosa, J. P., et al. (2018). Nanocellulose nanocomposite hydrogels:
technological and environmental issues. Green Chem. 20, 2428–2448.
doi: 10.1039/C8GC00205C
Naz, S., Ali, J. S., and Zia, M. (2019). Nanocellulose isolation characterization
and applications: a journey from non-remedial to biomedical claims. Biodesign
Manuf. 2, 187–212. doi: 10.1007/s42242-019-00049-4
Nechyporchuk, O., Belgacem, M. N., and Bras, J. (2016). Production of
cellulose nanofibrils: a review of recent advances. Ind. Crop Prod. 93, 2–25.
doi: 10.1016/j.indcrop.2016.02.016
Nemoto, J., Saito, T., and Isogai, A. (2015). Simple freeze-drying procedure for
producing nanocellulose aerogel-containing, high-performance air filters. ACS
Appl. Mater. Interfaces 7, 19809–19815. doi: 10.1021/acsami.5b05841
Nepomuceno, N. C., Santos, A. S., Oliveira, J. E., Glenn, G. M., and Medeiros,
E. S. (2017). Extraction and characterization of cellulose nanowhiskers
from Mandacaru (Cereus jamacaru DC.) spines. Cellulose 24, 119–129.
doi: 10.1007/s10570-016-1109-5
Neto, W. P. F., Mariano, M., da Silva, I. S. V., Silvério, H. A., Putaux, J.L., Otaguro,
H., et al. (2016). Mechanical properties of natural rubber nanocomposites
reinforced with high aspect ratio cellulose nanocrystals isolated from soy hulls.
Carbohyd. Polym. 153, 143–152. doi: 10.1016/j.carbpol.2016.07.073
Neves, R. M., Lopes, K. S., Zimmermann, M. V. G., Poletto, M., and Zattera,
A. J. (2019). Characterization of polystyrene nanocomposites and expanded
nanocomposites reinforced with cellulose nanofibers and nanocrystals.
Cellulose 26, 4417–4429. doi: 10.1007/s10570-019-02392-2
Ng, H.M., Sin, L. T., Bee, S.T., Tee, T.T., and Rahmat, A. (2017). Review of
nanocellulose polymer composite characteristics and challenges. Polym Plast.
Technol. 56, 687–731. doi: 10.1080/03602559.2016.1233277
Nigmatullin, R., Johns, M. A., Muñoz-García, J. C., Gabrielli, V., Schmitt,
J., Angulo, J., et al. (2020). Hydrophobization of cellulose nanocrystals
for aqueous colloidal suspensions and gels. Biomacromolecules.
doi: 10.1021/acs.biomac.9b01721. [Epub ahead of print].
Novo, L. P., Bras, J., García, A., Belgacem, N., and Curvelo, A. A. (2015). Subcritical
water: a method for green production of cellulose nanocrystals. ACS Sustain.
Chem. Eng. 3, 2839–2846. doi: 10.1021/acssuschemeng.5b00762
Novo, L. P., Bras, J., García, A., Belgacem, N., and da Silva Curvelo, A. A. (2016).
A study of the production of cellulose nanocrystals through subcritical water
hydrolysis. Ind. Crop Prod. 93, 88–95. doi: 10.1016/j.indcrop.2016.01.012
Ntoutoume, G. M. N., Granet, R., Mbakidi, J. P., Brégier, F., Léger, D. Y., FidanziDugas, C., et al. (2016). Development of curcumin–cyclodextrin/cellulose
nanocrystals complexes: new anticancer drug delivery systems. Bioorg. Med.
Chem. Lett. 26, 941–945. doi: 10.1016/j.bmcl.2015.12.060
Nuryawan, A., Singh, A. P., Zanetti, M., Park, B.D., and Causin, V. (2017). Insights
into the development of crystallinity in liquid urea-formaldehyde resins. Int. J.
Adhes. Adhes. 72, 62–69. doi: 10.1016/j.ijadhadh.2016.10.004

Liu, Y., Nie, Y., Lu, X., Zhang, X., He, H., Pan, F., et al. (2019a). Cascade utilization
of lignocellulosic biomass to high-value products. Green Chem. 21, 3499–3535.
doi: 10.1039/C9GC00473D
Liu, Y., Schütz, C., Salazar-Alvarez, G., and Bergström, L. (2019b). Assembly,
gelation, and helicoidal consolidation of nanocellulose dispersions. Langmuir
35, 3600–3606. doi: 10.1021/acs.langmuir.8b04013
Lu, J., Sun, C., Yang, K., Wang, K., Jiang, Y., Tusiime, R., et al. (2019). Properties of
polylactic acid reinforced by hydroxyapatite modified nanocellulose. Polymers
11:1009. doi: 10.3390/polym11061009
Lu, Y., Tekinalp, H. L., Eberle, C. C., Peter, W., Naskar, A. K., and Ozcan, S. (2014).
Nanocellulose in polymer composites and biomedical applications. TAPPI J. 13,
47–54. doi: 10.32964/TJ13.6.47
Lubis, M. A. R., Hong, M.K., and Park, B.D. (2018). Hydrolytic removal of cured
urea–formaldehyde resins in medium-density fiberboard for recycling. J. Wood
Chem. Technol. 38, 1–14. doi: 10.1080/02773813.2017.1316741
Luo, H., Cha, R., Li, J., Hao, W., Zhang, Y., and Zhou, F. (2019). Advances in
tissue engineering of nanocellulose-based scaffolds: a review. Carbohyd. Polym.
224:115144. doi: 10.1016/j.carbpol.2019.115144
Mackie, A., Gourcy, S., Rigby, N., Moffat, J., Capron, I., and Bajka, B.
(2019). The fate of cellulose nanocrystal stabilised emulsions after simulated
gastrointestinal digestion and exposure to intestinal mucosa. Nanoscale 11,
2991–2998. doi: 10.1039/C8NR05860A
Mahfoudhi, N., and Boufi, S. (2017). Nanocellulose as a novel nanostructured
adsorbent for environmental remediation: a review. Cellulose 24, 1171–1197.
doi: 10.1007/s10570-017-1194-0
Malucelli, L. C., Lacerda, L. G., Dziedzic, M., and da Silva Carvalho Filho, M. A.
(2017). Preparation, properties and future perspectives of nanocrystals from
agro-industrial residues: a review of recent research. Rev. Environ. Sci. Biol. 16,
131–145. doi: 10.1007/s11157-017-9423-4
Mao, J., Abushammala, H., Brown, N., and Laborie, M. (2017). “Comparative
assessment of methods for producing cellulose I nanocrystals from cellulosic
sources. Nanocelluloses: their preparation, properties, and applications,” in ACS
Symposium Series, Vol. 1251, eds U. P. Agarwal, R. H. Atalla and A. Isogai
(Washington, DC), 19–53. doi: 10.1021/bk-2017-1251.ch002
Mariano, M., El Kissi, N., and Dufresne, A. (2014). Cellulose nanocrystals and
related nanocomposites: review of some properties and challenges. J. Polym.
Sci. Pol. Phys. 52, 791–806. doi: 10.1002/polb.23490
Meng, R., Liu, L., Jin, Y., Luo, Z., Gao, H., and Yao, J. (2019).
Recyclable carboxylated cellulose beads with tunable pore structure
and size for highly efficient dye removal. Cellulose 26, 8963–8969.
doi: 10.1007/s10570-019-02733-1
Miao, C., and Hamad, W. Y. (2019). Critical insights into the reinforcement
potential of cellulose nanocrystals in polymer nanocomposites. Curr.
Opin. Solid State Mater. Sci. 23, 100761. doi: 10.1016/j.cossms.2019.
06.005
Mishra, S., Kharkar, P. S., and Pethe, A. M. (2019). Biomass and waste
materials as potential sources of nanocrystalline cellulose: comparative review
of preparation methods (2016–Till date). Carbohyd. Polym. 207, 418–427.
doi: 10.1016/j.carbpol.2018.12.004
Miyashiro, D., Hamano, R., and Umemura, K. (2020). A review of applications
using mixed materials of cellulose, nanocellulose and carbon nanotubes.
Nanomaterials 10:186. doi: 10.3390/nano10020186
Moberg, T., Sahlin, K., Yao, K., Geng, S., Westman, G., Zhou, Q., et al.
(2017). Rheological properties of nanocellulose suspensions: effects of
fibril/particle dimensions and surface characteristics. Cellulose 24, 2499–2510.
doi: 10.1007/s10570-017-1283-0
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