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Abstract

Purpose of Review The potential of nanotechnology and nanocomposites in various sectors of research and application is
promising and attracting increasing investment. The purpose of this paper is to provide a review of the preparation of
nanomaterials from different cellulosic sources including wood. The transformation of cellulose down to the nanoscale endow
these nanomaterials with new properties that give cellulose many new industrial applications in different fields, and an overview
of the sound markets that can be impacted by cellulose nanomaterials is provided.

Recent Findings Unexpected and attractive properties can be observed when decreasing the size of a material down to the
nanoscale. Cellulose is no exception to the rule. Cellulose nanomaterials exhibit specific outstanding properties and are poten-
tially useful for a large number of industrial applications. Now, after intensive research, several initiatives have emerged in the
perspective of producing cellulose nanomaterials at large scale. A number of organizations have announced cellulose
nanomaterial demonstration plants.

Summary Despite being the most available natural polymer on earth, it is only quite recently that cellulose has gained promi-
nence as a nanostructured material. Different forms of cellulose nanomaterials, resulting from a top-down deconstructing strategy
(cellulose nanocrystals-CNCs, cellulose nanofibrils-CNFs) or bottom-up strategy (bacterial cellulose-BC) can be prepared.
Multiple mechanical shearing actions applied to cellulosic fibers release more or less individually the nanofibrils. A controlled
strong acid hydrolysis treatment can be applied to cellulosic fibers allowing dissolution of amorphous domains. The mechanical
modulus of crystalline cellulose is the basis of many potential applications.
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Introduction

Cellulose is a linear macromolecule composed of (3-1,4-linked
D-glucopyranose rings and it is the most abundant polymer on
Earth. It is considered one of the most important structural
elements in plants and other living species serving to maintain
their structure. Each of these living species, from tree to bac-
teria, produces cellulose day-by-day, e.g., a tree produces
about 10 g of cellulose per day and the global annual produc-
tion of cellulose is estimated at 1.5. x 10'? tons [1+¢]. It has
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been used for centuries in highly diverse applications. More
recently, the recognition that, by suitable chemical and me-
chanical treatments, it is possible to produce fibrous materials
with one or two dimensions in the nanometer range from any
naturally occurring sources of cellulose has been emphasized
and opens the door to new applications. The initial concept of
the chemical extraction of cellulose nanomaterials through an
acid hydrolysis process was pioneered in 1947 [2]. The first
report on the mechanical destructuration of cellulose fibers
was published latter in 1983 [3, 4].

In nature, cellulose is a ubiquitous structural polymer that
confers its mechanical properties to higher plant cells. Wood
and plants are cellular hierarchical biocomposites designed by
nature and they basically consist of semicrystalline cellulose
microfibril-reinforced amorphous matrix made of hemicellu-
lose, lignin, waxes, and extractive and trace elements.
Lignocellulosic fibers consist therefore of a cemented micro-
fibril aggregate. As a consequence, the structure of plants
spans many length scales, in order to provide maximum
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strength with a minimum of material (Fig. 1). Wood, which is
approximately 40-50 wt% cellulose with about half in nano-
crystalline form and half in amorphous form, is an example.

Purification of cellulose from plant fibers involves chemi-
cal treatments consisting of alkali extraction and bleaching.
Owing to its hierarchical structure and semicrystalline nature,
nanoparticles can be extracted from this naturally occurring
polymer using a top-down mechanically or chemically in-
duced deconstructing strategy. This review is limited to cellu-
lose nanomaterials obtained through top-down strategies and
therefore excludes bacterial cellulose (BC). The potential of
cellulosic nanoparticles or nanocellulose has been proved for
special functional nanomaterials [6] but it is as a biobased
reinforcing nanofiller that they have attracted significant inter-
est over the last 20 years [1e, 7, 8¢, 9, 10°].

Preparation of Cellulose Nanomaterials
Purification of Cellulose

The first step consists in the purification of cellulose, i.e.,
removal of most of non-cellulosic components from the natu-
ral fiber. Bleached pulps can be used to skip this matrix re-
moval process. The biomass is generally the first ground to
increase the accessibility of the material to further treatments.

Dewaxing in a Soxhlet apparatus with a toluene/ethanol or
benzene/ethanol mixture is sometimes performed. An alkali
extraction (2% sodium hydroxide (NaOH) solution at 80 °C)
followed by filtration and washing with water is then carried
out to remove the soluble polysaccharides. The washed prod-
uct is then bleached with a sodium chlorite (NaClO,) solution
in a buffer medium under mechanical stirring removing most
of the residual phenolic molecules like lignin or polyphenols
and proteins. This treatment results in different changes in the
properties of the fibers [11] such as the disappearance of the
peaks observed by Fourier transform infrared (FTIR) spectros-
copy around 1730 and 1250 cm " attributed to C=0O stretching
of acetyl group and uranic ester groups of hemicellulose or
ester linkage of carboxylic group ferulic and p-coumaric acids
of lignin and/or hemicellulose, and C—O stretching of aryl
group in lignin, respectively. It also induces an increase in
cellulose content and concomitant decrease of lignin and
hemicellulose content, a decrease in the diameter of the fiber
due to removal of the cementing materials, an increase in the
crystallinity index, and an increase in thermal stability due to
the removal of poorly thermally stable hemicelluloses.

Mechanically Induced Deconstructing Strategy

This purified cellulosic material suspended in water can then
be submitted to a mechanically induced deconstructing
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Fig. 1 Details of the cellulosic fiber structure with emphasis on the cellulose microfibrils (in color). Reproduced with permission from Ref. [5].

Copyright 2012 Elsevier
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treatment involving strong multiple mechanical shearing ac-
tions in order to release more or less individually the
nanofibrils. Different equipment such as high-pressure ho-
mogenizer, microfluidizer, ultra-fine friction grinder, high-
intensity ultrasonifier, aqueous counter collision, ball milling,
and twin-screw extruder and refiner can be used. A detailed
description of these different equipment can be found else-
where [1+¢]. However, these processes are highly energy-
consuming and a pretreatment of the cellulosic fiber is gener-
ally necessary. Several strategies have been proposed to obtain
fibers that are less stiff and cohesive, thus decreasing the en-
ergy needed for fibrillation, as detailed in [5]. There are basi-
cally three alternatives: (i) limiting the hydrogen bonding in
the system, and/or (ii) adding a repulsive charge, and/or (iii)
decreasing the degree of polymerization (DP) or the amor-
phous link between individual fibrils. The most common pre-
treatments are enzymatic hydrolysis, 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation
and carboxymethylation/acetylation. Tightly associated
hemicellulose/pectin to cellulose is important to facilitate cell
wall disruption during mechanical treatment and for the sta-
bility of aqueous suspensions.

The ensuing material is generally called cellulose
nanofibrils (CNF), but other terminologies are used such as
microfibrillated cellulose (MFC) or nanofibrillated cellulose
(NFC). Transmission electron microscopy (TEM) or atomic
force microscopy (AFM) are commonly used to investigate
the morphology of CNF. Regardless of the source, this mate-
rial consists of long entangled filaments as shown in Fig. 2a.
Both individual nanofibrils and microfibril bundles can be
observed. Larger fragments and unfibrillated fibers are some-
times observed. The manufacturing process and source of cel-
lulose influence the particle diameter distribution of CNF that
is generally in the range 2—100 nm. The length is more diffi-
cult to determine because of entanglements and difficulties in
identifying both ends of individual microfibrils. However,
methods based on the gel point of the suspension (solid con-
tent at which transition from dilute to semi-dilute behavior
occurs) [13] or on shear viscosity measurements [14] have
been proposed.

Fig. 2 a TEM from a dilute
suspension of CNF from Opuntia
ficus-indica fibers. Reproduced
with permission from Ref. [12].
Copyright 2003 Elsevier. b
Picture of a 2 wt% CNF
suspension from eucalyptus
enzymatically pretreated.
Reproduced with permission
from Ref. [5]. Copyright 2012
Elsevier
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Besides direct microscopic observations, other measure-
ments can be carried out to access indirectly the extent of
fibrillation. It includes the turbidity of the suspension that
becomes more transparent as can be accessed by measuring
the UV-visible transmittance through the suspension. During
fibrillation, the water retention increases and the suspension
changes from a low viscosity to a high viscosity medium and
it becomes a gel at low solid content as shown in Fig. 2b. It is
attributed to the strong increase in the specific surface area of
the fibers upon fibrillation. Due to high shear rates involved
during the mechanical isolation process, a decrease in the
degree of polymerization of cellulose is generally observed
as well as an increase in its crystallinity index because of the
partial degradation and removal of amorphous cellulose dur-
ing mechanical treatment. The films prepared from CNF sus-
pensions also exhibit fibrillation-dependent properties. Their
porosity decreases and then their density increases, resulting
in increased stiffness but lower tear strength. This dense pack-
ing of cellulose nanofibers can also result in optically trans-
parent films. However, any single characterization method
cannot be used to describe the properties and behavior of
CNF [15]. A multi-criteria method to characterize high-
quality CNF suspensions and establish a quality ranking has
been proposed [16]. From the raw values of different tests, a
final and single grade called the “quality index” can be
determined.

In 2013, FPInnovations in Canada launched a 3-year pro-
ject on cellulose filaments (CFs) with Kruger Biomaterials
Inc., a newly created company, to develop new materials from
wood fiber and use them in different traditional and non-
traditional applications. CF is produced from pulp “by peeling
the filaments from wood fibers using a mechanical process
that uses no chemical or enzymes” [17]. The kraft pulp fibers
are “peeled” (top-down approach) into cellulose filaments that
are similar to CNF, but with higher aspect ratio (up to 1000),
30-500 nm wide, and up to 2 mm long. CFs have high flex-
ibility, high surface area, and high bonding potential. Because
the “peeling” is done “in a gentle manner,” the original fiber
length is preserved, and very thin filaments are obtained. Also,
because no chemicals are used, no effluent is generated.
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Moreover, the process is expected to use only well-known
commercial equipment. The leading producers of CF are
Kruger, Canada, which can produce 6000 tons per year.

Chemically Induced Deconstructing Strategy

Cellulose is a semicrystalline polymer. A controlled strong acid
hydrolysis treatment can be applied to cellulosic fibers allowing
dissolution of amorphous domains. During the acid hydrolysis
process, the hydronium ions can penetrate the cellulose chains
in the amorphous domains promoting the hydrolytic cleavage
of the glycosidic bonds and releasing individual crystallites.
The ensuing material is generally called cellulose nanocrystals
(CNC), but other terminologies are used such as cellulose whis-
kers, cellulose nanowhiskers, or nanocrystalline cellulose. This
material consists of rod-like or needle-like nanoparticles as
shown in Fig. 3a, b. Each rod can be considered a cellulosic
crystal with no apparent defect and the precise physical dimen-
sions of the nanocrystal depend on several factors, including
the source of the cellulose, the exact hydrolysis conditions, and
the ionic strength. The length is generally of the order of few
hundreds of nanometers and the width is of the order of few
nanometers. They generally present a relatively high distribu-
tion in length because of the diffusion-controlled nature of the
acid hydrolysis process. Their surface chemistry depends on
the nature of the acid used for hydrolysis. The hydrolysis treat-
ment of cellulose is generally performed with sulfuric acid
resulting in the introduction of sulfate esters at the surface of
CCN, leading to improved electrostatic stabilization of the sus-
pension but decreased thermal stability. When observed in po-
larized light between cross-nicols, the CNC suspensions shows
the formation of birefringent domains (Fig. 3c).

Other processes have been proposed for the preparation of
CNC. It includes enzymatic hydrolysis [20], TEMPO oxida-
tion [21], hydrolysis with gaseous acid [22], ionic liquid [23],
ammonium persulfate oxidation [24], periodate oxidation
[25], ultrasonication-assisted FeCls-catalyzed hydrolysis
[26], subcritical water [27], liquefaction [28], and acid deep
eutectic solvents [29].

WA NSNS

Fig 3 a, b TEM from a dilute suspension of CNC from soy hulls.
Reproduced with permission from Ref. [18]. Copyright 2016 Elsevier. ¢
Photograph of an aqueous suspension of capim dourado CNC (0.50 wt%)

Main Properties of Cellulose Nanomaterials

When decreasing the size of a material from the microscale as
for cellulosic fibers down to the nanoscale as for cellulose
nanomaterials, several properties change and are expected to
drive new potential applications. The main properties that are
impacted by this change of scale are reported below.

Specific Surface Area

When decreasing the size of a material, the total surface area per
unit of mass, i.e., the specific surface area, increases. The deter-
mination of the specific surface area from gas adsorption iso-
therm is often incorrect because of the irreversible aggregation
of the nanoparticles upon drying. It can be estimated from the
average geometrical dimensions of the nanoparticles, assuming
a rod-like geometry and a density of 1.5 or 1.6 g-cm * for crys-
talline cellulose. Values of 51 and 533 m*-g " were reported for
CNF and CNC, respectively, extracted from sisal fibers [30]. A
sharp increase is observed when the diameter falls below a value
of 20 nm as shown in Fig. 4a, which corresponds to the diameter
range of CNC [1+]. This high specific surface area coupled with
the low concentration of the suspensions allows the preparation
of aerogels which can be used as porous templates, potentially
useful in various nano-applications. The aerogel network can be
chemically modified to tune its wetting properties towards non-
polar liquids/oils. It can also be impregnated with different pre-
cursors, which can readily be transformed into functional nano-
particles along the cellulose nanofibers.

Aspect Ratio

An important parameter for cellulosic nanomaterials is the as-
pect ratio, which is defined as the ratio of the length to the
width. It determines the anisotropic phase formation and rein-
forcing properties. It is indeed well-known that the mechanical
percolation approach is highly relevant to describe the mechan-
ical behavior of cellulose nanomaterials-based nanocomposites
when prepared by casting/evaporation [1ee, 17]. This

observed between cross-nicols showing the formation of birefringent do-
mains. Reproduced with permission from Ref. [19]. Copyright 2010
Springer Nature
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Fig.4 Some specific properties of cellulose at the nanoscale. a Evolution
of'the specific surface area of rod-like nanoparticles as a function of their
diameter, assuming a density of 1.5 g.cm™ for crystalline cellulose [1+¢].
b Evolution of Young’s modulus of CNC films determined from tensile
tests as a function of the aspect ratio of the constituting CNC. Reproduced
with permission from Ref. [31]. Copyright 2011 Elsevier. ¢ Tensile mod-
ulus values for crystalline native cellulose (cellulose I) at room tempera-
ture: experimental (@) and calculated data (o). The x-axis data correspond
to different references which detail can be found in [32]. The solid and
dashed horizontal lines correspond to the average value for experimental
and calculated data, respectively. Reproduced with permission from Ref.
[32]. Copyright 2011 Elsevier. d Steady-state viscosity versus shear rate
for cellulose nanomaterials prepared from cotton: CNF (m), NaOH-
neutralized CNC (x) and TEMPO-oxidized CNC (e) suspensions

mechanism suggests the formation of a stiff continuous net-
work of nanoparticles linked through hydrogen bonding, which
lead to an unusual and outstanding reinforcing effect.
Furthermore, this phenomenon is expected to occur only above
a critical volume fraction of filler phase, defined as the

@ Springer
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(0.6 wt%) [33]. e Images of neat PLA film (1) compare with those of
bionanocomposites reinforced with 2.5 wt% (2), 7.5 wt% (3) and 15 wt%
CNC grafted by n-octadecyl-isocyanate. Reproduced with permission
from Ref. [34]. Copyright 2013 Elsevier. f Oxygen transmission rate
(OP) as a function of relative humidity for CNF films after varying press-
ing times (to emphasize the differences between the samples, a close-up
of OP below 10 cm® um m™2 d™! kPa™' is shown in the inset).
Reproduced with permission from Ref. [35]. Copyright 2013 American
Chemical Society. g Common surface covalent chemical modifications of
cellulose nanocrystals. PEG, poly (ethylene glycol); PEO, poly (ethylene
oxide); PLA, poly (lactic acid); PAA, poly (acrylic acid); PNiPAAm,
poly(N-isopropylacrylamide); PDMAEMA, poly(N,N-
dimethylaminoethyl methacrylate). Reproduced with permission from
Ref. [5]. Copyright 2012 The Royal Society of Chemistry

percolation threshold, which in turn depends on the aspect ratio
of the nanoparticle. In addition, it was shown by tensile tests
performed on films prepared by water evaporation of a series of
CNC suspensions that their tensile modulus increases when
increasing the aspect ratio of the nanoparticles as shown in
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Fig. 4 continued.

Fig. 4b [31]. Films can also be prepared by dewatering process
to analyze the tensile index and TEA index, to determine the
quality of the MFC or CF. However, CNC and CNF cannot be
utilized to make film by dewatering process due to the small
size of the particles. Difficulties associated with the determina-
tion of the length make it challenging to assess its value for
CNF. It is considered very high but strongly decreases when
increasing the strength of oxidation for TEMPO-pretreated fi-
bers [36]. For CNC, the aspect ratio is easier to determine and it
is found to depend on both the source of cellulose and

hydrolysis conditions. The aspect ratio varies between 10 for
cotton and 67 for tunicin or capim dourado (golden grass) [1e¢]
and can be higher than 100 for soy hulls [17].

Mechanical Properties
The mechanical modulus of cellulose nanomaterials is proba-
bly their main asset. Indeed, cellulose is a ubiquitous structural

polymer that confers its mechanical properties to higher plant
cells. The tensile modulus of single cellulose I (native cellulose)
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crystal has been estimated both experimentally and theoretical-
ly. A broad range of values ranging between 56 and 220 GPa
was reported with an average value of 130 GPa as shown in
Fig. 4c [32], with a tensile strength around 10 GPa. As expect-
ed, the lower crystallinity of CNF results in a lower modulus,
which the average value is around 100 GPa [32]. Moreover,
crystalline cellulose with a density around 1.5-1.6 g.cm ™ can
be considered a lightweight material. The specific tensile mod-
ulus, which is the ratio between the tensile modulus and the
density, was estimated around 85 and 65 J.g ! for CNC and
CNF, respectively, whereas it is around 25 J.g ™" for steel [37].

Thermal Properties

When cellulose nanomaterial suspensions are dried, a film
forms, which thermal expansion coefficient (TEC) is very low
because of both its high crystallinity and strength of the cellu-
lose nanomaterial network interactions [38]. This low TEC of
cellulose nanopatrticles can be used to reduce the TEC of poly-
mer nanocomposite sheets if the strength of the network is
strong enough to restrict the thermal expansion of the matrix.
However, the low thermal stability of cellulose nanomaterials
may limit their use and manufacturing conditions of its nano-
composites at high temperatures. This issue is particularly im-
portant for sulfuric acid-hydrolyzed CNC that exhibits a signif-
icantly reduced thermal stability compared with the raw starting
material or other forms of nanocellulose. It is attributed to the
sulfate ester groups that are introduced on the surface of the
nanoparticles during the hydrolysis reaction [39].

Rheological Properties

Cellulose nanomaterials exhibit both a high specific surface area
and high density of surface hydroxyl groups. These properties
influence their interactions with the surrounding medium when
suspended in a liquid. After mechanical disintegration, the CNF
suspension becomes a gel at low solid content as shown in Fig.
2b, and it exhibits a pseudoplastic, shear-thinning behavior, i.e.,
it becomes very fluid when stirred at high shear rate. The shear-
thinning behavior of cellulose nanomaterial suspensions is illus-
trated in Fig. 4d [33]. Thixotropic viscosity (time-dependent
rheological behavior) properties and high water holding capacity
were also observed. The highly elongated nature of CNF in
suspension favors irreversible mechanisms such as entangle-
ment and non-repairable rupture of network structures.

Optical Properties

Small particles are considered “invisible” due to dimensions
lower than the wavelength of visible light. Cellulose
nanomaterials can therefore be considered for preparing trans-
parent coatings/films. Films made only from CNF or CNC can
be optically transparent if the cellulose nanofibers are densely
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packed, and the interstices between the fibers are small
enough to avoid light scattering. This type of flexible, trans-
parent, and renewable substrate is usually referred to as
nanopaper. Surface light scattering can also be limited thanks
to a surface polishing step [40]. Transparent composite films
can also be obtained by impregnating the CNF/CNC film with
a transparent resin or mixing if the difference in refractive
index between both components is small and/or that the do-
main sizes in the different phases are smaller than the wave-
length of visible light as shown in Fig. 4e [34].

Furthermore, at sufficiently high concentrations, CNCs self-
align to form a chiral nematic liquid crystalline phase in equi-
librium with isotropic phase in aqueous medium [41¢]. Slow
evaporation of the suspension produces semi-translucent films
that retain the self-assembled chiral nematic liquid crystalline
order formed in the suspension, and then CNCs can form chiral
nematic, iridescent, colored films. The chiral nematic organiza-
tion of CNCs is always left-handed and thus, chiral nematic
CNC films selectively reflect left-handed light, and appear col-
orful when the helicoidal pitch (P) is on the order of magnitude
of the wavelength of visible light. P can be controlled through
ionic strength, temperature, concentration, exposure to magnet-
ic field, and US treatment, and it is therefore relatively straight-
forward to modulate film color. This structure-color phenome-
non is similar to iridescence observed in nature, for example, in
butterfly wings, seed hull of the Margaritaria nobilis fruit or
beetle shells. Mesoporous materials with long-range chiral ne-
matic ordering imparted by CNC can be synthesized in the
presence of the material of interest by evaporation-induced
self-assembly and removal of cellulose by calcination [42].

Barrier Properties

Because of their small size resulting in high specific surface
area, low permeability of cellulose enhanced by high crystal-
linity and ability to form dense percolating networks, cellulose
nanomaterials exhibit increased tortuosity towards diffusing
gazes. They can provide improved barrier properties against
moisture and oxygen when used as self-standing films, coat-
ing for polymers and paper, or reinforcement in polymer com-
posites. Cellulose nanomaterials are generally poor moisture
barrier but good oxygen barrier below 70% relative humidity
(RH) [35]. The barrier performance can be further improved
by optimizing the morphology and surface chemistry of cel-
lulose nanomaterials, or sandwiching them with high
moisture-resistant polymers [43].

Functionalized Cellulose Nanomaterials

Cellulose nanomaterials can be used as such or their properties
can be tuned using physical or chemical methods. The inher-
ent high reactivity of cellulose and the pervasive surface hy-
droxyl groups associated with the nanoscale dimensions of



Curr Forestry Rep (2019) 5:76-89

83

cellulose nanomaterials provide the possibility of modifica-
tion via a chemical reaction strategy and open up opportunities
to develop new functional nanomaterials [6]. The objective of
these modifications is to make available cellulose
nanomaterials that can be used as reinforcing agents in com-
posite materials or can contribute to the specific functions for
the development of new nanomaterials, with the target of
expanding their applications in the field of functional
nanomaterials. A wide variety of chemical modification
methods, including coupling hydrophobic small molecules,
grafting polymers and oligomers, and adsorbing hydrophobic
compounds to surface hydroxyl groups of cellulosic nanopar-
ticles, can be employed (Fig. 4g). Experimental conditions
should avoid swelling media and peeling effect of surface-
grafted chains inducing their dissolution in the reaction medi-
um. The chemical grafting process has to be mild in order to
preserve the integrity of the nanoparticle.

Safety and Ecotoxicology

A great environmental concern relates to nanotechnology. Time
they exhibit novel properties and may expose humans and envi-
ronment to new risks. Even if cellulose and powdered cellulose
are generally recognized as safe and can be used as a raw material
for food contact materials or even as food additives, the biolog-
ical effects of nanosized cellulose cannot be predicted solely from
its chemical nature. This is the case for all other nanomaterials.
Different parameters may affect the interactions of cellulose
nanomaterials with cells and living organisms. Therefore, the
safety of cellulose nanomaterials is not necessarily obvious.
Current studies of the oral and dermal toxicity of cellulose
nanomaterials have shown a lack of adverse health effects and
so far, no adverse acute effects have been reported when using
realistic concentrations [44, 45]. However, additional studies are
needed to support this general conclusion. Studies of pulmonary
and cytotoxicity, on the other hand, have yielded discordant re-
sults. The toxicity of cellulose nanomaterials strongly depends on
their preparation protocol, cellulose source, post-processing, ex-
posure time, but also physico-chemical properties such as surface
chemistry, purity, degree of aggregation, shape, and dimensions.

Applications of Cellulose Nanomaterials

A broad range of applications is envisioned for cellulose
nanomaterials across many sectors. Several academics with dif-
ferent backgrounds and coming from different scientific fields
have focused their research integrating the concepts of “bio” and
“nano,” broadening at the same time the applications of cellulose
nanomaterials. It can also improve the environmental footprint of
many industries by replacing synthetic or petrochemical-based
materials. Simultaneously, companies and conference organizers
seized this opportunity. The industrial production of cellulose

nanomaterials is increasing rapidly with several companies al-
ready producing on the tons-per-day scale, intensifying the quest
for viable products across many sectors. An overview of the
sound markets impacted by cellulose nanomaterials is proposed
below but this list is of course not exhaustive.

Composites

The properties of cellulose at the nanometer scale make it an
attractive material for the reinforcement of plastics. The addition
of cellulose nanomaterials in a polymeric matrix to prepare
nanocomposites is probably the major application due to the
structural function of cellulose in nature. From the pioneering
work on this topic [46], it has been clearly demonstrated that the
intrinsic mechanical properties of cellulose nanomaterials are
not the main source of possible reinforcement of a polymeric
matrix. The strong interactions between cellulose nanoparticles
through hydrogen bonding are beneficial to exploit their full
potential and reach the highest mechanical reinforcement effect
that can be obtained from these nanoparticles. At the same time,
it limits their dispersion within a continuous medium. In addi-
tion, because of the size of the reinforcing phase in the nano
range, very thin polymer films with good mechanical properties
and functionality can be obtained. The main issue with nanopar-
ticles is their homogeneous dispersion in a continuous medium
resulting from the high surface energy of these particles at the
nano scale, associated with the polar nature of cellulose that
tends to lead to aggregation, mainly when considering an apolar
dispersing medium. Cellulose nanomaterials form a stable dis-
persion in water or any polar liquid medium, and for this reason,
never-dried nanoparticles have been broadly used to process
nanocomposites to ensure a proper level of dispersion in the
polymeric matrix. However, the dispersion of cellulose
nanomaterials in polymer melts and the development of suitable
processing technologies for large scale production have been
addressed in the literature to broaden their applicability [47¢].

Paper and Board

Potential applications are envisaged for cellulose nanomaterials,
mainly CNF, in paper and cardboard manufacturing as a
strengthening agent. They should improve the bond strength
between fibers and thus induce a strong mechanical reinforcing
effect on these materials. In addition of improving the tensile
strength, burst strength, density, smoothness and limiting the air
permeability of paper and cardboard products, the capacity of
retaining fillers and adsorbing dyes are also improved by the
nanoparticles. However, one of the drawbacks of all CNF
nanopapers is their relative brittleness and low tear resistance,
measured as the force needed for crack propagation after intro-
ducing a notch [48]. Another important issue is the relatively
high viscosity of CNF dispersions at low concentrations that
limits their use in high-speed coating processes. CF is also well
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known for improving the wet-web strength for paper making,
which decreases the breaking-up rate, thus improving the oper-
ation efficiency of paper making process.

In the paper sector and because of its transparency and
strength, cellulose nanomaterial-based films can also be used
for conservation and restoration of cultural heritage serving for
filling paper losses on cultural objects and as a stabilizing agent
for paper. It can be used as such in the form of thin films to
consolidate damaged historic papers without the application of
additional adhesives or in association with adhesives [49, 50].

Coatings

The durability of water-based paints and varnishes can be im-
proved by adding cellulose nanomaterials. The mechanical
propetties, scratch resistance, and UV protection can be en-
hanced. The stabilizing, thickening, and iridescent properties
of cellulose nanomaterials can also promote applications in this
field. The shear-thinning behavior is particularly useful in a
range of different coating applications. CNC-reinforced UV-
water-based coatings for wood applications were developed
and their wear properties were studied [51]. CNC was modified
by either alkyl quaternary ammonium bromides or acryloyl
chloride. The mechanical properties (abrasion and scratch resis-
tances, hardness and adhesion) were analyzed and compared
with the reference varnish without nanoparticles. The modified
CNC addition in UV-water-based coatings results in an approx-
imately 30—40% increase in wear resistance (abrasion and
scratch), without any loss of appearance. Low amounts of
CNC to UV curable wood coating systems were also found to
limit the water vapor transmission rate (WVTR) values [52].
Because of the viscosity recovery effect (thixotropy) induced
by the presence of cellulose nanomaterials, sag resistance can
be obtained. Iridescent effects can also be profitably exploited
for some applications. Syneresis, drying time, rub-off, and vol-
atile organic compound (VOC) emissions can also be signifi-
cantly improved using cellulose nanomaterials in paints and
coatings [53]. Cellulose nanomaterial coatings can also be used
in medical, biomedical, cosmetics, and bioengineering products.

Packaging

Cellulose nanomaterials can be used in fibrous, plastic, com-
plex, or foam packaging. The interest lies of course in the
improvement of the mechanical properties and strong expec-
tation of industry for biobased solutions, but also in the im-
provement of barrier properties and to act as a binder. They
exhibit a great potential to act as barrier material against oxy-
gen, water vapor, and grease/oil when used as coating, filler in
nanocomposites or as self-standing thin films [54]. The edi-
bility, flexibility, biodegradability, transparency, and possibil-
ity to develop active packaging as cellulose nanomaterials can
serve as carriers of some active substances such as
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antioxidants and antimicrobials are additional motivations.
However, hydrophilic films are poor barrier under wet condi-
tions. Indeed, when a hydrophilic film is exposed to water
vapor, the water molecules adsorb in the material and increase
the fractional free volume of the film serving as a moving
carrier for gases. Therefore, a key need is the inadequate re-
sistance of cellulose nanomaterial-based packaging films to
water vapor and moisture. It was highlighted that the packag-
ing applications of cellulose-based nanomaterials in various
industries are technology-dependent [55]. These technologies
include layer-by-layer assembly, electrospinning, composite
extrusion, casting evaporation, coating, and all-cellulose com-
posites. A growing sector is food and beverage packaging
where cellulose nanomaterials can be used to prevent spoilage
of food contents, block the entry of oxygen into the food
contents, replace the use of polystyrene-based foams, extend
food shelf-life, and improve food quality as they can serve as
carriers of some active substances, such as antioxidants and
antimicrobials. However, when a material is intended for food
contact, there are also safety issues involved, since there is the
possibility of migration of components to the food [56]. In the
case of edible materials (such as edible films and coatings), the
issue is even more important, since the compounds present in
the materials are intended to be directly ingested, so any com-
ponents should be considered food components (instead of
food contact components). Although the properties and safety
of bulk cellulose are well known, the nanosized counterparts
must be evaluated in terms of any potential toxic effects, since
their small dimensions may allow them to penetrate into cells
and eventually remain in the system. Moreover, the occupa-
tional and environmental risks related to cellulose
nanomaterials should be widely assessed as well.

Food Industry

Food applications have quickly been identified as a very in-
teresting field due to the rheological behavior of cellulose
nanomaterial gels. Carboxymethyl cellulose (CMC) is already
sold as food additive. The high viscosity at low nanoparticle
concentrations makes cellulose nanomaterials very interesting
as fat replacer and low-calorie substitute for carbohydrate ad-
ditives used as gelling agent, flavor carrier, or suspension sta-
bilizer in a wide variety of food products. As an example, the
gelation property of CNF was used to develop soy protein
isolate complexes as fat substitutes [57]. Beyond the proper-
ties that made cellulose nanomaterials excellent food addi-
tives, some lines of studies considered potential functional
properties, where it can improve the health of consumers,
acting like a dietary fiber [58]. Moreover, the shear-thinning
and thixotropic behavior of cellulose nanomaterial suspen-
sions, which are viscous under normal conditions, but flow
over time when shaken, agitated, or otherwise stressed, can be
interesting in food industry.
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Adhesives

The use of cellulose nanomaterials in wood adhesives signif-
icantly improves their adhesive bond performance and stabil-
ity in both wet and dry conditions. It is expected to improve
the hardness and modulus of the adhesive, but also its creep
behavior. It also reduces VOC emissions from traditional ad-
hesives used in wood and laminate panels. They can be used
for brittle thermosets such as urea-formaldehyde as well as
comparatively soft thermoplastics such as polyvinyl acetate
[59]. However, its content is limited by the strong increase
in viscosity caused by its addition.

Inks and Printing

Polymer dispersions containing CNC have been used as bire-
fringent inks [60]. When printing on dark paper, the letters are
darker than the background when viewed without polarizers,
while they are brighter than the background with crossed
polarizers. This type of contrast inversion can have applica-
tions in security printing and optical authentication. Also, in
inkjet papers, especially those which are targeted for high-
quality printing, cellulose nanopaper could be used in the
ink receiving layer. It can prevent the spreading and bleeding
of ink. The application of a plasticized CNF coating on woven
cotton fabrics reduces the pigment penetration into the fabric
bulk and enhances the pigment density on the surface of the
fabric improving the print quality or reducing the amount of
needed ink [61]. 3D printing is also a relevant domain of
investigation mainly for biomedical applications [62]. The
most important characteristics for this application are thixot-
ropy and shape fidelity which can be improved by adding
cellulose nanomaterials to the printing paste. A route for 3D
printing both pure CNC and CNC-reinforced composite archi-
tectures by direct writing of concentrated, viscoelastic aque-
ous, and monomer-based CNC inks has been proposed [63].
This method yields cellulose-based structures with a high de-
gree of CNC alignment along the printing direction.

Construction

Since cellulose nanomaterial films are transparent, solid, and
thin, they can replace glass or plastic for screens and windows,
or may be used as an additional layer to promote UV or IR
barrier properties. They could also be used as a component of
structural materials for buildings or as a “biofoam” in insula-
tion design. It is believed that the addition of cellulose
nanomaterial to cement and concrete mixes can accelerate
the hydration process of cement cure, alter the rheology, and
enhance flexural strength [64]. The mechanical properties and
fracture characteristics of concrete can be enhanced with cel-
lulose nanomaterials by arresting micro-cracks formed during
hydration and preventing their further growth.

Electronics

Because cellulose nanomaterial films are highly transparent,
lightweight, resistant, flexible, biodegradable, and display a
low thermal expansion coefficient, they can be used instead
of plastic or glass for flexible display panels and electronic
devices, e.g., mobile phones, computers, TVs, touch sensors,
solar cells, paper-based generators. [65]. Conductive
nanopapers can also be prepared by adding conductive nano-
particles. In addition, a common high-speed printing process
used in electronic manufacturing called “roll to roll” can be
adapted for cellulose nanomaterials. Transparent and highly
bendable microelectrodes necessary to develop lightweight,
small electronic devices that are highly portable have been
prepared from conductive silver nanowires and TEMPO-
oxidized CNF [66].

Energy

Flexible cellulose nanomaterial-based films have been tested
for energy storage applications as a substitute for usually rigid
and thick separators used in lithium-ion batteries or batteries,
including electrodes (e.g., active materials, binders, and struc-
tural support), electrolytes, and separators, but also cellulose-
based triboelectric nanogenerators [67]. In solar energy har-
vesting, the preparation of flexible solar panels and
photoelectrochemical electrodes is also being studied. Using
cellulose nanomaterial as a functional component in modern
energy devices and systems is expected to lead to a new par-
adigm of materials innovation. Identified challenges for
broader use cellulose nanomaterials as energy materials are
(1) synthesis of cellulose nanomaterials with well-controlled
degree of polymerization, (2) molecular-level understanding
of how cellulose molecules arrange into different phases, i.e.,
how the molecular chains organize and interact with each
other in short- and long-range ordered fashion, and (3) new
approaches to functionalization, modification, and assembly
of cellulose nanomaterials in different length scale.

Sensors

Many of the (bio) sensors that are currently based on plastic,
glass, or conventional paper platforms could be soon trans-
ferred to cellulose nanomaterials and this generation of (bio)
sensing platforms could revolutionize the conventional sens-
ing technology [68]. Cellulose nanomaterial-based platforms
could be considered an emerging technology to fabricate effi-
cient, simple, cost-effective, and disposable optical/electrical
analytical devices for several (bio) sensing applications in-
cluding health care, clinical/medical diagnostics, environmen-
tal monitoring, food quality control, forensic analysis,
physical/mechanical sensing, labeling, and bioimaging. They
exhibit plasmonic or photoluminescent properties that can be
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modulated and tailored using different reagents. Nanopaper
not only has all the advantageous features exhibited by con-
ventional paper but also brings optical transparency, low ther-
mal expansion, low surface roughness; and high chemical,
mechanical, and thermal stability. Furthermore, comparing
with conventional paper, nanopaper maintains its 3D structure
in water.

Detergent/Emulsions

Self-assembly of nanometric particles at the interfaces is a
well-known phenomenon that has been exploited in the stabi-
lization of Pickering emulsions, i.e., emulsions stabilized by
solid particles that generally provide a more stable system than
surfactant-stabilized emulsions. Cellulose nanomaterials also
show this ability to self-assemble at the liquid interfaces, no-
tably with a particular influence of the surface properties and
the shape of the nanoparticles, as well as the interactions be-
tween particles and cellulose nanomaterial-solvent interac-
tions [69]. Essential factors in the application of cellulose
nanomaterials in emulsion stabilization include renewability,
chemical stability, low toxicity, and biocompatibility. The
preparation processes are facile and easy to handle because
they are conducted in aqueous solutions, where cellulose
nanomaterials are well dispersed and do not require any
time-consuming solvent exchanging process. Therefore, ma-
terial fabrication based on the cellulose nanomaterial-
stabilized Pickering emulsions paves way towards novel
biobased materials with a facile and scalable process.

Filtration

Cellulose nanomaterials are also believed to have great poten-
tial in filter and membrane applications used for water and air
purification. Two applications of cellulose nanomaterials have
generated attention and proved sound strategy, viz. as adsor-
bent and as membrane for the removal of contaminants [70].
This potential is attributed to its high aspect ratio, high specific
surface area, high capacity retention, and environmental inert-
ness. In addition to the aforementioned advantages, the pres-
ence of active sites allows the incorporation of chemical moi-
eties that may enhance the binding efficiency of pollutants to
the surface. Their nanostructure could be used to produce
filters that can purify all kinds of liquids. Desalination of sea-
water, filtration of blood cells during transfusions, or trapping
of hazardous chemicals in cigarettes may be considered.

Biomedical
A growing number of applications are envisaged for cellulose
nanomaterials as biomedical material. This is due to their re-

markable physical properties, extended surface area, surface
functionality, and biological properties (biocompatibility,
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biodegradability, and low toxicity). The applications are seen
at the molecule level (tissue skeleton for cell culture, excipient
in pharmaceutical compositions, drug delivery, enzyme/
protein immobilization and recognition), but also on the scale
of macroscopic biomaterials (substitutes for blood vessels and
soft tissues, repair and healing of skin, cartilage and bone
tissue, antimicrobial materials) [71]. Potential biomedical ap-
plication of cellulose nanomaterials can also be designed by
their functional modification. Additional features such as pos-
sibility to form hydrogels, shear-thinning properties, and
spontaneous self-gelation can be exploited. However, creating
controlled properties, reliable and reproducible production
techniques for biocompatible cellulose nanomaterials (not on-
ly for BC) will be essential and beneficial to pave the way for
greater acceptance of cellulose nanomaterials as a commer-
cially available material in biomedical applications.

Cosmetics

As an organic and sustainable material, cellulose nanomaterial
is a valuable cosmetic ingredient which provides a texture that
improves a product’s feel in facial and body applications.
According to Asia Nano group [72], cellulose nanomaterials
disperse other effective ingredients of the cosmetics because
they have high dispersion stability in water and hold the ef-
fective contents longer thanks to their water holding power.
Through the rheological properties of their dispersions, cellu-
lose nanomaterials can find potential applications in cosmetic
products for hair, eyelashes, eyebrows, or nails, and the irides-
cence properties could also be exploited.

Hygiene

Because they are lightweight, resistant, and exhibit high sur-
face area, cellulose nanomaterials can be transformed into
foams and aerogels that can withstand more than 10,000 times
their own weight [73, 74]. These materials are extremely po-
rous and capable to store large amounts of water. They can be
used alone or in combination with superabsorbent polymers
for dressings, diapers, and sanitary napkins or pads. The sur-
face chemistry of these materials can be tuned to selectively
absorb hydrophobic liquids.

Oil Recovery

The extraction of hydrocarbons from porous or fractured rock
formations is a potentially interesting large scale application
of cellulose nanomaterials [75]. They have been suggested for
use in oil recovery applications as a drilling fluid and flooding
agent. The injected fluids in secondary processes supplement
the natural energy present in the reservoir to displace oil. The
drilling fluids are used to lubricate, provide hydrostatic pres-
sure, and to keep the drill cool and the hole as clean as possible
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of drill cuttings. The recovery efficiency mainly depends on
the mechanism of pressure maintenance, but the injected
fluids in tertiary or enhanced oil recovery (EOR) processes
interact with the reservoir rock/oil system. It has been shown
that by using CNCs as an additive, the proportion of drilling
muds lost in the geological holes could be reduced to a min-
imum. CNC-containing drilling muds would also help to limit
damage to formations, improve the characteristics of sludge
cake formation, and ensure that other additives such as clays
and polymers produce better yield at lower dosages.

Defense

Cellulose nanomaterials can form very dense and resis-
tant mats. Its strength-to-weight ratio, eight times higher
than stainless steel, makes it perfect for the manufacture
of body armor and bullet-proof vests that are both solid
and light.

Conclusions

Cellulose nanomaterials can be extracted from any cellulosic
source in the form of cellulose nanofibrils (CNF) or cellulose
nanocrystals (CNC) using a mechanical or acid hydrolysis
treatment, respectively. Both nanomaterials exhibit the intrin-
sic properties of cellulose, i.e., renewability, non-toxicity, bio-
degradability, biocompatibility, and low density. Its transfor-
mation down to the nanoscale endows cellulose nanomaterials
with new properties such as increased specific surface area
and ensuing greater impact of surface functionalization, high
aspect ratio, and enhanced mechanical, thermal, rheological,
optical and barrier properties. These new and remarkable
properties give cellulose many industrial applications in dif-
ferent sectors. However, isolation of cellulose nanomaterials
remains costly and involves energy-consuming processes.
Challenges are mainly related to affordable up-scaling produc-
tion and cost-effective surface modification routes.
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