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ABSTRACT 

This review provides a critical overview of the recent methods and processes developed for the production of cellulose 
nanoparticles with controlled morphology, structure and properties, and also sums up (1) the processes for the chemical 
modifications of these particles in order to prevent their re-aggregation during spray-drying procedures and to increase 
their reactivity, (2) the recent processes involved in the production of nanostructured biomaterials and composites. The 
structural and physical properties of those nanocelluloses, combined with their biodegradability, make them materials of 
choice in the very promising area of nanotechnology, likely subject to major commercial successes in the context of 
green chemistry. With a prospective and pioneering approach to the subject matter, various laboratories involved in this 
domain have developed bio-products now almost suitable to industrial applications; although some important steps re- 
main to be overcome, those are worth been reviewed and supplemented. At this stage, several pilot units and demonstra- 
tion plants have been built to improve, optimize and scale-up the processes developed at laboratory scale. Industrial 
reactors with suitable environment and modern control equipment are to be expected within that context. This review 
shall bring the suitable processing dimension that may be needed now, given the numerous reviews outlining the prod- 
uct potential attributes. An abundant literature database, close to 250 publications and patents, is provided, consolidat- 
ing the various research and more practical angles. 
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1. Introduction 

Cellulose is an abundant natural material made from re- 
newable and sustainable resources which is biodegra- 
dable, carbon neutral with low environmental, health and 
safety risks. It serves as the dominant reinforcing phase 
in plant structures. Owing to its low cost, biodegrada- 
bility, low density and remarkable physical and mecha- 
nical properties, this material is subject of intensive re- 
search and development with the advent of nanotechnol- 
ogies [1,2]. 

For quite a time it has been used as an ingredient in 
many industrial processes such as pulp and papermaking 
and the manufacture of synthetic textile fibers (e.g. or- 
ganic and inorganic esters, alkyl, hydroxy alkyl and car- 
boxyl alkyl ethers) which are used as key active compo- 
nents in coatings, optical films, foodstuffs, pharmaceu- 

tics, cosmetics, additives in building materials etc. 
Moreover, given to the cellulose properties, mostly 

functionality, durability and uniformity, its use continues 
to grow in other domains such as the conversion of cel- 
lulose from energy dedicated crops into biofuels to pro- 
duce cellulosic ethanol as an alternative fuel source. 
More recently, as further detailed in this review, the de- 
sign of processes using cellulose nanoparticles (CNs) for 
the generation of novel cellulose-based biomaterials and 
composites is a clear trend [1-7]. 

Cellulose is mainly produced in wood and plants such 
as hemp, flax, jute, ramie and cotton. It is also synthe- 
sized by algae, tunicates and bacteria [8-11]. Other abun- 
dant and largely unused sources of cellulose are agricul- 
tural residues (wastes and by-products) which are ob- 
tained at a low cost from a large variety of natural and re- 
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newable materials. The physical and morphological struc- 
ture of native cellulose in plant cell walls is very com- 
plex and heterogeneous, mainly because of its intimate as- 
sociation with the other components of the plants (poly- 
saccharides, lignin...) [12]. 

Compared to cellulose extracted from wood, bacterial 
celluloses (BC) present better characteristics (higher pur- 
ity, degree of polymerization, crystallinity, water content 
and mechanical stability). This is essentially due to their 
typical biosynthesis which yields nanofibers networks 
without the other components generally synthesized dur- 
ing wood or plants biosynthesis [1,8].  

Formed of repeating units (called cellobiose) resulting 
from connections of two anhydro-glucose rings joined 
via a β-1,4 glycosidic linkage, this linear homopolymer, 
depicted on Figure 1, is characterized by its extended 
and rather stiff rod-like conformation, its significant hy- 
drophilicity and its functional pendant groups. 

The secondary and the primary hydroxyl groups of the 
anhydro-glucose rings are the basis for extensive intra- 
and intermolecular hydrogen bonding, allowing the for- 
mation of highly ordered three-dimensional crystal struc- 
tures; therefore making cellulose a semi-rigid polymer 
which is not soluble neither in water nor in traditional or- 
ganic solvents; additionally, no melting point. 

Those multiple hydrogen bonds hold the chains firmly 
together side-by-side and form elementary microfibrils 
that have high tensile strength and confer an important 
rigidity to the cell walls. Depending on their origin, these 
microfibrils are generally constituted of fibrous struc- 
tures, formed during the cellulose biosynthesis [13] also 
containing crystalline and noncrystalline domains located 
along their main axis. The noncrystalline domains are 
weak spots along the microfibrils which are aggregated 
in the parenchyma cell wall [12]. The later are larger 
macroscopic fibres with thickness around 20 - 50 µm and 
length higher than 2000 µm, respectively. Cellulose pro- 
perties are mainly related to this so-called supramolecu- 
lar order and specific assembling. 

In this review, four particle types will be considered to 
cover the cellulose-based particles. Those typically differ 
from each other as a function of the cellulose sourcing 
materials and the treatments involved in their production. 
Each particle type is distinct from one another; from the 
standpoints of size, aspect ratio, morphology, crystallin- 
ity, crystal structure, and end-use properties. 
 

 

Figure 1. Chemical structure of cellulose. 

Wood and plant cellulose fibers (bleached pulps) par- 
ticles are the largest of the particle types. 

Microcrystalline celluloses (MCCs) are generally de- 
scribed as purified and partially depolymerized cellulose 
particles with an average degree of polymerization be- 
tween 200 and 450 [14]. They yield colloidal suspen- 
sions when dispersed in water. The stability of these 
suspensions depends on the dimensions of the dispersed 
particles, their size polydispersity and surface charges. 
MCCs are widely used as rheology control agents and in 
the pharmaceutical industry as excipients in the produc- 
tion of powders and tablets commonly known as fillers, 
binders, disintegrants and antiadherents [15]. 

Microfibrillated celluloses (MFCs) are generally ob- 
tained when cellulose fibres are submitted to high me- 
chanical shearing forces. They are used as thickening 
agents in food and cosmetics industries. 

Nanofibrillated celluloses (NFCs or nanofibrils) are 
produced when specific techniques facilitating fibrilla- 
tion are incorporated in the mechanical refining of wood 
and plants pulps. They ideally consist of individual nano- 
particles with a lateral dimension around 5 nm. However, 
the production of fully degradable or biocompatible nano- 
composites, containing NFC with high aspect ratio and 
diameters below 100 nm, remains a challenging task be- 
cause of the strong agglomeration tendency. The later 
can occur during drying of aqueous NFC suspensions or 
during compounding of NFC with hydrophobic polymers. 
This clustering is accompanied by an important decrease 
of the NFC aspect ratio and consequently results in a de- 
crease or loss of some beneficial properties. 

Cellulose nanocrystals (NCCs) are elongated rod-like 
or whisker shaped particles remaining after acid hydro- 
lysis of wood and plants pulps, MCCs, MFCs or NFCs. 
They are considered today as a novel class of nanomate- 
rials with many attracting properties [16]. Typically, 
NCCs are crystals with diameter in the range of 3 - 20 
nm and length in the range of 100 - 600 nm. Those di- 
mensions and the crystallinity depend also on the source 
of cellulose used. Tunicate and bacterial cellulose yield 
larger whiskers, while cellulose from wood yields smaller 
structures [17,18]. Recently, Li et al. [19] reported the 
possibility of preparing nanospherical cellulose struc- 
tures with diameters of several hundred nanometers from 
short-staple cotton by pre-swelling the fibers prior to the 
acid hydrolysis. 

It should be noted that strong hydrogen bonding be- 
tween the individual cellulose nanocrystals can promote 
re-aggregation during spray-drying procedures. 

Indeed, compared to cellulose fibres, NCCs have, in 
addition to their nanoscale dimensions, many other ad- 
vantages, such as, good stability, high surface area, in- 
teresting mechanical and optical properties which have  
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promoted the attractiveness of this material in both fun- 
damental research and application research. Therewith a 
huge amount of publications including several reviews 
and patents mainly devoted to physico-chemical studies 
of the structure, the morphology and the properties of 
cellulose nanofibrils and nanocrystals. Those studies 
clearly show the paramount potential of these materials 
for applications such as paints, varnishes and coatings, 
composites, films and barriers, adhesives, paper (reten- 
tion and binder), thermosets, thermoplastics, reinforced 
biopolymers, natural and manufactured textiles, cosmet- 
ics and pharmaceuticals, medical and optical devices, 
viscosity modifiers and flow aids, hydrogels… There- 
fore, several pilot or demonstration plants of different 
capacities have been constructed around the world and 
are now producing CNs. Since these materials are new, 
there is a real need (i) to optimize and scale-up their 
production and to design plants and equipments of high 
capacity, (ii) to develop a manufacturing metrology in- 
frastructure to control their properties and those of de- 
rived products (iii) to prospect on the economical feasi- 
bility of the corresponding processes [20]. The most 
known research & development centers are located in 
North America (USA and Canada), Europe (Germany, 
France, Sweden, Finland, Switzerland, Norway and Aus- 
tria), Japan, Israel and Argentina, 

Table 1 [1-11,20-27] underlines the increasing interest 
for production of CNs, through these existing R & D 
centers. 

This review study first provides a critical overview of 
the recent methods and processes developed for the pro- 
duction and the chemical transformations of CNs with 
tailored morphology and properties. A second part is de- 
voted (i) to the processes developed for the production of 
nanocellulose-based neat materials and composites and 
(ii) to their corresponding applications. 

From a process engineering standpoint, different pro- 
spective routes will be considered and discussed. 

2. Processes for the Production of Cellulose 
Nanoparticles (CNs) 

The production of CNs is generally carried out in two 
steps. The first stage consists of pretreatment of the raw 
material to obtain “purified” individual cellulosic fibers 
that can be further processed. Depending on the source of 
the raw material, different pre-treatments are applied. Ac- 
cording to the desired size and morphology of the final 
CNs, the second stage (generally called “fibrillation”) 
concerns the transformation of the individual cellulosic 
fibres into microfibrils, MFCs or NCCs. The main pro- 
cesses typically used for this transformation are mecha- 
nical treatment [21-24], acid hydrolysis [21-23,25] and 
enzymatic hydrolysis [21,23], which can be used sepa- 
rately or combined.  

For example, in order to make disintegration of cel- 
lulosic fibers easier, enzymatic pretreatments followed 
by mechanical treatments were involved [26,27]. The pre- 
treatments allow opening the structure of the material to 
facilitate access to the cellulose micro-structure during 
the second stage of the process. Thus, it is important to 
apply a sufficiently selective pretreatment which increases 
the access to the micro sites and still maintains a desired 
degree of polymerization. Figure 2 summarizes the me- 
thodology developed during the various stages of nano- 
cellulose processing. 

2.1. First Stage 

In the case of wood, mostly used pretreatment processes 
are: 
 Chemical processes as developed in the pulp and 

paper industry, to obtain bleached or chemically dis- 
solved pulps by extracting lignin, hemicelluloses and 
other secondary products and via partial hydrolysis of 
cellulose. The different typical steps are: (i) cooking 
of wood chips in batch reactors (e.g. as per classical 
Kraft or sulfite processes), (ii) mechanical treatment  

 
Table 1. Main centers possessing pilot or demonstration plants of different capacity [1-11,20-27]. 

Center Country Unit Type of CN Capacity 

FP Innovation Canada Pilot plant NCC 10 kg/week 

US Forest Service’s Forest Products Laboratory USA Pilot plant NCC 35 - 50 kg/day 

Alberta Innovates—Technology Futures Canada Pilot plant NCC 100 kg/week 

Celluforce Inc. Canada Demonstration plant NCC 1 tonne/day 

Biovision Technologies Inc. USA Pilot plant NCC 4 tonnes/year 

Inventia Sweden Demonstration plant NFC 100 kg/day 

The Us Forest Service USA Demonstration plant NFC 500 kg/day 
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Figure 2. Flow chart depicting materials and steps during the processing of nanocellulose. 
 

of the cooked chips to separate the fibers, (iii) bleach- 
ing of the resulting pulp to remove the residual lignin 
and other remaining by-products. 

 Steam explosion process as described in Figure 3. 
The cellulosic biomass is pressurized for a short pe- 
riod of time in a batch reactor with water steam, and 
then explosively discharged to atmospheric pressure 
which results in a sudden disintegration changing the 
starting material into a fibrous dispersed solid which 
is then sequentially submitted to (i) extraction with 
water at ~80˚C for ~1 hour, using a fiber to water ra- 
tio of ~1:10 followed by filtration and washing with 
water, (ii) extraction with 20 wt% sodium hydroxide 
at 80˚C for ~1 h using a fiber to liquor ratio of 1:10, 
(iii) bleaching, with a mixture of hydrogen peroxide 
and sodium hydroxide, in a stirred tank reactor, at 
65˚C for 2 hours. The bleached fibers are then diluted 
to ~1% consistency and neutralized with sodium me- 
tabisulfite to decompose the residual hydrogen per- 
oxide and stabilize the brightness. 

This process has also been successfully applied to ag- 
ricultural residues for the production of (i) nanofibrils of 
natural fibers [28], (ii) microfibrils [29], (iii) MCC [30]. 

In the case of plants these two pretreatments are gen- 
erally similar to those applied to wood. A wide variety of 
plants have been treated including cotton [31,32], bam- 
boo [33], ramie [34], sisal [35,36], wheat straw [37-40] 
etc. 

For tunicate the pretreatment involves the isolation of 

the mantel from the animal and the isolation of individ- 
ual cellulose fibrils with the removal of the protein ma- 
trix. 

The operating conditions of the pretreatments applied 
on different raw materials (e.g. tunicate [41-44], algae 
[45-50], bacteria cellulose [51,52] etc.) are well described 
in the literature.  

These chemical processes have already been well de- 
veloped, scaled-up and optimized. The resulting purified 
cellulose materials, mainly bleached and dissolved pulps, 
are commercially available and can be used during the 
following stage of CNs production. 

2.2. Second Stage 

2.2.1. Acid Hydrolysis 
Acid hydrolysis processes currently employed consist of 
subjecting purified cellulosic material to strong acid un- 
der controlled operating conditions namely the nature of 
the acid, the acid concentration, the cellulose fibers to 
acid solution ratio, the temperature, the mixing rate, and 
the reaction time. 

Several acids have been used for this type of produc- 
tion. Among them, hydrochloric and sulfuric acids are 
mostly used. Phosphoric [53-55] and maleic [56] acids 
have also been reported for such purpose. 

With hydrochloric acid aggregation of CNs has been 
observed [57]. With sulfuric acid, surface charged sulfate 
esters are formed, promoting dispersion of the CNs in 
water and avoiding CNs aggregation [58], at the expense   
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Vapor

 

Figure 3. Process diagram for a typical aqueous/steam explosion system. 
 
of the thermostability of the nanocrystals [59].  

Combination of both sulfuric and hydrochloric acids 
during hydrolysis of CNs generates spherical nanoparti- 
cles with improved thermal stability due to less sulfate 
groups on their surface [60]. 

In general, sulfuric acid addition to a water fibers sus- 
pension is one of the most common method. At low con- 
centration this type of acid, as well as chlorhydric acid, 
yields to MCCs or MFCs. Several methods, covered by 
patents, have been described in literature for the manu- 
facture of MCC [61-63]. 

NCCs are obtained using concentrated sulfuric acid, at 
various temperatures and reaction times. The correspond- 
ing process operating conditions have been determined 
experimentally on different cellulosic materials [64-81]. 
In most cases, the sulfuric acid concentration is around 
65% (wt), while the temperature ranges between 20˚C 
and 70˚C and the hydrolysis time varies from 30 min. to 
overnight depending on the reaction temperature. 

In general, the “purified” starting material is mixed 
into deionized water with a given amount of concentrated 
acid. After reacting for a set amount of time, the mixture 
is diluted with deionized water to quench the reaction. 
This mixture then undergoes a series of separation (cen- 
trifugation or filtration) and washing/rinsing steps fol- 
lowed by dialysis against deionized water to remove the 

remaining acid or neutralized salt. A final centrifuge se- 
paration or filtration step can be used to remove any lar- 
ger agglomerates in the final cellulose nanoparticle sus- 
pension. Ultrasonic treatments can be used to facilitate 
dispersion of the crystalline cellulose in the suspension. 

Most results show that longer hydrolysis time induces 
shorter nanocrystals with higher surface charge [64] and 
narrower size polydispersity [17]. In addition, higher tem- 
perature gives rise to shorter crystals [31]. 

These processes have been experimentally developed 
at the laboratory scale. However, their transposition to- 
wards reactor design and process engineering has not 
been much explored. Only two studies devoted to the op- 
timization of acid hydrolysis of purified cellulose have 
been published. In a study on sulfuric acid hydrolysis of 
waxy maize starch granules, Angelier et al. [82] used the 
response surface methodology to optimize the input op- 
erating process parameters for obtaining starch nano- 
crystals with the smallest size within the shortest time 
and with the highest yield. Therefore in a first step, em- 
pirical models were elaborated for the hydrolysis yield 
and the size of the insoluble residues using a central 
composite face design involving 31 trials. The optimiza- 
tion showed then that it was possible to obtain starch 
nanocrystals after only 5 days of H2SO4 hydrolysis with a 
yield of 15 wt% and having the same shape as those ob- 
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tained from the traditional procedure after a 40 day HCl 
treatment, with a yield of 0.5 wt%. 

Using the same methodology, Bondeson et al. [18] op- 
timized the operating conditions of the hydrolysis and the 
sonication processes of a microcrystalline cellulose sam- 
ple (MCC) that was derived from Norway spruce (Picea 
abies). In this approach, the authors analyzed the effect 
of the concentration of MCC and sulfuric acid, the hy- 
drolysis time and the temperature, and the ultrasonic 
treatment duration on the median size and the production 
yield of the resulting CNs. This methodology covers va- 
rious issues in data exploration, experimental design, 
model construction and process optimization. The con- 
structed models were fitted to data by using a multiple 
linear regression with orthogonally scaled factors. The 
MODDE® 7 software used a Nelder Mead simplex me- 
thod, with fitted response functions, to optimize an over- 
all desirability function combining the individual desir- 
ability and weight factor of each response. The authors 
demonstrated that with a sulfuric acid concentration of 
63.5% (w/w), it was possible to produce CNs with a 
length between 200 and 400 nm and a thickness less than 
10 nm, in approximately 2 h; with an unsatisfactory low 
yield of 30% (of initial weight) which was attributed to a 
possible significant amount of amorphous regions of the 
starting material. 

However, regardless of the pretreatment of the initial 
material, each step of the whole process (acid hydrolysis 
and ultrasonic treatment), should have been modeled and 
optimized separately. A kinetic model would have al- 
lowed thus optimizing the operating parameters of the 
actual hydrolysis. Then, regarding the CNs obtained with 
the highest yield, a new experimental design could have 
been instrumental to study and model the effect of soni- 
cation power and time; then optimizing these two pa- 
rameters to finally and likely get the NCCs of required 
quality. 

In a recent work [83], acidic cation exchange resin was 
used as catalyst with provided advantages compared to 
the sulfuric acid treatment, such as reusable resin, lower 
equipment corrosion, lower cellulose degradation and 
lower environmental impact. 

However, all these processes, which are based on the 
chemical degradation of the cellulose polymer, have sig- 
nificant disadvantages. As a result of the degradation to 
glucose or the formation of water-soluble oligomers, con- 
sidered as undesirable by-products, the loss in the mass 
of cellulose occurs. Moreover, the use of strong mineral 
acids makes washing more complicated and the purifica- 
tion steps are necessary; therefore rendering the process 
and its environmental impact more complex. Industrial 
use of these methods on a relatively large scale may thus 
be disadvantageous. 

2.2.2. Enzymatic Hydrolysis 
As already mentioned in this section, enzymatic treat- 
ments enable the manufacture of CNs with significantly 
reduced energy consumption [27]. Most studies were 
performed on bleached kraft pulps. Naturally occurring 
cellulose fibers are not hydrolyzed by a single enzyme. 
In general, a set of cellulases are involved although, even 
in that case, cellulose must be treated with combined en- 
zymatic treatments and high shear homogenization. This 
treatment decomposes and increases the accessibility of 
the fibers [84-89]. 

The main enzymes used are cellobiohydrolases, which 
are able to attack highly crystalline cellulose and endog- 
lucanases which generally require some disorder in the 
structure to perform cellulose degradation [90,91]. Those 
enzymes show strong synergistic effects [26,92]. 

In the case of the isolation of MFC, isolated cellulases 
rather modify than degrade the cellulose. Pretreated fi- 
bers subjected to low enzyme concentration (0.02%) were 
disintegrated efficiently while the molecular weight and 
the fiber length were preserved successfully [26]. 

Four step mechanical and enzymatic treatments [93,94] 
were reported (i) to enhance the accessibility of the cell 
wall to the subsequent enzyme treatment, a refining step 
using an Escher-Wyss refiner was performed, (ii) fol- 
lowed by the treatment using the monocomponent endog- 
lucanase enzyme, (iii) another refining stage, and last (iv) 
the pulp slurry was processed through a highpressure 
microfluidizer. 

NCCs were also produced from recycled pulp using 
microwave aided enzymatic hydrolysis. Filson et al. 
(2009) [95] reported a process to produce NCC using 
endoglucanase enzyme. They observed that microwave 
heating produced NCC with better yield compared to 
conventional heating thanks to microwave heating being 
more selective and lowering the reaction time as well. 

2.2.3. CNs Surface Modification by Oxidation 
In an attempt to prevent CNs post-aggregation during the 
spray-drying procedures, several authors reported meth- 
ods affecting the surface, such as polarity and chemical 
arrangements therewith, of the cellulose by oxidation pro- 
cesses [32,96-99]. 

The most widely used method is the TEMPO-medi- 
ated oxidation, in which carboxylate and aldehyde func- 
tional groups are added under moderate conditions onto 
the cellulose structure, employing inexpensive oxidizing 
agent (such as sodium hypochlorite) in the presence of 
the 2,2,6,6-tetramethyl-1-piperidine-N-oxy radical (here- 
inafter referred to as TEMPO) and a bromide or a iodine 
as catalyst. 

In the case of cellulose fibers hydrolyzed with hydro- 
chloric acid, it was demonstrated [100] that the oxidation 
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occurred mainly at the surface of the fibres which be- 
came negatively charged. The resulting CNs presented 
about the same morphology and crystallinity than those 
of the initial fibers and formed a homogeneous suspen- 
sion when dispersed in water. 

This pretreatment for producing CNs is environmen- 
tally beneficial as a reaction process to the extent that 
water is used as a solvent and the reaction by-product is 
only sodium chloride. Nevertheless, at an industrial scale 
the production cost of TEMPO remains a bar. Other N- 
oxyl compounds, such as 4-hydroxy TEMPO derivative 
(less expensive than TEMPO) have been proposed [101- 
103]. 

2.2.4. Electrospinning 
Over the past few years, there has been a tremendous 
intensification of the research activities to explore elec- 
trospinning for nanofibers formation involving a large 
variety of materials. This quite simple and cost effective 
process operates on the principle that a solution is ex- 
truded-electrospun under the action of a high electric 
field. Once the voltage is sufficiently high, a charged 
stream of matter is ejected following a rather compli- 
cated loop and 3D spiral deployment trajectory. During 
this, the solvent evaporates leaving behind randomly ori- 
ented nanofibers accumulating on the collector. A rather 
common schematic diagram to depict electrospinning of 
polymer nanofibers is shown on Figure 4. 

Pure CNs have been produced by (i) dissolving cellu- 
lose fibers in solvents, such as ethylene diamine, with a 
salt selected from the group consisting of potassium thio- 
cyanate, potassium iodide and mixtures thereof, the salt 
being present at their saturation points (ii) using the elec- 
trospinning technique [104]. 

Cellulose derivative nanofibers obtained by employing 
electrospinning involve, their reticulation performed che- 

mically or by UV irradiation in concentrated crystalline 
liquid solutions containing isotropic solvents, such as ace- 
tone, dimethylformamide, ethanol, methanol or water 
[105,106]. 

In terms of process, the effect of various parameters, 
including electric field strength, tip-to-collector distance, 
solution feed rate and composition are generally used for 
modeling and anticipating some of the morphological 
features of the electrospun nanofibers. Those can be fur- 
ther examined towards optimizing the input process pa- 
rameters for the production of nano fibers with desirable 
characteristics and properties.  

2.2.5. Mechanical Processes 
Several mechanical processes have been used to extract 
cellulose fibrils from various raw materials. These proc- 
esses include mainly refining and high-pressure homog- 
enization, grinding, cryocrushing and high intensity ul- 
trasonic treatments which produce high shear gradients 
causing transverse cleavage along the longitudinal axis of 
the cellulose fibers, provoking the extraction of microfi- 
brillated cellulose (MFC). 

1) Refining and High-Pressure Homogenization 
This treatment consists of refining followed by a high 

pressure homogenizing [107,108] in which a diluted cel- 
lulosic suspension is forced through a gap between a ro- 
tor and stator disk of a refiner. The disks surfaces are 
grooved and fitted with bars to subject the fibers to re- 
peated cyclic frictional stresses. 

During homogenization, the refined cellulose fibers 
are pumped at high pressure and fed through a spring- 
loaded valve assembly. As this valve opens and closes at 
a fast rate, the fibers are exposed to a large pressure drop 
with shearing and impacting forces. This combination of 
forces promotes a high degree of microfibrillation of the 
cellulose fibers, resulting in the production of MFC [109]. 

 

 

Figure 4. Principle of electrospinning process. 
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Typically, the procedure is repeated several times in or- 
der to increase the degree of fibrillation. After each path, 
the particles become smaller and more uniform in di- 
ameter. 

Various cellulosic materials such as pulps from wood, 
bamboo, crop straws, MCCs were treated via mechanical 
processes using adapted operating conditions (refining 
intensity and cycle frequency during the treatment….) to 
yield CNs’ desired morphology and properties [110,111]. 

Moreover, diameters between 20 and 100 nm and 
lengths of several tens of micrometers were generated 
with the use of a microfluidizer in the homogenization 
step [93,112]. 

However, some hurdles may appear during the manu- 
facturing of nanocellulose from pulp. These problems are 
associated with: (i) clogging of the homogenizer, when 
the pulp is pumped through high pressure/homogenizers, 
(ii) excessive energy consumption [109,113] unless the 
pulp is subjected to: acid hydrolysis prior to refining 
[114], oxidation by TEMPO, chemical purifications [115], 
enzymatic pretreatment [27], ultrasound treatment [116], 
addition of cellulose derivatives or polysaccharide de- 
rivatives [117], and (iii) mechanical damages of the crys- 
talline microfibril structure or insufficient disintergration 
of the pulp fibers [26]. 

Worthwhile adding that other, more or less complex, 
pretreatments steps have been developed and patented for 
the mechanical production of CNs [118,119]. 

2) Grinding 
Cellulose fibers can be fibrillated from a cellulose sus- 

pension passed between the static and the rotating grind- 
ing stones of a commercial grinder set at ~1500 rpm. In 
this process, the cell wall structure is broken down by the 
shearing forces generating nanosized individualized fi- 
bers [120-124]. However, similarly to the refining and 
high-pressure homogenization processes, during grinding, 
mechanical damage of the fibers may occur [123]. 

3) Cryocrushing 
Cryocrushing is an alternative method for producing 

nanofibers where fibers are frozen using liquid nitrogen, 
then high shear forces are applied [124]. Typically when 
the frozen fibers are under high impact forces, ice crys- 
tals exert pressure on the cell walls, causing them to rup- 
ture liberating microfibrils [125]. The cryocrushed fibers 
may then be dispersed uniformly into water suspension 
using a disintegrator before high pressure fibrillation. 
This process sequence is applicable to various cellulosic 
materials. CNs with diameter within ranges of 5 - 80 nm 
and length of several thousand nm were thus obtained 
[39,126]. 

3. Properties of Cellulose Nanoparticles 

The successful use of CNs in different applications re- 

quires an in depth understanding of their structure and 
properties. 

3.1. Structural and Molecular Properties 

One of the most important structural and molecular pro- 
perties of CNs are geometrical dimensions (average length 
and width), crystallinity and average degree of polym- 
erization which tend to vary widely, depending on the 
source of the cellulosic material and the conditions under 
which they are obtained. The heterogeneity in size can be 
reduced by filtration, differential centrifugation, or ultra- 
centrifugation. 

When chemical functionalities are added to CNs’ sur- 
face, such as charged entities, hydrophobic groups, etc., 
the resulting degree of modification as well as the pres- 
ence of impurities and other polymers is to be monitored 
(CNs rarely consist only of cellulose; the presence of 
other compounds may have a major impact on the CNs 
properties). Geometrical dimensions and crystallinity of 
some CNs are given in Tables 2 and 3. 

3.2. Mechanical Properties 

Mechanical properties depend also on the source of the 
cellulosic material and are generally determined by sev- 
eral factors such as morphology, geometrical dimensions, 
crystal structure, crystallinity, anisotropy and defects 
caused by the process used for their production. Mecha- 
nical properties of different cellulose particles are given 
in Table 4. 

3.3. Thermal Properties 

Mostly two major thermal characteristics were deter- 
mined on different CNs: 
 The onset of thermal chemical degradation which oc- 

curs at ~300˚C and ~260˚C for freeze dried MCC and 
NCC (produced via sulfuric acid hydrolysis of the 
same MCC) respectively.  

 The coefficient of thermal expansion in the axial di- 
rection which has been estimated at ~0.1 ppm/K [136- 
138] which is similar to that of quartz glass. 

3.4. Rheological Properties 

Rheological properties were investigated on NCCs sus- 
pensions. In a “dilute” regime these suspensions are shear 
thinning and this behavior increases as concentration was 
raised. Concentration dependence was clearly observed 
at low shear rates but not at high shear rates. However, at 
high concentrations where the suspension is lyotropic, 
anomalous transitions occurred in the flow showing that 
at a critical shear rate, the nanocrystals align themselves 
due to their rod-like nature, then greatly smoothing their 
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Table 2. Geometrical dimensions: length (L) and diameter (d) of NCs from various sources obtained via various techniques. 

Source Length (nm) Width (nm) Technique Ref. 

Soft wood pulp 100 - 150 4 - 5 AFM [17] 

Hard wood pulp 140 - 150 4 - 5 AFM [17] 

Ramie 150 - 250 6 - 8 TEM [66] 

Sisal 100 - 500 3 - 5 TEM [35] 

Tunicate 1160 16 DDL [127] 

Valonia >1000 10 - 20 TEM [45] 

Bacterial 100 - 1000 10 - 50 TEM [79] 

MCC ~500 10 AFM [7] 

 
Table 3. Crystallinity of various NCs. 

Particle type Crystallinity (a) (%) Iβ (b) (%) Ref. 

Wood and Plant pulps 43 - 65 - [2] 

MCC 80 - 85 - [18] 

MFC 51 - 69 10 - 66 [128] 

NCC 54 - 88 68 - 94 [31,128] 

Tunicate NCC 85 - 100 76 - 90 [31,128] 

Valonia - 36 - 42 [45-47] 

Bacterial (Acetobacter) 63 3 - 27 [52] 

(a): Degree of crystallinity relative to cellulose; (b): fraction of Iβ crystal structure. 

 
Table 4. Mechanical properties of various NCs. 

Source EA ET σf εf (%) Technique Ref. 

WP 14 - 27 - 0.3 - 1.4 4 - 23 Tensile [129] 

PP 5 - 45 - 0.3 - 0.8 1.3 - 8 Tensile, Raman [130-131] 

MCC 25 - - - Raman [131] 

WP 50 - 100 18 - 50 - - AFM indentation [132]  

NCC 
PP 57, 105 - - - Raman [133] 

Tunicate NCC 143 - - - Raman [134] 

Bacterial NCC 134 - - 2 Raman [135] 

EA = elastic modulus in axial direction (GPa); ET = elastic modulus in transverse direction (GPa). σf = tensile strength (tensile testing) (GPa); εf = strain to fail- 
ure (tensile testing) (%); WP = Wood pulp; PP = Plant pulp. 

 
flow. The rates at which such transitions in the flow be- 
havior occur are concentration dependant. Rheometry 
measurements performed on NFCs suspensions prepared 
via TEMPO-oxidation [139] also showed shear-thinning 
behavior following a power-law and thixotropy. Those 
are explained through percolation in the fibrils and flock 
formation. Some more investigations into the properties 

of CNs showed that wood and bacterial CNs exhibit an 
amazing water-storage capacity. A dispersion of those 
nanocelluloses in water with a solid content of only 2% 
leads to a mechanically stable transparent gel. It should 
also be noted that wood NCCs prepared by mechanical 
treatment seems to have much lower moduli (50 - 100 
GPa) [133] than those of bacterial NCCs. 
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4. Processes for the Surface Transformation 
of CNs 

Three distinct surface modifications of CNs are generally 
used (i) via processing during CNs extraction, (ii) ad- 
sorption of molecules to the surface of the particles, and 
chemical modifications including covalent bonding of 
molecules onto the surface. 

4.1. Transformation during CNs Extraction 

Sulfuric acid hydrolysis promotes the formation of sul- 
fate esters therewith high surface acidity. Hydrochloric 
acid hydrolysis results in hydroxylated surfaces [17]. 

As already mentioned, sulfuric acid treatment is the 
most commonly used method as the resulting high sul- 
fate tend to stabilize nanocrystals dispersion. 

TEMPO-mediated oxidation already described in Sec- 
tion 3, is also used during CNs extraction. This pretreat- 
ment of the CNs surface yields a carboxylic acid rich 
surface. 

4.2. Transformation by Adsorption 

The overall objective is to reduce CNs surface energy in 
order to improve their dispersibility/compatibility with 
non-polar media. Noncovalent surface modifications of 
CNs are typically made via adsorption of surfactants such 
as stearic acid [140], cetyltetramethylammonium bro- 
mide [141], xyloglucan, xyloglucan block copolymers, 
mono- and di-esters of phosphoric acid with alkylphenol 
tails [142,143]. 

Most commonly, layer-by-layer deposition is used 
[144]; thus, obtained surfactant-coated CNs dispersed very 
well in nonpolar solvents [142]. 

4.3. Chemical Transformations of NCCs 

Nanocelluloses possess an abundance of hydroxyl groups 
on their surface, providing the possibility of extensive 
chemical modifications. Most of these modifications are 
aiming at improving (i) the dispersibility of NCCs by re- 
ducing the hydrogen bonds which cause the re-aggrega- 
tion of the crystals during the spray-drying step of the 
production process and (ii) the compatibility of NCCs in 
different solvents or matrices that are suitable in the pro- 
duction of nanocomposites. The main chemical modifi- 
cations of NCC are esterification, silylation, cationisation, 
fluorescent labeling, carboxylation by TEMPO-Media oxi- 
dation, and polymer grafting [145-149] (Figure 5). Al- 
though those operations decrease the surface energy and 
polar character of the nanoparticles—although improving 
the adhesion with non polar polymeric matrix—a detri- 
mental effect is generally reported concerning the me- 
chanical performances of the composite. This unusual be- 
havior is ascribed to the originality of the reinforcing 
phenomenon associated with nanocelluloses, which re- 
sults from the formation of a so-called percolated net- 
work thanks in part to hydrogen bond force. Moreover, 
experimental conditions used for these surface chemical 
modifications should avoid media swelling and the peel- 
ing effect of surface-grafted chain generally inducing 
their dissolution in the reaction medium. The chemical 
grafting has to be mild enough in order to preserve the 
integrity of the nanoparticles. 

4.3.1. Esterification 
Several methods had been employed to achieve the sur- 
face acetylation [148,150-152], and the esterification pro- 
cesses [153,154] of NCCs. Avoiding swelling conditions, 

 

 

Figure 5. Schematic diagram illustrating the various types of chemical modifications on NCC surface [145,147-149] (FITC: 
fluorescein-5-isothiocyanate). 
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the reaction only occurred on the cellulose chains located 
at the NCCs surface. 

The limitation of the extent of esterification lies in the 
receptiveness and accessibility of hydrolyzed NCCs on 
the surface. 

The nature and extraction treatment of NCCs appeared 
to be an important factor controlling the extent of esteri- 
fication and the final morphology of NCCs. Grafting 
fatty acids of different aliphatic chain length (up to 18) 
was achievable; while the crystalline core was barely un- 
affected. 

4.3.2. Silylation 
Cellulose whiskers from acid hydrolysis of tunicate were 
silylated partially with a series of alkyldimethyl-chlorosi- 
lanes, with alkyl moieties such as isopropyl, n-butyl, n- 
octyl and n-dodecyl [145] (Figure 6). 

Partially silylated whiskers with degree of substitution 
(DS) between 0.6 and 1 can readily be redispersed in me- 
dium polarity organic solvents, such as acetone and THF. 
At DS of less than 0.6, the morphological integrity of the 
whiskers was preserved, however disrupted when the DS 
was greater than 1. The authors [145] developed a model 
with four silylating agents to describe the experimental 
observations made at different DS. Moreover, the par- 
tially silylated whiskers were found to be more swollen 
compared to the needle-like images of unmodified whi- 
skers, indicating the occurrence of slight silylation of the 
NCC core. 

In addition, the surface trimethyl silylation of NCC 
from bacterial cellulose and their reinforcement charac- 
teristics in nanocomposites were also investigated [78]. 

4.3.3. Cationization 
A one step method has been developed to introduce posi- 
tive charges onto the surface of NCC through the grafting 
of epoxypropyltrimethylammonium chloride [147]. This 
process, carried out under mild operating conditions, re- 
verses the surface charge and leads to stable aqueous sus- 
pensions of NCC with unexpected thixotropic gelling 
properties while preserving the original morphology and 
maintaining the integrity of the crystal. 

4.3.4. Fluorescently Labeled NCC 
Fluorescence techniques were used significantly to study 
the cellular uptake and biodistribution of nanoparticulate  
 

 

Figure 6. Preparation of silylated cellulose whiskers (R = 
i-C3H7, n-C4H9, n-C8H17, n-C12H25). 

delivery systems, by tracking the fluorophores. 
An interesting method [155] to label NCC with fluo- 

rescein-5-isothiocyanate for fluorescence bioassay and 
bioimaging applications was described. The process was 
carried out in three steps. 

First, epoxy functional groups were fixed at the sur- 
face of NCC via reaction with epichlorohydrin. Then the 
epoxy ring was opened with ammonium hydroxide to in- 
troduce primary amino groups. Finally, the primary amino 
group was reacted with isothiocyanate group of FITC to 
form a thiourea. 

4.3.5. Polymer Grafting 
The methods for polymer grafting onto NCC surface are 
based on two approaches, named “grafting-onto” and 
“grafting-from” [66,149,156-158]. 

“Grafting-onto” consists in directly grafting an exist- 
ing polymer on NCCs surface with the use of a coupling 
agent. The main advantage of this technique is that the 
polymer can be fully characterized before grafting and 
then it is possible to control the properties of the result- 
ing material. The main drawback is due to steric hin- 
drance and high viscosity of the medium. 

“Grafting-from” consists in mixing NCCs with a mono- 
mer and an initiator. The polymer grows directly on the 
surface of the nanoparticles. The main advantage of this 
approach is that the reaction is fast and easy because 
there is no steric hindrance and the viscosity of the reac- 
tion medium remains low. The main drawback is that the 
grafted polymer is not initially fully characterized. 

In these approaches, nanocelluloses are never dried 
before grafting but solvent is exchanged from water to 
organic solvent. For that, aqueous suspension with de- 
sired amount of NCCs (1 wt %) are solvent exchanged to 
acetone and then to dry organic solvent by several suc- 
cessive centrifugation and redispersion operations. Soni- 
cation must be performed after each solvent exchange 
step to avoid aggregation. Both modifications exhibit a 
large effect on the individualization of the nanocrystals 
due to reduced hydrogen bonding and polar interactions 
between the individual particles. 

The “grafting-onto” approach was used to graft onto 
NCCs various polymers such as polycaprolactone, via 
isocyanate-mediated coupling reaction [34], presynthe- 
sized waterborne polyurethane [74], thermo-responsive 
polymers, via a peptidic coupling reaction [159], male- 
ated polypropylene [160], DNA oligomers onto the sur- 
face of TEMPO oxidized NCC [161]. 

The “grafting-from” approach was used to grow poly- 
meric chains from the NCC surface via the atom transfer 
radical polymerization (ATRP). This technique allows 
for very precise control over the grafting process that 
produces well-defined monodisperse particles [162]. It is 
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a two-step process in which the first step consists in es- 
terification of hydroxyl groups on NCC surface with 2- 
bromoisobuturyl bromide, while the second step consists 
in the polymerization of monomers. Various monomers 
were used such as styrene [149], styrene with N,N-dime- 
thylaminoethyl as hydrophilic monomer [156]. N,N-di- 
methylaminoethyl methacrylate (DMAEM) [163] was 
also used to study the temperature induced chiral nematic 
phase behaviour of suspensions of PDMAEM-grafted 
NCC. 

Ring-opening polymerization was also used in the 
“grafting-from” approach to graft polycaprolactone poly- 
mers onto NCC surface [66], where (Sn(Oct)2) was used 
as a grafting and polymerizing agent.  

To enhance the grafting efficiency, similar grafting 
processes via microwave irradiation were studied [164, 
165]. 

5. Processes for the Production of 
Nanocellulosic-Based Materials 

Thanks to their interesting physical, mechanical and che- 
mical properties, abundance, low weight and biodegrad- 
ability, CNs have the potential of becoming an important 
class of renewable nanomaterials for many applications. 
The properties of each obtained materials have been dis- 
cussed in the numerous papers already published and 
they will not be presented in this review. 

5.1. Production of Nanocomposites 

The manufacture of CN-based nanocomposites by dis- 
persing cellulose nanoparticles in a matrix implies to take 
into consideration CN intrinsic properties, interfacial 
characteristics, structure and properties of the matrix and, 
finally, the desired end-use properties of the resulting 
composites. 

Moreover, the processing temperature shall be re- 
stricted to ~180˚C because CN starts to degrade nearby 
this temperature range. This limits the type of thermo- 
plastics which can be used.  

The CN characteristics that motivate its applications as 
nanofiller include: 
 a high aspect ratio (length/width), which enables good 

stress transfer between filler and matrix;  
 the high contact surface due to nanometric dimen- 

sions, which results in improved properties using ra- 
ther low filler concentration;  

 the presence of hydroxyl groups on the surface, that 
facilitates reactions;  

 the use of renewable sources for their production, 
which is a major feature of their use in the develop- 
ment of environmentally-friendly materials. 

In this direction, most scientific works have focused 

on CN reinforced polymer composites and the research 
in this domain has been extensively reviewed [4,21,22, 
166-168]. For detailed descriptions, the reader is referred 
to these earlier reviews. The following section will pro- 
vide a brief summary of composite processing and the 
role of particle alignment on properties. 

Favier et al. (1995) [11] was apparently the first to re- 
port their use as reinforcing fillers in poly(styrene-co- 
butyl acrylate)-based nanocomposites. Since then, nu- 
merous nanocomposite materials have been developed by 
incorporating NCC into a wide range of polymeric ma- 
trices [4]. The properties of the resulting nanocomposites 
depend on the types and the characteristics of NCC on 
one side and the polymeric matrices on the other side 
(which could be both natural and synthetic polymers) 
[167]. 

However, as for any nanoparticles, the main challenge 
is related to their homogeneous dispersion within a poly- 
meric matrix. Water could be considered as the preferred 
processing medium because of the high stability of aque- 
ous CN dispersions. To ensure a good level of dispersion, 
this implies to use either hydrosoluble polymers or aque- 
ous dispersed polymers, i.e., latexes as a matrix. In this 
context a majority of patents [169-176] described CN- 
based nanocomposites produced in aqueous media. 

Many other non-polar reinforced polymer nanocom- 
posites were developed with CN dispersed in adequate 
organic medium using surfactants [142,177] or organic 
solvents [178-181]. 

Four main processing techniques have been utilized to 
produce CN composites: casting-evaporation [4,21,166], 
electrospinning [182-185], melt compounding [4,166,168] 
and impregnation [166]. 

5.1.1. Casting-Evaporation Process 
Casting-evaporation is one of the most common tech- 
niques used to produce nanocomposite films. In general, 
NCC is dispersed within a given medium (0.05 - 5 wt% 
solids), typically water, but various organic mediums 
have also been used and then polymer solutions are mixed 
with the NCC dispersion. 

Composite films can then be produced from this mix- 
ture via three useful techniques: 
 casting on a suitable surface followed by evaporation, 
 freeze-drying and compression molding, 
 freeze-drying, extruding, and then compression mold- 

ing of the mixture.  
To achieve good reinforcement, the dispersibility of 

NCC in both the polymeric matrix and processing sol- 
vents is critical. The water-soluble matrix is the simplest 
system for incorporating NCC as filler, due to the hy- 
drophilic character of NCC. 

The properties of nanocomposite films based on eth- 
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ylene oxide/epichlorohydrin and NCC, produced by dis- 
persion-casting of NCC fillers in THF/water mixtures 
were reported [186]. 

The polymer grafting is beneficial for dispersing NCC 
and to formulate nanocomposites in non-polar solvents 
[160]. However, drying and redispersion of NCC without 
aggregation in casting-evaporation processing is still a 
challenge to overcome more easily. Nanocomposite films 
using unmodified and PCL-grafted NCC nanoparticles as 
filler and PCL as the matrix were prepared [34]. The au- 
thors found that PCL-grafted nanoparticles were easily 
dispersed when compared to the unmodified system. They 
demonstrated that the transformation of NCC nanoparti- 
cles into a cocontinuous material through long chain sur- 
face chemical modification represents a new and prom- 
ising way for the processing of nanocomposite material. 

Various modifications of this method (e.g. CN surface 
functionalization, etc.) have been developed to improve 
CN dispersion and are summarized elsewhere [4,21]. 

5.1.2. Electrospinning Process 
This technique, already described in section 2.2.4 is a 
fast and simple process to produce polymeric filaments. 
It has been widely studied [182-185]. In general, NCC is 
dispersed within a given medium (typically 0.05 - 5 wt% 
solids) and then polymer solutions are mixed with the 
CN dispersion. Using this technique, the solvent evapo- 
rates as the fiber moves between the source and the col- 
lector and the polymer coagulates, forming a composite 
fibre. The NCC reinforced fibers can be further dried 
and/or go through additional treatments (e.g. heating to 
crosslink the matrix polymer). 

Research efforts have focused on improved alignment 
of CNs along the fiber length, on tailored CN-matrix in- 
terfacial properties, and on the improved mechanical pro- 
perties [184,185]. 

5.1.3. Melt-Compounding Processes 
In general, these processes involve the incorporation of 
CN into thermoplastic polymers by using thermal-me- 
chanical mixing, extrusion of the melt mixture, and op- 
tional compression molding into specific test specimen 
geometries and configurations. 

The extrusion process operating parameters must be 
carefully controlled to minimize CN and matrix degrada- 
tion resulting from shear stresses or temperature (CN de- 
gradation occurring at T > 180˚C as mentioned before). 
Therefore only few studies [187, 188] have been reported 
concerning the processing of nanocellulose-reinforced 
nanocomposites by extrusion methods. Moreover, the ex- 
trusion of CN grafted with long chain molecules seems to 
be much easier and can be processed in solvent free con- 
ditions, especially when the grafted chains can melt at 

the processing temperature [154,164]. 

5.1.4. Impregnation Processes 
This technique is mostly used for sample preparation for 
evaluating the mechanical [9,189], thermal [190] and op- 
tical [191] properties of cellulose-filled composites. 

A cellulose thin film is first prepared via membrane 
filtration of a NCC solution or by pressing dried NCC. At 
low pressure, this film is then impregnated by immersing 
it in a thermosetting resin and cured to produce a dried 
film or mat composite. This technique was developed on 
various NCCs [190,192,193]. 

5.2. Monolayer Films 

Monolayer neat CN films consist of 100 wt% cellulose 
particles interconnected by extensive further reaching hy- 
drogen bonding in a network structure. In general, CNs 
are dispersed in water or organic solvent (0.05 - 5 wt% 
solids). Films can be produced by casting-evaporation at 
moderate temperature [122,194], freeze-drying [195], or 
solvent exchange [194-196] processes. 

5.3. Multilayer Films 

In this method, two different components are alternately 
deposited by solution-dipping or spin-coating. Strong in- 
teractions are usually developed between the alternative 
layers. This rather facile method of layer-by-layer assem- 
bly has been useful to produce multilayered films based 
on CNs for fabricating composite films with nanometer 
precision [144,197-200]. 

6. Nanocellulose Applications 

Due to their physical and mechanical properties, CNs can 
be designed for a great variety of applications, ranging 
from technological to medical domains [5,201,202]. 

6.1. Nanocellulose for Biomedical Applications 

Nanocellulose is a biomaterial highly applicable to bio- 
medical industry. Formulations with nanocellulose and 
silver nanoparticles can particularly be used as microbial 
medicaments, antibacterial agents in wound dressing, 
bandages, implants, skins replacements for burnings, face 
masks, artificial blood vessels, cuffs for nerve surgery, 
drug delivery, cell carriers and support matrices for en- 
zyme immobilization, cosmetic tissues etc. [203-216]. 

6.2. Nanocellulose for Technical Applications 

As a unique material, cellulose in its different CNs forms 
is currently used in several technical applications. As 
already mentioned, nanocellulose combines desirable phy- 
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sical and morphological properties that enable its use in a 
great variety of applications [22]. 

Specifically, cellulose nanofibers can be used as filtra- 
tion membranes [217-219]. 

Chemical modifications of cellulose surface are also a 
promising strategy to improve mechanical and thermal 
properties of different polymers, for technical applica- 
tions [22,220] 

As a consequence, surface modified cellulose nanofi- 
bers can be used for many applications such as coating, 
adhesives, sealings, filters, membranes, packing and cos- 
metics, aerospace industry, optically transparent flexible 
devices such as flat displays, digital cameras, cellular tele- 
phones and integrated circuits, paper or board for print- 
ing and recording information liquid crystals for trans- 
parent windows, lamps or dials of clocks and watches etc. 
[221-226]. 

7. Conclusions 

This paper reviews the most recent processes developed 
to produce and transform cellulose nanoparticles and to 
manufacture nanocellulose-based materials with many 
applications in the emerging area of nanotechnology. 
Indeed, to this day, most of the studies clearly show that 
the processes developed for the production of NCs in- 
clude (i) a step for obtaining pure cellulose and (ii) a 
nanofibrillation step which can be achieved through 
chemical, enzymatic or mechanical techniques. The re- 
sulting products have nano-sized dimensions, a crystal- 
line structure and physical properties which, combined 
with their “friendliness” and their biodegradability, make 
them materials of choice in the very promising area of 
bionanotechnology, opening up major commercial mar- 
kets in line with the green chemistry trend. Within this 
framework, the various laboratories involved in this do- 
main have developed many bio-products that become 
industrial reality through their numerous potential appli- 
cations; not to underestimate some important steps which 
remain to be overcome and need to be addressed both 
fundamentally and practically. At this level, the pilot 
units, as well as the demonstration plants such as those 
mentioned in section one, are now used to improve, op- 
timize and scale-up the processes developed at a labora- 
tory scale and to engineer new products with new func- 
tionalities. This will inevitably favor the designing of in- 
dustrial size performing reactors in suitable environments 
and modern control equipment. 

Finally additional synergism can be expected and pro- 
moted. 

Work done in the field of high performance fibers and 
nanostructures can be translated to nanocellulose materi- 
als in terms of fundamental and practical understanding 
and know-how; for example studies conducted by the 

authors should find valuable applications in the field of 
this review and may constitute a beneficial follow-up of 
this work. 

Indeed Rebouillat et al. [227-246] have made and re- 
ported considerable amount of work to characterize fiber 
surface treatments as well as joint adhesion structural 
strength and ageing performance. For example, combined 
with other analytical tools the DMA (Dynamic Mecha- 
nical Analysis) and DMTA (Dynamic Mechanical Ther- 
mal Analysis) are able to compete with DSC (Differen- 
tial Scanning Calorimetry), combined or not with TGA 
(Thermo Gravimetric Analysis) to identify polymeric tran- 
sitions and to a certain extend sub-transitions. Those are 
directly applicable to the matter of interest of this review. 
As underlined in the same cited references, especially 
suitable applications are associated with the use of ara- 
mids and carbon fibers, especially aramid fibers, which 
most of the time are also used as reinforcing elements, 
therefore impregnated, such as in aeronautic, aerospace, 
marine, automotive, military and civil protection end- 
uses. 

An area of significant interest might be to further com- 
bine such high performance materials with cellulosic 
nanostructures and to determine the value of such new 
high performance hybrids. 

The processing dimension will remain evolutionary and 
likely “revolutionary”; hopefully this review will serve as 
a solid “starting” point. 
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