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Abstract:

 Cellulose is the most abundant biomass material in nature. Extracted from natural fibers, its hierarchical and multi-level organization allows different kinds of nanoscaled cellulosic fillers—called cellulose nanocrystals or microfibrillated cellulose (MFC)—to be obtained. Recently, such cellulose nanoparticles have been the focus of an exponentially increasing number of works or reviews devoted to understanding such materials and their applications. Major studies over the last decades have shown that cellulose nanoparticles could be used as fillers to improve mechanical and barrier properties of biocomposites. Their use for industrial packaging is being investigated, with continuous studies to find innovative solutions for efficient and sustainable systems. Processing is more and more important and different systems are detailed in this paper depending on the polymer solubility, i.e., (i) hydrosoluble systems, (ii) non-hydrosoluble systems, and (iii) emulsion systems. This paper intends to give a clear overview of cellulose nanoparticles reinforced composites with more than 150 references by describing their preparation, characterization, properties and applications.
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1. Introduction to Natural Fibers and Cellulosic Nanofillers


1.1. Natural Fibers

According to the Food and Agricultural Organization (FAO), each year farmers harvest around 35 million tons of natural fibers from a wide range of plants and animals. These fibers are used to form fabrics, ropes and twines, which have played a fundamental role in the human societies since the dawn of civilization. Natural fibers play an important role in supporting the world’s population and allowing communication with paper and packaging. Some newer industrial uses have also been developed and are found to be promising. Moreover, income derived from the sale and export of natural fibers contributes to food security and poverty alleviation. With a desire to focus the world’s attention on the role of such raw materials, the FAO declared 2009 as the International Year of Natural Fibers [1]. The world production and average cost of the main sources of natural fibers over the period ranging from 2003 to 2005 are summarized in Table 1. This corresponds to a global production of around 32 million tons and generates costs of over 36 million US dollars. Except for cotton and jute, all cellulosic natural fibers sources have a lower and rather similar production rate. However, it is worth noting that the production cost per ton is really different when compared to sisal and flax, for instance. The tonnage and geographical production is also different. Asia and South America are the most important producers with a large variety of fibers. For example, around 199 thousand tons of sisal are produced each year in Brazil compared to other natural fibers such as jute, ramie, curauá and rice fibers [2].


Table 1. Estimated global production and costs of natural fibers (2003–2005).



	
Natural Fibers

	
Main Producers Countries

	
World Production

	
Production Costs




	
Million Tons

	
%

	
Million US$

	
%






	
Cellulosic

	

	

	

	

	




	
Cotton

	
China, USA, India, Pakistan, Uzbekistan, Brazil

	
25.00

	
78.8

	
31.20

	
85.8




	
Jute

	
India, Bangladesh

	
2.70

	
8.5

	
0.48

	
1.3




	
Flax

	
China, France, Belgium, Belarus, Ukraine

	
0.08

	
0.2

	
0.43

	
1.2




	
Kenaf

	
Asian Countries

	
0.50

	
1.6

	
n.a.

	
n.a.




	
Coir

	
India, Sri Lanka, Thailand, Malaysia

	
0.45

	
1.4

	
n.a.

	
n.a.




	
Sisal, Henequen and other Agaves

	
Brazil, Tanzania, China, Kenya, Mexico

	
0.30

	
0.9

	
0.08

	
0.2




	
Ramie

	
China

	
0.15

	
0.5

	
0.17

	
0.5




	
Abaca

	
Philippines, Equator

	
0.08

	
0.3

	
0.03

	
0.1




	
Hemp

	
China, Spain, Korea, Russian Federation, Chile

	
0.09

	
0.3

	
0.03

	
0.1




	
Wool

	
Australia, China, New Zealand

	
2.20

	
6.9

	
2.96

	
8.1




	
Silk

	
China, India

	
0.14

	
0.4

	
0.98

	
2.7




	
Other animal fibers*

	

	
0.03

	
0.1

	
n.a.

	
n.a.




	
Total

	

	
31.72

	
100

	
36.35

	
100






*Other animal fibers include alpaca, cashmere, angora, mohair, and camel. Source: FAO Statistics [3] and Moir et al. [4]. n.a.: not available.




The term “natural fibers” is used to designate numerous kinds of fibers that are naturally produced by plants, animals and minerals [5]. To avoid any possible misunderstanding, it is important to clarify that in our case, ‘natural fibers’ are related to ‘plant fibers’; also called ‘vegetable fibers’, ‘lignocellulosic fibers’, or ‘cellulosic fibers’ [2]. More specifically, this work is focused on ‘annual plants’, that include hairs (cotton, kapok), fibers-sheafs of dicotylic plants or vessel-sheafs of monocotylic plants, i.e., bast (flax, hemp, jute, ramie) and hard fibers (sisal, henequen, coir) [5].

Natural fibers are basically constituted of cellulose, lignin and hemicellulose. Pectin, pigments and extractives can be found in lower quantities. For this reason, natural fibers are also referred to as cellulosic or lignocellulosic fibers. The chemical composition and cell structure of natural fibers are quite complicated. Each fiber is essentially a composite in which rigid cellulose microfibrils are embedded in a soft matrix mainly composed of lignin and hemicellulose [6,7].

The properties of cellulosic fibers are strongly influenced by many factors e.g., chemical composition, internal fiber structure, microfibril angle, cell dimensions and defects, which differ from different parts of a plant as well as from different plants [8]. The mechanical properties of natural fibers also depend on their cellulose type, because each type of cellulose has its own crystalline organization, which can determine the mechanical properties [5]. As shown in Table 2, the chemical composition of natural fibers varies according to their origin.


Table 2. Chemical composition of some lignocellulosic fibers.



	
Fiber

	
Holocellulose (wt%)

	
Lignin (wt%)

	
Ash (wt%)

	
Extractives (wt%)

	
Ref.




	
Cellulose (wt%)

	
Hemicellulose (wt%)






	
Sugar Cane Bagasse

	
71.1–84.9

	
24.3–25.3

	
1.1

	
0.7–3.5

	
[2,9]




	
54.3–55.2

	
16.8–29.7




	
Leaflets of Phoenix Dactilyfera Palm

	
59.5

	
27

	
6.5

	
2

	
[10]




	
33.5

	
26




	
Rachis of Phoenix Dactilyfera Palm

	
72

	
14

	
2.5

	
6

	
[10]




	
44

	
28




	
Jute

	
82.1

	
15.9

	
1

	
—

	
[11,12]




	
60

	
22.1




	
Cotton Lintners

	
96

	
—

	
—

	
0.40

	
[2]




	
90

	
6













In the present review, attention will be focused on cellulose nanocrystals or nanofibrils extracted from bleached cellulosic fibers. Firstly, it is important to detail the organization and structure of the cellulose within these fibers.



1.2. Cellulose

Cellulose is considered to be the most abundant renewable polymer on Earth [13]. This structural material is naturally organized as microfibrils linked together to form cellulose fibers. It is biosynthesized by a number of living organisms ranging from higher to lower plants, some amoebae, sea animals, bacteria and fungi [14].

Cellulose consists of a linear homopolysaccharide composed of β-D-glucopyranose units linked together by β-1-4-linkages [15]. The basic chemical structure of cellulose is presented in Figure 1. Each monomer bears three hydroxyl groups. It is therefore obvious that these hydroxyl groups and their ability to form hydrogen bonds play a major role in directing the crystalline packing and also governing the physical properties of cellulose [16].

Figure 1. Basic chemical structure of cellulose showing the cellobiose repeat unit.
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According to Sjoström [17], native cellulose in wood has a degree of polymerization (DP) of approximately 10,000 glucopyranose units and it is around 15,000 for native cellulose in cotton. However, Bledzki and Gassan [5] showed that purification procedures usually reduce the DP, e.g., a DP of 14,000 in native cellulose can be reduced to about 2,500. As reported by Daniel [18], valonia fibers present a DP of 26,500, while cotton fibers present a DP ranging from 20,000 to 14,000 depending on the part of the fiber where the analysis is performed. It is therefore important to keep in mind that the length of polymer chains varies according to the source of cellulose or even to the part of the plant.

The cellulose microfibril is the basic structural component of cellulose, formed during the biosynthesis. Actually, the chains of poly-β-(1→4)-D-glucosyl residues aggregate to form a fibril, which is a long thread-like bundle of molecules laterally stabilized by intermolecular hydrogen bonds [19,20,21], as shown in Figure 2. Individual cellulose microfibrils have diameters ranging from 2 to 20 nm [22,23]. Each microfibril can be considered as a string of cellulose crystals linked along the microfibril axis by disordered amorphous domains [22], e.g., twists and kinks [24].

Figure 2. Scheme of the cellulose cell wall and microfibril organization [29].
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Infra-red spectroscopy and x-ray diffraction studies of cellulose organization in plants have shown that the main portion of cellulose is constituted by crystallites with interspersed amorphous regions of low degree of order [18]. Native cellulose, namely cellulose I, is the crystalline cellulose. The term regenerated cellulose, also called cellulose II, is used to refer to cellulose precipitated out of solutions, generally alkali solutions [13,18]. These represent the two main polymorphs of cellulose. The current knowledge on the crystallography and biosynthesis of cellulose strongly suggests that the structure of cellulose is made up of parallel chains [25,26], whereas the crystalline structure of cellulose II is described as antiparallel [26,27,28]. Cellulose I is not the most stable form of cellulose. An additional hydrogen bond per glucose residue in cellulose II makes this allomorph the most thermodynamically stable form [28].



The transformation of cellulose I to cellulose II is a subject of interest of many studies despite the fact that Mercer discovered this transformation in 1850, when submitting native cellulose to a treatment with strong alkali. The mechanism of this transformation was a topic of intense debate that still continues. The existence of two different crystalline forms in native cellulose, Iα and Iβ, was first demonstrated by Attala and VanderHart [30] from nuclear magnetic resonance (NMR) experiments with cross polarization/magic angle spinning (CP-MAS). The existence of such forms was also confirmed by electron diffraction and Fourier transform infrared spectroscopy (FTIR) analyses performed on algal cellulose during the study of the polymorphism of native cellulose by Sugiyama et al. [26]. Attala and VanderHart [30] proposed that most native celluloses are mixtures of cellulose Iα and Iβ, solving a long time problem in the scientific community. The triclinic Iα allomorph is predominant in algal-bacterial celluloses, while the monoclinic Iβ form is the allomorph present in the cellulose typical from annual plants (ramie and cotton) [13]. Some physical properties of cellulose fibers depend on the ratio of these two allomorphs [28].

It was discovered that the structural forms Iα and Iβ can be found not only within the same cellulose sample [31], but also along a given microfibril [32].

Cellulose Iα is a metastable form and can be converted into the Iβ form by an annealing treatment [28,32]. In these two lattices, i.e., Iα and Iβ, the conformation of the polysaccharide chains is similar although the hydrogen-bonding pattern is different [33]. Nishiyama et al. [34] reported that tunicin, the cellulose from tunicate—a sea animal—consists of nearly pure (around 90%) Iβ phase. On the contrary, freshwater alga Glaucocystis sp. consists of nearly pure (around 90%) Iα cellulose. There are several different crystalline arrangements of cellulose. Each one presents a distinctive diffraction pattern. These polymorphs of cellulose are denoted cellulose I, II, IIII, IIIII, IVI and IVII and they can be inter-converted depending on the chemical treatment and source [13,27].

The material used for cellulose nanofiller is native cellulose (cellulose I) extracted by traditional bleaching treatments of lignocellulosic fibers. Cellulose I is responsible for mechanical properties due to its high modulus and crystallinity. Moreover, nanosized fillers have been found to be very promising reinforcing elements since about 15 years.

There are basically two families of nanosized cellulosic particles. The first one consists of cellulose nanocrystals and the second one is microfibrillated cellulose (MFC) [8,13,35]. However, different terminologies are used to describe these cellulose nanoparticles, leading to some misunderstanding and ambiguities. These terminologies, as well as sources of raw cellulosics and extraction processes, are summarized in Table 3.


Table 3. The different terminologies used to describe cellulose nanoparticles.



	
Acronyms

	
Name

	
Source

	
Process

	
Reference






	
CNW

	
Cellulose nanowhiskers

	
Ramie

	
H2SO4 hydrolysis

	
[36]




	
MCC

	
H2SO4 hydrolysis

	
[37]




	
MCC

	
H2SO4 hydrolysis

	
[38]




	
Grass fiber

	
H2SO4 hydrolysis

	
[39]




	
MCC

	
LiCl:DMAc

	
[40]




	
CNXL

	
Cellulose Nanocrystals

	
Cotton Whatman filter paper

	
H2SO4 hydrolysis

	
[41]




	
[42]




	
Bacterial cellulose

	
H2SO4 hydrolysis

	
[43]




	
Cotton (cotton wool)

	
H2SO4 hydrolysis

	
[44]




	
MCC

	
H2SO4 hydrolysis

	
[45]




	
MCC

	
Sonication

	
[46]




	
CNW-HCl

	
Cellulose nanowhiskers

	
Cotton linters

	
HCl hydrolysis

	
[47]




	
Wh

	
Whiskers

	
Cellulose fibers

	
H2SO4 hydrolysis

	
[8,48]




	
NF

	
Nanofibers

	
Wheat straw

	
HCl + Mechanical Treatment

	
[49]




	
NCC

	
Nanocrystalline cellulose

	
MCC

	
H2SO4 hydrolysis

	
[50]




	
MFC

	
Microfibrillated Cellulose

	
Pulp Gaulin

	
Homogenizer

	
[51]




	
Pulp Daicel

	
-

	
[52]




	
Pulp Daicel

	
-

	
[53]




	
NFC

	
Nanofibrillated cellulose Cellulose nanofibrils

	
Sulfite pulp

	
Mechanical

	
[54,55]




	
MCC

	
Microcrystalline cellulose

	
Alpha-cellulose fibers

	
Hydrolysis

	
[56]




	
-

	
Cellulose Crystallites

	
Cotton Whatman filter paper

	
H2SO4 hydrolysis

	
[57]




	
-

	
Nanocellulose

	
Sisal fibers

	
H2SO4 hydrolysis

	
[58]




	
-

	
Cellulose Microcrystal

	
Cotton Whatman filter paper

	
HCl hydrolysis

	
[59]




	
-

	
Nanofibers

	
Soybean pods

	
Chemical treatment + high pressure defibrilator

	
[60]











The main steps involved in the preparation of cellulose whiskers and MFC are presented in Figure 3.

Figure 3. The main steps involved in the preparation of cellulose nanoparticles.
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The raw fibers are first milled and then submitted to alkali and bleaching treatments with NaClO2. These steps allow elimination of lignin and hemicelluloses, while leaving cellulose moieties intact if optimal conditions are respected. The bleached fibers are then ready to be hydrolyzed (acid hydrolysis treatment) or disintegrated (mechanical shearing at high pressure).





1.3. Cellulose Whiskers

The extraction of crystalline cellulosic regions, in the form of nanowhiskers, is a simple process based on acid hydrolysis. Azizi Samir et al. [22] described cellulose whiskers as nanofibers which have been grown under controlled conditions that lead to the formation of high-purity single crystals. As described in Table 3, many different terms have been used in the literature to designate these rod-like nanoparticles. They are mainly referred to as “whiskers” or cellulose nanocrystals. The terms microfibrils, microcrystals or microcrystallites are also used, despite their nanoscale dimensions [13]. A recent review from Habibi et al. [61] gives a clear overview of such cellulosic nanomaterials.

As previously discussed, cellulose fibers and microfibrils do not display a regular surface. This means that apart from crystalline domains, cellulose also occurs in a non-crystalline state (amorphous). The cellulose amorphous regions are randomly oriented in a spaghetti-like arrangement leading to a lower density compared to nanocrystalline regions [28,33]. The equatorial positions of the glucopyranose residues stabilize the structure of cellulose, increasing its rigidity and resulting in extensive intra and intermolecular hydrogen bonding that also causes insolubility in water [62]. On the other hand, the amorphous regions are susceptible to acid attack and, under controlled conditions, they may be removed leaving crystalline regions intact [33,62].

Beck-Candanedo et al. [63] mentioned Rånby and Ribi as the pioneers in the production of stable suspensions of colloidal-sized cellulose crystals by sulfuric acid hydrolysis of wood and cotton cellulose in 1949. De Souza Lima and Borsali [33] described the principle of the disruption of the amorphous regions of cellulose in order to produce cellulose nanocrystals. The hydronium ions can penetrate the material in these amorphous domains promoting the hydrolytic cleavage of the glycosidic bonds releasing individual crystallites.

Dong et al. [64] were among the first researchers to study the effect of hydrolysis conditions on the properties of resulting cellulose nanocrystals. They proved that longer hydrolysis time leads to shorter monocrystals and also to an increase in their surface charge.

Beck-Candanedo et al. [63] also studied the properties of cellulose nanocrystals obtained by hydrolysis of softwood and hardwood pulps. They studied the influence of hydrolysis time and acid-to-pulp ratio in order to obtain cellulose nanocrystals. They explained that the reaction time is one of the most important parameters to be considered in the acid hydrolysis of wood pulp. Moreover, they reported that too long reaction times completely digest the cellulose to yield its component sugar molecules. On the contrary, lower reaction times will only yield large undispersable fibers and aggregates. The effect of the reaction conditions on cellulose nanocrystal surface charge and sulfur content was not significant and was controlled by factors other than hydrolysis conditions. However, chiral nematic pitch decreases when increasing the cellulose concentration and decreasing the nanocrystals length.

Dufresne [13] reported that the stability of nanocrystal suspensions depends on the dimensions of their dispersed particles, their size polydispersivity and their surface charge. Araki et al. [65] compared the effects of using sulfuric acid or hydrochloric acid to produce stable suspensions of cellulosic nanocrystals. They explained that sulfuric acid provides more stable aqueous suspensions than hydrochloric acid. According to the same authors, hydrochloric acid produced cellulose nanocrystals with minimum surface charge. On the contrary, sulfuric acid-prepared nanocrystals present a negatively charged surface [13], due to the esterification of surface hydroxyl groups to give charged sulfate groups [63]. More recently, Angellier et al. [66] evaluated similarly the influence of sulfuric and hydrochloric acids on the hydrolysis of starch. In agreement with the previous studies, they reported that the use of sulfuric acid not only reduces the possibility of agglomeration of starch nanocrystals, but also limits their flocculation in aqueous medium.

Even though the process of acid hydrolysis of cellulosic material is considered to be a well-known process, Bondeson et al. [45] considered it necessary to optimize the process to produce a high-yield aqueous stable colloid suspension of cellulose whiskers. They stipulated that large quantities of whiskers suspensions are required to be used as nanoreinforcement in biopolymers. Investigating the optimization process of microcrystalline cellulose (MCC) hydrolysis, a response surface methodology was used to evaluate the variation of the following parameters: concentration of MCC, sulfuric acid concentration, duration and temperature of hydrolysis, as well as duration of the sonication step. The same authors emphasized the importance of time and temperature of hydrolysis together with the sulfuric acid concentration as important single factors in the process of preparation of negatively charged isolated cellulose whiskers in water. Cellulose whiskers with a length ranging between 200 and 400 nm were obtained by using a 63.5 wt% sulfuric acid concentration for approximately 2 h and with a yield of 30%.

Cellulose whiskers can be prepared from a variety of sources, e.g., microcrystalline cellulose [45], bacterial cellulose [67], algal cellulose (valonia) [68], hemp [69], tunicin [70,71], cotton [62], ramie [36], sisal [72], sugar beet [73], and wood [63]. Transmission electron micrographs of some cellulose nanocrystals are presented in Figure 4.

Figure 4. Transmission electron micrographs from diluted suspensions of hydrolyzed (a) tunicin [74], (b) ramie [36], (c) cotton [57], (d) sugar beet [73], (e) MCC [75], and (f) bacterial cellulose [43].
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To a certain extent, geometrical characteristics such as size, dimensions and shape of cellulose nanocrystals depend on the nature of the cellulose source as well as the hydrolysis conditions such as time, temperature, ultrasound treatment, and purity of materials [13,22,63]. Above a critical concentration, the rod-like shape of the charged cellulose nanocrystals leads to the formation of an anisotropic liquid crystalline phase [63,64]. Nevertheless, typical dimensions of whiskers range from 5 to 10 nm in diameter and from 100 to 500 nm in length. Specific values are provided later.

Since the cellulose whiskers are devoid of chain folding, they contain only a small number of defects. Their Young’s modulus was determined by different authors to be between 130 GPa [76] and 250 GPa [77]. This is close to the modulus of the perfect crystal of native cellulose. The experimental strength was assessed to be of the order of 10 GPa [22].



1.4. Microfibrillated Cellulose

Cellulose microfibrils extracted by a mechanical disintegration process from wood cell was first obtained by Herrick et al. [78], and Tubark et al. [79], in 1983. This new type of cellulosic material was named microfibrillated cellulose (MFC). MFC can be viewed as a cellulosic material, composed of expanded high-volume cellulose, moderately degraded and greatly expanded in surface area, obtained by a homogenization process [80].

Contrary to straight cellulose whiskers, cellulose microfibrils are long and flexible nanoparticles. MFC is composed of more or less individualized cellulose microfibrils, presenting lateral dimensions in the order of 10 to 100 nm, and length generally in the micrometer scale [19,35], and consisting of alternating crystalline and amorphous domains. Another noteworthy difference between these two kinds of nanoparticles is that MFC presents a web like structure [23]. Very recently, researchers have managed to evaluate the elastic modulus of single cellulosic microfibrils using atomic force microscopy (AFM). They proposed a value of 145.2 ± 31.3 GPa for microfibrils prepared by TEMPO-oxidation and 150.7 ± 28.8 GPa for microfibrils produced by acid hydrolysis [81].

In the 1980s, different research groups [78,79] reported MFC as a low-cost and totally new form of cellulose. It has a large surface area as result of heat and mechanical action. In these studies, the authors worked with a Gaulin homogenizer, model 100-KF3-8BS, using a pressure of 8,000 psi. Cooling was used to maintain a product temperature in the range of 70–80 °C during the homogenization treatment. Initially, the wood pulp was precut to reduce the fiber length to 0.6–0.7 mm. After repeated homogenization treatments, they obtained a diluted dispersion of MFC, having a gel-like appearance.

Another piece of equipment appeared as an alternative to the use of the Gaulin homogenizer. The microfluidizer from Microfluidics Inc., USA, is a piece of equipment that also allows the defibrillation of cellulosic pulps. The fiber suspension is led through thin z-shaped chambers under high pressure. Pressure can reach levels as high as 30,000 psi. When the pressurized product enters in the interaction chamber and passes through geometrically fixed microchannels, very high velocities are achieved. At that point, two primary forces act in the product stream. One of the forces occurs as a result of product stream with the channel walls at high velocity. The shear results in a deformation of the product stream. The other is produced by the impact of the high velocity stream upon itself. At the end of the process a heater exchanger returns the product stream to ambient temperature.

With either equipments—Gaulin homogenizer or microfluidizer—it is necessary to repeat the procedure of homogenization several times, in order to increase the degree of fibrillation [78,82]. Nakagaito et al. [83] indirectly evaluated the degree of fibrillation of kraft pulp by water retention, measured as moisture content after centrifuging a 2 wt% fiber suspension of treated pulp slurry at 1,000 G for 15 min. The fiber slurry was passed through a high pressure homogenizer 2, 6, 14, 22, and 30 times. They observed that the disintegration could be improved by increasing the number of passes to 30 times. It is not difficult to conclude that a higher number of passes results in an increased energy necessary for the disintegration.

Pretreatments have been developed by some researchers in order to solve the problem of energy consumption during the process. This is one of the main drawbacks related to the process of MFC production. A European project (SUNPAP, FP7) is aimed at scaling up the MFC process for industrial applications. The target application is packaging.

Zimmerman et al. [77] applied an acid hydrolysis step before pumping the sulfite pulp through the homogenizer. In their experiments, 5 g of oven dried pulp were hydrolyzed by 200 mL of sulfuric acid (10 wt%) under stirring at 60 °C for 16 h. After centrifugation and washing steps, the suspension was neutralized with sodium hydroxide (0.1 M). Finally, the suspension was homogenized with a microfluidizer (M-100Y High Pressure Pneumatic Microfluidic Processor, Newton, MA). The sulfuric acid treatment, combined with mechanical dispersion, resulted in finer fibril structures than MFC obtained only by a mechanical treatment. The former produced diameters below 50 nm, but their lengths were still in the micrometer range.

Another treatment that has been used in combination with mechanical shearing is enzymatic hydrolysis. Henriksson et al. [82] treated cellulosic wood fiber pulps with pure C-type endoglucanase in order to facilitate the disintegration of MFC. Hydrochloric acid was also used as a pretreatment step. In their work, these authors used an endoglucanase manufactured by Novozymes A/S Denmark. They considered the enzymatic treatment as an environmentally friendly process since it did not involve solvents or chemical reactants. The MFC obtained by enzymatically pretreated pulps showed more favorable structures, with higher aspect ratio than MFC resulting from acid hydrolysis treatment. However, they demonstrated that a high concentration enzymatic treatment can increase the extent of fine material and reduce the fiber length. An increasing fiber swelling in water was observed due to the enzymatic treatment.

Similar studies were carried out by the group of Ankerfors et al. [84]. First, sulfite pulp was refined to increase the accessibility of the cell wall for subsequent enzymatic treatment with endoglucanase (Novozym 476, Novozymes North America Inc., Franklinton, NC). The enzymatic treatment was done at 50 °C for 2 h. The concentration was 0.17 μL of monocomponent endoglucanases per gram fiber (5 ECU/μL). After stopping the enzymatic treatment, the material was passed through the microfluidizer (Microfluidics M-110EH Microfluidizer Processor, Newton, MA). Additionally, the diameter of the interaction chamber was varied by changing the interaction chamber. They first passed the slurry through chambers of 400 and 200 μm three times, and then five times through a chamber pair of 200 and 100 μm. The operation pressures were 105 and 170 MPa, respectively. They highlighted the importance of milder hydrolysis provided by enzymatic treatment. Compared to the more aggressive acid hydrolysis treatment, the enzymatic treatment yielded longer and highly entangled nanoscale fibrils. They demonstrated that the enzymatic hydrolysis step avoids blocking problems during the homogenization treatment. Finally, the enzymatic step leads to reduced energy consumption allowing widespread use of the material and an industrial pilot is being built in their laboratory since May 2010.

Saito et al. [85,86] have proposed a new process to obtain MFC based on TEMPO reaction and strong mixing. In their study [86], individualized MFC was obtained by TEMPO-mediated oxidation at room temperature and stirring at 500 rpm. They determined that at pH 10, optimal conditions were reached, giving cellulose nanofibers with 3–4 nm in width and a few microns in length.

Tubark et al. [79] and Herrick et al. [78] suggested a wide range of potential commercial uses for MFC in the earliest 80s. They proposed some applications, e.g., in foods, cosmetics, paints, paper and nonwoven textiles, oils field services, and medicine. Recently, because of its properties such as high strength, flexibility and aspect ratio, many research groups have focused their attention on the use of MFC as a reinforcing phase in nanocomposites.




2. Bionanocomposites


2.1. Nanocomposites Definition

The term “nano” is used to designate nanometer scale items (10−9 m). A nanometer is, therefore, equivalent to the billionth of a meter, or 80,000 times thinner than a human hair. The nanometer range covers sizes bigger than several atoms but smaller than the wavelength range of visible light [87]. An increasing interest from the scientific community to work with materials in nanometric scale has been observed since the introduction of the concept of nanotechnology by Richard Feynman in 1959 at a meeting of the American Chemical Society [88]. However, nanocomposite materials have been widely studied for only about the past 20 years [89]. This new generation of nanostructured hybrid materials, constitutes a new class of materials named nanocomposites. Currently, polymer nanocomposites are defined as polymers containing fillers with at least one dimension smaller than 100 nm [8,40,87].

Contrary to traditional composites, polymer nanocomposites generally involve low content of well-dispersed nanofillers. The main reason is that it is not necessary to fill the polymer with high quantities of filler to achieve high mechanical properties. In other words, the nanoparticles are generally considered as excellent opportunities for the development of high-performance multifunctional composites.

The components of a nanocomposite material can be constituted of inorganic/inorganic, inorganic/organic or organic/organic sources [90]. The recent resurgence of interest in nanocomposites is related to several reasons. The first one is the significant industrial impact related to the possibility to design and create new materials and structures with unprecedented flexibility and physical properties. Secondly, nanoscale fillers are almost free of defects and their application in the composite area opens a window of opportunity to overcome the limitations of traditional micrometer scale. Finally, due to the high specific surface area, nanocomposites present a large volume of interfacial matrix material (interphase) with properties different from those of the bulk polymer. A uniform dispersion of nanoparticles leads to a very large matrix-filler interfacial area, changing the molecular mobility, relaxation behavior and ensuing thermal and mechanical properties [91,92].

In recent times, more attention has turned towards understanding and exploiting the unique physical properties of polymer nanocomposites. This increasing interest can be ascribed to a growing recognition that moves beyond formulating polymers with nanoparticular fillers, and towards really engineered, designed, and functional nanocomposites.

One drawback related to a more extensive development of polymer nanocomposites for advanced applications is a limited ability to predict properties. Despite the existence of techniques to tailor the surface chemistry and structure of the nanoparticles, the impact of the nanoscale filler surface on the morphology, dynamics, and properties of the surrounding polymer chains is not easily predicted from classical models [92]. The second point discusses the impact of nanoparticles on human health. Several researchers are working on this subject and some European projects (e.g., NanoFun) are trying to understand the main phenomena involved. This polemic is important and it is mainly due to some previous health problems (e.g., asbestosis) but also because the term nanoparticles is not clearly defined. Indeed, only one dimension below 100 nm is used to classify the nanoparticles, whereas their shape and chemical surface seem to be important. A new European legislation on nano element and food contact is under evaluation since 2010. Other recent works have been published in Canada regarding the toxicity of cellulose nanocrystals and first results are positive [93]. In this review, the issue of toxicity will not be discussed because of a lot of uncertainty. Discussion will be focused on the improvement of mechanical properties.

Bionanocomposites are bio-based nanocomposites. Actually, they represent an emerging group of nanostructured hybrid materials. Expanding the concept of biocomposites [94] to the nanostructured hybrid materials, “bionanocomposites” can be defined in the following two ways. It could designate nanocomposites as materials made from renewable nanoparticles (e.g., cellulose whiskers and MFC) and petroleum-derived polymers like PP, PE, and epoxies. However, nanocomposites derived from biopolymers (e.g., PLA and PHA) and synthetic or inorganic nanofilers (e.g., carbon nanotubes and nanoclay) also come under “bionanocomposites” [40,95].



2.2. Cellulose Based Nanocomposites

The use of cellulose nanoparticles (e.g., whiskers and MFC) as reinforcement in nanocomposites is a relatively new area of interest. Besides the low cost of the raw material, the use of cellulosic particles as a reinforcing phase in nanocomposites has numerous well-known advantages e.g., low density; renewable nature; wide variety of filler available through the world; low energy consumption; high specific properties; modest abrasivity during processing; biodegradability; relatively reactive surface, which can be used for grafting specific groups and almost unlimited availability [22,96,97,98,99,100]. For reinforcement applications, cellulose nanoparticles present some disadvantages, for instance, high moisture absorption, poor wetability, incompatibility with most of polymeric matrices and limitation of processing temperature. Indeed lignocellulosic materials start to degrade near 220 °C restricting the type of matrix that can be used in association with natural fillers [22,101].

The recent developments on cellulosic nanoparticles as a reinforcing phase in nanocomposite films led to a broad literature devoted to nanocellulose that becomes a topical subject. According to the SciFinder literature research system, scientific papers on “cellulose and nano” have increased from 57 papers for the year 2000 to more than 700 in 2009, with a cumulative total of 517 papers in 2000 and 4,062 papers in September 2009.

A group in France [71,102] is considered as the first to report the preparation of cellulose whiskers based nanocomposites. Until today, their research is considered as a very important work in the field of cellulose based polymer nanocomposites because it demonstrated the reinforcing potential of high aspect ratio cellulose nanocrystals. Fifteen years ago, they successfully prepared nanocomposites with a uniform dispersion and high mechanical properties at very low nanofillers’ grade [71].

One drawback related to the use of cellulose whiskers for polymer nanocomposites is their inherent difficulty to disperse in non-polar medium, because of their polar surface [40]. In other words, the incorporation of cellulose nanocrystals as a reinforcement material has so far been mainly limited to aqueous or polar environments. Two main different techniques can be used to prepare polysaccharides nanocomposite films [13], namely:


	-

	Water or organic solvent evaporation by solvent casting;



	-

	Extrusion with freeze-dried cellulose nanoparticles.





The first technique is the most commonly used, and three systems can be distinguished depending on the polymer used as matrix, i.e., (i) water soluble polymers, (ii) polymer emulsions, and (iii) non hydrosoluble polymers.

Concerning the last case, two routes can be envisaged in order to obtain non-flocculated dispersions of cellulose nanocrystals in an appropriated organic medium [87]:


	Coating of the surface of the cellulose nanocrystals with surfactants having polar heads and long hydrophobic tails;


	Grafting of hydrophobic chains at the surface of cellulose nanocrystals.




These procedures allow the preparation of polymer nanocomposites by mixing the nanoparticle suspensions in organic medium with a solution of polymer.

The second way to obtain cellulose nanoparticles reinforced nanocomposites is a melting compounding technique (extrusion method) [40]. This is one of the most recent methods used to prepare such kind of nanocomposites, and not many studies have been carried out in this area yet. Therefore, it goes without saying that the possibility to scale up the laboratory work to industrial scale starts to be more realistic [40]. In this case, the main issue is to work with cellulose nanoparticles in the dry state. Indeed, as soon as these polysaccharides nanoparticles are dried, strong hydrogen bonds establish and most of the time aggregates are obtained limiting the nanosized reinforcement. It was demonstrated that nanocomposites prepared by casting and evaporating a mixture of cellulose whiskers and synthetic latex presented higher mechanical properties than nanocomposites of the same mixture prepared by freeze-drying and hot-pressing [48,103]. The very large reinforcing effect reported for cast and evaporated materials was ascribed to the formation of a rigid whisker/whisker network, probably linked by hydrogen bonds. It was suggested that the formation of this network is more predominant in the evaporated films due to lower processing times.

Figure 5 summarizes the different strategies used to prepare cellulose based-nanocomposites by casting technique.

Figure 5. General scheme of strategies used for preparation of cellulose based nanocomposites by solvent casting.
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2.2.1. Hydrosoluble Systems

Cellulose whiskers are recovered in water suspension after acid hydrolysis. Because of the high stability of aqueous cellulose nanoparticle suspensions, water is the preferred medium for preparing nanocomposite films. It simply consists in mixing this suspension with the polymer previously dissolved in water, and evaporating the liquid. However, it restricts the choice of the matrix to hydrosoluble polymers. In addition, these polymers are inherently highly sensitive to humidity. Therefore, it is difficult to be sure whether there is no more water in the film after water evaporation which requires important attention. For example some researchers store their films in an oven and under vacuum. Storage of films under specific environments is also necessary as proved by works on polyvinyl acetate (PVA) [72,104,105], and hydroxypropylcellulose (HPC) [106]. Indeed, water induces a strong plasticizing effect and greatly affects the properties of the film [72].



2.2.2. Emulsion Systems

A first alternative to enlarge the range of polymer matrices consists in using the polymer in the form of latex. The main interest is to use non-polar and, therefore, non-water sensitive polymers while keeping an aqueous media for the processing of the films to preserve the dispersion of the nanoparticles.

In their pioneering work, Favier et al. [71,102] adopted the technique of solvent casting using a synthetic latex obtained by the copolymerization between styrene (35 wt%) and butyl-acrylate (65 wt%) (poly(S-co-BuA)). These authors mixed the whisker aqueous suspension with the polymer latex. The nanocomposite films were obtained by water evaporation and particle coalescence at room temperature, that is at a temperature higher than Tg of poly (S-co-BuA), around 0 °C.

Afterwards, many research studies were done in order to process nanocomposites by using matrices such as poly (β-hydroxyoctanoate) (PHO) [107,108], polyvinylchloride (PVC) [109,110,111,112], waterborne epoxy [113], natural rubber [10], and polyvinyl acetate (PVAc) [72]. In all these reports, the polysaccharide nanoparticles suspensions were dispersed with the polymer emulsion in aqueous medium.



2.2.3. Non-Hydrosoluble Systems

The use of surfactants with the aim to obtain a stable suspension of cellulose nanocrystals in organic media is a procedure used by different authors.

In 2002, Bonini et al. [70] described a procedure based on their previous patented experiments [114]. Following this procedure, the nanocrystal suspension of tunicin whiskers was initially prepared by an acid hydrolysis treatment based on the method of Marchessault et al. [115]. It was then mixed with the surfactant phosphoric ester of poly(ethylene oxide) (9) nonylphenyl (PEPNP) in a ratio of 4:1 by weight (PEPNP/cellulose whiskers). Pellets were obtained by freezing-drying the aqueous suspension [116]. The pellets were then dispersed in toluene and the excess surfactant eliminated by centrifugation and redispersion in toluene. This procedure can be used to prepare nanocomposites by dispersing the suspension of coated whiskers in a polymer solution in toluene.

Ljungberg et al. [117] prepared nanocomposites reinforced with tunicin whiskers and high molecular weight atactic polypropylene (aPP). In one set of experiments, the aqueous suspension of cellulose whiskers was mixed with a phosphoric ester of polyoxyethylene (9) nonylphenyl ether (BNA) at a ratio of 4:1 of BNA to cellulose. Using the same procedure described by Bonini et al. [70], they obtained a suspension of coated whiskers in toluene. The nanocomposite films were prepared by mixing solubilized atactic polypropylene in hot toluene (110 °C) with the whiskers previously dispersed in toluene. The solvent was evaporated overnight at 110 °C to avoid PP precipitation, and then it was kept under vacuum for 6 h to complete the evaporation of the solvent. Finally, the films were hot-pressed at 150 °C for 20 min under a pressure of 7 MPa. Nanocomposites with a high level of dispersion were obtained due to the use of the surfactant. It was observed that the mechanical behavior in the non-linear range was increased, especially the tensile strength of the nanocomposites compared to the neat matrix. Moreover, elongation at break remained unchanged. A similar study was performed using the same surfactant to prepare nanocomposites with isotactic polypropylene [118]. The nanocomposites obtained with surfactant-modified whiskers exhibited enhanced properties when compared to the neat matrix or to the composites containing other types of fillers. They also suggest the use of nanocomposites containing surfactant-modified cellulose whiskers at elevated temperature.

In 2007, Petersson et al. [37] coated cellulose whiskers, obtained by acid hydrolysis of microcrystalline cellulose (MCC), with the surfactant Beycostat A B09 in order to mix them with PLA. Cellulose whiskers were solvent exchanged to tert-butanol or t-butanol by centrifugation. The surfactant was added to the whisker suspension in tert-butanol in a proportion of 4:1 (w/w). The suspension containing coated whiskers was freeze-dried and dispersed in chloroform with PLA. The nanocomposites were prepared by solvent casting at room temperature for one day, and then placed in a vacuum oven at 40 °C for two weeks in order to remove residual solvent. When nanocomposites of PLA and whiskers coated with surfactant were analyzed, it was suggested that the surfactant did not have access to single whiskers, but rather encapsulated several whiskers that were held together by hydrogen bonding. It was demonstrated that the large amount of surfactant used (20 wt%) decreased the crystallinity and increased the porosity of the material. Moreover, the results of dynamical mechanical thermal analysis (DMTA) have shown that the surfactant used in this study had higher interaction with the matrix than with modified whiskers.

Therefore, this strategy is not promising; one important drawback is that high quantities of surfactant are required to obtain highly dispersed nanocrystal suspensions. In general, it is even several times higher than the quantity of cellulose whiskers. This is ascribed to the high specific area inherent to nanosized particles.

Working in another direction, Azizi Samir et al. [119] prepared polymer nanocomposites reinforced with cellulose whiskers by dispersing the whisker suspensions in an organic solvent, N,N-dimethylformamide (DMF), without any surface chemical modification or coating surfactant. In this experiment, the aqueous suspension of tunicin whiskers was freeze-dried and the resulting powder was dried for 48 h at 100 °C under vacuum. The dried whiskers were stored in a glovebox. Suspensions of tunicin whiskers in DMF were prepared by mixing dried whiskers with DMF until obtaining homogeneous suspensions. These suspensions were sonicated to produce individual whiskers. Nanocomposites based on unsaturated polyether were prepared by UV radiation curing in argon atmosphere at room temperature. The solvent was allowed to evaporate at 55 °C for 30 h in a glovebox and a mercury lamp was used for the cross-linking process.

Azizi Samir et al. [120] used the same procedure to prepare nanocomposites by dispersing cellulose tunicin whiskers suspension in DMF in a solution of a linear unsaturated polycondensate. The nanocomposites were prepared by adding a photoinitiator, 4-(2-hydroxyethoxy)phenyl-(2hydroxy-2-propyl) ketone, as a cross-linking agent, followed by casting and solvent evaporation at 55 °C for 30 h in a glovebox under an argon atmosphere. The mechanical and ionic conductive properties of composites were evaluated. It was demonstrated that composites containing tunicin whiskers, previously dispersed in organic solvent without chemical modification, presented higher mechanical properties at high temperatures when compared to the neat matrix. In addition, at higher temperatures, the ionic conductivity was almost composition-independent (Figure 6).

Figure 6. Arrhenius plot of the ionic conductivity for composite NPC400-LiTFSI (O/Li = 12) electrolytes cross-linked with 2 wt% HPPK and filled with 0 (◇); 6 (○), and 10 wt% (⬜) of tunicin whiskers and unfilled NP400-LiTFSI (O/Li = 12) electrolyte cross linked with 10% HPPK (▼) [120].
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Viet et al. [121] studied the dispersion of cotton nanocrystals in dipolar aprotic solvents by sonication only. The aqueous suspensions of cotton whiskers were freeze-dried and mixed with the appropriate organic solvent (DMSO, DMF and formamide). The whisker content was varied in order to obtain dispersions of 1% and/or 3% (w/v) concentration. The suspensions were sheared for 10 min and sonicated (Ultrasonic Processor VC 1500) for 3 min at 40% output control and then three times for 3 min at 80% output control using ice bath cooling with an Ultrasonic Processor (Model GE-50). The sonicated suspensions were filtered through a glass microfiber filter to minimize the presence of possible aggregates in the final suspension. Stable suspensions were obtained, but it was observed that a small amount of water (0.1%) was necessary to stabilize the suspension of re-dispersed freeze-dried cellulose nanocrystals.

Another study presented by Van den Berg et al. [122] compared the dispersability of non-functionalized tunicin whiskers prepared by HCl hydrolysis (HCl-TW) and negatively charged sulfate groups tunicin whiskers prepared by sulfuric acid hydrolysis (SO4-TW) in a series of polar protic and aprotic organic solvents. The aqueous suspensions of whiskers were freeze-dried and the resulting material was mixed with the appropriate solvent at a concentration of 1 mg/mL. The solvent dispersion of whiskers was sonicated at, or slightly above room temperature for 6 h. The quality of the dispersion was evaluated by its birefringence using two cross-polarizers (Figure 7).

Figure 7. Birefringence phenomenon of lyophilized tunicin whiskers in different polar solvents. (a) In water (as it was prepared); or freeze-dried and re-dispersed in (b) water; (c) DMF; (d) DMSO; (e) N-methyl pyrrolidone; (f) formic acid, and (g) m-cresol [122].
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Poorly dispersed samples were further sonicated and the final quality of the dispersion was evaluated by transmission electron microscopy. The authors determined that the presence of negatively charged sulfate ester moieties on the surface of the whiskers was the determining factor in the dispersability in polar aprotic solvents. Protic solvents, such as formic acid and m-cresol, were shown to effectively disrupt the hydrogen bonds between aggregated whiskers, dispersing even the non-charged HCl-TW. It was reported that dispersions of whiskers in organic solvents are valuable intermediates for nanocomposite preparation [122]. However, this preparation was stifled due to the lack of a common solvent/dispersant for polymer and whiskers. Indeed, in spite of the recognized evolution of whiskers dispersion in organic medium, it is worth noting that it is not always easy to disperse whiskers in a solvent in which the polymer studied is also soluble. Sometimes, surface chemical modification of cellulose nanocrystals is an inevitable step for their suspension in an organic solvent.



Indeed, surface chemical modification is another strategy that can be used to obtain stable dispersions of nanocrystals in organic solvents in which the required polymer is soluble. Moreover, it can improve the compatibility between the whiskers and the host matrix as already proven in the studies of fiber-based composites [123]. Furthermore, most of the results on surface chemical modification of cellulose related to fiber treatment and several strategies have already been detailed [97]. However, only very few and recent papers have been published on nanoscale cellulose treatment due to the recent development of such materials and their important differences in specific area compared to cellulose fibers.

Grafting of long chains can also be used to transform the nanofiller into a co-continuous material by increasing apolar character through grafting agents bearing a reactive end group and a long “compatibilizing” tail. This latter approach of surface modification can also allow processing nanocomposites by classical methods such as hot-pressing, injection molding or thermoforming.

The modification of cellulose nanocrystals and MFC with organic compounds via reaction of the surface hydroxyl groups has been carried out with different grafting agents such as isocyanates [124], anhydrides [124], chlorosilanes [125,126] or silanes [23,43,125]. The surface chemical modification of cellulose whiskers prepared from Halocynthia roretzi with different silyating agents such as isopropyldimethylchlorosilane (IPDM-SiCl), n-butylmethylchlorosilane (BDMSiCl), n-octyldimethylchlorosilane (ODMSiCl) and n-dodecyldimethylchlorosilane (DDMSiCl) were studied by Goussé et al. [125]. It was demonstrated that under optimal conditions, the surface silyated cellulose whiskers could be dispersed in organic solvents of medium polarity, such as acetone and THF. However, it was not possible to disperse them in solvents of very low polarity such as toluene or hexane. It was demonstrated that the stability and birefringence of whisker suspensions were dependent on the degree of substitution of the nanocrystals. The extent of silylation has to be limited to avoid a detrimental effect on the whiskers. The surfactant technique [116] appears somewhat superior than the silylation procedure to prepare stable cellulose whisker suspensions in very low polarity media.

Different coupling agents such as 3-aminopropylethoxysilane, 3-glycodoxypropyl-trimethoxysilane, and a titanate coupling agent (Lica 38) were used to modify the surface of MFC [23]. These surface chemical modifications changed the hydrophilic character of MFC to hydrophobic without affecting their crystalline structure. Modified MFC was incorporated into epoxy resin systems using acetone as a solvent. In order to prepare nanocomposites, the desired amount of epoxy was added to the MFC suspension in acetone. The system was sonicated for 5 min and stirred for 4–5 h. The composites were cured at 40 °C for 12 h and postcured at 120 °C for 2 h. The evaporation of acetone occurred simultaneously with the curing process. The authors observed a higher dispersion level and stronger adhesion of modified MFC with the matrix and suggested the use of the same procedure to modify cellulose whiskers.

Araki et al. [59] prepared cellulose whiskers by acid hydrolysis with HCl of Whatman CF11 cellulose powder. The aqueous suspensions of nanocrystals were carboxylated by NaClO oxidation catalyzed by 2,2,6,6, -tetramethyl-1-(pyperidinyloxy) radical (TEMPO). The carboxylation of cellulose nanocrystals was followed by amidation with a single amidated PEG (PEG-NH2) using a water soluble carbodiimide (EDC). In this procedure, 400 mL of the carboxylated nanocrystals suspension containing between 0.5 and 1 wt% solid content was stirred until dissolution with PEG-NH2. The former was added in two-times excess the equivalent estimated carboxyl content. The pH was adjusted to 7.5–8.0 and 20 mL of water containing EDC and an esterification reagent (NHS) was added. Observation under polarized microscopy was performed to determine the stability of the dispersion of carboxylated and PEG-grafted whiskers. Even after freeze-drying, the PEG-grafted whiskers were able to be redispersed in water and chloroform and showed birefringence and stability for several days. However, concerning the liquid crystal behavior, PEG-grafted nanocrystals did not show significant difference compared to ungrafted ones. The authors reported that it is necessary to use longer PEG molecules and to reduce the amount of carboxyl groups to improve the reaction conditions.

More recently, researchers have developed a new way of processing that allows chemical modification of polysaccharide nanocrystals with larger chains. This process consists in transforming polysaccharide nanocrystals into a co-continuous material to improve the interfacial adhesion between the filler and the matrix. Depending on the molecular weight, entanglements between grafted and ungrafted polymer chains can be obtained. Bionanocomposites can be prepared, from this procedure, by classical methods such as solvent casting, hot-pressing, extrusion, injection molding or thermoforming.

Habibi et al. [36] have grafted ramie nanocrystals with poly(ε-caprolactone) by a ring-opening polymerization technique. In this work, the aqueous suspension of ramie nanocrystals was solvent-exchanged to dry toluene by centrifugation and redispersion. The polymerization was performed under nitrogen atmosphere at 95 °C. Using flaming-dried syringes, the monomer (ε-caprolactone) was introduced in a two-neck flask, adding Sn(Oct)2 as catalyst, at weight ratio of 5:1. After 24 h, the reaction was stopped by adding some drops of hydrochloric acid (1 M). Modified nanocrystals were stable in apolar solvents such as toluene even after 24 h. This process appears as an important method of surface chemical modification that allows preparation of PCL-based nanocomposites with grafted poly(ε-caprolactone) chains at the surface of ramie nanocrystals. However, it is difficult to control the length of the grafted chains by this procedure, which can be a drawback for specific applications. Mechanical properties of grafted nanocrystals reinforced nanocomposites were improved compared to ungrafted ones.

The use of the ring-opening polymerization procedure was also performed by Lin et al. [127] to graft polycaprolactone (CW-g-PCL) onto linter nanocrystals. In this work, CW-g-PCL was prepared under microwave irradiation. Freeze-dried nanocrystals were put into an ampoule with the monomer (ε-caprolactone) at a weight ratio of 1:40, nanocrystals to monomer. The catalyst used was Sn(Oct)2. The mixture was homogenized and vacuum-exhausted for 30 min. It was submitted to microwave irradiation for 5 min and finally purified by dispersing the product in dichloromethane and precipitation in methanol. The PCL nanocomposites reinforced with modified nanocrystals were obtained by casting and dichloromethane evaporation.

In 2008, Lönnberg et al. [128] modified the surface of MFC extracted from wood pulp by grafting poly(ε-caprolactone) via ring-opening polymerization. MFC was mixed with ε-caprolactone (weight ratio of 1:10) into a one-necked flask under magnetic stirring. The dispersion was sonicated and benzyl alcohol was added as co-initiator. The temperature of the system was maintained at 95 °C. Sn(Oct)2 was added to the system and kept under argon atmosphere as a catalyst. The resulting material was dispersed in THF, and unmodified MFC and monomer impurities were eliminated via filtration. The filtrate outcome was precipitated in methanol. Once again, modified nanoparticles (MFC) can be used as nanoreinforcing phase in polymer nanocomposites such as PCL, and many other matrices.

The surface chemical modification of cellulose nanocrystals via the grafting-from approach was studied by Morandi et al. [44]. Polystyrene chains were grafted on the surface of cotton nanocrystals via surface-initiated atom transfer radical polymerization (SI-ATRP). In this work, cotton nanocrystals were mixed with triethylamine and DMF under nitrogen atmosphere. By using 2-Bromoisobutyryl bromide as initiator, the reaction was carried out at 70 °C for 24 h. Soxhlet extractions were used to purify the modified nanocrystals. The mixture was extracted for 24 h with dichloromethane and 24 h with ethanol. It was possible to control the character of the polymerization through kinetic study and following the homopolymer number-average molecular weight versus conversion. Despite the fact that these authors did not use the modified nanocrystals as reinforcement in a polymer matrix, this technique is very interesting since long chains modified nanocrystals were obtained under controlled conditions. However, it seems that, at least under the conditions presented in this work, the cellulose chemical modification via grafting-from technique changes partially the cellulose crystallinity.

In 2009, Berlioz et al. [129] developed a solvent-free method to modify the surface of cellulose nanocrystals and MFC through esterification with palmitoyl chloride. To achieve this modification, aerogels of tunicin whiskers were obtained by freeze-drying aqueous suspensions (0.2% w/v), and dehydrating suspensions of bacterial cellulose with CO2 under supercritical conditions. The suspension was solvent exchanged from water to ethanol and the reagent in large excess was evaporated and diffused into the cellulose nanoparticles. The pressure of the system was kept at 100 mbar and a nitrogen stream was provided to eliminate hydrogen chloride formed during the ester reaction. Samples were purified through soxhlet extractions with acetone. High efficiency was reached by this method that allowed esterification of cellulose nanoparticles to different extents with fatty acid chlorides. The main advantage of this process is the absence of solvent. These modified nanoparticles can be potentially used as a reinforcing phase in polymer nanocomposites.

To conclude, there are several pathways to prepare cellulose based-nanocomposites. The surface chemical modification is a promising solution to obtain nanocomposites with a matrix of low polarity such as PCL or PLA. Now, since it was demonstrated that it is possible to prepare such materials, it is important to measure and know their properties.





3. Properties of Cellulose-Based Nanocomposites


3.1. Mechanical Properties

Cellulose nanoparticles such as whiskers and MFC possess a huge specific area and impressive mechanical properties, rendering both as serious potential candidates to improve mechanical properties of a neat matrix. Dynamical mechanical analysis (DMA) is presented as a powerful tool to investigate the linear mechanical behavior of nanocomposites in different temperature/frequency ranges. Classical tensile or compressive tests can be used to evaluate the non linear mechanical properties [13].

In the recent years, various studies have been developed with the aim to elucidate the origin of the mechanical reinforcing effect.


3.1.1. Mechanical Modeling

The unusually high reinforcing effect observed for cellulose whiskers reinforced nanocomposites motivated some researchers to investigate the modeling of their mechanical properties. Indeed, classical predicting models for short-fiber composites cannot be applied. The observed experimental values were much higher than those obtained from these classical models [71].

The mean-field approach on which the Halpin-Kardos model [130] is based is classically used to predict the mechanical behavior of short-fibers composites and semi-crystalline polymers. In this approach, the modulus and the geometry of the fibers are accounted for, but no interaction between the fibers are assumed [130]. Indeed, this model is based on the concept that the material is made of short fibers, homogeneously dispersed in a continuous matrix. In this approach, the composite is assimilated to a four plies laminate. Within each ply, the fibers are parallel to each other and the mutual orientations of the plies are 0°, +45°, +90°, and −45°. The mechanical properties of each ply are derived from the micromechanical equations of Halpin-Tsai.

Finally, in order to explain the unusual data (high modulus values) of cellulose whiskers reinforced nanocomposites, the following phenomena were suggested: (i) strong interactions between whiskers, and (ii) a mechanical percolation effect.

By using the series-parallel model of Takayanagi et al. [131] (Figure 8) modified by Ouali et al. [132] to include the percolation approach, the mechanical behavior of these nanocomposites has been better understood.

Figure 8. Schematic representation of the series parallel model.
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In the scheme presented in Figure 8, R and S refer to the rigid (cellulosic filler) and soft (polymeric matrix) phases, respectively. ψ corresponds to the volume fraction of the percolating rigid phase.



According to the model of Takayanagi et al. [131], the shear modulus of the composite can be written as:
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(1)




Where Gs and Gr are the shear moduli of the soft and rigid phase, respectively, Φr corresponds to the volume fraction of the rigid phase (whiskers) and ψ corresponds to an adjustable parameter.
When the stiffness of the reinforcing phase is much higher than the one of the matrix material (i.e., when Gr >> Gs), Equation (1) can be written as G = ψGr.

In the adaptation proposed by Ouali et al. [132] to include the percolation approach, corresponds to the volume fraction of the percolating rigid phase, which can be estimated as:



ψ = 0  Φr < Φc
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(2)




Where b is the critical percolation exponent, which is equal to 0.4 for a three-dimensional system and Φc is the percolation threshold, which varies depending on the studied material and their orientation distribution. Dufresne [133] explained that the good agreement observed between experimental and predicted data by using the series-parallel model of Takayanagi modified to include the percolation approach is related to the formation of infinite aggregates of cellulose whiskers.

For rod-like nanoparticles the percolation threshold can be linked to the aspect ratio of the nanoparticles by the following equation:
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(3)




In Equation (3), L/d is the aspect ratio, assuming a cylindrical shape for the nanofiller, and Φc is the percolation threshold. The geometrical characteristics and the corresponding percolation threshold values for some cellulose nanocrystals are reported in Table 4.

Table 4. Geometrical characteristics (length, L, and diameter, D) and percolation threshold (Φc) of some cellulose nanocrystals.


	Source
	L (nm)
	D (nm)
	L/d
	Φc
	Reference





	Cotton
	171.6
	14.6
	11.8
	5.9
	[105]



	Ramie
	200
	7
	28.6
	2.5
	[36]



	MCC
	200
	5
	40
	1.75
	[104]



	Sugar beet pulp
	210
	5
	42
	1.7
	[73]



	Palm tree
	260
	6.1
	43
	1.6
	[10]



	Wheat straw
	225
	5
	45
	1.6
	[103]



	Tunicin
	1,000
	15
	67
	1.0
	[71]










The formation of a continuous cellulosic network formed when the percolation threshold is reached is probably responsible for the unusual mechanical properties of cellulose whisker reinforced nanocomposites. Moreover, Favier et al. [71] explained that the stiffness of this cellulosic network is due to strong interactions like hydrogen bonds, similarly to what is observed for a paper sheet for which the hydrogen-bonding forces hold the percolating network of fibers.



3.1.2. Reinforcement with Cellulose Based Nanoparticles

Cellulose whiskers with different aspect ratios isolated from different sources, like tunicin [102], linter [127], cotton [44] , straw [103], and MCC [104], were evaluated as a reinforcing phase in nanocomposites using different polymer matrices such as natural rubber [10], poly(styrene-co-butyl acrylate) [102,103], PLA [127], PVA [104], and PCL [36]. In most cases, the mechanical properties could be substantially improved depending on the amount and homogeneity of cellulose filler dispersion. The strong reinforcing effect of the whiskers is generally attributed to the formation of a percolating network structure above the percolation threshold resulting from hydrogen bonding between nanoparticles [107].

Helbert et al. [103] reported that a poly(S-co-BuA) latex film containing 30 wt% of wheat straw cellulose whiskers presented a rubbery Young’s modulus value more than 1000-times higher than that of the bulk matrix. This effect was ascribed not only to the geometry and stiffness of the whiskers, but also to the formation of a H-bonded whiskers network.

The improvement of strength and modulus of polymers, especially above the glass transition temperature (Tg) of the host polymeric matrix, is widely described in the literature [36,134]. However, the presence of whiskers tends to decrease the elongation at break of the nanocomposites compared to the neat matrix [36,117]. For example, the addition of 10 wt% of cellulose palm tree whiskers in natural rubber decreased the strain at break from 575% to 16% (as shown in Figure 9) [10].

Figure 9. Typical stress-strain curves obtained from tensile tests (T = 25 °C) for natural rubber (NR) reinforced with cellulose date palm tree whiskers (W). The number in the codification of the sample corresponds to the whiskers content (wt%) [10].
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MFC isolated from kraft pulp [52,83], sulfite pulp [77], potato pulp [134], and sugar beet [135], were also studied as nanoreinforcement in different matrices such as PVA [52,77], HPC [77], potato starch plasticized with glycerol [134], and polyurethane (PU) [136,137].

Many reports have identified that the disintegration process influenced the mechanical properties of resulting nanocomposites. It can be expected that MFC with higher surface area will result in stiffer material with the same nanoparticle content due to higher contact surface facilitating the network formation. This can enhance the tensile strength when the nanocomposite film is dried. The reinforcing effect of MFC as well as for all nanocomposite material is also dependent on the interactions of the fiber with the matrix.

Zimmermann et al. [77] studied the influence of the disintegration process on the mechanical properties of PVA and HPC nanocomposites filled with cellulose fibrils isolated from a sulfite pulp. They reported that for nanocomposites reinforced with mechanically isolated fibrils, the Young’s modulus increased up to a factor of 2.5 (fibril content 10 wt%) for the PVA-nanocomposites, and up to a factor of 3 (fibril content 20 wt%) for HPC nanocomposites compared to the neat matrix. Lu et al. [52] did not identify network structure formation for the composites of PVA with low MFC contents. The absence of network formation due to larger diameter of MFC and micro fiber aggregates can explain the lower increase (40%) of the Young’s modulus for PVA-based nanocomposites compared to PVA-based nanocomposites obtained by Zimmermann et al. [77].

The DMA experiments demonstrated that the storage modulus of PU-MFC nanocomposites was improved over the whole temperature range compared to pure PU [136,137]. Moreover, recently, Wu et al. [137] demonstrated that only a low percentage of MFC (5 wt%) was enough to improve the modulus of the PU matrix by approximately 200% at 5 °C, while at 85 °C an increase close to 500% was observed.

The use of higher quantities of MFC in filled nanocomposites was presented by Nakagaito et al. [138]. The PLA matrix was filled with up to 90 wt% of MFC using a similar strategy to that for impregnated paper. A linear increase of the Young’s modulus with increasing MFC content was reported. The modulus increased from 5 GPa for a MFC content of 10 wt% to almost 9 GPa for 70 wt% MFC. This phenomenon was observed even at high temperatures. The storage modulus above the glass transition temperature increased with increasing MFC content in the composites. Moreover, for high MFC content, such as 70 and 90 wt%, the storage modulus was sustained up to 250 °C. The preparation of nanocomposites by compression molding of sheets is suggested to be easily usable by the industry.




3.2. Thermal Properties

The analysis of thermal properties of materials is important to determine their processing temperature range and use. It is possible to determine the main characteristics of polymeric systems such as glass-rubber transition temperature (Tg), melting point (Tm) and thermal stability through differential scanning calorimetry (DSC) experiments. Dynamical mechanical analyses can also be used to evaluate the Tg of polymers.

In DSC experiments, the Tg is generally determined as the inflection point of the specific heat increment at the glass-rubber transition. However, a relaxation process is evidenced in the Tg temperature range, by DMA analyses.

Several authors did not observed important changes in the Tg of nanocomposites reinforced with cellulose nanofillers. This result was surprising due to the high specific area of such nanofillers, e.g., around 170 m2 g−1 for tunicin whiskers [139]. Studies of PEO reinforced with tunicin whiskers did not show any significant influence of the whisker content on the Tg of the materials [140]. Similar observation was reported by Grunert et al. [43] in their work with cellulose acetate butyrate (CAB) reinforced with bacterial cellulose nanocrystals. More recently, Lu et al. [52] evaluated the thermal properties of polyvinyl alcohol (PVA) reinforced with microfibrillated cellulose. According to these authors, no change of Tg was detected.

Anglès et al. [139] reported a peculiar effect on the Tg of the starch-rich fraction of glycerol plasticized starch based nanocomposites reinforced with tunicin whiskers. It was determined that the Tg of nanocomposites depended on moisture conditions. For low loading levels (up to 3.2 wt%), a classical plasticization effect of water was reported. However, an anti-plasticization phenomenon was observed for higher whisker content (6.2 wt% and up). These observations were discussed according to (i) the possible interactions between hydroxyl groups on the cellulosic surface and starch, (ii) the selective partitioning of glycerol and water in the bulk starch matrix or at whiskers surface, and (iii) the restriction of amorphous starch chain mobility in the vicinity of the starch crystallite coated filler surface.

The plasticizing effect of water molecules is considered to be responsible for the decrease of Tg values in PVAc and PVA-based nanocomposites reinforced with sisal [72] and cotton [105] whiskers. Regardless of the composition, a decrease of Tg was observed as the humidity content increased. However, in moist atmosphere, the Tg of PVA-based nanocomposites significantly increased when cotton whiskers were added [105]. For glycerol plasticized starch nanocomposite reinforced with cellulose crystallites prepared from cottonseed linter [141], an increase of Tg with filler content was reported and attributed to cellulose/starch interactions.

For tunicin whiskers/sorbitol plasticized starch nanocomposite [142], Tgs were found to increase slightly up to about 15 wt% whiskers and to decrease for higher whiskers loading. Crystallization of amylopectin chains upon whiskers addition and migration of sorbitol molecules to the amorphous domains were proposed to explain the observed modifications. The Tg of electrospun PS fiber with added cellulose whiskers (and surfactant) [38] tends to decrease with the whisker content. The authors attributed the reduction of Tg to the plasticizing effect of the surfactant.

Tm values are reported to be nearly independent of the filler content in PCL/chitin whiskers nanocomposites [143] as well as in POE filled with tunicin whiskers [140]. The same observation was reported for PVA reinforced with microfibrillated cellulose [52] and CAB reinforced with unmodified bacterial cellulose nanocrystals [43]. However, when bacterial cellulose nanocrystals were modified with silane groups, Tm values were founded to increase with increasing filler content. According to the authors, this difference was due to stronger interactions between silylated whiskers and PVA matrix.

The heat of fusion (ΔHm) allows the determination of the degree of crystallinity (χc) of the composites. χc values can be obtained by dividing the heat of fusion of the material by that of the 100% crystalline matrix. It is necessary to normalize ΔHm values to account for the effective amount of matrix material if any discussion about filler content is done. A slight increase in crystallinity of PVA-MFC nanocomposites [52] was reported upon addition of a low amount of MFC (1 to 5 wt%) to PVA matrix. This phenomenon was ascribed to the anchoring effect of the cellulosic filler, possibly acting as nucleating agent. For MFC content above 5 wt% (e.g., 10 and 15 wt%), a decrease of the crystallinity of PVA nanocomposites compared to the matrix was observed. Studies of the melting and crystallization behavior of PCL chains grafted onto the surface of MFC and ungrafted PCL at different cooling rates have shown that the degree of crystallinity (χc) for grafted PCL is lower than for ungrafted PCL. In this study, MFC has been grafted with PCL chains of different theoretical lengths. In general, it was determined that higher molecular weight of ungrafted PCL results in lower χc.

The higher crystallinity of PLA-MFC [53] nanocomposites compared to neat PLA showed that MFC accelerated the crystallization of PLA. In this study, MFC was also supposed to act as a nucleating agent accelerating the crystallization of PLA. The degree of crystallinity (χc) for PEO nanocomposites reinforced with tunicin whiskers [140] was found to be quite constant up to 10 wt% of whisker content, but to decrease for higher whisker loading (e.g., 15 and 30 wt%). The DSC measurements of PEO and PEO-nanocomposites are shown in Figure 10. This result was attributed to a steric phenomenon of PEO spherulites growing in the presence of the cellulose network. It seems that the nucleating effect of cellulosic nanocrystals is mainly governed by surface chemical considerations [140].

Figure 10. DSC thermograms showing the non-isothermal crystallization at 10 °C min−1 for PEO based composites filled with 0 (○), 10 (⬜), and 30 wt% (◆) of tunicin whiskers [140].



[image: Polymers 02 00728 g010 1024]





The degree of crystallinity of PCL decreased with the addition of Riftia tubes chitin whiskers [143]. It was suggested that during crystallization, the rod-like nanoparticles are most probably first ejected and then occluded in intercrystalline domains, hindering the crystallization of the polymer. DMA analyses have shown that tan δ peak of PVA slightly shifts to lower temperatures when the matrix is filled with up to 15 wt% of MFC [52]. A decrease in the intensity of the tan δ peak of composites compared to the pure matrix was also observed and it was ascribed to a reduced fraction of polymer matrix in the composites.

For CAB nanocomposites [144] reinforced with 5 wt% cellulose whiskers from MCC, it was reported that the tan δ peak of the matrix was affected by the presence of the cellulosic filler. A slight decrease of tan δ from 158 to 152 °C was reported. In a different way, for PLA nanocomposites [37], cellulose whiskers contributed to increase the tan δ peak by 5 °C, indicating minor hindering of segmental motions of PLA matrix. The authors observed a larger shift in tan δ peak when whiskers were solvent exchanged to butanol before freeze-drying these fillers. The presence of surfactant (20 wt%) in the nanocomposite was also evaluated. The higher shift and increased magnitude of the tan δ peak in the experiments was attributed to the presence of the surfactant. The surfactant was able to hinder the segmental movements of PLA chains. Higher interaction level between cellulosic nanoparticles and PLA chains resulted in an increase of the temperature position of the tan δ peak. None or little interaction between whiskers and surfactant was reported. The authors have suggested that an interaction between whiskers and surfactant would have shifted the tan δ peak to higher temperatures, which was not observed.





3.3. Barrier Properties

The great interest in nanoparticles for composites applications originates from outstanding mechanical properties. Improved properties can often be reached for low filler volume fractions without affecting other properties such as impact resistance of plastic deformation capability [13]. However, there is an increasing interest in the barrier properties due to increased tortuosity provided by nanoparticles. Indeed, most materials used for food packaging are practically non-degradable petrochemical based polymers, representing a serious environmental problem. The main reason for their use is due to the ease of processability, and their low cost and excellent barrier properties [145]. However, there is an increasing interest in the development of a new class of biodegradable materials with good barrier properties. Bionanocomposites belong to this category. Besides reinforcing effect, nanoparticles can be used to improve not only barrier properties but also other functions like active or “smart” properties of packaging, i.e., antimicrobial activity, enzyme immobilization and biosensing.

A recent study has demonstrated that the presence of MFC strongly modifies the diffusion properties of starch [146]. This study demonstrated that for glycerol plasticized nanocomposites filled with 70 wt% of MFC, the moisture uptake of the composite was reduced to half value of the pure plasticized starch film. However, the average and initial diffusion coefficients decreased with increasing MFC content and increased with glycerol content. Possible porosity in the nanocomposite films due to the presence of MFC was responsible for the reduction of the efficiency of cellulose nanofibers in the composite’s moisture diffusivity. Finally, the reduction of moisture diffusivity in nanocomposites (cellulose nanofiber/plasticized amylopectin) may be due to three main reasons: (i) cellulose characteristics and geometrical impedance, (ii) swelling constraints due to high-modulus/hydrogen bonded MFC network, and (iii) strong molecular interactions between MFC and with the amylopectin matrix. In 2009, the barrier properties of pure MFC films were studied by Syverud et al. [145]. In this study, the gas permeability (oxygen) of the samples was measured and it was shown that the oxygen transmission rate (OTR) was quite low. For pure MFC films, the ORT values were 17.0 and 17.8 mL m−2 day−1. These values are in the range of the recommended ORT for modified atmosphere packaging (below 10–20 mL m−2 day−1). The good barrier properties of pure MFC films were ascribed to the low permeability of cellulose generally enhanced with the crystalline structure of the fibrils. Recently, similar coating of MFC (from TEMPO treatment) on PLA films allowed decreasing the OTR from 746 to 1 mL m−2 day−1 Pa−1, respectively, for pure PLA film and PLA coated with MFC [147].

The permeability to oxygen of PLA reinforced with microcrystalline cellulose (MCC) was studied, in 2006 by Peterson et al. [148]. The authors compared the barrier properties of pure PLA with those obtained for composites reinforced with MCC and bentonite. Bentonite was found to be more efficient than MCC due to its exfoliated structure and largest sheets compared to MCC, which is not exfoliated. Despite the increasing number of papers reporting the use of starch nanocrystals in polymer nanocomposites to improve the barrier properties [66,149], limited use of cellulose nanocrystals for this purpose has been reported. This may be due to (i) the rod-like shape of nanocrystals that can be less effective than platelet-like, or (ii) nanofiber organization.

A new application of cellulose nanofillers is barrier membranes. Many membranes are designed to prevent the permeation of hydrophilic substances, such as water or hydrophobic substances such as many toxic chemicals. Here, the most effective filler material is likely to be hydrophilic such as cellulose whiskers and MFC. The use of TEMPO-oxidized cellulose whiskers obtained from Whatman paper was investigated as barrier membranes in a poly(vinyl alcohol) (PVA) matrix [41]. The incorporation of cellulose nanocrystals reduces the water vapor transmission rate (WVTR) of the membranes. However, the results were more interesting when nanocomposites were prepared by mixing PVA matrix with low quantities (10 or 20 wt%) of poly (acrylic acid) (PAA) and whiskers. These results can be ascribed to the crosslinking with PAA that reduces the number of hydroxyl groups in the composites and thus the hydrophilicity. The incorporation of cellulose nanocrystals into the nanocomposite provides a physical barrier through the creation of a tortuous path for the permeating moisture. Consequently, the addition of 10 wt% of cellulose nanocrystals reduced the WVTR of the matrix more than addition of PAA. The combination of 10 wt% whiskers and 10 wt% PAA gave the best performance. With respect to the chemical vapor transmission rate (CVPR), nanocomposites containing 10 wt% cellulose whiskers and 10 wt% PAA exhibit the same synergetic effects with time lag increasing and flux decreasing. Overall, membrane barrier properties were improved by the addition of cellulosic crystals in combination with PAA. In another study, the effect of soft wood cellulose whiskers on water vapor barrier properties of xylan/sorbitol films has been reported [150]. The nanocomposites were prepared with different amounts of whiskers (0 to 50 wt%). The incorporation of sulfonated cellulose whiskers at low content reduced the water vapor transmission rate (WVTR) of xylan/sorbitol films. Specifically, 10 wt% sulfonated whiskers nanocomposites decreased the WVTR from 304 g h−1 m−2 (unfilled film) to 174 g h−1 m−2. The authors believed that the high degree of crystallinity of whiskers and its rigid hydrogen-bonded network governed by a percolation mechanism are responsible for the improvement of barrier properties of the films, decreasing then the WVTR of the final nanocomposite.




4. Conclusions

The present review reports the use of cellulose nanoparticles, whiskers and MFC, as reinforcements in polymer matrices. This review is aimed at providing knowledge to stimulate further research in this area. It has been shown that during the last 15 years an increasing number of researches in the area of cellulose nanocomposites have been developed. The possibility of surface chemical modification and nanosized dimensions of cellulose nanoparticles have been extensively used in a wide variety of application, e.g., packaging, adhesives and electronic display materials. The present contribution summarizes some selected works in the field of cellulose nanofillers extracted from different sources and by different methods. The influence of the source of cellulose on the mechanical properties of bionanocomposites was reported. Moreover, it was found that different terminologies are used to classify cellulose nanoparticles, leading to some misunderstanding and ambiguities around the subject, rather than unifying and clarifying the comprehension. Rod-like nanoparticles are basically prepared by chemical methods e.g., acid hydrolysis of biomass with sulfuric acid and hydrochloric acid. On the other hand, MFC is prepared by chemical methods, mechanical shearing or by a combination of enzymatic hydrolysis and mechanical shearing. These different preparation methods lead to different final products, which result in nanocomposites with different mechanical, thermal, and barrier properties. Despite the constant growing scientific production in the field of nanocomposites, the practical transition from laboratory scale to industrial is not so simple and requires the development of technology in the field of chemical engineering to reduce the production costs of such nanoparticles.
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