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PREFACE 

The present doctoral thesis is based on experimental data obtained mostly using 

the structure of two research units: the “Laboratório de Reciclagem de Polímeros” at 

“Universidade Federal de Uberlândia”, Brazil, and “Laboratoire Génie des Procédés 

Papetiers” at “Université Grenoble Alpes”, France. This study was performed from 2014 

to 2017 within the joint doctoral program between Universidade Federal de Uberlândia 

and Université Grenoble Alpes established in the agreement for cotutelle of doctoral 

thesis signed by these two institutions. 

This manuscript is organized in three chapters. Chapter I is the literature review. 

This section was designed to provide most of information required to understanding of 

context of the research work developed in the following chapters. Through the analysis 

and comparison of selected publications, this chapter covers topics such as: cellulose 

structure and its features, cellulose polymorphs, mercerization and regeneration process, 

cellulose nanocrystals, its production, properties and applications. Chapter II presents a 

comprehensive study of cellulose I and II nanocrystals prepared by sulfuric acid 

hydrolysis focusing basically on morphological and molecular structure. Chapter III is a 

research work on mechanical properties of natural rubber nanocomposites reinforced 

using high aspect ratio cellulose nanocrystals isolated from soy hulls, with emphasis on 

the mechanical, thermal and morphological properties of the nanocomposites obtained. 

This manuscript is the original work of the author. 

 

 

 

Uberlândia, September 08th, 2016 
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ABSTRACT 

Since this thesis presents two independent studies on cellulose nanocrystals 

(CNCs), the abstract was divided in two sections referring to chapters II and III, 

respectively. 

 

Comprehensive morphological and structural investigation of cellulose I and II 

nanocrystals prepared by sulfuric acid hydrolysis 

Cellulose has several polymorphs. These polymorphs differ by crystal packing 

(i.e. unit cell parameters), polarity of the constituting chains and hydrogen bond patterns 

established between them. Most of cellulose polymorphs result from chemical treatments 

of the native polymorph, the so-called cellulose I (Cel-I) (Wada et al., 2008). In Cel-I, the 

chains are parallel and can be packed into two allomorphs, namely Iα and Iβ. Among the 

cellulose polymorphs, cellulose II (Cel-II), in which the chains are antiparallel, can be 

prepared from Cel-I by two distinct processes: Mercerization or Regeneration. 

Mercerization is an essentially solid-state process during which cellulose fibers are 

swollen in concentrated alkali media and recrystallized into cellulose II upon washing 

and drying (removal of the swelling agent). Unlike the mercerization process, in process 

known as regeneration, cellulose is first dissolved in an appropriated solvent and 

subsequent reprecipitated by adding a non-solvent, leading the chains to recrystallize into 

into Cel-II polymorph. The Cel-I to Cel-II transition is irreversible, which suggests that 

Cel-II is thermodynamically more stable (Habibi et al., 2010).  

Cell-II is the second most extensively studied polymorph due to its technical 

relevance. Nevertheless, so far, most of investigations involving Cel-II have focused on 

fibers and only a few recent studies have been carried out on CNCs. Cel-II nanocrystals 

have been prepared either by acid hydrolysis of mercerized fibers (Hirota et al., 2012; 

Kim et al., 2006; Yue et al., 2012), mercerization of Cel-I CNCs (Jin et al., 2016), or after 

recrystallization of fractions of short cellulose chains in solution (Dhar et al., 2015; Hirota 

et al., 2012; Hu et al., 2014; Sèbe et al., 2012). However, while these studies have 

generally combined the data from several imaging, diffraction and spectroscopic 

techniques, a complete structural picture of the nanocrystals has not been reported so far. 

In this context, the purpose of the research work presented in chapter II was to 

produce, characterize and compare CNCs obtained from eucalyptus wood pulp using 

three different methods: i) classical sulfuric acid hydrolysis (CN-I), ii) acid hydrolysis of 

cellulose previously mercerized by alkaline treatment (MCN-II), and iii) solubilization of 
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cellulose in sulfuric acid and subsequent recrystallization in water (RCN-II). The 

morphology, crystal structure, crystallinity index, surface charge and degree of 

polymerization of these nanocrystals were characterized by complementary techniques, 

namely elemental analysis, zetametry, viscometry, transmission electron microscopy 

(TEM), atomic force microscopy (AFM), X-ray diffraction (XRD), Fourier-transform 

infrared and solid-state nuclear magnetic resonance spectroscopies (FTIR and NMR, 

respectively). 

The three types of prepared CNC exhibit different morphologies and crystalline 

structures. When the acid hydrolysis conditions are set-up in such a way that the 

crystalline domains in the initial wood pulp and mercerized cellulose (WP and MWP, 

respectively) are preserved (60 wt% H2SO4, 45°C, 50 min), the resulting nanocrystals 

retain the fibrillar nature of the parent fibers (i.e., the chain axis is parallel to the long axis 

of the acicular particles) and their initial allomorphic type (I for WP and II for the MWP). 

In both cases, the particles are mostly composed of a few laterally-bound elementary 

crystallites, in agreement with what was shown for cotton CNCs by Elazzouzi-Hafraoui 

et al. (2008). The unit nanocrystals in CNCs from mercerized cellulose (MCN-II) are 

shorter but broader than those prepared from cellulose I fibers (CN-I). If harsher 

conditions are used (64 wt% H2SO4, 40°C, 20 min), resulting in the depolymerisation and 

dissolution of native cellulose, the short chains (with degree of polymerization DP ≈ 17) 

recrystallize into Cel-II ribbons upon regeneration in water at room temperature. In these 

somewhat tortuous ribbons, the chain axis would lie perpendicular to the long axis of the 

nanocrystal and parallel to its basal plane. In addition, these nanoribbons are very similar 

in shape and molecular orientation to mannan II nanocrystals prepared by 

recrystallization of mannan (Heux et al., 2005), a linear polymer of β-(1,4)-D-mannosyl 

residues, suggesting that this mode of crystallization may be a feature of short-chain linear 

β-(1,4)-linked polysaccharides. 

Although similar ribbons of recrystallized cellulose II have been reported by other 

authors, to our knowledge, it is the first time that a detailed morphological and structural 

description is proposed in terms of particle morphology, crystal structure and chain 

orientation. By comparison with the fibrillar nanocrystals prepared by acid hydrolysis of 

native or mercerized cellulose fibers, the unique molecular and crystal structure of the 

nanoribbons imply that a higher number of reducing chain ends are located at the particle 

surface, which may be important for subsequent chemical modification and specific 

potential applications such as biosensing and bioimaging agents. Therefore this study 
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offers scope to a better understanding of crystalline structure and morphology of CNC 

obtained by regeneration process with sulfuric acid. 
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Mechanical properties of natural rubber nanocomposites reinforced with high 

aspect ratio cellulose nanocrystals isolated from soy hulls 

At present, the most promising application of CNCs is as reinforcement material 

in the field of polymer nanocomposites.The incorporation of CNCs in polymer matrices 

generally leads to polymer-based nanocomposite materials with higher mechanical and 

barrier properties than the neat polymer or conventional composites. Among various 

factors that influence the efficiency of the reinforcing effect of CNCs, their intrinsic 

characteristics, including crystallinity and aspect ratio, play a key role (Dufresne, 2012; 

Favier et al., 1995; Mariano et al., 2014). It is also well-known that these characteristics 

depend on the source of the original cellulose, on the extraction method and its conditions 

(including pretreatment). However, it is widely accepted that the raw starting material is 

the most important factor (Beck-Candanedo et al., 2005; Dufresne, 2012; Elazzouzi-

Hafraoui et al., 2008). The reinforcement capability of CNCs is therefore directly linked 

to the source of cellulose as well as its biosynthesis. Thus, the optimization of the 

extraction procedure and further characterization of CNCs from different sources of 

cellulose are crucial for an efficient exploitation of these sources, allowing the selection 

of the appropriate source (i.e. with targeted morphology) to suit specific end user 

applications (Brinchi et al., 2013).  

Natural rubber (NR) is a perfect polymer matrix to be used as a model system to 

study the effect of filler reinforcement, owing to its high flexibility and low stiffness. Its 

properties can be tailored by the addition of reinforcing fillers of various surface 

chemistries and aggregate size/aspect ratios to suit the targeted application. CNCs 

extracted from different sources have already been studied as nanoreinforcement in NR-

based nanocomposites, including CNCs isolated from capim dourado (Siqueira et al., 

2010), rachis of palm date tree (Bendahou et al., 2009), sugarcane bagasse (Pasquini et 

al., 2010; Bras et al., 2010), sisal (Siqueira et al., 2011), and bamboo (Visakh et al., 2012). 

So far, little results have been reported in the literature on the isolation of CNCs 

from soy hulls or their use in nanocomposites (Flauzino Neto et al., 2013, Silvério et al., 

2014). In this study, CNCs were isolated from soy hulls by sulfuric acid hydrolysis 

treatment. The resulting CNCs, referred to as CNCSH in the following, were characterized 

using transmission electron microscopy (TEM), atomic force microscopy (AFM), X-ray 

diffraction (XRD), wide-angle X-ray scattering (WAXS). These CNCSH were used as a 

reinforcing phase in a NR matrix to prepare nanocomposite films by casting/evaporation 

at 1, 2.5 and 5 wt% (dry basis) loading levels. The effect of CNCSH on the structure, as 
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well as thermal and mechanical properties of NR, was investigated by means of scanning 

electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), dynamic 

mechanical analysis (DMA), tensile tests and thermogravimetric analysis (TGA). 

For the acid hydrolysis treatment, were chose milder conditions compared to those 

described in Flauzino Neto et al. (2013) in order to avoid as much as possible the 

hydrolysis of crystalline cellulose domains. The CNCSH was found to have a type I crystal 

structure, high crystallinity (crystallinity index ≈ 80%), large specific surface area 

(estimated to be 747 m2∙g-1 from geometrical considerations) and high aspect ratio 

(around 100). This aspect ratio is the largest ever reported in the literature for a plant 

cellulose source. Futhermore, from microscopic observations it is clearly seen that CNCSH 

does not consist of partially hydrolyzed microfibril since it displays the classical rod-like 

morphology of CNC. Thus, soy hull was found to be an interesting source of raw material 

for the production of CNC, due to the characteristics of the obtained nanocrystals 

associated with low lignin content and wide availability of this agro-industrial residue. In 

the meantime, the reuse of this agro-industrial residue goes towards sustainable 

development and environment-friendly materials. To tailor the dimensions of CNC and 

take full advantage of this source, special care needs to be paid to the extraction process 

and its conditions. A milder acid hydrolysis is preferable to improve the extraction yield, 

preserve the crystallinity of native cellulose and obtain high aspect ratio CNC. 

As expected, a high reinforcing effect is observed even at low filler contents when 

using this nanofiller (CNCSH) to prepare nanocomposites with a natural rubber (NR) 

matrix by casting/evaporation. For instance, by adding only 2.5 wt% CNC, the storage 

tensile modulus at 25°C of the nanocomposite was about 21 times higher than that of the 

unfilled NR matrix. This reinforcing effect was higher than the one observed for CNCs 

extracted from other sources. It may be assigned not only to the high aspect ratio of these 

CNCs but also to the stiffness of the percolating nanoparticle network formed within the 

polymer matrix. Moreover, the sedimentation of CNCs during the film processing by 

casting/evaporation was found to take place and play a crucial role on the mechanical 

properties. Thus, both the high aspect ratio of the CNC and sedimentation due to the 

processing technique are involved in the good mechanical results obtained. Indeed, if 

sedimentation occurs, then a multilayered film results and the CNC content in the lowest 

layers is higher than the average CNC content. It means that CNC mechanical percolation 

can occur in the lowest layers for an average CNC content which is lower than the 

percolation threshold. Hence, the system can be considered as constituted of parallel 
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layers in the direction of the mechanical solicitation (tensile mode), and the CNC-rich 

layers can support a higher stress leading to a higher modulus value. Moreover, if high 

aspect ratio CNC is used, then percolation can occur in the lowest layers for lower average 

CNC contents. An important contribution of this work is to highlight the importance of 

the sedimentation of CNC during the evaporation step on the mechanical properties of 

the nanocomposites which is rarely mentioned in the literature. 
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RÉSUMÉ 

Puisque cette thèse présente deux études indépendantes sur les nanocristaux de 

cellulose (CNC), le résumé a été divisé en deux sections qui font référence aux chapitres 

II et III, respectivement. 

 

Investigation morphologique et structurelle des nanocristaux de cellulose I et II 

préparés par hydrolyse à l'acide sulfurique 

La cellulose a plusieurs polymorphes. Ces polymorphes diffèrent l'un de l'autre 

par l’arrangement cristallin (c'est-à-dire les paramètres de la maille unitaire), la polarité 

des chaînes et les types de lisons d'hydrogène entre elles. La plupart des polymorphes de 

la cellulose résultent de traitements chimiques appliqués au polymorphe natif, la cellulose 

I (Cell-I) (Wada et al., 2008). Dans la Cell-I, les chaînes sont parallèles et peuvent être 

divisées en deux allomorphes, à savoir Iα et Iβ. Parmi les polymorphes cellulosiques, la 

cellulose II (Cell-II), dans laquelle les chaînes sont antiparallèles, peut être préparée à 

partir de Cell-I par deux processus distincts: mercerisation ou régénération. La 

mercerisation est un processus qui se déroule essentiellement à l'état solide dans lequel 

les fibres de cellulose sont gonflées dans un milieu alcalin concentré et recristallisées en 

cellulose II lors du lavage et du séchage (élimination de l'agent gonflant). Contrairement 

au processus de mercerisation, dans la régénération, la cellulose est tout d'abord dissoute 

dans un solvant approprié et ensuite précipitée par addition d'un non-solvant, ce qui 

provoque la recristallisation des chaînes dans le polymorphe Cell-II. La transition de Cell-

I à Cell-II est irréversible, ce qui suggère que la Cell-II est thermodynamiquement plus 

stable (Habibi et al., 2010). 

La Cell-II est le second polymorphe le plus étudié en raison de sa pertinence 

technique. Néanmoins, la plupart des études impliquant la Cell-II jusqu'à présent se 

concentrent sur les fibres et seules quelques études récentes ont été réalisées sur les 

nanocristaux. Les nanocristaux Cell-II ont été préparés soit par hydrolyse acide de fibres 

mercerisées (Hirota et al., 2012; Kim et al., 2006; Yue et al., 2012), soit mercerisation de 

CNC de Cell-I (Jin et al., 2016),  ou après recristallisation de fractions de chaînes courtes 

de cellulose en solution (Dhar et al., 2015; Hirota et al., 2012; Hu et al., 2014; Sèbe et 

al., 2012).  Ces études ont combiné les données de plusieurs techniques d'imagerie, de 

diffraction et de spectroscopie. Cependant, une image structurelle complète des 

nanocristaux n'a pas encore été rapportée.  
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Dans ce contexte, le but du travail de recherche présenté dans le chapitre II était 

de produire, de caractériser et de comparer les CNC obtenus à partir de la pâte de bois 

d'eucalyptus en utilisant trois méthodes différentes: i) l'hydrolyse classique à l'acide 

sulfurique (CN-I), ii) l'hydrolyse acide de la cellulose précédemment mercerisée par 

traitement alcalin (MCN-II),  et iii) la solubilisation de la cellulose dans l'acide sulfurique 

et la recristallisation subséquente dans l'eau (RCN-II). La morphologie, la structure 

cristalline, l'indice de cristallinité, la charge superficielle et le degré de polymérisation de 

ces nanocristaux ont été caractérisés par des techniques complémentaires, à savoir: 

l'analyse élémentaire, la zétamétrie, la viscométrie, la microscopie électronique en 

transmission (TEM), la microscopie à force atomique (AFM), la diffraction des rayons X 

(XRD), la spectroscopie infrarouge à transformée de Fourier et la spectroscopie de 

résonance magnétique nucléaire à l'état solide (FTIR et NMR, respectivement). 

Les trois types de CNC préparés présentent des morphologies et des structures 

cristallines différentes. Lorsque les conditions d'hydrolyse acide sont mises en place de 

telle sorte que les domaines cristallins dans la pâte de bois initial et la cellulose mercerisée 

(WP et MWP, respectivement) sont préservés (60 wt% H2SO4, 45°C, 50 min), les 

nanocristaux résultants conservent la nature fibrillaire des fibres d’origine (c'est-à-dire 

que l'axe de la chaîne est parallèle au grand axe des particules aciculaires) et leur type 

allomorphe initial (I pour WP et II pour la MWP). Dans les deux cas, les particules sont 

principalement composées de quelques cristallites élémentaires liées latéralement, en 

accord avec ce qui a été montré pour les CNC de coton par Elazzouzi-Hafraoui et al. 

(2008).  Les nanocristaux unitaires dans les CNC préparés à partir de cellulose mercerisée 

(MCN-II) sont plus courts, mais plus larges que ceux préparés à partir des fibres de 

cellulose I (CN-I). Si des conditions plus sévères sont considérées (64 wt% H2SO4, 40°C, 

20 min), ce qui entraîne la dépolymérisation et la dissolution de la cellulose native, les 

chaînes courtes (avec un degré de polymérisation DP ≈ 17) recristallisent en rubans de 

Cell-II lors de la régénération dans l'eau à température ambiante. Dans ces rubans 

tortueux, l'axe de la chaîne serait perpendiculaire au grand axe du nanocristal et parallèle 

à son plan basal. De plus, ces nano-rubans ont une forme et une orientation moléculaire 

très similaires aux nanocristaux de mannan II préparés par recristallisation de mannan 

(Heux et al., 2005), un polymère linéaire de résidus β-(1,4)-D-mannosyl, ce qui suggère 

que ce mode de cristallisation peut être une caractéristique des polysaccharides linéaires 

à chaîne courte et à liaison β-(1,4). 
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Bien que des rubans de cellulose recristallisés II similaires ont été rapportés par 

d'autres auteurs, à notre connaissance, c'est la première fois qu'une description 

morphologique et structurelle détaillée est proposée en termes de morphologie des 

particules, de structure des cristaux et d'orientation des chaînes. Par comparaison avec les 

nanocristaux fibrillaires préparés par hydrolyse acide des fibres de cellulose native ou 

mercerisée, la structure moléculaire et cristalline unique des nano-rubans implique qu'un 

nombre plus élevé d'extrémités de chaîne réductrice sont situées à la surface des 

particules, ce qui peut être important pour des modifications chimiques subséquentes et 

pour de potentielles applications spécifiques telles que la biodétection et la bio-imagerie. 

Donc, cette étude permet de mieux comprendre la structure cristalline et la morphologie 

de la CNC obtenue par régénération à l'acide sulfurique. 
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Propriétés mécaniques de nanocomposites de caoutchouc naturel renforcé avec des 

nanocristaux de cellulose à facteur de forme élevé extraits de la coque de soja 

Actuellement, l'application la plus prometteuse des CNCs est en tant que matériau 

de renfort dans le domaine des nanocomposites polymères. L'incorporation de CNCs dans 

une matrice polymère génère généralement des matériaux nanocomposites ayant des 

propriétés mécaniques et barrières plus élevées que le polymère pur ou les composites 

classiques. Parmi les différents facteurs qui influencent l'efficacité de l'effet de renfort des 

CNCs, leurs caractéristiques intrinsèques, y compris la cristallinité et le facteur de forme, 

jouent un rôle fondamental (Dufresne, 2012; Favier et al., 1995; Mariano et al., 2014). Il 

est bien connu que ces caractéristiques dépendent de la source de la cellulose d'origine, 

de la méthode d'extraction et de ses conditions (y compris le prétraitement). Cependant, 

il est largement admis que le matériau brut de départ est le facteur le plus important (Beck-

Candanedo et al., 2005; Dufresne, 2012; Elazzouzi-Hafraoui et al., 2008). La capacité de 

renfort des CNC est donc directement liée à la source de cellulose ainsi qu'à sa 

biosynthèse. Par conséquent, l'optimisation de la procédure d'extraction et la 

caractérisation de CNCs de différentes sources de cellulose sont cruciales pour une 

exploitation efficace de ces sources, permettant une sélection de la source appropriée 

(c'est-à-dire avec une morphologie ciblée) pour s'adapter à des applications spécifiques 

(Brinchi et al., 2013). 

Le caoutchouc naturel (NR) est une matrice polymère parfaite pouvant être 

utilisée comme système modèle pour étudier l'effet de renfort, en raison de sa grande 

flexibilité et de sa faible rigidité. Ses propriétés peuvent être ajustées en ajoutant des 

charges de renfort de différentes chimies de surface et de différentes taille/facteur de 

forme des agrégats en fonction de l'application ciblée. Des CNCs extraits de différentes 

sources ont déjà été étudiés en tant que nano-renfort dans des nanocomposites à base de 
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NR, y compris des CNCs extraits de capim dourado (Siqueira et al., 2010), du rachis de 

palmier dattier (Bendahou et al., 2009), de la bagasse de canne à sucre (Pasquini et al., 

2010; Bras et al., 2010), du sisal (Siqueira et al., 2011), et du bambou (Visakh et al., 

2012). 

Jusqu'à présent, peu de résultats ont été rapportés dans la littérature sur l’extraction 

de CNC à partir de la coque de soja ou leur utilisation dans des nanocomposites (Flauzino 

Neto et al., 2013, Silvério et al., 2014). Dans cette étude, les CNCs ont été isolés des 

coques de soja à partir d’un traitement par hydrolyse avec de l'acide sulfurique. Les CNCs 

résultants, désignés CNCSH par la suite, ont été caractérisés par microscopie électronique 

en transmission (TEM), par microscopie à force atomique (AFM), par diffraction des 

rayons X (XRD) et par diffusion des rayons X aux grands angles (WAXS). Ces CNCSH 

ont été utilisés comme phase de renfort dans une matrice NR par casting/évaporation à 

différents taux de charge, à savoir 1, 2.5 et 5% en poids (base sèche). Les effets des 

CNCSH sur la structure ainsi que sur les propriétés thermiques et mécaniques du NR ont 

été étudiés  en utilisant la microscopie électronique à balayage (SEM), la spectroscopie 

infrarouge à transformée de Fourier (FTIR), l'analyse mécanique dynamique (DMA), les 

essais de traction et l'analyse thermogravimétrique (TGA). Pour le traitement par 

hydrolyse acide, nous avons choisi des conditions plus douces par rapport à celles décrites 

par Flauzino Neto et al. (2013) afin d'éviter autant que possible l'hydrolyse des domaines 

cellulosiques cristallins. Il a été constaté que les CNCSH ont une structure cristalline de 

type I, une haute cristallinité (indice de cristallinité ≈ 80%), une grande surface spécifique 

(estimée à 747 m2∙g-1 par des considérations géométriques) et un facteur de forme élevé 

(environ 100). Ce facteur de forme est le plus important rapporté dans la littérature pour 

une source de cellulose végétale. De plus à partir des observations microscopiques, il est 

clair que le CNCSH ne se compose pas de microfibrilles partiellement hydrolysées car il 

présente la morphologie classique du CNC (en bâtonnet). Ainsi, il a été constaté que la 

coque de soja est une source intéressante de matière première pour la production de CNC, 

notamment en raison des caractéristiques des nanocristaux obtenus associées à une faible 

quantité de lignine et une large disponibilité de ce résidu agro-industriel. Dans l'intervalle, 

la réutilisation de ce résidu agro-industriel va vers le développement durable et des 

matériaux respectueux de l'environnement. Toutefois, pour adapter les dimensions du 

CNC et profiter pleinement de cette source, une attention particulière doit être accordée 

à son processus d'extraction. Une hydrolyse acide plus douce est préférable pour 
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améliorer le rendement d'extraction, préserver la cristallinité de la cellulose native et 

obtenir un CNC avec rapport d'aspect élevé. 

Comme on pouivait s’y attendre, un effet de renfort élevé est observé même pour 

de faibles taux de charge lors de l'utilisation de cette nanocharge (CNCSH) pour préparer 

des nanocomposites avec une matrice de caoutchouc naturel (NR) 

par casting/évaporation. Par exemple, en ajoutant seulement 2,5% en poids de CNC, 

le module de conservation en traction du nanocomposite à 25°C est environ 21 fois plus 

élevé que celui de la matrice NR non chargée. Cet effet de renfort est supérieur à celui 

observé pour les CNCs extraits d'autres sources. Il peut être attribué non seulement au 

facteur de forme élevé de ces CNCs, mais aussi à la rigidité du réseau percolant de 

nanoparticules formé au sein de la matrice polymère. De plus, il a été constaté que la 

sédimentation des CNC pendant la mise en œuvre du film nanocomposite 

par casting/évaporation joue un rôle crucial sur les propriétés mécaniques. Donc, le 

facteur de forme élevé du CNC ainsi que sa sédimentation en raison de la technique de 

mise en œuvre sont impliqués dans les bons résultats mécaniques obtenus. En effet, si une 

sédimentation se produit,  un film avec plusieurs couches est produit dans lequel la 

quantité de CNC dans les couches inférieures est supérieure à la quantité moyenne de 

CNC. Cela signifie que la percolation mécanique des CNCs peut se produire dans les 

couches les plus basses pour un taux moyen de CNC, qui est inférieure au seuil de 

percolation. Par conséquent, le système peut être considéré comme constitué de couches 

parallèles dans la direction de la sollicitation mécanique (mode de traction), et les couches 

riches en CNC peuvent supporter une contrainte mécanique plus élevée, ce qui donne une 

valeur de module plus élevée. De plus, si des CNCs à facteur de forme élevé sont utilisés, 

la percolation peut se produire dans les couches les plus basses pour un taux moyen 

inférieur de CNC. Une contribution importante de ce travail est de mettre en évidence 

l'importance de la sédimentation des CNCs, pendant l'étape d'évaporation sur les 

propriétés mécaniques des nanocomposites, ce qui est rarement mentionné dans la 

littérature. 
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Chapter I 

1. CELLULOSE, AN IMPORTANT SUBSTANCE 

Cellulose is the major component of the plant biomass. Since it is made by all true 

plants (Kingdom Plantae), from the current point of view, cellulose is considered the 

most abundant naturally occurring organic compound on Earth. Cellulose metabolism is 

an important part of the biosphere’s carbon cycle. This carbohydrate is found primarily 

in plant cell walls, where its main function is to provide structural support and protection 

to the cells. It can be also found in several other types of organisms such as bacteria, 

fungi, animal tunicates and even amoeba, although the content of cellulose in these 

species is negligible when compared with plants (Chen, 2014; Dufresne, 2012). Cellulose 

is continually produced by different living species every day in the biosphere, providing 

a total annual production around 1.5·1012 tons (Klemm et al., 2005). Thereby, cellulose 

is a renewable (naturally replenished) resource widely available all over the world. 

Further, it is biodegradable, returning to the natural carbon cycle by simple rotting, and 

non-toxic to living organisms, including humans. 

Cellulose has always played an important role in the life of man, from prehistoric 

to present time, and its applications could even represent a landmark in the understanding 

of human evolution. Natural cellulose-based materials, such as wood, have been utilized 

to many purposes for thousands of years, e.g., as source of heat for warming, cooking and 

industrial production; as engineering materials for buildings, bridges, ships, furniture, 

utensils etc. In its almost pure form, such as cotton and flax fibers, cellulose has also been 

used since a long time ago, as clothing and writing material going back to the time of 

Egyptian pharaohs (Kamide, 2005; Pérez & Mazeau, 2004). The first industrial scale 

product based on cellulose was created from nitrocellulose and camphor by the Hyatt 

Manufacturing Company in 1870, corresponding to the first thermoplastic polymer 

material under the trade name of celluloid (Klemm et al., 2005). 

Currently, cellulose has a great economic importance, because it is used as 

feedstock in numerous industries and gives rise to a broad spectrum of products and 

materials, ranging from packaging to biomedical field. The paper and cardboard 

industries are the largest consumers of cellulose. Only a small amount of cellulose used 

is used to produce textile fibers, films and a larger number of cellulose derivatives, such 

as cellulose ethers and esters (Dufresne, 2012; Klemm et al., 2005; Moon et al., 2011; 

Varshney & Naithani, 2011). For instance, carboxymethylcellulose is a cellulose 

derivative utilized in foodstuffs, pharmaceuticals, cosmetics, detergents, paints, coatings, 

adhesives and plastics etc. 
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Although cellulose can be derived from a broad variety of sources (such as: cotton, 

jute, flax, ramie, sisal, bagasse, bamboo etc), wood is presently the most important raw 

material for commercial production of cellulose (Siró & Plackett, 2010). 

When it comes to sustainable raw materials for future demands on energy, 

chemicals and materials, cellulose definitely has great importance on account of its 

abundance and renewability, but still today is underutilized. For this reason, intensive 

research efforts have been devoted to seeking efficient processing technologies for 

conversion of this biomass into multiple value-added bioproducts. Therefore, cellulose is 

a promising versatile resource with potential to decrease the dependence on pretroleum-

based products and at the same time attends the increasing need for environmentally 

friendly, biocompatible products and carbon-neutral (Cherubini, 2010; Olsson & 

Westman, 2013). Nevertheless, numerous technical challenges must be overcome to 

enable the efficient and profitable utilization of cellulose for the production of energy, 

chemicals and materials. 

 

2. CELLULOSE STRUCTURE 

Cellulose has been used for centuries in highly diverse applications, however its 

chemical composition, structure and morphology remained very long ignored. Though 

the early work of Braconnot concerning the acid hydrolysis of the substance constituting 

plant cell walls goes back to the beginning of the 19th century (Braconnot, 1819), it was 

the French chemist Anselme Payen (1795–1871) who established that the main 

constituent of all plant cells has a unique chemical structure (Payen, 1838) and coined the 

word “cellulose” (Latin: rich in small cells) for the first time in 1838. In his studies, Payen 

described that when various plant tissues were treated with acid-ammonia treatment, 

followed by subsequent extraction in water, alcohol and ether a constant fibrous material 

was formed. He deduced the molecular formula to be C6H10O5 by elemental analysis, and 

observed the isomerism with starch (Klemm et al., 2005; Pérez & Mazeau 2004). 

It is only later, due to the pioneering works of the German chemist Hermann 

Staudinger (1881-1965) at the beginning of the 20th century that the macromolecular 

nature of cellulose was recognized. Through acetylation and deacetylation of cellulose, 

he suggested that its structure does not merely consist of an aggregation of D-glucose 

units. Rather, the glucose units were found to be linked to each other covalently to form 

long molecular chains. This, along with Staudinger’s research with other chain molecules 

(e.g. natural rubber), marked the discovery of the polymeric state of molecules and 
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represents the origin of polymer science. Staudinger's research on macromolecules was 

acknowledged by the award of the Nobel Prize in Chemistry in 1953 (Klemm et al., 2005; 

Mülhaupt, 2004; Pérez & Mazeau 2004; Staudinger, 1920, 1926). 

Despite the degree to which cellulose has been investigated, its molecular 

structural features have not been identified with absolute clarity and new information 

appeared in the literature constantly by employing technological advances alongside 

conventional analytical tools. Thus, the progress of knowledge on cellulose is closely 

linked to the evolution of characterization techniques, such as X-ray diffraction, neutron 

scattering, electron microscopy, 13C solid state nuclear magnetic resonance etc (Dufresne, 

2012; O’Sullivan, 1997). Several reviews and books have already been published 

reporting the state of knowledge of this fascinating polymer (Fengel & Wegener 1989; 

Gardner & Blackwell, 1974; Habibi et al., 2010; Hon, 1994; Kamide, 2005; Klemm et 

al., 2005; Kovalenko, 2010; O’Sullivan, 1997). 

Cellulose displays unusual physical and chemical properties arising from its 

structural architecture, such as: 

i) Highly hydrophilic nature. However, it is insoluble in water and in most 

conventional organic solvents. Even such a short oligosaccharide as celloheptose 

is virtually insoluble. This does not mean that cellulose interacts poorly with 

water - a cellulose surface is very hydrophilic, e.g. cotton fibers can absorb 10 

times its own weight of water (Monica et al., 2009). 

ii) Good thermal stability. But it decomposes prior to the onset of melting, i.e. it is 

a non-thermoplastic material. 

iii) Resistant to chemicals attack. Cellulose is relatively resistant to chemical 

derivatization, and added groups are seldom evenly distributed. Nevertheless, 

there is a large industry based on derivatization of cellulose, as previously 

mentioned. 

iv) Good mechanical properties. Cellulose form fibers with high tensile strength and 

stiffness, which makes the cellulose fibers useful e.g. as reinforcing element in 

polymeric composites. 

v) Low density and thermal conductivity. Etc. 

Therefore, in order to understand properly the macroscopic properties of cellulose 

it is essential to acquire knowledge of its structural architecture from the atomic scale, all 

the way up to the macro scale. In that case, the cellulose biosynthesis, its supramolecular 
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structures and hierarchical organization inside the cell wall must be considered. Besides 

this, it is important to examine how interactions at and between the various levels of 

structure have important and often quite specific influences. 

 

2.1. Molecular features of cellulose 

Cellulose is a semicrystalline long chain linear homopolymer, consisting of β-D-

glucopyranose (glucose) molecules covalently linked through acetal functions formed by 

β-(1,4)-glycosidic bonds (Figure 1), i.e. β-type glycosidic bond between the hemiacetal 

group of anomeric carbon atom C1 of one D-glucose and the hydroxyl group at C4 of the 

adjacent molecule. This glycosidic bond has a strength on the order of ~360 kJ/mol. Since 

a molecule of water is lost when an alcohol and a hemiacetal react to form an acetal 

linkage, each glucose molecule in cellulose is referred to as anhydroglucose unit (AGU). 

The AGUs are joined to one another in head-to-tail orientation and the C–O–C angle 

between two AGU rings is ~116°. To accommodate the preferred bond angles of this 

acetal oxygen bridges formed by β 14 links, each AGU ring is rotated 180° in the plane 

with respect to its neighbor. In this manner, two adjacent AGU rings define the repeating 

structural unit of cellulose polymer, known as cellobiose. However, the chain length of 

cellulose is expressed in the number of constituent AGUs (degree of polymerization, DP), 

and hence, the chemical formula of cellulose is (C6H10O5)n. 

 

Figure 1 – Structure of cellulose molecule, representing the cellubiose unit as the repeating structural unit 

having a periodicity of ~1.03 nm and showing the quite different terminal groups non-reducing end (left) 

and reducing end (right). The numbering system for carbon atoms in anhydroglucose unit is also indicated 

in red; and the directionality of the 14 linkage is indicated by the blue arrow. 

Taking the cellobiose as the basic unit, cellulose can be considered as an isotactic 

polymer of cellobiose. Each of the AGU ring contains three hydroxyl groups. The 

hydroxyl group at the C6 position is a primary alcohol, while the hydroxyl groups at the 

C2 and C3 positions are secondary alcohols. These hydroxyl groups are all accessible 
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sites for chemical reactions. Unlike simple alcohols, however, the reactivity of these 

hydroxyl groups are usually controlled more by steric factors and molecular interactions 

than would be expected on the basis of the inherent reactivity of the different hydroxyl 

groups. The cellulose molecule has a directional chemical asymmetry with respect to the 

termini of its chain axis: one end is a hemiacetal which is in equilibrium with the aldehyde 

structure (i.e. the reducing end); and the other end has a pendant hydroxyl group, the 

nominal non-reducing end (Dufresne, 2012; Habibi et al., 2010; Klemm et al., 2005; 

Pérez & Mazeau 2004). 

The β configuration allows cellulose to form long, straight, “fully extended” 

chains, i.e. molecular chains are stretched out in a straight line, in the opposite to the 14 

glucan of α -anomers, amylose, which is hexicalled shaped. All β-D-glucopyranose rings 

adopt a 4C1 chair conformation, the lowest free energy conformation of the molecule, in 

which, the glycosidic bonds and the ring substituents are all positioned in the ring plane 

(equatorial), while the hydrogen atoms are in the vertical position (axial) (Kovalenko, 

2010; Pérez & Mazeau 2004; Varshney & Naithani, 2011). This way, as represented in 

Figure 2, the cellulose molecule takes the form of a flat ribbon with hydroxyl groups 

protruding laterally along the extended chain and, as a consequence, these hydroxyl 

groups are readily available for hydrogen bonding, either within the same cellulose chain 

(intramolecular) or between different chains (intermolecular). 

 

Figure 2 – Schematic drawing of the intra- and intermolecular hydrogen bonding network in cellulose. It 

is important pointing out that the detailed features of hydrogen-bond pattern is still an ongoing subject for 

discussion. 

The presence of intramolecular hydrogen bonds is of high relevance with regard 

to single-chain conformation of cellulose, since they hinder the free rotation of the rings 

along their linking glycoside bonds resulting in the stiffening of the cellulose chain. These 
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intramolecular hydrogen bonds between adjacent AGU rings stabilize the glycosidic 

linkage insomuch that the rigidity and the linear integrity of the polymer chain are 

enhanced. The intermolecular hydrogen bonds, in turn, are thought to be mostly 

responsible to interchain cohesion, and thus, also to the aggregation state of cellulose 

(from sheet-like to fibrillar aggregates), also known as supramolecular structure (Djahedi 

et al., 2016; Dufresne, 2012; Habibi et al., 2010; Varshney & Naithani, 2011). 

Therefore, this very complex and strong hydrogen bonding network present in 

cellulose is extremely important for the particular characteristics of cellulose, such as 

reactivity, solubility, thermal stability and mechanical properties. For instance, it affects: 

(i) the reactivity of the hydroxyl groups, particularly of the C3 hydroxyl group, which 

hydrogen binds strongly to the endocyclic oxygen of the adjoining AGU unit in the same 

chain; (ii) the solubility, a priori, the high number of hydroxyl groups in a molecule 

should lead to a large solubility in water, but cellulose is insoluble in water and in most 

conventional solvents, since to solubilize it the solvent-solute attraction must be stronger 

than the high intermolecular attractive forces which hold the cellulose molecules together; 

(iii) the thermal stability, since high energy in the form of heat is required to overcome 

the high cohesive energy between the cellulose molecules, it explains why cellulose does 

not possess a liquid state (it decomposes prior to the onset of melting), this means that the 

total bonding force between the cellulose molecules is stronger than their covalent 

intramolecular bonds; (iv) mechanical properties, the intra and inter-chain hydrogen 

bonding system imparts to cellulose fibrils a relatively high axial stiffness and good 

strength. 

Another important feature arising from the flat ribbon-like shape of cellulose 

molecule and the positioning of its hydroxyl groups and hydrogen atoms in the pyranose 

ring (OH groups are equatorial, while the H atoms are oriented axially to the ring plane) 

is the formation of sites with markedly distinct polarities: the hydrophilic sites parallel to 

the ring plane and the hydrophobic sites perpendicular to the ring (Jarvis, 2003; Li & 

Renneckar 2011; Medronho & Lindman, 2014; Yamane et al., 2006). This feature is 

depicted in Figure 3, and is expected to considerably influence both the microscopic (e.g. 

interactions) and macroscopic properties (e.g. solubility) of cellulose.  
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Figure 3 – Hydrophilic and hydrophobic parts of cellulose molecule. (a) Hydrophobic sites of cellulose 

molecule in side view of glucopyranose ring plane showing the hydrogen atoms of C–H bonds on the axial 

positions of the rings, (b) hydrophilic sites of cellulose molecule in top view of glucopyranose ring plane 

showing the hydroxyl groups located on the equatorial positions of the rings (Yamane et al., 2006). 

The rotational conformation of the hydroxymethyl group can be altered, as shown 

in Figure 4, and this will have a profound impact on the hydrogen bonding pattern 

(Nishiyama et al., 2002). There are three possible low energy orientations for this 

substituent to the pyranose ring, defined by two letters (gt, gg and tg) referring to the trans 

and gauche states of the dihedral angles O6–C6–C5–O5 and O6–C6–C5–C4, 

respectively. For example, if O6–C6 is gauche to C5–O5 and trans to C5–C4, then the 

conformation is called gt. The reason for the difference in stability between these three 

staggered conformers is the relative proximity of the oxygen and carbon substituents 

(Habibi et al., 2010; O’Sullivan, 1997). 

 

Figure 4 – The three most probable rotational positions of the hydroxymethyl group defined by ascertaining 

the placement of the O6-C6 bond with respect to the C5-O5 and C5-C4 bonds. In this figure g and t are 

abbreviations of gauche (60°) and trans (180°), respectively, indicating qualitatively the value of a dihedral 

angle (Habibi et al., 2010). 
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2.2. Degree of polymerization of cellulose 

The size of the cellulose molecule, indicated by the degree of polymerization (DP) 

or molecular weight (MW), has a great influence on the mechanical, solution, biological, 

and physiological properties of cellulose. It is believed that a β (14) linked glucan with 

DP around 20–30 can offer all properties of cellulose (Dufresne, 2012; Klemm et al., 

2005; Kobayashi et al., 2001). Values of DP ranging from hundreds and several tens of 

thousands have been reported. The DP is heavily dependent on the source of the original 

cellulose (e.g., 10 000 in native wood, 15 000 in cotton, 44 000 in Valonia), and in less 

degree on the isolation and purification methods (e.g., 250 – 500 in regenerated cellulose 

and 1000 in bleached kraft pulp). The combination of procedures required to isolate and 

purify cellulose inevitably causes some degradation during analysis resulting in chains 

scission. The values of DP obtained are therefore minimal and depend on the method used 

to determine it. For the same reasons, the distribution of chain lengths of cellulose is not 

well established. Nonetheless, some authors suggest that the molecular mass distribution 

must be homogeneous for cellulose of a given source (Dufresne, 2012; Fengel & Wegener 

1989; Habibi et al., 2010; Klemm et al., 2005; Varshney & Naithani, 2011). 

In its commonly used form, isolated cellulose is always a polydisperse polymer, 

viz., like nearly all polymers it is a mixture of molecules that have the same basic 

composition but differ in the chain length. Thereby, the molecular mass and the DP of 

cellulose can only be considered as average values. Since celulose often has a high DP, 

the fibrils are quite long. For example, given a glucose unit as 0.515 nm long, for DP 

value of 10 000, the cellulose molecules may have average length around 5 μm by 

considering stretched chains. 

 

2.3. Cellulose biosynthesis and cellulose microfibril formation 

In nature, cellulose does not occur as an isolated molecule, but it is found as 

assemblies of individual chains forming a fiber-like structure. This is because cellulose is 

polymerized as individual molecules, which undergo spinning and crystallization in a 

hierarchical order at the site of biosynthesis resulting in fibrillar supramolecular structures 

(Habibi et al., 2010). That way, the biosynthesis of cellulose can be described as a 

complex sequential multistep phenomenon, involving coupled processes (i) the enzymatic 

polymerization of individual β-(1,4)-D-glucopyranose chains from glucose monomers, 

and (ii) the assemble of these glucan chains, through spinning and crystallization, to form 

fibrillar supramolecular structures (Dufresne, 2012). 
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Cellulose biosynthesis process takes place at plasma membrane-bound enzyme 

system in the cell wall, known as cellulose synthase complexes (CSCs). The CSCs have 

functional specialization roles in gene expression, regulation and catalytic functions 

(Festucci-buselli et al., 2007). The model proposed by Delmer and Amor (Delmer & 

Amor, 1995) represents the CSC through the cytoplasmic membrane within the plant cell 

(Figure 5). This hypothetical model describes the growth of glycosidic chains and the 

catalytic role of the main enzymes. According to this model, the polymerization of 

glucose is provided by an enzyme system whose main family is named cellulose synthase 

(CS), which cannot function without the presence of another class of enzymes called 

sucrose synthase (SUSY). SUSY hydrolyzes sucrose to fructose by creating a UDP-

glucose (uridine diphosphate-glucose) unit and it is within the CS that the UDP-glucose 

unit initiates the polymerization process by loss of the UDP (uridine diphosphate) unit 

and dimerization of glucose. Afther that, the growing chains are secreted via a pore (CSC 

subunit) and the crystallization event is brought about by a protein, the top subunit, which 

should facilitate alignment of the chains to promote precise crystallization into metastable 

cellulose I. 

 

Figure 5 – The Hypothetical Model of a Cellulose Synthase Complex in the Plasma Membrane (Delmer & 

Amor, 1995). A microfibril is synthesized via a multisubunit complex, with one unit of the complex 

responsible for the polymerization, secretion, and alignment of each glucan chain. For simplicity, the 

number of such units shown here in the complex and the number of chains formed are less than that expected 

in nature. This model should be considered purely speculative and is a composite derived from studies done 

with a variety of organisms, including bacteria, algae, and higher plants. 
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CSCs are often called the terminal complexes (TCs), due to their association with 

one end of microfibrils (collections of celulose chains) (Li et al., 2014; O’Sullivan, 1997). 

By microdiffraction investigation of nascent bacterial cellulose microfibrils Koyama et 

al. (1997) showed that the reducing end of the growing cellulose chains points away from 

the bacterium, providing evidence that polymerization takes place at the non-reducing 

end of the growing cellulose chains. Thus the non-reducing end is tightly associated with 

the catalytic region of TCs. TCs are made up of many identical subunits organized into 

specific geometrical arrangement, in which each subunit contains multiple catalytic sites 

for glucan chain polymerization (Moon et al., 2011). Although significant progress has 

been made in understanding the structure and regulation of CSCs, many fundamental 

aspects remain to be addressed (Li et al., 2014). 

Multiple glucan chains are processively polymerized by the TCs and immediately 

assemble to form the supramolecular structures with parallel arrangement of glucan 

chains. This requires that the newly synthesized glucan chains (i.e. the growing chains 

within the TCs) align in a parallel way to each other and pack into a specific crystalline 

arrangement (cellulose I), otherwise they would fold into the more thermodynamically 

stable cellulose II or simply exist as non-crystalline cellulose. Hence, although 

polymerization and crystallization are separate events, it is believed that crystallization 

follows very closely the polymerization in a way that allows the enzyme complex to 

govern the crystalline form of the microfibril (Li et al., 2014; O’Sullivan, 1997; Saxena 

& Brown, 2005).  

Cousins & Brown (1995) have proposed a general four-stage model to describe 

the microfibril formation from glucose monomers (Figure 6). The first stage is the 

enzymatic polymerization of glucan chains from glucose monomers (Figure 6, step 1). 

Just after the extrusion of the glucan chains from the enzyme’s catalytic site in TCs 

subunit, the second stage consists in the self-assembly of the chains via van der Waals 

forces which act perperdicularly to the main planes of the glucopyranose rings to produce 

a ‘‘minisheet’’ of cellulose chains parallely stacked (Figure 6, step 2). In the next step, as 

the “minisheets” pass from the interior of the enzyme complex subunit to the true exterior 

of the cell, these cellulose “minisheets” are held together side-by-side through hydrogen 

bonds to form elementary fibrils, also known as nanofibrils, where highly ordered regions 

(the crystallites) alternate with less organized ones (amorphous regions) (Figure 6, step 

3). In the last stage the elementary fibrils from different TC subunits join together into 
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either micro or macrofibrils (Figure 6, step 4), depending on the organism (Dufresne, 

2012; Moon et al. 2011; Cousins & Brown, 1995; Saxena & Brown, 2005). 

 

Figure 6 – A general proposed model for the stages of microfibril formation during celulose biosynthesis: 

(1) glucose monomers are polymerized enzymatically from catalytic sites in the enzyme complex subunits 

to form glucan chains; (2) the glucan chains associate via van der Waals forces to form mini-sheets; (3) 

minisheets associate and hydrogen bond to form elementary fibrils; (4) several minicrystals then associate 

to form a microfibril. Figure adapted from Cousins & Brown (1995). 

The geometrical configuration and the number of catalytic sites of the subunits 

within the TC, both of which vary between organisms (Figure 7), dictate the aggregation 

process, and thus the resulting supramolecular cellulose structure. 

 

Figure 7 – Schematics of rosette and linear TCs, for (a) wood (6 chains/subunit), (b) green algae (Valonia) 

(10–12 chains/subunit), and (c) bacterial (Acetobacter) (16 chains/subunit). Each dark circle represents a 

single subunit. Adapted from Moon et al. (2011). 
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 So, the cellulose biosynthesis is highly specific to the organism producing the 

cellulose. For example, in trees and plants the TC is proposed to be organized of 6 

identical subunits in hexagonal symmetry, known as rosette structure, with each subunit 

composed of 6 catalytic sites for cellulose chain polymerization, so each TC subunit 

produces a linear “minisheet” of 6 cellulose chains. From a single TC, the assembly of 6 

“minisheets” results in cellulose elementary fibril with 36 cellulose chains, a square cross-

section ~3–5 nm in size and contains both crystalline and amorphous regions (Moon et 

al. 2011). These elementary fibrils or nanofibrils are guessed to be the basic building 

block of cellulose. Then multiple elementary fibrils are brought together into larger units 

called microfibrils with a diameter of ~20-30 nm and length of several micrometers (many 

times larger than the cross-section).  

Figure 8 shows schematically these different stages of the formation of a wood 

microfibril. In wood, there are non-cellulosic constituents that are in close contact with 

cellulose in cell wall and they are thought to be involved in the bundling of cellulose 

microfibrils (Figure 8). Unlike cellulose, neither of these non-cellulosic constituents is 

manufactured directly in the cell wall, but both follow the more traditional intracellular 

synthesis followed by secretion. So, the inter-fibril space within a microfibril (viz. the 

space between the elementary fibrils or bundles of elementary fibrils within a microfibril) 

is filled with different proportions and kind of hemicelluloses, while the microfibril is 

wrapped with lignin. Thus, microfibril is essentially a natural composite material 

consisting of elementary fibrils embedded in a matrix of other cell wall compounds, 

mostly hemicelluloses and lignin (Chen, 2014; Ding et al., 2014; Nishiyama, 2009). 

It is worth mentioning that each microfibril in wood may contain multiple 

elementary fibrils, plus variable amounts and kinds of non-cellulosic matrix; hence the 

microfibrils can appear dramatically different in size and composition according to: cell 

wall, cell type, celulose-producing specie, state of cell differentiation of the plant etc.  

Owing to this inhomogeneous nature, the small size (which represent a real 

challenge to the limited resolution of the characterization techniques used), the close 

relationship with other cell wall constituents and the tendency to tightly associate with 

each other in the cell wall the exact features of wood microfibril are still poorly 

understood (or has not been up to now fully elucidated), though wood represents the 

largest source of celulose (Ding et al., 2014; Nishiyama 2009). 
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Figure 8 – Schematic of the different levels of the formation of a wood microfibril (adapted from Moon et 

al. 2011). (a) minisheet cross-section believed to form from a single subunit, in which van der Waals forces 

hold the cellulose chains together. Each grey box represents a cellulose chain looking down the chain-axis. 

(b) elementary fibril cross-section, the assembly of 6 minisheets into a cellulose crystal I lattice of ~3–5 nm 

dimensions. The consolidation of multiple elementary fibrils (the basic building block of cellulose) forms 

a microfibril, (c) microfibril cross-section composed of 6 elementary fibrils (according to the modified 

Frey-Wysling model) embedded in a matrix of other cell wall compounds, mostly hemicellulose and lignin 

(representend in green and brown, respectively), (d) microfibril lateral section showing the series 

configuration of crystalline and amorphous regions of elementary fibrils.  

In view of the inequality in size, many terminologies including elementary fibril, 

protofibril, nanofibril, fibril, microfibril, mini-crystal, microfibril bundle, macrofibril, 

have been used to describe the fibrillar celulose entities. Sometimes it generates 

confusion, because different authors use the term in different ways. There are diverse 

models and structural concepts for fibrillar structure of cellulose based on different 

observation and scientific environments, some of them facing counter evidence but still 

persisting in the literature. Thus, there appears to be no agreement as to the size and nature 

of microfibrils, perhaps due to a dependence of cellulose structure on the sample source 

(Nishiyama 2009; O’Sullivan, 1997). These models differ mainly in the description of the 

organization and the distribution of the amorphous or less ordered regions within the 

microfibril. After many years of controversy, it is common practice to acknowledge that 

the amorphous regions are distributed as chain dislocations on segments along the 

elementary fibril where the microfibrils are distorted by internal strain in the fiber and 

proceed to tilt and twist (Habibi et al., 2010). 
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Although the catalytic domains of celulose synthases are conserved for all 

cellulose-synthesizing organisms, the drastic differences in both the lifestyle of the 

organisms and the structure of the cellulose that they produce suggest that the regulatory 

proteins and the underlying mechanisms for celulose synthesis may have evolved 

independently (Li et al., 2014). 

The simplicity in the chemical structure of cellulose belies the complexities that 

are associated with the synthesis and assembly of this polysaccharide. Detailed 

descriptions of cellulose biosynthesis can be found in Festucci-buselli et al. (2007), Li et 

al. (2014) and Saxena & Brown (2005). Despite the recent advances using a combination 

of molecular genetics, live cell imaging, and spectroscopic tools, many aspects of the 

celulose biosynthesis are still not well understood (conjectural). Thus, there is problaby 

no biochemical pathway in plants that is both so important and so poorly understood at 

the molecular level as cellulose biosynthesis. 

 

2.4. Cellulose microfibrils and hierarchical organization of plant fibers 

Fiber is a generic term referring to material that has a length (that is long axis) 

many times greater than its diameter (most often 100 times greater in length than in 

diameter). For these materials the ratio between the length (L) and the diameter (D) (i.e. 

fiber length divided by diameter), known as aspect ratio (L/D), is normally greater than 

100. They are usually circular or nearly circular and are significantly stronger in the 

longer direction. Due to the strength and stiffness of fibers, they are the predominantly 

used reinforcements for advanced composites (Campbell, 2010). 

The fibers are classified according to their origin, which can be natural, artificial 

or synthetic. Specifically, the natural fibers can be divided into three groups: plant fibers, 

animal fibers and mineral fibers. Plant fibers are examples of complex systems developed 

by nature. Owing to their roles in the biological universe and to industrial applications, 

plant fibers are biodegradable materials of great importance today. Due to their unique 

structure the plant fibers can be considered as naturally occurring composites, in which 

the semicrystalline cellulose microfibrils act as reinforcing elements to a relatively 

amorphous matrix mostly made up of lignin and hemicellulose. While the matrix (lignin 

and hemicellulose) acts as a natural barrier to microbial degradation and serves as 

mechanical protection, the cellulose microfibrils have the function to provide rigidity and 

structural stability to the cell wall of the fibers (Célino et al., 2013; John & Thomas, 2008; 

Silva et al., 2009a).  Plant fibers consist therefore of cellulose microfibrils aggregate. 
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The plant fibers are essentially composed of cellulose, hemicelluloses (or 

polyoses) and lignin. So, plant fibers are often called lignocellulosic fibers. However, 

besides these components, plant fibers also contain pectins, extractives, waxes and 

minerals etc. The proportion of plant fiber constituents depends on parameters like 

botanical origin, maturation time, climatic conditions, age of the plant etc (Célino et al., 

2013; John & Thomas, 2008; Silva et al., 2009a).  

Hemicelluloses are not a form of cellulose, but are short chain, amorphous 

polysaccharides with 500–3000 monomer units with acidic groups. They include 

xyloglucans, xylans, glucomannans and galactoglucomannans. Their composition and 

structure are reviewed in Ebringerova et al. (2005). Lignin is an amorphous, complex 

phenolic macromolecule; the biosynthesis and structure of lignin are discussed in detail 

by Boerjan et al. (2003). Pectins are a group of polysaccharides rich in galacturonic acid 

units; for review on their composition and structure, see Brejnholt (2010). 

From a structural point of view, plant fibers are multicellular in nature and consist 

of bundles of elongated mostly cylindrical honeycomb cells which have different sizes, 

shapes and arrangements depending on the source of the plant fiber (Dufresne, 2012). 

Fibers may occur in almost any part of a plant: stems, leaves, fruits, seeds, etc. Their 

primary function is to provide mechanical support to the plants, although fibers in some 

species also participate in water transport. 

As can be seen in Figure 9, the cell wall in a fiber is not a homogenous membrane. 

In general, the wall of each individual cell is divided in primary wall (P) and secondary 

wall (S). Primary and secondary walls differ in the arrangement of the cellulose 

microfibrils. The former is the thin outer layer of the cell, is less ordered and essentially 

composed of cellulose microfibrils running in all directions (randomly orientated) within 

the plane of the wall. In the secondary cell wall, which represents about 90% of the total 

thickness of the cell wall, the cellulose chains are grouped in microfibrils which are 

parallel, giving a more densely packed arrangement, and are aligned more or less with the 

fiber axis. Depending on the cellulose-producing organism these microfibrils are often 

further associated in bundles or macrofibrils. These two “types” of cell wall also differ in 

function and in composition. Primary walls surround growing and dividing plant cells. 

These walls provide mechanical strength but must also expand to allow the cell to grow 

and divide. The much thicker and stronger secondary wall, which accounts for most of 

the carbohydrate in biomass, is deposited once the cell has ceased to grow. The cell starts 

producing the secondary cell wall after the primary cell wall is complete and the cell has 
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stopped expanding (Monica et al., 2009; O’Sullivan, 1997; Ramos, 2003, Silva et al., 

2009a). 

 

Figure 9 – Ilustration of the plant cell wall made up primary layer and secondary layers (S1, S2 and S3), 

with the volume fraction and orientation of cellulose microfibrils varying in each layer. Neighbouring cells 

are attached to each other by the middle lamella. Adapted from Dinwoodie (1975).  

The secondary wall can be subdivided into three distinct layers: inner layer (S3), 

middle layer (S2), and outer layer (S1) (Figure 9). These different layers have differences 

in composition, thickness, structure, microfibrillar angle (the angle between the fiber axis 

and the cellulose microfibrils), and so on. The central middle layer (S2) may contribute 

as much as 70–80% of the total cell wall. This thickest layer contains the main quantity 

of cellulose and thus the fiber properties certainly are largely governed by the feature of 

this layer, including the mechanical properties of the fiber. Within this layer the 

microfibrils are aligned parallel and packed densely in a flat helix. The middle lamella 

(ML) is the region between the cells and due to its high content of lignin the ML binds 

the neighboring cells, like a cementing agent or adhesive. The cells surround a central 

cavity called lumen. (Célino et al., 2013; Dufresne, 2012; Monica et al., 2009; Ramos, 

2003, Silva et al., 2009a). 

The structure, microfibrillar angle, cell dimensions, defects, and the chemical 

composition of fibers are the most important variables that determine the overall 

properties of the fibers. Generally, the tensile strength and the Young’s modulus of the 

fiber increase with increasing cellulose content. The microfibrillar angle determines the 

stiffness of the fibers. Plant fibers are more ductile if the microfibrils have a spiral 
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orientation to the fiber axis. If the microfibrils are oriented parallel to the fiber axis, the 

fibers will be rigid, inflexible and have high tensile strength. Lastly, the properties of 

natural fibers vary largely depending on the processing method used to break down the 

lignocellulosic material to the fiber level. The world-wide most important plant 

fibers used today are: sugarcane bagasse, bamboo, cotton, flax, jute, curaua, sisal and 

wood fibers (Thomas & Pothan, 2008). 

Therefore, in nature, cellulose occurs as a slender rod-like or threadlike entity, 

formed during biosyntesis. This entity is called the microfibril (collection of cellulose 

chains) and it forms the basic structural unit of the plant cell wall. Each microfibril can 

be considered as a string of cellulose crystallites, linked along the chain axis by 

amorphous domains. They are biosynthesized by enzymes and deposited in a continuous 

fashion. Their structure consists of a predominantly crystalline cellulose core. This is 

covered with a sheath of paracrystalline polyglucosan material surrounded by 

hemicelluloses (Dufresne, 2012). Figure 10 represents the hierarchical organization of 

cellulose molecules in the cell wall in the form of microfibrils within the wood fibers. 

 

Figure 10 – Schematic diagram for the hieralchical structure: from tree to cellulose (adpted from Fengel 

&Wegener 1989; and Ritter 2008). 
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3. SEMICRYSTALLINE NATURE OF CELLULOSE 

As might be expected, the many hydroxyl groups readily available for hydrogen 

bonding associated to “extended” chain structure of cellulose macromolecule causes the 

chains, or part of them, to become sufficiently aligned parallel to each other forming a 

compact packing that gives rise to three-dimensional highly ordered structures (crytal-

like) of long-range, viz. order extending to distances of hundreds or thousands of times 

the molecular size of the repeating unit. However, seeing that the chains are usually longer 

than these crystalline regions, they are thought to pass through several different crystalline 

regions which have less-ordered areas in between them. These less-ordered regions are 

also frequently referred to as amorphous or non-crystalline regions. Unlike the crystalline 

region, the cellulose chains in the amorphous region are arranged irregularly and loosely, 

so the distance between molecules is larger. The amorphous state is thus characterized by 

an absence of long-range ordering and greater orientation disorder of cellulose chains. 

Accordingly, cellulose microfibrils are said to be semicrystalline materials, because 

ordered regions characterized by a long-range regular spatial arrangement coexist with 

disordered regions typical of the amorphous state. 

It must be emphasized that polymers are often referred to as crystalline, but, unlike 

ionic crystals and metals, in crystals of polymers, the arrangement of atoms is not 

perfectly regular as in ideal crystals and considerable disorder can be included. On one 

hand, this may be due to the presence of microstructural defects of constitution, 

configuration and conformation in the single macromolecules, which may be included in 

the crystals. On the other hand, it may be also a consequence of the inability of the 

polymer chains to completely disentangle and line up properly owing to the long-chain 

nature and subsequent entanglements. Since these requirements are not completely 

satisfied, crystals of polymers are very far from the ideality, and thus structural disorder 

inside polymer crystals is a rule rather than an exception. So, the main characteristic of 

polymeric materials is that, unlike other crystalline materials, they are never totally 

crystalline but are semicrystalline (de Rosa & Auriemma, 2013; Sperling, 2005). By the 

way, the term “configuration” refers to the geometrical organization of the atoms along 

the chain that is determined by chemical bonds; while the term “conformation” denotes 

the spatial arrangement of the atoms and substituents of a polymer chain that arises from 

the simple rotation about single bonds. Different conformations are obtained simply by 

rotation around the single primary bonds. Unlike the conformation, the configuration of 

a polymer chain cannot be altered without breaking chemical bonds. 
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Several others studies carried out at the sub-microscopic scale emphasized the 

discontinuous character of microfibrils (i.e. the biphasic nature of its structure). 

Experimental evidence was provided by wide angle (Fink et al., 1987) and small angle 

X-ray diffraction (Grigoriew & Chmielewski, 1998), solid state 13C NMR (nuclear 

magnetic resonance) experiments (Earl and VanderHart, 1981), and tensile tests 

performed on cellulose fibers (Ishikawa et al., 1997). As mentioned in the previous 

section on cellulose biosynthesis, the crystallization follows very closely the 

polymerization of glucopyranose residues in a way that allows the present proteins of the 

TCs to govern the microfibril crystalline form. Analogously to Figure 8d, a simplified 

view of the organization of crystalline and amorphous domains in cellulose microfiber is 

shown in Figure 11. Thus, as a basic rule, microfibrils can be considered as a slender rod-

like element composed of highly ordered regions (the cellulose crystals) linked along the 

fiber axis by less organized ones. 

 

Figure 11 – Possible microstructure of cellulose microfibrils showing the highly ordered regions (the 

crystallites) that alternate with less organized ones according to the traditional two-phase model system. 

The secondary interactions (i.e. non-covalent interactions) such as van der Waals 

and hydrogen bonds are intrinsically related to the cohesion between cellulose chains and 
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their strong tendency to crystallize. But, considering that these hydrogen bonds in 

cellulose have strength on the order of ~20-40 kJ/mol and are significantly stronger than 

van der Waals forces which have strength of ~2-25 kJ/mol, these hydrogen bonds are 

thought to be the main responsible to the interchain cohesion, and therefore, to the 

formation of the crystalline domains in cellulose (Belgacem & Pizzi, 2016; Krassig, 

1993). 

Thermodynamically, the crystal formation can be explained by the balance 

between entropy and enthalpy effects during the packing of cellulose chains. According 

to Qian et al. (2005) the hydrogen bonds are stronger in the cellulose crystal in 

comparison to the single chains or sheets. This indicates that during the packing of the 

chains, the –OH groups are closer. In that situation there is a loss in the conformational 

degree of freedom of the molecules, causing the formation of hydrogen bonds as 

compensation. The formation of bonds is an exothermic process (ΔH < 0) that causes a 

decrease in enthalpy and this can compensate the rigidity and decrease of the entropy. It 

can keep the system stable with a negative overall energy (ΔG < 0). As expected by the 

Gibbs equation (Equation 1) (Qian et al., 2005; Mariano, 2016). 

∆𝐺 =  ∆𝐻 − 𝑇∆𝑆   Eq.  (1) 

  Conversely, also according to Qian et al. (2005) the crystal size is able to 

increase by the deposition of new monomers, but after some point the hydrogen bonds 

can no longer compensate these effects. At this time, the system will be dominated by the 

entropy effects, causing disorder. This can explain the periodic nature of the distribution 

of the amorphous zones in the cellulose supramolecular structure that can be observed in 

Figure 11. This periodic nature of the distribution of disordered regions along ramie 

microfibrils was demonstrated by Nishiyama et al., (2003) using small angle neutron 

diffraction. A periodicity of about 150 nm was found, corresponding to the sizes estimated 

by diffraction of hydrolyzed microfibrils. Earlier, it has been believed that disordered 

chains are located primarily on the surface of microfibrils (Kovalenko, 2010). 

In view of the fact that in the crystalline site the hydrogen bonds are stronger and 

more numerous in comparison to non-crystalline one, the physical and mechanical 

properties of the crystalline and non-crystalline phase can be different. For instance, 

properties such as elastic modulus and density and are higher for crystalline zones than 

for non-crystalline ones (Sinko et al., 2013; Kulasinski et al. 2014). In particular, the 

mechanical properties have been found to be substantially distinct. While the chain 
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molecules in the disordered regions contribute to the flexibility and the plasticity of the 

bulk material, those in the ordered regions contribute to the stiffness and elasticity of the 

material (Dufresne, 2012). 

Concerning these mechanical properties, there are several modeling studies that 

are concerned with the contribution of hydrogen bonding to the stiffness of the cellulose 

chain (Wohlert et al., 2012). By removing the hydrogen bonds from the computational 

model Eichhorn & Davies (2006) noted a decrease in elastic modulus in the chain 

direction by 15%, while Tashiro & Kobayashi (1991) calculated the contribution to 40%. 

Kroon-Batenburg et al. (1986) and, more recently, Cintrón et al. (2011) obtained values 

as high as 55–60%. These studies were carried out considering the crystalline structure 

of cellulose Iβ and are able to highlight the importance of the hydrogen bonds on 

mechanical properties.  

The degree of crystallinity of polymers can be defined as the fraction of a polymer 

that is occupied in the crystalline region, being often expressed in percentage. The degree 

of crystallinity of cellulose microfibrils depends on their origin and also on the processing 

method used to obtain the microfibril, e.g. the percentage of crystalline domains in 

cellulose isolated from softwood ranges from 40 to 60%, whereas the percentage of 

ordered chains in cellulose from bacteria and algae are typically higher, reaching values 

greater than 80%. Thus, the degree of crystallinity definitely has a great practical 

importance, since the physical and mechanical properties of the fiber-like cellulose 

structure are directly related to its value. 

Except physical and mechanical properties, also the physico-chemical behavior of 

the crystalline and non-crystalline domains is distinct, hence the physico-chemical 

behavior of cellulose is strongly related to its degree of crystallinity influencing directly 

the accessibility for chemical derivatization, swelling, water-binding etc. Therefore, the 

degree of crystallinity is a very important property which needs to be taken into account 

when considering the manufacturing and applications of cellulose and cellulosic materials 

(Schenzel et al., 2005). 

The degree of crystallinity of cellulose can be measured by several different 

techniques including wide-angle X-ray scattering, solid-state 13C NMR, Fourier 

transform infrared spectroscopy and Raman spectroscopy. Even though results from 

different techniques show a good correlation, the values obtained for the degree of 

crystallinity can vary significantly depending on the technique used and also the data 

analysis method applied (Park et al., 2009; 2010). 
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Other important distinct feature between the crystalline and non-crystalline phase 

is the rotational conformation of the hydroxymethyl group (see Figure 4). The tg 

conformation is characteristic for the crystal structure of native cellulose, called cellulose 

I. gt is characteristic for regenerated or mercerized cellulose crystals, cellulose II. gg is 

found, together with gt and tg, in non-ordered regions (Habibi et al., 2010; Nishiyama et 

al., 2002; O’Sullivan, 1997). 

The two-phase model is very sucessful to describe the property of semicrystalline 

polymers in general, however, this two-phase model considering only the crystalline and 

amorphous phase is a simplified view. Polymers consist, indeed, of various regions, each 

with a characteristic degree of internal order, ranging continuously from something close 

to the ideal crystalline state to the completely amorphous state. In the highly crystalline 

regions, the arrangement of atoms or molecules is not always perfectly regular, and even 

in amorphous regions, there are often areas in which the molecules are roughly parallel 

with an arrangement close to that of crystals (De Rosa & Auriemma, 2013; Sperling, 

2005). 

Whereas the crystalline cellulose is relatively well understood, there are numerous 

aspects pertaining to the structure and properties of amorphous cellulose that are less 

understood (Kulasinski et al., 2014). It is probably associated to the current knowledge 

on the amorphous state of polymers in general, which remains very incomplete at this 

time (Sperling, 2005). For instance one interesting question from the point of view of 

fundamental understanding of the properties of cellulose, is whether the amorphous 

regions of cellulose microfibril are paracrystalline or fully amorphous. Indeed the 

amorphous portions within a cellulose microfibril may not be fully disordered but may 

rather behave like bundles of nearly parallel chain which are not well enough oriented to 

give a long-range highly ordered three-dimensional structure, but these amorphous 

regions of cellulose may contains some residual order chacaterized by short-range 

interactions. These amorphous regions with some residual order are known as 

paracrystalline domains. Kulasinski et al. (2014) in a recent study provided evidence in 

support of, and consistent with, the hypothesis of the existence of this paracystalline 

interphase which has intermediate mechanical properties between the crystalline and fully 

amorphous phases in wood microfibrils. 

Apart from the dependency on the degree of crystallinity, the physical and 

mechanical properties of polymer materials also are strongly influenced by the crystalline 

structure and morphology. “Crystalline structure” refers to the way in which the chains, 

https://play.google.com/store/books/author?id=Claudio+De+Rosa
https://play.google.com/store/books/author?id=Claudio+De+Rosa
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in a particular conformation, are packed, giving rise to the regular three-dimensional 

structure, while “crystalline morphology” refers to the size and shape of the crystallites, 

their arrangement, and their interconnection with the amorphous phase. 

 

3.1. Cellulose crystal structure and cellulose Polymorphs 

 Broadly speaking, in the context of chemistry, polymorphism is an inherent 

property of the solid state in which the solid phase of a given chemical compound can 

exhibit different crystal structures which, although possessing the same chemical 

composition, may manifest different properties. Each distinct form of the crystal structure 

for a given compound is called a polymorph or allomorph and they have a different 

arrangement and/or conformation of the molecules in the crystal lattice. The word 

polymorphism comes from a Greek word. The term “poly” means “many” and “morph” 

means “form or shape”, so the word polymorphism can be translated to many forms. The 

investigation of crystal forms impacts on fundamental science as well as on utilitarian 

objectives because different polymorphs may display a range of different properties (e.g. 

density, solubility, melting point, free energy, rate of dissolution, tensile strength and 

tabeling etc), which may affect application and utilization of the solid materials 

(Bernstein, 2002). 

 Polymorphism is quite common for crystals of organic compounds whose 

molecules contain groups capable of hydrogen bonding (Bernstein, 2002). The repeating 

unit of cellulose, or cellobiose, includes six hydroxyl groups and three oxygen atoms. 

Therefore, the presence of six hydrogen bond donors and nine hydrogen bond acceptors 

provides several possibilities for forming various hydrogen bond systems. Due to 

different mutual arrangements of the glucopyranose rings and possibility of 

conformational changes of the hydroxymethyl groups, cellulose chains can exhibit 

different crystal packings (Kovalenko, 2010). As a result, cellulose has several 

polymorphs, namely cellulose I, II, III and IV and their varieties Iα, Iβ, IIII, IVI, IIIII and 

IVII. Most of these polymorphs result from chemical treatments of polymorph I. These 

polymorphs differ by packing (i.e. unit cell parameters) and polarity of the constituting 

chains, as well as the hydrogen bond patterns established between them (Wada et al., 

2008). The first structural model was suggested in 1937 by Meyer and Misch (Meyer & 

Misch, 1937). Since then considerable progress has been made in elucidating the crystal 

structures of cellulose. However, on account of the structural variety of cellulose, the 

structural properties continue to be under intensive characterisation and there are still 
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many open questions. The possible transitions between the different cellulose polymorphs 

are presented schematically in Figure 12 (Dufresne, 2012). This review focuses on the 

Cellulose I and II structures. 

 

Figure 12 – Possible interconversions of cellulose polymorphs. Adapted from Dufresne (2012). 

Cellulose I is the most abundant polymorph in nature. That is why it is known as 

native cellulose and it is the focus of major studies in the area. In 1984, Atalla and 

Vanderhart by high-resolution solid-state 13C NMR spectroscopical studies demonstrated 

that native cellulose actually consists of two distinct polymorphic forms, namely cellulose 

Iα and Iβ (Atalla & VanderHart, 1984). These two different crystalline forms of cellulose 

I can be found alongside each other and the Iα/Iβ ratio depends on the source, i.e. origin 

of the cellulose. The Iα structure is dominant in most algae and bacteria (which are 

considered as primitive organisms), whereas Iβ is the dominant polymorph in higher 

plants and in tunicates (Dufresne, 2012; Wada et al., 2008). Nishiyama and co-workers 

by means of synchrotron X-ray and neutron fiber diffraction have provided the most 

accurate characterization of the Iα and Iβ lattice structures to date. Cellulose Iα 

corresponds to a triclinic unit cell, space group P1, containing only one chain per unit cell 

and the unit-cell parameters are a = 0.672 nm, b = 0.596 nm, c = 1.040 nm, α = 118.08°, 

β = 114.80°, γ = 80.37°. The polymorph Iβ has a monoclinic unit cell, space group P21, 

with two chains per unit cell and the unit-cell parameters are a = 0.778 nm, b = 0.820 nm, 

c = 1.038 nm, α = β = 90°, γ = 96.51° (Nishiyama et al., 2002; 2003b). The Iα and Iβ unit 

cells are shown in Figure 13b. The characteristic features of the complex hydrogen bond 

pattern established in each of these polymorphs (Iα and Iβ) and their differences are well 

discussed by Kovalenko (2010). The Iα phase is considered to be less thermodynamically 
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stable than the Iβ phase, because it can be irreversibly converted into Iβ by high-

temperature annealing at 260 to 280°C in various media, such as organic solvents or 

helium. However, complete conversion to Iβ is typically not achieved (Dufresne, 2012; 

Wada et al., 2008; Yamamoto & Horii, 1993).  

Despite the differences between Iα and Iβ unit-cell parameters, the shifts in the 

cellulose chain arrangement are small when viewed along the chain axis (Figure 13a). 

Three lattice planes with approximate d-spacings of 0.39 nm, 0.53 nm, and 0.61 nm are 

shared and correspond to Iα lattice planes (110)Iα, (010)Iα, and (100)Iα, and Iβ lattice 

planes (200)Iβ, (110)Iβ, and (1-10)Iβ, respectively. As the projection perpendicular to the 

chain axis in the plane of the hydrogen-bonded sheets shows, the main difference between 

cellulose Iα and Iβ is the relative displacement of sheets (parallel stacking of cellulose 

chains in one plane) along the (110)Iα and (200)Iβ planes (called ‘‘hydrogen-bonded’’ 

planes) in the chain axis direction (Figure 13c and d). For Iα there is a relative 

displacement of c/4 between each subsequent hydrogen-bonded plane (i.e. neighboring 

sheets), while for Iβ the displacement alternates between c/4 and -c/4 (Moon et al., 2011). 

An important common feature for both polymorph Iα and Iβ is that there are no intersheet 

O–H∙∙∙O hydrogen bonds and, therefore, the cellulose sheets are held together by only 

hydrophobic interactions (van der Waals forces) and weak C–H∙∙∙O hydrogen bonds. So, 

the most likely route for solid-state conversion of cellulose Iα  Iβ is the relative slippage 

of the cellulose chains past one another. Such a movement does not require the disruption 

of the hydrogen-bonded sheets but slippage by c/2 at the interface of the sheets 

(Nishiyama et al., 2003b; Pérez & Mazeau, 2004). 

In both phases (Iα and Iβ) the hydroxymethyl groups are oriented in the tg 

conformation and the cellulose chains are arranged in what is called the ‘‘parallel-up’’ 

configuration (Koyama et al., 1997; Nishiyama et al., 2002; 2003b). This parallel-up 

packing in cellulose Iα and Iβ unit cells was experimentally demonstrated by Koyama et 

al. (1997) through a combination of direct-staining the reducing ends of cellulose chains 

and microdiffraction-tilting electron crystallographic analysis. Since the cellobiose repeat 

unit has a different structure on either side of the 1–4 linkage, the directionality of the 1-

to-4 linkage (14 linkage) along the length of the cellulose chain affects how 

neighboring chains interact with each other. The term ‘‘parallel’’ is used when all the 

cellulose chains are arranged such that the 14 link points in the same direction. In 

contrast “antiparallel” describes alternating stacking of the cellulose chains in the 14 

link directionality between different hydrogen bonding planes. The direction of the 
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cellulose chain 14 link with respect to the c-axis of the unit cell is also defined because 

this alters the interaction between neighboring hydrogen bonding planes (Figure 13a). 

The ‘‘up’’ configuration corresponds to the 14 link direction pointing in the positive c-

axis direction of the unit cell, while the ‘‘down’’ configuration the 14 link direction 

pointing in the negative c-axis direction (Moon et al., 2011). Note that most of the 

literature uses a different convention, in which ‘‘up’’ versus ‘‘down’’ are defined in terms 

of the relative location of the O5 and C5 atoms along the positive c-axis of the unit cell. 

In the ‘‘up’’ configuration, the position of O5 is greater than that of C5, while in the 

‘‘down’’ configuration the position of O5 is less than that of C5 (Koyama et al., 1997). 

Both Iα and Iβ have the ‘‘parallel-up’’ configuration, thus all cellulose chain segments 

run parallel along the chain axis and are arranged such that the 14 link points in the 

same direction (Figure 13c, d) and that direction is in the positive c-axis direction of their 

respective crystalline unit cell (Moon et al., 2011). 

 

Figure 13 – Schematic of the unit cells for cellulose Iα (triclinic, dashed line) and Iβ (monoclinic, solid 

line): (a) projection along the chain direction with the Iα and Iβ unit cells superimposed on the cellulose I 

crystal lattice, showing the parallelogram shape of both unit cells when looking down the c-axis. In this 

orientation both unit cells have nearly identical molecular arrangements, sharing the three major lattice 

planes, labeled 1, 2, and 3, with the corresponding d-spacings of 0.39, 0.53, and 0.61 nm. The corresponding 

lattice planes for 1, 2, and 3, are (110)Iα, (010)Iα, and (100)Iα, for Iα and (200)Iβ, (110)Iβ, and (1-10)Iβ for Iβ. 

(b–d) View along the direction labeled 4, (b) relative configuration of  Iα with respect to Iβ unit cell and 

the displacement of the hydrogen bonding sheets for (c) Iα of +c/4, and for (d)  Iβ alternating +c/4 and -c/4 

(from Moon et al., 2011). 

Cellulose II is the second most extensively studied allomorph due to its technical 

relevance. Cellulose II, like cellulose Iβ, has the monoclinic unit cell, space group P21, 

containing two chains, but differ in the unit-cell parameters, which are a = 0.801 nm, b = 

0.902 nm, c = 1.034 nm, α = β = 90°, γ = 117.11°. Unlike cellulose I which has a parallel-

up orientation and the hydroxymethyl groups oriented in the tg conformation, the chains 
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in cellulose II are aligned in an antiparallel manner (up and down directions) with the 

hydroxymethyl groups near the gt conformation (Langan et al., 1999, 2001, 2005). These 

diferences are regarded as the most significant differences between the cellulose 

polymorphs I and II. As previously mentioned, the term antiparallel refers to alternating 

stacking of the cellulose chains in the 14 link directionality between different hydrogen 

bonding planes (Pérez & Mazeau, 2004; Kovalenko, 2010). Recently, Kim et al. (2006) 

using a method of reductive amination, followed by gold labeling, visualized the reducing 

ends of cellulose I and cellulose II “crystals” by transmission electron microscopy (TEM) 

showing that the reducing groups are all located at the same end of the chain assembly 

(parallel arrangement) for cellulose I, while for the mercerized specimen (cellulose II) the 

reducing groups are alternatively on either side within the assembly (antiparallel 

arrangement). Owing to this antiparallel directionality of the chains, the polymorph II is 

often said to be less polar when compared to polymorph I. In effect, though there is a 

general consensus that the chains are packed in antiparallel mode in cellulose II, this is 

not unanimously accepted and such question is still raising many debates. 

Other notable feature of cellulose II is that during the conversion from polymorph 

I to II, the exocyclic C6H2OH groups rotate from the tg to the gt conformation so that an 

inter-residue hydrogen bond is lost. However, new intersheet hydrogen bonds are 

established. This redistribution of hydrogen bonds is particularly interesting, because it 

provides a more uniform distribution of the H-bonds connecting all neighboring cellulose 

molecules and at the same time improves the interlayer attraction forces (i.e. the forces 

involved in the attraction of cellulose sheets to each other). In other words, in cellulose II 

the absence of the second hydrogen bond along the chain is compensated by the presence 

of four weak hydrogen bonds between the sheets, and although these new bonds are 

weaker, their number (four hydrogen bonds per glucopyranose residue) is sufficiently 

large to have an effect on the properties of this polymorph (Figure 14). Therefore, 

cellulose I and II possess different properties and advantages over the other, what make 

the polymorph II preferable for some applications (Langan et al., 1999, 2001, 2005; Pérez 

& Mazeau, 2004; Kovalenko, 2010, Wada et al., 2008; Yue et al., 2012; Jin et al., 2016). 
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Figure 14 – Schematic projections of the crystal structures of cellulose Iα, Iβ and II down the 

chain axes directions. C, O, and H atoms are represented as gray, red, and white balls, respectively. Covalent 

and hydrogen bonds are represented as full and dashed sticks, respectively. Only the major components of 

hydrogen bonds are represented. Adapted from Wada et al. (2004). 

The changes in hydrogen bonding network (mentioned above) imparts to cellulose 

II an additional stability compared to cellulose I, which could explain why it is possible 

to convert cellulose I to cellulose II, but not in the reverse direction. Thus, the transition 

from cellulose I to cellulose II is widely considered as irreversible, suggesting that 

polymorph II is thermodynamically more favorable than polymorph I. A detailed 

description of the complex hydrogen-bonding system in cellulose II, as well as the 

comparison with the hydrogen bond network present in cellulose I, is provided by 

Kovalenko (2010).  
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Cellulose II can be prepared from native cellulose (cellulose I) by two distinct 

processes: i) mercerization (alkaline treatment) or ii) regeneration (solubilization 

followed by recrystallization). 

i) Mercerization, a universally recognized process the name of which is derived 

from its inventor John Mercer, is an essentially solid-state process during 

which cellulose fibers are swollen in concentrated alkali media and 

recrystallized into cellulose II upon washing and drying (removal of the 

swelling agent). The mercerization of cellulose leads only to its swelling, but 

not to solubilization. 

ii) In the process known as regeneration, the native cellulose (polymorph I) is 

dissolved in a solvent and subsequent reprecipitated by adding a non-solvent, 

leading the chains to recrystallize into cellulose polymorph II. 

Even though the unit cells of cellulose II obtained by these two distinct routes 

resemble each other closely, small differences have been reported. For example, the 

values of the b parameter in mercerized cellulose from ramie has been quoted as 0.810(3) 

nm and 0.801(5) nm in the case of regenerated specimen. In addition, the torsion angle χ 

of the center chain, representing the conformation of the hydroxymethyl group, is 

+148(6)° and -175(8)° for regenerated and mercerized samples, respectively (Langan et 

al., 1999, 2001). So, it could be argued whether these different methods of preparation of 

cellulose II might account for some of the small differences. Facing these small 

differences reported between the mercerized and regenerated celluloses, which could be 

negligible on account of the different resolutions of X-ray data utilized, Langan et al. 

(2005) provided experimental data from which it is possible to conclude that these two 

singular ways for preparing cellulose II lead to essentially identical crystal and molecular 

structures. 

It must be mentioned that cellulose II can, in rare cases, be formed naturally; two 

examples are that of the marine alga Halicystis (Sisson, 1938) and the gram-positive 

bacterium Sarcina (Canale-Parola, 1970). Other cases relate to conditions where the 

normal process of synthesis is perturbed, either by mutation (Kuga et al, 1993) or by 

addition of the dye Tinopal (Cousins & Brown, 1997), which alters crystal structure and 

leads to an antiparallel structure. Both are very useful to insights into the crystalline 

structure and morphology of cellulose II as will be discussed along the next sections. 
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3.2. Mercerization and regeneration processes 

 The main difference between these processes is that during regeneration the 

cellulose is solubilized, while mercerization leads only to its swelling. So, understanding 

the phenomena of swelling and dissolution can lead to deeper insights into regeneration 

and mercerization processes. Indeed, swelling and dissolution are two completely 

different phenomena. Polymer swelling is often defined as a process where the solvent 

molecules penetrate and labilize the polymer structure to a certain extent, leaving the 

volume and physical properties of the polymer significantly changed, although the solid 

or semi-solid state remains. On the other hand, dissolution is a transition from a two-

phase system to a one-phase system (clear solution), in which the original supramolecular 

structure of the polymer is fully destroyed, resulting in a solution where the polymer is, 

at best, molecularly dispersed. Typically, polymer dissolution is preceded by polymer 

swelling. However there is no clear-cut borderline between a swelling process and a 

dissolution process, so that the same system can act either as a swelling agent or as a 

dissolution agent, depending on the properties of the polymer (cellulose) and operation 

conditions. In addition, both swelling and dissolution occur from the outside to the inside 

of the bulk of the polymer, being the kinetics considerably different regarding the 

amorphous and crystalline zones. Due to the higher free energy, the amorphous regions 

are preferentially and more easily accessed (Klemm et al., 1998; Medronho & Lindman, 

2014; Zhang et al., 2006). 

Despite the fact that Mercer introduced the “mercerization” transformation more 

than 150 years ago, the unraveling of its mechanism remains a question of intense debate 

and the elucidation of the detailed events that take place during the mercerization is of 

great interest, especially as the process does not appear to require solubilization of the 

cellulose chains (Lee et al., 2013; Pérez & Mazeau, 2004). In general terms, the 

mercerization has been explained as an interdigitation mechanism in which, when 

sufficient swelling is applied, the cellulose chains from neighboring nanofibrils of 

opposite polarity would intermingle and recrystallize into the antiparallel mode upon 

removal of the swelling agent (Kim et al., 2006; Nishiyama et al., 2000; Okano & Sarko, 

1985). Therefore, this mechanism apparently consists in a lateral reorganization of chains 

of opposite polarity from the swollen state. 

In the mercerization, the interconversion from cellulose I to cellulose II passes 

through a kind of intermediary state called alkali-cellulose complex. By means of 

characterization by X-ray diffraction, evidence for the occurrence of different types of 
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this intermediary state that could be classified as a function of the cellulose chain 

conformation has been put forward (Okano & Sarko, 1984). Some studies have been 

focussed on these various types of alkali-cellulose complexes (Nishimura et al., 1991a, 

1991b; Okano & Sarko, 1985; Porro et al., 2007; Schoeck et al., 2007). 

According to the literature about mercerization process, in concentrated alkaline 

solutions the cellulose lose most of their original hydrogen bonds either by polymer-

solvent interactions and/or deprotonation of part of their hydroxyl groups, making both 

the amorphous and crystalline regions swell, increasing the distance between 

crystallographic planes and simultaneously leading to the formation of alkali-cellulose 

complexes. In this swollen state, the chains are able to undergo conformational changes 

without chain solubilization. Upon neutralization of the solution (i.e. ion removal), new 

interactions between hydroxyl groups of adjacent chains are possible and the chains 

crystallize into cellulose II, which is more thermodynamically favorable. Furthermore, on 

the morphological level, relevant changes in fibrilar architecture can take place (such as 

lumen collapse). Under these circumstances, mercerization is widely considered as a 

solid-phase transition or solid state process. Interestingly, despite the remarkable changes 

in the supramolecular structure, the gross structure of the cellulose sample as a moiety of 

particles or fibers or as a film can be largely maintained in the mercerization process 

(Kleem et al. 1998; Lee et al., 2013; Pérez & Mazeau, 2004; Zhang et al., 2006). 

 The absence of hydrogen bonds between the layers (sheets) explains the 

possibility of penetration of the sodium ions in the structure of native cellulose to 

transform it into a new crystalline structure containing these ions, which have the ideal 

size to fit between the sheets containing the network of hydrogen-bonded parallel 

cellulose chains (Belgacem & Pizzi, 2016). 

It should be underlined that experimentally the conversion from cellulose I to II 

by the mercerization process depends primarily on the swelling agent system, alkali 

concentration, ratio of swelling agent to cellulose substract, temperature, time, pH etc. 

Treatment with alkali at a concentration below the transition value provides conditions 

that are not sufficient for hydroxide ions to penetrate into the cellulose I crystals and 

therefore no polymorphic transformation takes place. 

Typically, mercerization is done in concentrated aqueous sodium hydroxide 

solutions, although many other swelling agents (such as aqueous solutions of other alkali 

metal hydroxides e.g. lithium, potassium hydroxides; alcohol/water/sodium hydroxide 

systems in which the alcohol can be metanol, etanol or butanol; or even similar systems 
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with other solvents instead alcohol) are also able to only swell cellulose and convert 

native fibers to cellulose II (Habibi et al., 2010; Han et al., 2013; Mansikkamaki et al., 

2005; Klemm et al., 2005; Krassig, 1993; Wang et al., 2014). 

As already abovementioned, unlike mercerization, in the regeneration process the 

transiton from cellulose polymorph I to II occurs through cellulose dissolution, in which 

the original crystalline form of cellulose is expected to be fully destroyed, because to 

solubilize the polymer the solvent-solute attraction must be stronger than the numerous 

intermolecular cohesive forces which hold the cellulose chains together. Regarding the 

dissolution itself, the more consensual vision of experts in the field is that the key factor 

(and challenging) to dissolve cellulose in a given solvent resides in the solvent ability to 

break the strong hydrogen bond network. Other interactions among cellulose molecules 

have been mostly ignored. However, some works recently argued against this accepted 

picture, they have concluded that cellulose has clear amphiphilic properties and a careful 

examination of the interactions involved suggests that hydrophobic interactions play a 

significant role in governing cellulose solubility (Lindman et al., 2010; Medronho et al., 

2012; Medronho & Lindman, 2014).  

From a thermodynamic point of view the dissolution of a polymer, such as 

cellulose, in a solvent is, of course, governed by the free energy of mixing. The mixing 

process will occur spontaneously when the free energy change on mixing is negative. 

Otherwise, phase separation may result from the mixing process. The polymer molecular 

weight is a key parameter in dissolution; the higher the molecular weight, the weaker is 

the entropic driving force contribution for dissolution. Under these conditions, the 

enthalpy term is crucial in determining the sign of the Gibbs free energy change. One 

should mention that polymer dissolution is often controlled by kinetics rather than by 

thermodynamics and cellulose is a very clear example of this. Thermodynamically, a 

reasonable solvent for cellulose dissolution must be able to overcome the low entropy 

gain by favorable solvent/polymer interactions (Medronho & Lindman, 2014), viz. it is 

essential that the change in enthalpy be negligible or negative to assure a negative value 

for the change in free energy. 

Reaching molecularly dispersed systems has been challenging for nearly all 

known solvent systems. Unlike non-polymeric materials, polymers do not dissolve fast, 

and the dissolution is controlled by either the disentanglement of the polymer chains or 

by the diffusion of the chains through a boundary layer adjacent to the polymer–solvent 

interface. The polymer changes then to a disentangled state which allows cellulose chains 
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to move out of the polymer matrix into the solvent. This process is usually very dependent 

on the solvent convection around the polymer. Convection acts first by removing pealing 

polymer chains out of the vicinity of the main polymer particle and bringing new solvent 

from the bulk. The second effect is to avoid the formation of a viscous polymer layer 

around the dissolving polymer, which usually hinders the fresh solvent to access the 

dissolving polymer particle (Medronho & Lindman, 2015; Miller-Chou & Koenig, 2003). 

Once solubilized, adding a non-solvent to the system promotes the regeneration 

of cellulose polymer from solution, viz. the regeneration starts when the medium 

surrounding the cellulose molecules becomes energetically unfavorable for dispersion of 

individual chains. So, it is thought that the exchange of solvent with non-solvent (i.e. the 

coagulating process) leads to a desolvation of the cellulose molecules and to the supposed 

reformation of the intra and intermolecular interactions to yield the cellulose II polymorph 

having antiparallel chain packing. The kinetics of regeneration is mainly controlled by 

the relative velocities of the counter-diffusion process-diffusion of the solvent from the 

solution into the coagulation bath and the non-solvent from the bath into the solution 

(Medronho & Lindman, 2015). 

Since regenerated cellulose is the cellulose precipitated from cellulose solutions, 

the mechanism underlying the structure formation of regenerated cellulose from the 

solution must be understood in more detail, because this knowledge could be useful to 

the better control of resulting structure and properties of regenerated cellulose. A three-

step hypothetical mechanism for the structural formation of regenerated cellulose from 

its solution has been proposed as follows: (i) glucopyranose rings are stacked together by 

hydrophobic interaction with van der Waals forces, and monomolecular sheets are 

formed; (ii) association of these sheets by hydrogen bonds affords thin planar crystals 

incorporating amorphous chains; (iii) these structures, which are randomly dispersed in 

solution, contact and adhere with each other to form three-dimensional structures 

(Miyamoto et al., 2009). Figure 15 shows schematically these different stages of the 

probable structural formation of regenerated cellulose in a water environment. 
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Figure 15 – Schematic model for the structural formation of regenerated cellulose in a water environment: 

(a) formation of the molecular sheets by van der Waals force; (b) piling up of the molecular sheets by 

hydrogen bonds to form seeds of crystal and amorphous; (c) contact and sticking together of the structural 

unites to form regenerated cellulose (Miyamoto et al., 2009). 

The existence of molecular sheets packed by hydrophobic interactions has been 

suggested by many studies. Hermans (1949) and Hayashi et al. (1974) separately reported 

that structural disorders lie mainly in the hydrogen-bonded intermolecular region, and 

both deduced the molecular sheet structures as a basic feature of regenerated cellulose. 

This sheet was named as “sheet-like structure” (Hermans) or “plane lattice structure” 

(Hayashi). In order to identify the initial structure of the cellulose crystal in the course of 

its regeneration process from solution Miyamoto et al. (2009) simulated regeneration of 

cellulose by molecular dynamics, reproducing hypothesized formation of the molecular 

sheet-like structure at the early stage. Based on their computer simulation, they stated 

that, in an aqueous environment, molecular sheets formed by hydrogen bonds changed to 

van der Waals-associated molecular sheets. Their proposed hypothetical mechanism for 

the formation of the cellulose crystal II is very similar to those previously theorized by 
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Cousins & Brown (1995) for polymorph Iβ, who also have indicated from computational 

calculations that van der Waals-associated molecular sheets formation is most likely to 

be the first stage in crystallization of cellulose due to the lower potential energy than that 

of hydrogen-bonded molecular sheets. 

Recently, the first experimental evidence of the development of hydrophobically 

stacked monomolecular sheets at the initial stage of the structure formation of regenerated 

cellulose was provided in the work of Isobe et al. (2012) by means of time resolved 

synchrotron-radiation X-ray measurements. When the cellulose solution was coagulated 

using a heat-gap or coagulant, a diffraction peak first appeared at the position 

corresponding to the molecular period in the molecular sheets packed by hydrophobic 

interactions, therefore the changes in the X-ray profile indicates that the cellulose 

molecules first form hydrophobically stacked monomolecular sheets, followed by their 

mutual association via hydrogen bonding. Thus, this work is in good agreement with the 

regeneration mechanism previously assigned. Similarly, Yamane et al. (2015) also 

experimentally demonstrated by synchrotron X-ray radiation that the hydrophobically 

packed molecular sheets were the initial structure from solution. In addition, the 

dissolution of cellulose in aqueous sodium hydroxide solution was also investigated using 

the same X-ray diffraction measurement. It was found out that the molecular sheets 

remain in the dissolving system until the last stage of dissolving and finally disappear 

when the process is completed. These results indicate that structure formation and 

dissolution are ‘‘two sides of the same coin’’, i.e. they proceed on opposite courses of 

molecular processing of cellulose. Another important finding in this study was the 

detection of the trace of the molecular sheets from the non-crystalline region of 

regenerated cellulose films with low crystallinity, what could be related in some way with 

the existence of residual order in the amorphous regions as stated in the previous section.  

According to Ostlund et al. (2013) the properties of regenerated cellulose material 

can be tuned by the proper choice of the experimental conditions such as temperature and 

coagulation medium. They reported that coagulation media with different polarity lead to 

regenerated materials with different morphologies and properties and this can be used to 

tune the properties of the end material. As the polarity of the coagulant is increased, more 

ordered (crystalline) materials were obtained, therefore the hydrophobic interactions 

between the polymer chains during regeneration are governed by the increased polarity 

of the coagulant. This way, less polar coagulants should yield low crystallinity 
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regenerated cellulose, because most likely it would prevent the formation of molecular 

sheets which is the inital stage of the recrystallization. 

 In practice, finding a non-derivatizing solvent that does not reduce the DP nor 

does react with the cellulose is one of the most challenging parts in cellulose dissolution. 

From the traditional viscose route, which is generally a slow process and environmentally 

hostile (e.g. discharge of toxic gases), up to state-of-art ionic liquid systems, several 

derivatizing and non-derivatizing (aqueous and non- aqueous) solvents, with strikingly 

unrelated properties, have been developed. The list is vast and includes quite unusual 

combinations and experimental conditions: simple or multicomponent mixtures, aqueous 

and organic media, inorganic and organic salts, high and low temperatures, high and low 

pHs, etc.  

A few classical examples of non-derivatizing solvents can be mentioned, such as 

aqueous inorganic complexes (e.g., cuprammonium hydroxide or cupriethylenediamine), 

concentrated salt solutions (e.g., zinc chloride, ammonium, calcium and sodium 

thiocyanate solutions), salts dissolved in organic solvents (e.g., lithium chloride/N,N-

dimethylacetamide, ammonia/ ammonium salt, tetrabutylammonium fluoride/dimethyl 

sulfoxide), aqueous alkali (lithium hydroxide or sodium hydroxide solutions), ionic 

liquids like 1-butyl-3-methyl-imidazolium chloride (BMIMCl) etc. A more detailed and 

updated list can be found elsewhere (Heinze & Koschella, 2005; Liebert, 2009; Medronho 

& Lindman, 2014, 2015; Olsson & Westman, 2013). Independently of the solvent system 

used, typically, water is the most suitable coagulation agent. 

 

3.3. Technical relevance of cellulose polymorph II 

From an industrial perspective, cellulose II is used to prepare materials such as 

films (cellophane), textile fibers (rayon, lyocell), membranes for dialysis, filtration and 

chromatography (Cuprophan), papers (for packaging and printing purposes), 

pharmaceutical pellets (for drug release), food casing (cekicel) and cellulose derivatives 

(in particular cellulose ethers and esters) (Gupta et al., 2013; Han et al., 2013; Kleem et 

al;, 2005 ; Kumar et al., 2002; Liu & Hu, 2008; Miyamoto et al., 2011; 2016; Sasaki et 

al., 2003). Therefore, cellulose II, produced either by mercerization or regeneration, has 

applications in several important commercial areas. 
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3.4. Crystall Orientation and folded-chain structure of cellulose II 

The orientation of the chains in the crystal lattice can be defined with respect to 

the main axis of the fiber. As stated by imaging and diffraction studies in the crystal lattice 

of cellulose I polymorph the chain axis (c axis) is parallel to the long axis of the 

microfibril. As demonstrated for Valonia cellulose, after the conversion from polymorph 

I to II by mercerization, this orientation is maintained and the molecule axis of the 

cellulose chain (c axis) remains along the fiber axis (Chanzy & Roche, 1976). Needless 

to say that in the polymorphs I and II the cellulose chains align in a parallel-up and anti-

parallel manner (up and down directions) in relation to the c axis, respectively. This 

orientation is consistent with the conclusions of Kim et al. (2006) from electron 

diffraction data collected on crystals from mercerized ramie cellulose. In contrast to this, 

some studies carried out with regenerated cellulose have put forward evidence that the 

chains are arranged perpendicular to the fiber long axis and parallel to their basal plane 

(Atkins et al., 1979; Buléon &Chanzy, 1978). To illustrate, these findings are depicted in 

Figure 16. 

 

Figure 16 – Schematic representation of the chain orientation in the crystal lattice with respect to the main 

axis of the fiber for native, mercerized and regenerated cellulose. Each arrow represents one cellulose chain. 

Here is also represented the parallel-up and anti-parallel (up and down directions) alignment of cellulose 

polymorphs I and II, respectively. 

These studies on regenerated cellulose pointed out that the ribbon-like lamellar 

crystalline morphology obtained looks like the lamellar chain-folded morphology, which 

is typical for linear stereoregular polymers crystallized from dilute solution (Atkins et al., 

1979; Buléon and Chanzy, 1978). From that, it was hypothesized that two models could 

be possible to these regenerated cellulose crystals: i) where the cellulosic chains fold 
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within the lamellae, similar to morphology encountered in other synthetic polymers, or 

ii) where straight chains traverse the lamellae, in which the thickness should correspond 

roughly to the length of the chain, which can be estimated by a measure of the DP. The 

latter model is the most reasonable for low-molecular-weight cellulose specimens.  

Conversely, Kuga et al. (1993) provided evidence in support of, and consistent 

with, the folded-chain hypothesis. In their study Kuga et al. (1993) found out that a 

mutante strain of Asetobacter xylinum produced the cellulose II polymorph with 

anomalous strand-like morphology in contrast to straight crystalline microfibrils of 

cellulose I normally produced by the wild-type strain. Electron micrographs and electron 

diffraction diagrams revealed that these strand-like structures displayed lateral 

dimensions of 10 nm, in which the molecular chains were oriented perpendicularly to the 

strand axis. Because the average length of glucan chains in this material was determined 

to be about 10 times the width of the 10 nm wide strand, they concluded that it was highly 

likely that in this form of cellulose II chain folding was involved (as show in Figure 17), 

which gives rise to the antiparallel structure. This is the most plausible evidence for the 

occurrence of chain folding in cellulose II. In this context, Yamane et al. (2013) have 

investigated the possibility of a folded-chain crystal of the cellulose II polymorph by 

molecular dynamics (MD) simulation. According to them, the energy of the folded-chain 

crystal is higher than that of the extended-chain crystal at a short crystal length. However, 

the energy decreased with increasing crystal length and, finally, differences between the 

energy of folded- and extended-chain crystals became negligible at 20 nm, viz. at this 

point the higher energy of the turning point of the chain can be compensated by a large 

number of interactions in the crystalline lattice for a crystal size of 20 nm, which 

corresponded to the real crystal length of regenerated cellulose. Furthermore, the lattice 

parameters of the folded-chain crystal and original crystal were almost the same. 

Therefore, there is a possibility that the cellulose chain is folded in the case of regenerated 

cellulose (Yamane et al. 2013). 

The orientation of the crystal and the chain folding are important issues directly 

related with the crystalline morphology, and thus it exerts influence on the polymer 

material properties (as already stated in the sections above). For instance, it has a strong 

influence on the axial and tranverse modulus of elasticity of the material (an anisotropic 

property), further the surface where cellulose folds would be especially vunerable to 

chemical attack.  
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Figure 17 – Schematic projections of the folded-chain structure linked by the B1,4 ring conformer. The 

molecular sheet was sliced off along the (1-10) crystal planes from the cellulose II crystal. White arrows 

show up and down cellulose molecules (adapted from Yamane et al., 2013). 

4. CELLULOSE NANOCRYSTALS: PROPERTIES, PRODUCTION AND 

APPLICATIONS 

As mentioned in the previous sections, in nature, cellulose occurs as a slender rod-

like or threadlike entity, formed during biosyntesis. This entity is called microfibril 

(collection of cellulose chains) and it forms the basic structural unit of the plant cell wall. 

Each microfibril can be considered as a string of cellulose crystals, linked along the chain 

axis by amorphous domains (see Figure 11). These highly ordered crystalline domains 

can be released/isolated from microfibrils by means of chemically induced destructuring 

strategy (such as acid hydrolysis) in the form of well-defined nano-sized particles, known 

as cellulose nanocrystals (CNCs). This is represented in Figure 18. 

 

Figure 18 – Schematic drawing of a cellulose microfibril showing the suggested arrangement of crystalline 

and amorphous regions and the cellulose nanocrystals realeased/isolated after cleavage of the disordered 

regions (adapted from Moon et al., 2011). 
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In the literature, many terminologies have been used to appoint this highly 

crystalline cellullosic nanomaterial, e.g. cellulose nanowhiskers, cellulose whiskers, 

cellulose crystallites, cellulose crystals, cellulose nanocrystals, nanocrystalline cellulose, 

cellulose monocrystals, cellulose micelles (in early literature) and cellulose microcrystals. 

Regarding this issue, in 2011 TAPPI’s International Nanotechnology Division proposed 

that the most appropriate nomenclature to describe this nanosized material is “cellulose 

nanocrystals” (TAPPI, 2011). 

Among the different types of nanomaterials CNCs are receiving growing attention 

in the last years owing to their unique combination of high physicochemical properties 

and environmental appeal. Such interest is supported by increasing annual number of 

scientific publications (papers, patents, books) concerning this topic as shown in Figure 

19 (Dufresne, 2012; Durán et al., 2012; Hamad, 2017). In addition, currently there are 

already commercial entities producing CNC at capacities beyond pilot-plant scale, 

namely CelluForce (www.celluforce.com) and American Process Inc. 

(www.americanprocess.com), which are located in Canada and USA, respectively 

(http://www.tappinano.org/media/1114/cellulose-nanomaterials-production-state-of-the-

industry-dec-2015.pdf). Nevertheless, it seems that most of the production volume is still 

intended for research purposes. 

 

Figure 19 – Evolution of the number of research publications on cellulose nanocrystals from 2004 to 2013 

according to ISI Web of Knowledge system (Lin, 2014). 
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CNCs are a very high-value material, since they can transform the performance of 

existing products as well as helping to create new, unique and improved products. CNCs 

can be applied as reinforcing additive, thickener and rheology modifier, emulsion 

stabilizer, fat replacer (low-calorie food additive), hydrogel, aerogel, liquid crystals, 

support matrix for catalysts or protein/enzyme immobilization, scaffolds, vehicles for 

delivery and targeting of therapeutics, pharmaceutical binder, biosensing and bioimaging 

agents and some others. Thus, CNCs offer a broad range of potential applications in fields 

ranging from packaging to biomedicine. At present, the most promising application of 

CNCs is as reinforcement material in polymer nanocomposite field. Others fields of 

potential applications are paints, coatings, adhesives, emulsions, special papers, 

cosmetics, pharmaceuticals, biomedical devices, textiles, the automotive industry, 

aerospace, building/construction materials, the electronic and electrical industry, and 

many others (dos Santos et al., 2013; Filpponen & Argyropoulos, 2010; Lam et al., 2012; 

Mandal & Chakrabarty, 2011; Moon et al., 2011; Peng et al., 2011; Yang & Pan, 2010). 

Actually, as more researchers from various scientific fields become interested in CNC, 

other possible uses have been proposed and explored (Brinchi et al., 2013). So, in recent 

years, the number of possible applications for this nanomaterial has grown continuously. 

Large specific surface area, high specific strength and modulus, high aspect ratio 

(L/D), low density, reactive hydroxyl groups that can facilitate grafting chemical species 

to tailor the surface properties, non-abrasive nature, non-toxic character, biocompatibility 

and biodegradability are some specific useful features of CNCs which make them 

promising nanoparticles. Moreover, they are derived from cellulose, which is the most 

abundant renewable natural polymer available on Earth, therefore low cost. Conversely, 

the strong tendency for agglomeration, high hydrophilicity and the non-thermoplastic 

behavior (decomposition prior to the onset of melting) are the main drawbacks related to 

CNC and eventually limiting its application (Brinchi et al., 2013; Flauzino Neto et al., 

2016a; Dufresne, 2012; Ng et al., 2015; Mariano et al., 2014). 

 

4.1. Isolation of CNC from cellulose source material 

The isolation of CNC from cellulose source materials occurs in two stages. The 

first one is the pretreatment of the source material to remove the non-cellulosic 

constituents, so that the cellulose molecules becomes accessible to react more consistently 

in the subsequent stage. The second one is a well-controlled and chemically induced 

treatment (generally chemical hydrolysis) where a “complete” regioselective degradation 
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of the less organized and more accessible fraction of the cellulosic material takes place, 

so releasing the crystalline domains from the “purified” material obtained after the first 

stage. 

The goal of the pretreatment stage is the complete or partial removal of the non-

cellulosic components (such as lignin, hemicelluloses, protein, etc) to obtain high purity 

cellulosic fibers and get acess to them. The particular pretreatment is dependent on the 

cellulose source material. Classicaly, for lignocellulosic biomass source this pretreatment 

consist in similar techniques that are employed in pulp and paper industry. It is usually 

done as a two-step chemical processing, the alkali delignification followed by bleaching. 

The alkali step purpose is to degradate and solubilize the lignin, pectins, hemicelluloses 

and proteins, being commonly performed with aqueous solution of NaOH 2% at 80 or 

100°C. The subsequent bleaching step aims in removing the residual phenolic molecules 

like lignin by oxidizing agents such as hydrogen peroxide (H2O2), ozone (O3) or sodium 

hypochorite (NaClO2). Both steps must be carefully done to eliminate the non-cellulosic 

constituents, while leaving cellulose moieties intact, i.e. avoiding the breakdown of 

cellulose chains (Brinchi et al., 2013, Mariano, 2016; Moon et al 2011). Deeper 

descriptions of the deconstruction of non-cellulosic contents in lignocellulosic biomass 

are available, for instance in the paper by Ng et al. (2015).  

The second stage can be performed by many different top-down chemically 

induced deconstructing strategies, among them the controlled strong acid hydrolysis is 

the most well-known and widely used (Peng et al., 2011). During acid hydrolysis the 

amorphous domains surrounding and embedded within cellulose microfibrils are 

preferentially hydrolyzed, then releasing well-defined crystals from microfibrils (Figure 

18). This procedure is based in the quicker hydrolysis kinetics presented by the 

amorphous domains, as compared to the crystalline ones (Habibi et al., 2010). Owing to 

some drawbacks related to acid hydrolysis (which will be discussed later), several 

alternatives methods have also been studied, e.g. enzyme-assisted hydrolysis (George et 

al., 2011; Hayashi et al., 2005; Satyamurthy et al., 2011), sono-chemical-assisted 

hydrolysis using weak organic acid (Filson & Dawson-Andoh, 2009; Li et al., 2011), 

hydrolysis with oxidative reagents such as ammonium persulfate (Cheng et al., 2014; 

Leung et al., 2011) or sodium metaperiodate (Visanko et al., 2014) or 2,2,6,6-

Tetramethylpiperidine-1-oxyl (TEMPO)–NaBr–NaClO system (Qin et al., 2011; Brinchi 

et al., 2013), subcritical water hydrolysis (Novo et al., 2015), hydrolysis mediated by 

ionic liquids (Han et al., 2013; Lazko et al., 2016; Mao et al., 2015; Yang et al., 2013). 
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Concerning the second stage, it should be noted that the vast majority of the 

technologies used are top-donw deconstructing strategies, and only few recent works have 

reported a bottom-up approach for the production of CNC, such as the works of Yang et 

al. 2013 and Han et al., 2013. This “new” approach to CNC production involves the 

regeneration process of cellulose, and could be very interesting toward a better control of 

nanomaterial formed and its properties (e.g., control of size, shape, aspect ratio, 

crystallinity, etc). 

 

4.2. Influence of cellulose source and isolation process on CNC properties 

The structure and properties (such as crystallinity, specific strength and modulus, 

aspect ratio, specific surface area, crystal structure), especially the morphological features 

(shape and size) of the CNCs, depend on: (i) the source of the original cellulose, which is 

linked to the biosynthesis of cellulose microfibrils, and (ii) the isolation process of the 

CNCs from the cellulose microfibrils, including any pretreatment or deconstruction 

processes (Flauzino Neto et al., 2016a; Moon et al., 2011; Yang et al., 2013). 

CNCs have been isolated from a broad range of cellulose sources, e.g. from higher 

plants (da Silva et al., 2015) and algae (Revol, 1982), sea animals, such as tunicates (Sacui 

et al., 2014), and bacteria (George et al., 2011), and in pricinple could be extracted from 

almost any cellulosic material. In practice, for most studies, researchers have shown 

preferences to commercial microcrystalline cellulose (MCC), filter paper, bleached wood 

pulp or related products, owing to their purity and availability in laboratories. Tunicin has 

also been a favored source of CNC because of its larger dimensions, high crystallinity 

and aspect ratio. However, its widespread use is restricted by the high cost of harvesting 

and limited availability (Brinchi et al., 2013; Klemm et al., 2011). Some different CNC 

images are shown in Figure 20, from which it is possible to observe the influence of the 

cellulose source as well as polymorphism on the final shape and size of the nanoparticles. 

Therefore, specific pretreatments and extraction procedures have been developed 

depending on the source of cellulose. Although, if often composed of few laterally bound 

elementary crystallites that are not separated by conventional acid hydrolysis and 

sonication process (Elazzouzi-Hafraoui et al., 2008), the length and width of cellulose 

nanocrystals is generally in the order of few hundred nanometers and few nanometers, 

respectively.  
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Figure 20 – Transmission electron micrographs of negatively stained preparations of cellulose nanocrystals 

of various origins: a) wood; b) Glaucocystis (adapted from Kaushik et al. 2015); c) Lyocell (adapted from 

Beaumont et al. 2016). a) and b) correspond to cellulose I polymorph, while c) correspond to cellulose II 

polymorph. 

4.3. Acid hydrolysis 

Rånby (1951) is considered as the pioneer in the production of coloidal 

suspensions of cellulose crystals by controlled sulfuric acid hydrolysis of cellulose fibers. 

The method of choice for the isolation of CNC is still based on controlled sulfuric acid 

hydrolysis, probably owing to the stability of the resulting suspensions and simplicity at 

laboratory scale. As aforementioned, the amorphous regions act as structural defects 

which are susceptible to acid attack and, under controlled conditions they can be removed 

leaving crystalline regions intact. This transformation consists in the disruption of 

amorphous regions surrounding and embedded within cellulose microfibrils. During the 

acid hydrolysis process, the hydronium ions (H3O
+) can penetrate the cellulose chains in 

the amorphous domains promoting the hydrolytic cleavage of the glycosidic bonds and 

releasing individual crystallites. It is ascribed to the faster hydrolysis kinetics of 

amorphous domains compared to crystalline ones. Figure 21 shows a representation of 

the mechanism of acid hydrolysis reaction. From this process, CNC may be released and 

extracted from the cellulose substrate (Brinchi et al., 2013; Dufresne, 2012).  

Typical procedures currently employed consist of the following steps: (1) Strong 

acid hydrolysis of pure cellulosic material under strictly controlled conditions of 

temperature, time, agitation, and with control of other conditions such as nature and 

concentration of the acid and the acid-to-cellulose ratio; (2) Dilution with water to stop 

the hydrolysis reaction and repeated washing by successive centrifugation to remove the 

excess acid; (3) Extensive dialysis against distilled water to fully remove free acid 

molecules and eventually soluble sugars; (4) Mechanical treatment, usually sonication, to 

disperse the nanocrystals as a more or less uniform stable suspension. Additional steps of 
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post-treatment such as filtration, differential centrifugation, ultracentrifugation or high-

pressure homogenization to obtain particles with reduced polydispersity of size and/or 

effectively disperse and homogenize the CNC suspension have been also reported 

(Brinchi et al., 2013; Dufresne, 2012; Habibi et al., 2010). 

 

Figure 21 – Representation of the mechanism for the acid hydrolysis reaction. 

Regarding acid hydrolysis, the temperature and the time of reaction, acid nature, 

acid concentration and the acid-to-cellulose ratio have been identified as the most 

important parameters that affect the morphology, polymorphism and final properties of 

the resulting CNC (Flauzino Neto et al, 2013; Sèbe et al., 2012).  

Sulfuric acid is the most often used process for CNC preparation. However, the 

use of other acids such as hydrochloric, nitric, phosphoric and hydrobromic acids has 

been also reported. If CNCs are prepared using hydrochloric acid, their ability to disperse 

in polar solvents is limited and the suspension is unstable tending to flocculate. On the 

other hand, when sulfuric acid is used as a hydrolyzing agent, it reacts with the surface 

hydroxyl groups of cellulose to yield surface sulfate esters groups (-OSO3
-) leading to the 

formation of a negative electrostatic layer covering the nanocrystals and promoting their 

dispersion in water by repulsive forces between individual nanoparticles. However, the 

introduction of charged sulfate groups compromises the thermostability of the 
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nanocrystals. Nevertheless, the stability can be achieved by performing a proper 

neutralization of the nanoparticle suspension by sodium hydroxide (NaOH) (Habibi et al., 

2010; Lin & Dufresne, 2014a). Thus, one of the main reasons for using sulfuric acid is to 

obtain stable aqueous suspensions. The density of charges on the CNC surface depends 

on the hydrolysis conditions and can be determined by elementary analysis or 

conductimetric titration to exactly determine the sulfur content. 

In the case of sulfuric acid-catalyzed hydrolysis, usually, the concentration of 

sulfuric acid does not vary much from a typical value of 65 wt%, the temperature ranges 

from room temperature up to 70°C, the hydrolysis time can be varied from 30 min to 

overnight, being that variations from 30 to 60 min are commoner, and the acid-raw 

material ratio values range from 8.3 to 35 mL∙g-1 (Dufresne, 2012; Silva & D'Almeida, 

2009b).  

 

4.4. Degree of polymerization 

As the hydrolysis proceeds, the degree of polymerization (DP) of the cellulose 

molecules is expected to decrease. In general, upon acid hydrolysis, cellulose 

depolymerizes rapidly down to a certain level after which the degradation is much slower, 

the so-called level-off DP (LODP). It was verified that regardless of the hydrolysis 

conditions, the same LODP was reached (Battista, 1950; Battista et al., 1956; Hakansson 

& Ahlgren, 2005). Obviously a longer time was needed under milder conditions to reach 

the LODP. A good correlation between DP and length of the nanocrystals measured by 

microscopic observations was reported (Battista et al., 1956). This LODP was also found 

to match the periodicity observed for ramie cellulose microfibrils in small angle neutron 

scattering studies (Nishiyama et al., 2003a). It was considered that the microfibrils have 

4–5 disordered residues every 300 residues.  

 

4.5. Specific surface area 

As could be expected, the large specific surface area of CNC is an intrinsic feature 

of its nanoscale dimensions. The reported specific surface area of CNC is estimated to be 

greater than 100 m2∙g−1 and even up to several hundreds of m2∙g−1. Specific surface area 

can be increased with increasing aspect ratio or decreasing diameter of CNC. Figure 22 

shows the evolution of the specific surface area as a function of the diameter of rod-like 

nanoparticles. A sharp increase is observed when the diameter falls below a value of 20 

nm, which corresponds to the diameter range of cellulose nanocrystals. The surface area 
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is an issue particularly important for CNC-based nanocomposites compared to 

conventional composites, because the effect of interfacial interaction and bondability 

between the filler and compatible polymer can be amplified by the larger specific surface 

area of CNC, and thus improving some of the composite properties. However, due to this 

high surface area and the presence of many OH groups the CNCs have a strong tendency 

for agglomeration driven by their high hydrophilic nature. So, once dried the CNC 

suspension will form aggregates which are difficult to be re-dispersed. This aggregated 

CNC is absolutely not desirable for effective processing and even reinforcement purpose.  

 

Figure 22 – Evolution of the specific surface area of rod-like nanoparticles as a function of their diameter, 

assuming a density of 1.5 g⋅cm−3 for crystalline cellulose (Dufresne, 2012). 

The CNC aggregation upon drying makes the experimental determination of its 

specific surface area difficult. Determination of the specific surface area from gas 

adsorption isotherm is often incorrect because of the irreversible aggregation of the 

nanoparticles upon drying. Therefore, often the specific surface area of CNCs can be 

estimated from the average geometrical dimensions of the nanoparticles, assuming a rod-

like geometry and a density 1.5 or 1.6 g⋅cm-3 for crystalline cellulose. For example, values 

of 170 (Dufresne, 2000) and 533 m2∙g-1 (Siqueira et al., 2010) have been reported for 

nanocrystals extracted from tunicin and sisal, respectively. The corresponding diameters 

were 15 and 5 nm, respectively, and the density of crystalline cellulose was assumed to 

be 1.5 g⋅cm-3 (Dufresne, 2012). 
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4.6. Excellent mechanical properties 

There is limited understanding on the intrinsic mechanical properties of single 

CNC. The small particle size combined with the limited metrology techniques available 

to characterize the CNC along multiple axes has made quantitative mechanical properties 

measurement extremely challenging. In addition, several factors may influence the 

measured mechanical properties and will contribute to the wide scatter in the reported 

values. These factors include: crystal structure (polymorphism), crystallinity, anisotropy, 

and the property measurement methods and techniques (including sample preparation, 

assumptions made, e.g. regarding the stress transfer in the sample and cross sectional area, 

etc). Thus, it is crucial to consider these factors when comparing reported mechanical 

properties values for CNC (Moon et al., 2011; Wohlert et al., 2012).  

In view of the anisotropy within crystalline cellulose (i.e. non symmetric structure 

of the cellulose chain and its arrangement within the crystal structure) there will be 

differences in the mechanical properties as a function of direction with respect to the 

cellulose crystalline structure. Most studies have focused on elastic properties along the 

more readily measureable axial direction of the cellulose crystal, while only few ones 

have been attempted measuring the properties in the transverse direction (Mariano et al., 

2014; Moon et al., 2011; Wohlert et al., 2012). 

For native cellulose (mixture of cellulose Iα and Iβ) the average value of the 

longitudinal elastic modulus is around 137* GPa when considering intramolecular 

hydrogen bonding, and 92** GPa without intramolecular hydrogen bonding, evidencing 

the important role of intramolecular bonding on the determination of the crystallite 

modulus and chain deformation mechanism. For cellulose II, the average value of the 

longitudinal elastic modulus is around 113* GPa. The lower value observed for form II 

is ascribed to lower intramolecular hydrogen bonds, showing again the importance of this 

parameter, whereas the intermolecular hydrogen bonds were found to play a minor role. 

These striking mechanical properties make CNC an ideal candidate for the processing of 

reinforced polymer composites. Its Young’s modulus, with a density for crystalline 

cellulose around 1.5–1.6 g∙cm-3, is much higher than for glass fibers, around 70 GPa with 

a density around 2.6 g∙cm−3, which are classically used in composite applications. It is 

similar to Kevlar (60–125 GPa, density around 1.45 g∙cm-3) and potentially stronger than 

steel (200–220 GPa, density around 8 g∙cm-3). Indeed, the specific Young’s modulus, 

which is the ratio between the Young’s modulus and the density of cellulose crystal is 

around 85 J∙g-1 whereas it is around 25 J∙g-1 for steel (Dufresne, 2013; Mariano et al., 

*considering experimental and theoretical data
**theoretical data
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2014). Therefore, owing to the high stiffness and strength associated to its renewable 

nature and low density, CNC has emerged as a promissing reinforcing nanoelement for 

the preparation of nanocomposites with enhanced mechanical performance. 

 

4.7. Crystallinity 

Since CNC can be considered as a crystal with no apparent defect or containing 

only a small number of defects, its degree of crystallinity is expected to be very high. The 

reported values for this parameter ranges from 46 to 96% and significantly depends on 

the measurement method and data analysis method applied (Dufresne, 2012; Park et al., 

2010). As alredy indicated, the degree of crystallinity is highly dependent on the original 

cellulose source (i.e. it depends on the crystallization which takes place during 

biosynthesis process) and isolation process. Furthermore, the degree of crystallinity has 

a strong correlation with CNC mechanical properties, especially with the modulus of the 

crystalline domains, as previously shown. The higher the crystallinity, the higher the 

modulus of the CNC which becomes close to the theoretical modulus of the perfect 

crystal. 

 

4.8. Aspect ratio (L/D) 

The rod-like shape is the most often found for CNC. The average length is 

generally of the order of a few hundred nanometers, whereas the width is of the order of 

a few nanometers. Then, like for fiber materials, CNC is often described in terms of its 

aspect ratio. The values reported in the literature vary roughly between 10 and 75 for 

cotton and Posidonia oceanica leaves, respectively (Bettaieb et al., 2015; Ebeling et al., 

1999). This morphological feature depends on the origin of the cellulose substrate and on 

the extraction method (including its conditions and any pretreatment). However, it is 

widely accepted that the raw starting material is the most important factor (Beck-

Candanedo et al., 2005; Dufresne, 2012; Elazzouzi-Hafraoui et al., 2008). 

The aspect ratio has a close relation with the CNC mechanical properties when 

incorporating it into a polymeric matrix. A higher aspect ratio can provide higher 

reinforcement effect compared to nanofiller with lower aspect ratio, and therefore it is a 

key parameter with strong influence on the mechanical properties of CNC-based 

nanocomposites. Thus, at this point, it is clear that the source of CNC can influence its 

applications.  
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4.9. Challenges on commercial CNC production 

To date, the development of cost-efficient and environmentally friendly CNC 

extraction processes stands out as the major challenge to be overcome. In particular the 

reduction in the cost of CNC production is often addressed, because it could increase the 

number of markets appropriate for CNC applications. The commercial production of 

nanocrystals is based on the hydrolysis with sulfuric acid. The use of a concentrated 

strong acid, especially sulfuric, has a number of important drawbacks such as hazard, 

corrosivity (corrosion resistant reactors have to be used) and environmental 

incompatibility. Other relevant challenges to be met, are: i) valorization of the waste 

liquor stream which contains sugars, in monomeric and oligomeric forms, and residual 

sulfuric acid, thus its use could reduce the production costs; ii) the low yield which has a 

important impact on the final cost of CNC; iii) reliable recipe for production with uniform 

size, aspect ratio, surface chemistry needs to develop, because it would provide more 

control in CNC suspensions, and in the design and processing of CNC-based composites; 

iv) effective drying method of aqueous CNC suspensions which will maintain nanoscale 

dimensions for material applications (where a dry form is necessary) and mitigate the 

higher transportation costs of aqueous suspensions (Brinchi et al 2013; Ng et al., 2015). 

 

4.10. Toxicology assessment and biodegradability 

 Manufactured nanomaterials have recently caused societal concerns about their 

possible adverse effects on human health and environment. Properties of nanomaterials 

typically differ from those of their parent bulk materials because of their larger surface 

area to volume ratio, leading to a greater activity, their smaller size, resulting in their 

ability to cross cellular membranes (i.e. penetrate into cells), and intrinsic effects caused 

by nanometric size, including electronic and plasmonic effects. Since such particles may 

have a negative effect on biological systems and ecosystems, their toxicological risks 

must be evaluated and an accurate description of the product in terms of dimensions, 

chemistry, and toxicity is required by the authorities. 

While the production and application of CNC are growing exponentially, research 

into the toxicological impact and possible hazard of these nanoparticles is still restricted 

at a very preliminary stage (mainly on the level of cytotoxicity) (Lin & Dufresne, 2014b; 

Roman, 2015). CNCs have been evaluated using several standard ecotoxicological and 

mammalian test protocols and, so far, the results seem to point towards the same direction 

suggesting that CNCs have no or low toxicity (i.e. are practically non-toxic). Moreover, 
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CNCs have recently obtained regulatory approval under Canada’s New Substances 

Notification Regulations for unrestricted use in Canada and it is the first organic 

nanomaterial to be added to Canada’s domestic substance list (Kaushik et al., 2015; 

Kovacs et al., 2010). Anyway, further testing is necessary especially regarding evaluation 

on the environmental fate, potential CNC uptake and exposure studies, so that a detailed 

risk assessment can be determined. In doing so, are taken steps protect workers, 

consumers and the environment from suspect CNC materials and guide the development 

of safer materials in the future (Brinchi et al., 2013; Roman, 2015). 

Knowledge on the biodegradability is also of utmost importance for risk 

assessment of this nanomaterial. The biodegradability of CNC in aqueous environment 

has been investigated according to OECD (Organisation of Economic Cooperation and 

Development) standards. CNCs were found to degrade faster than its macroscopic 

counterpart, whereas other important and widely used nanoparticles such as fullerenes 

and carbon nanotubes did not biodegrade at all (Kümmerer et al., 2011). Here, it is 

important to note that these findings are crucial issues directly associated to practical 

applications of CNC, e.g. biomedical applications requiring biocompatibility such as drug 

delivery and cellular growth systems. 

 

4.11. Durability of CNC based products 

As stated by Hubbe et al. (2008), at an academic level it is likely that long-term 

durability issues can be addressed by considering the strengths of materials, the methods 

by which the components of a composite are mixed, and the chemical strategies by which 

the interfaces are compatibilized. However, at a practical level it may be difficult to make 

sure that a specific item purchased today will last nearly as long as an item made of 

standard materials, such as wood, metal, or plastic. 

 

4.12. Cellulose nanocomposites based on cellulose nanocrystals  

In general, a composite can be considered as any multiphase material which 

demonstrates a significant proportionality of the inherent properties of both phases that 

constitute it, such that a better combination of properties is obtained. According to this 

principle of jointness, best properties are achieved through a judicious combination of 

two or more different materials. In addition, the constituent phases must have physical 

and chemical properties different and must be separated by a distinct interface. Many 

composite materials are composed of only two phases; one is called matrix, which is 
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continuous and surrounds the other phase, which in turn is often called dispersed phase 

or filler. The properties of this multiphase system (including the mechanical ones) are a 

function of the properties of the constituent phases, their relative amounts and geometry 

of the dispersed phase (particle shape, size, its distribution and orientation) as well as the 

interfacial compatibility between the constituents of the mixture and morphology (spatial 

arrangement of the phases). A current trend in the composites field is the preparation of 

composites where at least one dimension of the dispersed phase (filler) is in the nanoscale 

range (1 nm -100 nm). The composites obtained in this way, called nanocomposites, may 

exhibit many unique and superior properties when compared to conventional composites. 

Because the high surface area of the particles with nanometric dimensions can promote 

greater interfacial interaction between filler and matrix, thus enabling more significant 

changes in physicochemical properties of nanocomposites compared to traditional 

composites. 

 As previously stated, to date, the most promising application of CNCs is 

in composite materials as reinforcing element of polymer systems. The incorporation of 

CNCs in polymer matrices generally leads to polymer-based nanocomposite materials 

with higher mechanical and barrier properties than the neat polymer or traditional 

composites. CNC is a potential alternative which could overcome the high cost, adverse 

environmental impact and health problems associated to the fillers traditionally used in 

the industry such as glass and carbon fibers. Aditionally, the use of natural and renewable 

materials, such as CNC, appear as a perfect option for the development of fully-biobased 

and biodegradagle nanocomposites systems with enhanced technical performance. 

The first publications related to the use of CNC as reinforcing filler in polymer 

based nanocomposites was reported in 1995 by Favier et al. (1995a; 1995b) at CERMAV-

France. In these pioneering studies, they produced nanocomposite films by casting and 

evaporating a mixture of poly(styrene-co-butyl acrylate) in latex form and cellulose 

nanocrystals isolated from tunicate. By DMA (dynamic mechanical analysis) experiments 

in the shear mode, the authors observed a huge improvement in the storage modulus after 

adding CNC into the host polymer even at low content. This increase was particularly 

striking above the glass-rubber transition temperature (Tg) of the thermoplastic matrix 

because of its poor mechanical properties in this temperature range. In the rubbery state 

of the polymeric matrix, it has been found that the modulus of the composite with a 

loading level as low as 6 wt% (around 4 vol.%) was more than two orders of magnitude 

higher than the one of the unfilled matrix (Figure 23a). Moreover, whereas the stiffness 
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of the unfilled matrix decreases with temperature, the relaxed modulus of nanocomposites 

with 6% of load remains remarkably constant up to the temperature at wich CNC starts 

to degrade (around 500 K) (Figure 23b). 

 

Figure 23 – Logarithm of the storage shear modulus as a function of temperature for poly(styrene-co-butyl 

acrylate) reinforced with tunicin nanocrystals. (a) Shows the reinforcing effect obtained for various filler 

contents and panel (b) shows the improvement of the thermal stability of the matrix (Favier et al., 1995b). 

Since then, there has been an increased interest in the preparation of CNC/polymer 

nanocomposites. Obviously this is largely due to the intrinsic CNC properties such as 

nanoscale dimensions, high surface area, unique morphology, low density, high stiffness 

and strength. So far, incorporation of CNC into a wide range of polymeric matrices was 

attempted, including synthetic and natural ones (such as starch, natural rubber, polylactic 

acid (PLA), low density polyethylene (LDPE), polystyrene (PS), polyoxyethylene (POE), 

etc). A list of papers relative to investigations in this field would be quite long, and there 

are available excellent reviews covering this research topic (Kalia et al., 2011; Mariano 

et al., 2014; Miao & Hamad, 2013; Moon et al., 2011; Oksman et al., 2016). 

 

4.13. Mechanical properties of CNC/polymer nanocomposites and percolation 

theory 

By far, the mechanical properties of CNC/polymer nanocomposites are their most 

important and most investigated asset. Like for any fiber-reinforced polymer composites, 

the mechanical properties of CNC/polymer nanocomposites depend on many factors, 

such as: filler loading (or filler volume fraction), filler dispersion, filler morphology 

(shape, size, and aspect ratio), filler surface area, filler orientation, filler-matrix interfacial 

adhesion, filler stiffness and strength, microstructural details of the composite, 

percolation phenomenon, processing technique, etc. 
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It has been observed that the huge and unusual mechanical reinforcement effect 

provided by the CNC can not be well described by the traditional mechanical models 

applied to composite materials, like the theoretical model of Halpin-Kardos (mean-field 

approach) which has been extensively used to explain and predict the elastic modulus of 

short-fiber composites and semicrystalline polymers. In such an approach, the modulus 

and the geometry of the particles are taken into account, but one assumes that there is no 

interaction between the fillers. On account of the failure of this model, it was suggested 

that interactions between the fillers and their topological arrangement must be considered. 

In view of this, the classic series-parallel model (Takayanagi et al. 1964) adapted to 

include a percolation approach (Ouali et al., 1991) has been found to successfully 

describe, i.e. with sufficient accuracy, the mechanical behavior of polymer-based 

nanocomposites reinforced with CNC. According to this mechanical model based on 

percolation concepts the unusual mechanical properties of the CNC/polymer composite 

(especially those observed in the rubbery state) could be well understood by virtue of the 

formation of a stiff continuous network of CNC inside the host matrix, which occurs when 

the filler particles are present in quantities above the threshold where they start 

interacting. The formation of this rigid network is presumably caused by strong 

interactions between the CNC themselves, such as hydrogen bonds. The interconnected 

particle organization at the percolation point is represented in Figure 24 for rod-like 

particles. Percolation theory considers various parameters such as particle-particle 

interactions, orientation of particles and aspect ratio (Dufresne, 2012). 

 

Figure 24 – Schematic representation of the series-parallel model adapted to include a percolation 

approach. R and S refer to the rigid (filler) and soft (polymeric matrix) phases, respectively, and ψ is the 

volume fraction of the percolating rigid phase. Red and green rods correspond to percolating and 

unpercolating nanoparticles, respectively. In this model the percolating filler network is set in parallel with 

a series part composed of the matrix and the non-percolating filler phase. (Dufresne, 2012). 



57 
 

Chapter I 

Within the framework of the model, the elastic tensile modulus Ec of the 

composite is given by the following equation (Equation 2): 

EC =
(1−2𝜓+𝜓VR) ESER+ (1−VR) 𝜓 ER

2
 

(1−VR) ER+ (VR− 𝜓) ES
 
 

  Eq.  (2) 

Where ES and ER refer to the tensile modulus of the soft phase (polymeric matrix) 

and rigid phase (CNC), respectively; and VR is the volume fraction of the reinforcing 

phase. The adjustable parameter, 𝜓, involved in the series-parallel model of Takayanagi 

et al. (1964) corresponds to the volume fraction of the percolating rigid phase. With b 

being the critical percolation exponent, it can be written as: 

𝜓 = 0      for     VR < VC  Eq.  (3) 

𝜓 = VR (
VR−VRc

1−VRc
)

b
      for   VR > VRc 

  Eq.  (4) 

Where b = 0.4 for a 3D network (de Gennes, 1979; Stauffer, 1985) and VRc is the 

percolation threshold, which means the lowest volume fraction of filler particles that can 

provide the necessary number of individual rods, arranged randomly, to form a 

uninterrupted 3D percolating network whitin the polymer matrix, i.e. the onset point of 

an infinite communication state. So, the geometrical percolating network is supposed to 

form only above the percalotion threshold. In this case, the percolation threshold VRc can 

be calculated according to the aspect ratio (L/D) of the CNC, as shown by Equation 5. 

VRc =  
0.7

L/D
   Eq.  (5) 

At sufficiently high temperatures the stiffness of the polymeric matrix could be 

assumed to be much lower than the one of the reinforcing phase (ES ∼0), then the stiffness 

of the composite is simply the product of the volume fraction and stiffness of the rigid 

percolating network, as given below: 

EC = 𝜓ER   Eq.  (6) 

Therefore, the predicted composite modulus depends on the volume fraction of 

the percolating rigid phase (Equations 3 and 4), which is directly related to the volume 

fraction and geometrical characteristics of the reinforcing phase (Equation 5). Here, it 

should be remembered that the CNC aspect ratio (geometrical characteristics) is directly 
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related to the origin of cellulose and to the isolation process of CNC, as already 

mentioned. 

The other parameter involved in the prediction of the composite’s modulus 

(Equation 4) is the modulus of the percolating nanoparticle network ER, which is 

obviously different from the one of individual CNC and depends on the nature and 

strength of interparticle interactions. This modulus can be assumed to be similar, in 

principle, to the one of a paper sheet for which the hydrogen bonding forces provide the 

basis of its stiffness. However, because of the nanoscale effect stronger interactions are 

expected. This modulus can be experimentally determined from tensile tests performed 

on films prepared from the evaporation of a suspension of CNC (Bras et al., 2011; 

Dufresne 2012, Mariano et al., 2014). Values ranging from about 500 MPa to 15 GPa 

have been reported and this value was found to be roughly correlated to the aspect ratio 

of the CNC. As demonstrated by Bras et al. 2011 the modulus of the film was found to 

increase with the aspect ratio (Figure 25). Thus, from a mechanical point of view there is 

no doubt that the use of CNC with higher aspect ratio is more interesting, because it first 

induces a decrease of the critical percolation threshold and also stiffens the formed 

continuous network (Bras et al., 2011; Dufresne et al 2012). In addition, the reduction of 

the percolation threshold allowing reduction of the filler loading necessary to reach an 

effective reinforcing effect, resulting in a lower number of rod ends under stress, and 

lower number of cracks. In general terms, the percolation mechanism states an optimal 

volume fraction of filler. Below this volume fraction, the reinforcement is only partial 

and over it the reinforcement cannot increase, or can even decrease. 

 

Figure 25 – Evolution of the Young’s modulus of the cellulosic nanocrystals film determined from tensile 

tests as a function of the aspect ratio of the constituting CNC (Bras et al., 2011). 
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The percolation model is consistent with the high reinforcement above the Tg and 

explain the thermal stabilization of the nanocomposite modulus. As the polymer chains 

gain mobility causing the matrix to soften, the CNC network remains strong leading to 

the significant improvement of the mechanical performance at high temperatures, such as 

the one obtained by Favier et al. (1995a; 1995b) (Figure 26). It should be pointed out that 

the following assumptions are made when fitting data with the mechanical percolation 

model:  i) the cellulose particles are uniformly dispersed in the matrix; ii) the particles 

have uniform shape and size; iii) good interfacial interactions exist between the matrix 

and cellulose particles; iv) the matrix is free of voids; vi) initially there are no residual 

stresses in the matrix; vii) both the matrix and the CNC reinforcement behave as linearly 

elastic materials (Saxena, 2013). 

 

Figure 26 – Plot of the logarithm of the storage shear modulus (G’) at 325 K (Tg + 50 K) as a function of 

the volume fraction of CNC. Comparison between the experimental (black dots) and calculated data with 

two different mechanical models: a meanfield model (dashed line) and a percolation model (continuous 

line). (Favier et al 1995b). 

Any parameter that affects the formation of the percolating nanocrystal network 

or interferes with it is a critical issue that changes dramatically the mechanical 

performances of the composite. The main parameters that were identified to affect the 

mechanical properties of such materials are the morphology and dimensions of the 

nanoparticles, the processing method, and the microstructure of the matrix and 

matrix/filler interactions (Mariano et al., 2014). As shown in Figure 25, higher aspect 

ratio nanocrystals provide higher reinforcement. Regarding the processing method, slow 

wet processes (casting/evaporation) involving pristine CNC were reported to give the 

highest mechanical performance materials compared to other processing techniques. 

Indeed, during liquid evaporation strong interactions between nanoparticles can settle and 
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promote the formation of a strong percolating network. During slow water (or polar 

liquid) evaporation, because of Brownian motions in the suspension or solution (whose 

viscosity remains low, up to the end of the process when the latex particle or polymer 

concentration becomes very high), the rearrangement of the nanoparticles is possible. 

They have time enough to interact and connect to form a percolating network which is 

the basis of their reinforcing effect. The resulting structure (after the coalescence of latex 

particles and/or interdiffusion of polymeric chains) is completely relaxed and direct 

contacts between pristine nanocrystals are then created. 

To expand the range of polymers that can be used in association with CNC, 

homogeneous dispersion of the nanoparticles in any liquid medium, regardless its 

polarity, is desirable. To promote this dispersion it is necessary to lower the surface 

energy of the nanoparticles to fit with that of the liquid or polymer melt. This is usually 

achieved by coating their surface with a surfactant or by surface chemical modificadion 

(replacing part of the surface hydroxyl groups by less polar groups). But, even if the 

dispersion of the nanoparticles in the liquid medium (in which the polymeric matrix is 

generally solubilized) is improved, hindered interactions between physically or 

chemically modified nanocrystals limit the formation of a strong percolating nanoparticle 

network and then the reinforcing effect (Mariano et al., 2014).  

Another important issue concerning the mechanical properties is the hardening 

effect in the semi-crystalline polymer matrix induced by CNC, which act as nucleating 

agent in the system. Indeed, highly crystalline CNCs have excellent nucleation ability in 

reinforced polymer by offering numerous primary nucleation sites for growth of 

crystallites, intending to facilitate the recrystallization of the polymer chains at the 

interface. Consequently, the degree of crystallinity of the polymer matrix can be 

significantly enhanced, altering the resulting mechanical properties (Mariano, 2016; Ng 

et al., 2015). 

Today the enhancement in mechanical and barrier properties of nanocomposites 

by addition of CNC represents an opportunity for industrial sector. However, certain 

drawbacks need to be addressed, such as, incompatibility with the hydrophobic polymer 

matrix, the tendency to form aggregates during processing, the onset of thermal 

degradation at 200-300°C (which eventually limits the processing temperature). 
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investigation of cellulose I and II nanocrystals prepared by sulfuric acid hydrolysis”, 

published in 2016 in RSC Advances, 6, 76017-76027. 
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ABSTRACT 

Cellulose nanocrystals (CNCs) were produced from eucalyptus wood pulp using 

three different methods: i) classical sulfuric acid hydrolysis (CN-I), ii) acid hydrolysis of 

cellulose previously mercerized by alkaline treatment (MCN-II), and iii) solubilization of 

cellulose in sulfuric acid and subsequent recrystallization in water (RCN-II). The three 

types of CNCs exhibited different morphologies and crystal structures that were 

characterized using complementary imaging, diffraction and spectroscopic techniques. 

CN-I corresponded to the type I allomorph of cellulose while MCN-II and RCN-II 

corresponded to cellulose II. CN-I and MCN-II CNCs were acicular particles composed 

of a few laterally-bound elementary crystallites. In both cases, the cellulose chains were 

oriented parallel to the long axis of the particle, although they were parallel in CN-I and 

antiparallel in MCN-II. RCN-II particles exhibited a slightly tortuous ribbon-like shape 

and it was shown that the chains lay perpendicular to the particle long axis and parallel to 

their basal plane. The unique molecular and crystal structure of the RCN-II particles 

implies that a higher number of reducing chain ends are located at the surface of the 

particles, which may be important for subsequent chemical modification. While other 

authors have described nanoparticles prepared by regeneration of short-chain cellulose 

solutions, no detailed description was proposed in terms of particle morphology, crystal 

structure and chain orientation. It was provided such a description in the present study. 

 

Keywords: cellulose nanocrystals, sulfuric acid hydrolysis, crystal morphology, 

regenerated cellulose, mercerized cellulose, cellulose allomorphs. 
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1. INTRODUCTION 

Cellulose is a linear biopolymer consisting of β-(1,4)-linked D-glucopyranose 

units, occurring in nature in the form of slender semicrystalline nanofibrils where highly 

ordered regions (the crystallites) alternate with less organized ones (Gardner & 

Blackwell, 1974). In this so-called cellulose I (Cel-I), the chains are parallel and can be 

packed into two allomorphs, namely Iα (triclinic) and Iβ (monoclinic). Most native 

celluloses contain a mixture of both allomorphs in various ratios (Atalla & VanderHart, 

1984). Several other allomorphs have been described, most of which result from chemical 

treatments of Cel-I. These allomorphs differ by the packing and polarity of the 

constituting chains, as well as the hydrogen bond patterns established between them 

(Wada et al., 2008). 

Among these allomorphs, cellulose II (Cel-II), in which the chains are antiparallel 

(Kolpak & Blackwell, 1976; Langan et al., 2001, 2005), can be prepared from Cel-I by 

two distinct processes. Mercerization is an essentially solid-state process during which 

cellulose fibers are swollen in alkali and recrystallized into cellulose II upon washing 

(Warwicker, 1967). An interdigitation mechanism was proposed to account for the 

fibrous transition from Cel-I to Cel-II: upon swelling, the cellulose chains from 

neighboring nanofibrils of opposite polarity would intermingle and recrystallize into the 

antiparallel form upon washing and drying (Nishiyama et al., 2000; Okano & Sarko, 

1985). In the second process, cellulose is first dissolved and then regenerated by 

recrystallizing the chains into Cel-II upon washing (Medronho & Lindman, 2015). The 

Cel-I to Cel-II transition is irreversible, which suggests that Cel-II is thermodynamically 

more stable. 

From an industrial point of view, Cel-II is used to prepare materials such as films 

(cellophane), textile fibers (rayon, lyocell), membranes for dialysis, filtration and 

chromatography (Cuprophan), papers (for packaging and printing purpose), 

pharmaceutical pellets (for drug release) and cellulose derivatives (such as 

methylcellulose and carboxymethylcellulose) (Gupta et al., 2013; Han et al., 2013; 

Kumar et al., 2002; Liu & Hu, 2008; Sasaki et al, 2003). 

Due to the combination of unique physicochemical properties and environmental 

appeal, cellulose nanocrystals (CNCs) have enjoyed a large interest in the recent years 

(Dufresne, 2012; Habibi et al., 2010). CNCs are usually prepared by strong sulfuric acid 

hydrolysis that preferentially degrades the disordered regions of the native cellulose 

nanofibrils. An additional mechanical or sonication treatment releases rod-like 
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nanocrystals that form stable colloidal suspensions (Marchessault et al., 1959; Mukherjee 

& Woods, 1953). In addition, the shape and size of the CNCs depend on the source of 

cellulose (Brito et al., 2012; Chauve et al., 2013; Elazzouzi-Hafraoui et al., 2008). CNCs 

offer a wide range of potential applications in fields ranging from packaging to 

biomedicine. Several unique properties, such as high specific strength and modulus, high 

aspect ratio, low density, large specific surface area and reactive surfaces that can 

facilitate the grafting of chemical species to confer and tailor new properties, stimulate 

their use in new functional and advanced materials (dos Santos et al., 2013; Dufresne, 

2012; Eichhorn, 2011; Mariano et al., 2014; Moon et al., 2011). 

So far, investigations of Cel-II have mostly focused on fibers and only a few recent 

studies have been carried out on CNCs. Cel-II nanocrystals have been prepared either by 

acid hydrolysis of mercerized fibers (Hirota et al., 2012; Kim et al., 2006; Yue et al., 

2012), mercerization of Cel-I CNCs (Jin et al., 2016), or after recrystallization of fractions 

of short cellulose chains in solution (Dhar et al., 2015; Hirota et al., 2012; Hu et al., 2014; 

Sèbe et al., 2012). However, while these studies have generally combined the data from 

several imaging, diffraction and spectroscopic techniques, a complete structural picture 

of the nanocrystals has not been reported so far. The purpose of our work was thus to 

produce and characterize cellulose nanocrystals prepared from native eucalyptus Cel-I 

fibers by i) sulfuric acid hydrolysis, ii) acid hydrolysis of fibrous Cel-II obtained by 

mercerization of Cel-I, and iii) recrystallization (regeneration) of cellulose chains 

produced by stronger acid hydrolysis of native cellulose. We compared the morphology, 

crystal structure, crystallinity index, surface charge and degree of polymerization of the 

three types of nanocrystals that were characterized by complementary techniques, namely 

elemental analysis, zetametry, viscometry, transmission electron microscopy (TEM), 

atomic force microscopy (AFM), X-ray diffraction (XRD), Fourier-transform infrared 

and solid-state nuclear magnetic resonance spectroscopies (FTIR and NMR, 

respectively). 

 

2. EXPERIMENTAL 

2.1. Materials 

Sulfuric acid (95.0-98.0 wt%, Vetec, P.A.), bis(ethylenediamine) copper(II) 

hydroxide solution 1.0 M in H2O (Panreac) and cellulose membrane (Spectra/Por 1 

Dialysis Membrane) were used as received. Bleached Kraft wood pulp sheets of 

eucalyptus urograndis hybrid (Eucalyptus urophylla and grandis) were provided by 
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Conpacel Company (Limeira, São Paulo, Brazil). This pulp was chosen as raw material 

because it has high cellulose content. Its chemical composition was determined as 

described by dos Santos et al. (2013): 92% cellulose, 6% hemicelluloses, 0% lignin and 

0.3% minerals. 

 

2.2. Preparation of cellulose nanocrystals 

2.2.1. Nanocrystals from native cellulose 

The bleached Kraft eucalyptus wood pulp (WP) was ground in a Fourplex mill 

equipped with a 16-mesh sieve and then hydrolysed with sulfuric acid. The hydrolysis 

was performed at 45°C for 50 min under vigorous stirring. For each gram of WP, it was 

used 20 mL of 60 wt% H2SO4. Immediately following the hydrolysis, the material (an 

ivory-white dispersion) was diluted 10-fold with cold deionized water to stop the 

hydrolysis reaction, and centrifuged twice for 10 min at 10,000 rpm to remove the excess 

acid. The precipitate was then dialyzed against deionized water to remove non-reactive 

sulfate groups, salts and soluble sugars, until a neutral pH was reached. The resulting 

dialyzed suspension was ultrasonicated for 15 min in an ice bath (Branson sonifier 250 - 

maximum power of 200 W - operating at a duty cycle of 50% and output of 40%) and 

stored in a refrigerator. Drops of sodium hypochlorite were added to avoid bacterial 

growth. The resulting nanocrystals will be referred to as "CN-I" in the following. 

 

2.2.2. Nanocrystals from mercerized cellulose 

The milled WP was treated with a 20 wt% sodium hydroxide aqueous solution 

under mechanical stirring for 5 h at 25°C, using 30 mL of solution per gram of material. 

The material was washed several times with distilled water until the alkali was completely 

removed, and dried at 40°C for 12 h in an air-circulating oven. The mercerized pulp 

(MWP) was milled again and submitted to sulfuric acid hydrolysis, using the same 

conditions as those applied for the preparation of CN-I. This sample will be referred to as 

"MCN-II". 

 

2.2.3. Nanocrystals from regenerated cellulose 

 The hydrolysis of ground eucalyptus WP was carried out with 64 wt% H2SO4 at 

40°C for 20 min. The subsequent steps of dilution with water, centrifugation, and dialysis 

were carried out using the same conditions as those used for the preparation of CN-I. 

Following hydrolysis, the solution was transparent and upon addition of water, it became 
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an ivory-white dispersion. Under these hydrolysis conditions, the cellulose fibers were 

thus solubilized and the soluble chains precipitated by addition of water, which 

corresponds to the so-called regeneration process. The resulting nanocrystals will be 

referred to as "RCN-II". 

 

2.3. CNC powders 

CNC powders of the three samples were prepared by freeze-drying 0.5 wt% 

suspensions. 

 

2.4. Shear-oriented CNC fibers 

Oriented fibers were prepared from the CNC suspensions using the method 

described by Nishiyama et al. (2008). Briefly, the suspensions were centrifuged and the 

pellets were mixed with polyvinyl alcohol (PVA). A saturated solution of sodium borate 

(borax) was added to cross-link PVA and yield a viscoelastic gel that was uniaxially 

stretched with tweezers to form a fiber and left to dry under load. 

 

2.5. Characterization 

2.5.1. Elemental analysis 

The total sulfur content S% of the samples was determined by elemental analysis 

using an Element Analyser (Perkin-Elmer Series II, CHNS/O Analyzer 2400) from the 

freeze-dried CNC powders. The values were converted to the number n of –OSO3H 

groups of the CNC samples per 100 anhydroglucose units, using the method described in 

details by Hu et al. (2014). 

 

2.5.2. Zeta potential 

The zeta-potential ζ of 0.01 wt% CNC suspensions was measured on a Malvern 

DTS0230 instrument. All suspensions were diluted in an aqueous standard solution at pH 

7, 5 mmol ionic strength and 200 µS.cm-1 conductivity, prepared by the addition of diluted 

NaOH solution and solid NaCl into deionized water. 

 

2.5.3. Viscometry 

The viscosimetric average degree of polymerization (𝐃𝐏𝒗
̅̅ ̅̅ ̅) of CNC samples was 

calculated according to TAPPI T 230 OM-99 (1999) standard, from the value of intrinsic 

viscosity [η] of the samples. The [η] value was obtained by measuring the flow of solvent 
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and solutions with Ostwald’s viscometer (type n° 50, 100 or 150 depending on the sample 

molecular weight). The solvent used was a mixture of a solution of bis(ethylenediamine) 

copper (II) hydroxide and deionized water. The intrinsic viscosity [η] was determined 

from Equation (7). 

[𝜼] =
√[𝟐(𝜼𝒔𝒑−𝐥𝐧 𝜼𝒓𝒆𝒍)]

𝑪
   Eq. (7) 

where ηrel is the relative viscosity given by the ratio of the flow time of the CNC 

suspension and the flow time of the solvent, ηsp is the specific viscosity given by (ηrel - 1), 

and C is the concentration of the CNC suspension in g∙mL-1. The 𝐃𝐏𝒗
̅̅ ̅̅ ̅ was calculated 

using the equation recommended by the standard method SCAN-C15:62 (1980): 

𝐃𝐏𝒗̅̅ ̅̅ ̅ 
𝟎.𝟗𝟎𝟓

= 𝟎. 𝟕𝟓[𝛈]   Eq. (8) 

where the values of 0.905 and 0.75 are constants characteristic of the polymer-solvent 

system and [η] is expressed in mL∙g-1. 

 

2.5.4. Scanning electron microscopy (SEM) 

Fragments of wood pulp were fixed on metal stubs using double-sided carbon 

tape. Some fibers were cut with a razor blade in order to visualize their cross-section. All 

specimens were coated with Au/Pd and observed in secondary electron mode in a Quanta 

250 FEI microscope operating at 10 kV. 

 

2.5.5. Transmission electron microscopy (TEM) 

 Drops of 0.001 wt% CNC suspensions were deposited onto glow-discharged 

copper grids coated with a carbon support film. The specimens were negatively stained 

with 2 wt% uranyl acetate. Other specimens were kept unstained for electron diffraction 

purpose and mounted in a Gatan 626 specimen holder. After introduction in the 

microscope, the holder was cooled with liquid nitrogen and the specimen was observed 

at low temperature (-180°C) under low illumination. All specimens were observed with 

a Philips CM200 'Cryo' transmission electron microscope (FEI) operating at 200 kV. 

Images and diffraction patterns were recorded on a TVIPS TemCam F216 camera. The 

average dimensions of CNC populations were determined from the TEM images by 

measuring the length and width of about 100 particles using the ImageJ software. 
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2.5.6. X-ray diffraction (XRD) 

Strips of CNC films prepared by casting were fixed on a 0.2 mm collimator in 

such a way that the films were oriented either perpendicular or parallel to the X-ray beam. 

Fragments of PVA/CNC fibers were directly taped on the collimator. All specimens were 

placed in a vacuum chamber and X-rayed in transmission mode using a Philips PW3830 

generator producing a Ni-filtered CuKα radiation (λ = 0.1542 nm), and operating at 30 

kV and 20 mA. Two-dimensional (2D) diffraction patterns were recorded on Fujifilm 

imaging plates read with a Fujifilm BAS-1800II bioimaging analyser. Diffraction profiles 

were obtained by radially averaging the intensity over fan-shaped portions of the 2D 

spectra. A crystallinity index (CI) was calculated after peak deconvolution of the 

diffraction profiles (Park et al., 2010). The peak fitting was carried out using pseudo-

Voigt functions. CI was calculated using Equation 9: 

𝐂𝐈 = 𝟏𝟎𝟎 × (
𝑨𝒄

𝑨𝒄+𝑨𝒂
)   Eq. (9) 

where Ac and Aa are the areas under the crystalline peaks and the amorphous halo, 

respectively, determined by deconvolution between 2 = 10 and 30°. 

The dimension Dhkl of the crystallites perpendicular to the hkl diffracting planes 

was estimated from the peak broadening in the XRD profiles after deconvolution, using 

Scherrer’s equation: 

𝐃𝒉𝒌𝒍 =
𝑲𝝀

𝛃𝟏/𝟐 𝐜𝐨𝐬 𝛉
   Eq. (10) 

where K is a correction factor usually taken as 0.9 for cellulose, λ is the X-ray wavelength, 

 is the diffraction angle and 1/2 is the peak width at half maximum intensity (Klug & 

Alexander, 1974). 

 

2.5.7. Fourier-transform infrared spectroscopy (FTIR) 

CNC powders were mixed with KBr in a ratio sample/KBr of 1:100 by mass to 

prepare compressed pellets and absorption spectra were recorded with a Perkin-Elmer 

Spectrum One instrument, in the range of 600-4000 cm-1, a resolution of 4 cm-1 and a 

total of 16 scans for each sample.  
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2.5.8. Solid-state nuclear magnetic resonance (NMR) 

Solid-state 13C-NMR experiments were performed on a Bruker AVANCE 400 

spectrometer using a combination of cross-polarization, high power proton decoupling 

and magic angle spinning (CP/MAS). 13C-NMR spectra were acquired at 298 K, with a 4 

mm probe operating at 100.13 MHz. MAS rotation was 12 kHz, CP contact times 2 ms 

and repetition time 1 s. The CI of the samples was also estimated from 13C-NMR data by 

comparing the areas for the peaks of crystalline and amorphous C4. By analogy with 

equation (10), the calculation was done by dividing the area of crystalline peak (86 to 94 

ppm) by the total area assigned to the C4 peak (80 to 94 ppm). 

 

3. RESULTS 

3.1. Characterization of native and mercerized cellulose fibers 

The SEM images in Figure 27 show the morphological differences between the 

native wood pulp (WP) fibers and the mercerized ones (MWP).  

 

Figure 27 – SEM images of initial (a–c) and mercerized (d–f) wood pulp fibers (WP and MWP, 

respectively). In (c) and (f), the fibers were cut with a razor blade revealing their cross-section. 

The raw WP fibers are long tortuous and sometimes twisted flat tubes with a 

relatively smooth surface (Figure 27a-c), whereas the MWP fibers are solid cylinders, the 

lumen having collapsed during the alkaline treatment (Figure 27d-f). The surface of the 
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MWP fibers exhibits a sub-fibrillar structure that most likely corresponds to bundles of 

nanofibrils, which is consistent with what was observed for mercerized pinewood pulp 

(Sharma et al., 2015) and cotton fibers (Yue et al., 2013). The mercerization process also 

affects the tortuosity and swelling of the fibers (i.e., the fiber untwists and swells). 

However, the fibrous structure is largely kept intact after mercerization. The mercerized 

material is whiter, indicating that, after the alkali treatment, a part of the initial non-

cellulosic components (hemicellulose, pectins, etc) was removed by this process. The 

yield of mercerization, calculated on the initial amount of dried cellulose fibers was 83% 

(Table 1). In addition, there was no significant change in the 𝐃𝐏𝒗
̅̅ ̅̅ ̅ values estimated by 

viscosity measurements: 898 and 920 for WP and MWP, respectively. 

The XRD patterns recorded from WP and MWP fibrillar bundles are shown in 

Figure 28. The fiber pattern of WP is typical of native wood Cel-I. It contains 3 equatorial 

arcs assigned to (𝟏�̅�𝟎)𝐈, (110)I, and (200)I planes (indices of allomorph Iβ), as well as the 

characteristic thin meridional arc corresponding to the (004)I planes (Figure S3a in 

Appendix A) (French, 2014). The CI calculated for this sample after peak deconvolution 

is 33% (Table 2). 

 

Figure 28 – X-ray diffraction patterns of initial (a) and mercerized (b) wood pulp fibers (WP and MWP, 

respectively). The fibrillar bundles are vertical with respect to the patterns. 

The XRD pattern of MWP is clearly different and typical of Cel-II, displaying 

three main arcs on the equator, corresponding to the (𝟏�̅�𝟎)𝐈𝐈, (110)II, and (020)II planes 

(Figure S3b) (French, 2014). The mercerization process thus resulted in a total 

allomorphic conversion from Cel-I to Cel-II. The calculated CI was 53% (Table 2) but its 

comparison with that of WP is not straightforward since the crystal structure for both 

specimens is different. 
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3.2. Characterization of cellulose nanocrystals 

3.2.1. Yield, chain length, sulfur content, surface charge and zeta potential 

The yield of the three preparation protocols as well as 𝐃𝐏𝒗
̅̅ ̅̅ ̅, sulfur content, surface 

charge and zeta potential ζ of the resulting CNC samples are given in Table 1. Seeing that 

lower yields around 30% are often reported in the literature, our values can be considered 

as high and are consistent with other reports  (Bendahou et al., 2009; Han et al., 2013; 

Hu et al., 2014; Tonoli et al., 2012). The 𝐃𝐏𝒗
̅̅ ̅̅ ̅ of CNC samples were 115, 54 and 17 for 

CN-I, MCN-II and RCN-II, respectively. The formula used in this study to calculate the 

𝐃𝐏𝒗
̅̅ ̅̅ ̅ is recommended for characterization of unsulfated celluloses with a DP between 90 

and 3,000. Thus, the DP values assessed by means of viscosity-average molecular weight 

are only an estimate of the chain length of the samples. 

Table 1. Yield, sulfur content, surface charge, number of –OSO3H groups per 100 anhydroglucose units, 

zeta potential (ζ) and viscometric average degree of polymerization (𝐃𝐏𝒗
̅̅ ̅̅ ̅) of the fibers and CNCs. "na": 

not applicable. 

Sample  Yield (%) Sulfur  

content (%) 

Surface 

charge 

(mmol.g-1) 

Number of –OSO3H 

groups per 100 

anhydroglucose units 

ζ (mV.cm-1) 𝐷𝑃𝒗
̅̅ ̅̅ ̅ 

WP n. a. 0.94 Na Na Na 898 ± 18 

MWP 83a 0.98 Na Na Na 920 ± 14 

CN-I 64a / 70b 1.36 0.424 7.12 -33.5 ± 2.0 115 ± 3 

MCN-II 55a / 60b / 66c 1.43 0.464 7.49 -35.7 ± 1.5 54 ± 3 

RCN-II 44a / 48b 1.75 0.546 9.25 -30.0 ± 0.9 17 ± 1 

a calculated with respect to the initial amount of dried wood pulp. 

b based on the initial cellulose content. 

c calculated with respect to the initial amount of mercerized fibers. 

The sulfur content (Table 1) is related to the presence of anionic sulfate ester 

groups on the CNC surface created by esterification of hydroxyl groups during the 

sulfuric acid treatment, thus leading to colloidal CNC dispersions in water 

electrostatically stabilized by repulsive forces, as indicated by the negative ζ values 

(Table 1). The differences between the sulfur content values can be ascribed to the acid 

treatment conditions, since stronger sulfuric hydrolysis conditions are expected to result 

in higher levels of esterification sulfation (Lin & Dufresne, 2014; Roman & Winter, 

2004). The ζ values of the three samples are rather close (-33.5 ± 2.0 mV∙cm-1 for CN-I, 
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-35.7 ± 1.5 mV∙cm-1 for MCN-II and -30.0 ± 0.9 mV∙cm-1 for RCN-II), and considering 

that the zeta potential may also depend on the shape, size and structure of the particles, 

the small difference may not be significant and directly related to the sulfur content. 

Table 2. Crystallinity index (CI) of the samples estimated from XRD data (CIXRD) and 13C-NMR data 

(CINMR) after peak deconvolution. 

Sample  CIXRD (%) CINMR (%) 

WP 33 - 

MWP 53 - 

CN-I 56 50 

MCN-II 68 63 

RCN-II 66 60 

 

3.2.2. Morphology and crystal structure 

Figure S1 shows the formation of birefringent domains induced by shear 

alignment of CNCs in aqueous suspensions under agitation. This effect results from the 

intrinsic shape and optical anisotropy of rod-like CNCs (Cranston & Gray, 2008). Thus, 

this behavior hints that well-dispersed of anisometric nanosized cellulose particles were 

obtained in all three isolation procedures. In general, the critical concentration at which 

the particles self-organize depends on their aspect ratio and on the electrostatic repulsion 

(Heux et al., 2000). Consequently, for the same concentration, the weaker shear-induced 

birefringence exhibited by the RCN-II suspension may be explained by a smaller particle 

aspect ratio. 

TEM micrographs of the different CNC samples are shown in Figure 29 and the 

CNC dimensions measured from TEM (average length �̅� and width �̅�) and AFM (average 

thickness �̅�) images (Figure S2) are summarized in Table 3.  

Table 3. Average dimensions of the CNCs. The length �̅� and width �̅� have been calculated from TEM 

images of negatively stained preparations of CN-I, MCN-II and RCN-II while the thickness �̅� has been 

determined from height profiles in AFM images. The aspect ratio was calculated as �̅� / �̅�. 

Sample  �̅� (nm) �̅�  (nm) �̅� (nm) Aspect ratio 

CN-I 240 ± 52 15.1 ± 1.4 3.8 ± 0.9 16 

MCN-II 132 ± 19 18.9 ± 2.2 5.2 ± 1.0 7 

RCN-II 102 ± 10 12.0 ± 1.2 2.7 ± 0.6 8.5 
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The shape and size of the three types of particles are clearly different. CN-I (Figure 

29a-b) contains rod-like particles typical of nanocrystals prepared by conventional acid 

hydrolysis of native higher plant cellulose (Brito at al., 2012; Chauve et al., 2013). They 

are generally composite objects made of a few laterally-bound crystallites, in agreement 

with what was shown for cotton CNCs by Elazzouzi-Hafraoui et al. (2008). As illustrated 

for CN-I particles shown in Figure 30a-c, the shape and number of constituting crystallite 

significantly vary so that it is rather difficult to clearly define a 'typical' particle. Their 

average length and width determined from TEM images of negatively stained 

preparations are �̅� = 240 ± 52 nm and �̅� = 15.1 ± 1.4 nm, respectively (Figure 29a-b), 

while a thickness �̅� = 3.8 ± 0.9 nm was measured from height profiles on AFM images 

(Figure S2a). 

 

Figure 29 – TEM images of negatively stained CN-I (a and b), MCN-II (c and d) and RCN-II (e and f) 

nanocrystals. The arrows in (f) indicate twist regions. 

MCN-II particles are also rod-shaped but shorter and wider: �̅� = 132 ± 19 nm, 

�̅� = 18.9 ± 2.2 nm, �̅� = 5.2 ± 1.0 (Figures 29c-d and Figure S2b). Like for CN-I, these 

particles are composite objects (Figure 30d-f). 
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As seen in Figure 29e, the RCN-II suspension contains dense aggregates 

coexisting with vermicular objects. As these aggregates resisted mild sonication, we 

could not study them in details and focused our analysis on the individual particles. These 

acicular particles are more tortuous, longer (�̅� = 102 ± 10 nm) and thinner (�̅� = 12.0 ± 1.2) 

than MCN-II nanocrystals (Figure 29f). The thickness measured from AFM images 

(�̅� = 2.7 ± 0.6 nm) (Figure S2c) and the distribution of negative stain in TEM images 

(Figures 29f, 30h and 30i) suggests that the particles are ribbon-shaped. As indicated by 

arrows in Figures 29f, 30h and 30i, white regions are locally observed that likely 

correspond to local twists of the ribbons. The ribbons would thus be seen edge-on and the 

width of these regions is about 3 nm, in good agreement with the thickness measured by 

AFM (Table 3). Although the resolution of these TEM images is mainly limited by the 

granularity of the dry stain, the particles seem to be composed of imperfectly stacked 

lamellar subunits (Figure 30g). 

 

Figure 30 – Higher magnification TEM images of CN-I (a-c), MCN-II (d-f) and RCN-II (g-i) particles 

(negative staining). The arrows in (h) and (i) indicate twist regions. Scale bars: 20 nm. 
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The two-dimensional XRD patterns recorded from CNC films and shear-oriented 

PVA/CNC fibers are shown in Figure 31. When the films were oriented perpendicular to 

the X-ray beam (Figure 31a-c), the patterns were mostly of powder type, exhibiting a 

number of concentric diffraction rings. When the films were oriented parallel to the X-

ray beam (Figure 31d-f), all samples yielded fiber patterns with a distribution of 

diffraction arcs. This is consistent with the fact that rod-shaped particles tend to take an 

in-plane orientation during drying. Their long axis lies parallel to the plane of the film but 

the azimuth of this axis is randomly oriented. The rings in the pattern of the CN-I film 

(Figure 31a) are not strictly uniform in intensity due to some orientation of the rod-like 

particles during drying, an effect previously reported by Elazzouzi-Hafraoui et al. (2008) 

for nanocrystals prepared from other cellulose sources. Like for the parent fibers, the 

XRD pattern of CN-I is typical of Cel-I, although the five main diffraction rings are more 

clearly defined. The CI value is 56% (Table 2). This increase with respect to the CI of the 

initial WP fibers (33%) is consistent with the fact that acid hydrolysis has preferentially 

degraded disorganized regions that contributed to the amorphous background in the XRD 

pattern for WP. 

The XRD patterns for MCN-II and RCN-II films (Figures 31b and 31c, 

respectively) correspond to Cel-II, exhibiting the 11̅0II and well-separated 110II and 020II 

rings (Figures S3b and S3c). For MCN-II, the intensities of the latter two are similar 

whereas for RCN-II, the intensity of 110II is higher, suggesting some uniplanarity of the 

particles in the film. The d-spacings, summarized in Table 4, are consistent with 

previously reported measurements (Atkins et al., 1979; Hu et al., 2014; Sèbe et al., 2012). 

The CI value for MCN-II is 68% (Table 2), higher than that of the mercerized fibers 

(53%), and the CI of RCN-II is 66%, which is lower than the value that Hu et al. (2014) 

estimated for their regenerated Cel-II nanocrystals using a similar deconvolution method 

(93%). 

The CN-I fiber pattern recorded from a film parallel to the X-ray beam is similar 

to that of the parent WP fibers but it is better resolved and contains equatorial arcs 

assigned to  (11̅0)I, (110)I, and (200)I planes, and a thin meridional arc corresponding to 

the (004)I planes (Figures 31d and S3a). The pattern of the MCN-II film contains the 

11̅0II, 110II and 020II arcs in equatorial position whereas a thin 002II meridional reflection 

can be seen (Figures 31e and S3b). The 11̅0II reflection remains equatorial in the pattern 

of the RCN-II film but the strong 110II arc is now oriented along the meridian. The 020II 

reflection is expected to lie at a 65° angle with respect to the equator (Atkins et al., 1979) 
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but due to some degree of misorientation, this reflection and its mirror counterpart with 

respect to the meridian are merged into a unique larger arc (Figures 31f and S3c). 

 

Figure 31 – Two-dimensional wide-angle X-ray diffraction patterns of CN-I (a,d and g), MCN-II (b,e and 

h) and RCN-II (c,f and i) specimens: a-c) the films were oriented perpendicular to the X-ray beam; d-f) the 

films were parallel to the X-ray beam and vertical with respect to the patterns; g-i) PVA/CNC fibers oriented 

vertical with respect to the patterns. In f, the thin ring at large diffraction angle was attributed to some 

contaminant. 

Figures 31g-i show the XRD patterns for shear-oriented PVA/CNC fibers. In the 

case of CN-I and MCN-II, the resulting fiber patterns are a proof that the acicular 

nanocrystals were oriented along the stretching direction. This did not seem to be the case 

for RCN-II whose pattern only exhibits a very weak orientation (Figure 31i). The reason 

for this lack of orientation is unclear since the aspect ratio of RCN-II particles is close to 

that of MCN-II nanocrystals that aligned well along the shear direction (Table 3). Particle 

aggregation during the preparation of the PVA/CNC mixture may have occurred, or a 

large amount of the aggregates seen in Figure 29e was present, thus limiting the 

orientation during shear. In addition, the ribbon shape and associated twisting effect may 
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induce some flexibility in the particles which would also add to the lack of orientation. 

However, one can note that the relative intensity of the  𝟏�̅�𝟎𝐈𝐈 reflection is significantly 

lower compared to that in Figure 31f, and that the intensity of the 110II ring is still stronger 

than that of 020II. 

Table 4. d-Spacings and associated crystal widths corresponding to the three main reflections in the XRD 

profiles of the fibers and CNCs. The indexes are those defined by French (2014). 

 hkl 𝟏�̅�𝟎𝐈 110I 200I 

 d-spacing (nm) 0.60 0.53 0.39 

CN-I crystallite size (nm) 2.98 3.01 4.35 

 hkl 𝟏�̅�𝟎𝐈𝐈 110II 020II 

 d-spacing (nm) 0.73 0.44 0.40 

MCN-II crystallite size (nm) 5.85 5.03 4.71 

RCN-II crystallite size (nm) 5.03 5.82 5.58 

 

Selected area electron diffraction patterns were recorded from unstained 

specimens at low temperature, as shown in Figure S4. For CN-I and MCN-II, it was 

possible to find bundles of locally aligned nanocrystals so that fiber patterns were 

recorded. The patterns from the three samples are thus similar to the XRD diagrams of 

the corresponding shear-oriented PVA/CNC fibers (Figs. 31g-i). For CN-I, the thin 004I 

meridional reflection is clearly marked, as well as the strong equatorial 200I and the 

merged  𝟏�̅�𝟎𝐈  and 110I reflections (Figure S4a). For MCN-II, the thin meridional 004II 

reflection appears and the strong equatorial 110II and 020II arcs have similar intensities 

(Figure S4b). The pattern of the RCN-II sample does not reveal any clear orientation, 

probably because the nanocrystals are shorter which does not promote the formation of 

locally oriented bundles upon drying. However, the fact that the 110II reflection is more 

intense than 020II indicates a strong uniplanarity of the nanocrystals on the supporting 

carbon film (Figure S4c). These data recorded by electron diffraction on a small number 

of particles are thus in good agreement with those collected by XRD from larger 

populations of CNCs. 

The size of the elementary crystallites constituting the three types of CNC was 

evaluated from the broadening of the three stronger peaks in the XRD profiles 

corresponding to the powder patterns in Figure 31a-c, using Scherrer's equation (Eq. 10). 
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The results are summarized in Table 4 and were used to propose shapes of the cross-

sections of the crystallites (Figure S5). The cross-section of CN-I crystallites is squarish 

(approximately 3 × 3 nm2), with surfaces corresponding to (𝟏�̅�𝟎)𝐈 and (110)I planes 

(Figure S5a), which is consistent with the thickness determined from AFM images 

(Table 3) and the estimation of the width of the laterally associated crystallites that 

constitute CN-I CNCs (Figure 30a-c). This shape and dimensions were also reported for 

CNC prepared from Avicel (Elazzouzi-Hafraoui et al., 2008) and wood pulp from various 

sources (Brito et al., 2012). By dividing the average width of CN-I particles by that of the 

elementary crystallites, one finds that the CNC contains an average of 5 laterally bound 

units, in good agreement with the TEM images in Figures 29a,b and 30a-c. The 

elementary crystallites in MCN-II particles are wider than those in CN-I, which is 

consistent with the TEM observations (Figure 30d-f), and would have the shape of a 

truncated parallelogram (Figure S5b). MCN-II particles would thus be made of 3-4 

crystallites. 

From the XRD data, the cross-section of the RCN-II elementary crystallites would 

have a more or less hexagonal shape with an average diameter of 5.5 nm (Figure S5c). 

The direct comparison with the TEM images is more difficult since, as suggested by 

diffraction analyses, the chains would be oriented perpendicular to the long axis of the 

particle. Consequently, the cross-section of the ribbons cannot be visualized, except, 

possibly, in the twist regions (Figure 30h-i). However, the width of these regions, in 

agreement with the thickness measured by AFM, is close to 3 nm, which is about twice 

smaller than the size deduced form the XRD data. Figure S5d describes the cross-section 

that was deduced from the analysis of TEM and AFM micrographs. The reason of the 

discrepancy between the images and the XRD data is unclear. One possibility is that the 

aggregates that coexist with the ribbon-like nanocrystals contain Cel-II particles with a 

different morphology and that the XRD data correspond to an average of both types of 

particles. In that stage, the TEM images cannot be used to quantitatively evaluate the 

relative amounts of aggregates and individual ribbons and further work is needed to clarify 

this point. 

Figure 32 shows the FTIR spectra for the three types of CNCs. All spectra exhibit 

the typical absorption peaks and bands assigned to cellulose, although small differences 

can be seen between them due to the different crystal structures. Considering the broad 

band for the –OH stretching vibration in the range of 3700-3000 cm-1, the spectra for 

MCN-II and RCN-II display two distinctive peaks at 3491 and 3447 cm-1 related to 
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intramolecular hydrogen bonding in Cel-II. The intensity of the peak at 1430 cm-1 

associated to the –CH2–(C6)– bending vibration decreases significantly in the spectra for 

MCN-II and RCN-II compared to CN-I, owing to the change in conformation of 

hydroxymethyl group from tg to gt form. The CO at C-6 stretching vibration peak at 1035 

cm-1 for CN-I was shifted to 1029 and 1027 cm-1 for MCN-II and RCN-II, respectively. 

This could be explained by changes in the torsional angles of β-(1,4)-D-glycosidic 

linkages. Similarly, the COC vibration at β-glycosidic linkage was switched from 898 in 

CN-I to 895 cm-1 for MCN-II and RCN-II. The absorption band at 711 cm-1 assigned to 

Iβ cellulose was detected for CN-I, while the absorption band at 750 cm-1 ascribed to Iα 

was not clearly seen. It means that this sample (CN-I) is rich in the Iβ allomorph. These 

FTIR results indicate that both mercerization and regeneration procedures transformed 

the cellulose crystal structure from Iβ to II. Moreover, these results are consistent with 

other reports in the literature (Dhar et al., 2015; Han et al., 2013; Oh et al., 2005; Zuluaga 

et al., 2009). 

 

Figure 32 – Fourier-transform infrared absorption spectra of CN-I, MCN-II and RCN-II powders in KBr 

pellets. 

The 13C-NMR spectra recorded from the three CNC samples are shown in Figure 

32. The peaks common to all spectra are those from the carbons of the carbohydrate 

moiety, which appear between 58 and 110 ppm. The signal from 58 to 67 ppm is attributed 
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to the C6 of the primary alcohol group. The cluster between 69 and 80 ppm is associated 

to the C2, C3, and C5 carbons. The region between 80 and 94 ppm corresponds to C4 and 

that between 95 and 110 ppm with the anomeric carbon C1 (Martins et al., 2006; Sèbe et 

al., 2012). The CN-I spectrum displays the typical chemical shifts assigned to the crystal 

lattice of (Iβ rich type). The signals at 104 and 106 ppm can be identified (zoom-in view 

in Figure 32). The spectra for MCN-II and RCN-II are typical of Cel-II, as revealed by 

the presence of peaks at 76 and 107 ppm and the absence of a peak at 65 ppm (Zuluaga 

et al., 2009). The main difference was observed near 97 ppm, where a small peak only 

present for RCN-II has been attributed to C1 anomeric carbons of the end monomer units 

(C1 reducing end of cellulose), which can be detected when the DP of cellulose is 

sufficiently low (Sèbe et al., 2012; Sharma et al., 2014).  Hence, this suggests that the 

cellulose chains are shorter in RCN-II than in CN-I and MCN-II. This is in agreement 

with the DP values determined from viscometry measurements (Table 1), and with the 

results of Hu et al. (2014) that showed that the acid-soluble cellulose chains that 

recrystallize have a low DP. 

 

Figure 33 – 13C CP/MAS NMR spectra of CN-I, MCN-II and RCN-II powders. 
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Distinct peaks corresponding to carbon atoms in the crystalline and disordered 

regions could be detected. The signal at around 89 ppm is assigned to the C4 of the highly 

ordered cellulose chains in the crystallite core, whereas the signal at 84 ppm corresponds 

to the C4 of disordered cellulose (Martins et al., 2006; Novo et al., 2015). The peaks 

around 65 ppm were assigned to the less ordered cellulose C6 carbons. The CI was also 

calculated from the 13C-NMR spectra and the results are listed in Table 2. Similar results 

for CINMR can be found in the literature, usually around 60 ± 5% for cellulose nanocrystals 

(Park et al., 2009, 2010; Sacui et al., 2014). Although the CI values calculated from XRD 

and NMR data are different, their relative variation are similar and the conclusions based 

upon these variations are consistent. 

 

4. DISCUSSION 

4.1. Sulfur content and surface charge 

Taking into account the number of –OSO3H groups per 100 anhydroglucose units 

(Table 1), the number of cellulose chains exposed on CNC surface according to the cross-

section of the elementary crystallites for each type of CNC deduced from XRD data 

(Figure S5), and assuming that only 3 –OH groups are accessible for each cellobiose 

repeating unit, the percentage of esterified hydroxyl groups relative to the amount of 

available hydroxyl groups at the CNC surface was estimated to be 9.1, 15.8 and 19.3% 

for CN-I, MCN-II and RCN-II, respectively. The surface area that is not accessible due 

to the association of crystallites in the particles was neglected for these estimates. These 

values are consistent with those reported by Lin and Dufresne (2014) for nanocrystals 

extracted from native cotton by hydrolysis at 45°C using 65 wt% H2SO4.
 

 

4.2. Three-dimensional shape and crystal orientation of the CNCs 

As shown from images and diffraction data, the elementary crystallites in CN-I 

particles have a square cross-section and the chain axis is parallel to the long axis of the 

nanocrystal (Figure 34a). The CN-I particles are made of a few parallel crystallites whose 

lateral association by hydrogen bonds has not be broken by acid hydrolysis (Elazzouzi-

Hafraoui et al., 2008). As the particles are rather flat, some uniplanarity might have been 

promoted during drying as a film. However, no such preferential orientation was detected 

in XRD powder patterns (Figure 31a), which means that in each particle, the associated 

elementary crystallites are randomly oriented with respect to one another around the 

common chain axis. 
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Mercerization is considered to be a solid-state transition in which the cellulose 

chains from neighbouring nanofibrils with opposite polarity can mix upon swelling in 

alkali. As demonstrated for Valonia cellulose, after recrystallization into Cel-II, the 

fibrous texture is preserved and the chain axis is still parallel to the fiber axis (Chanzy & 

Roche, 1976). This orientation is the one that was determined for MCN-II particles 

(Figure 34b) and is consistent with the conclusions of Kim et al. (2006) from electron 

diffraction data collected on CNCs from mercerized ramie cellulose. Yue et al. (2012) 

reported a similar morphology for CNCs prepared by acid hydrolysis of mercerized cotton 

cellulose. Such rod-like nano-elements were also described by Hirota et al. (2012) after 

TEMPO-mediated oxidation of mercerized cotton cellulose. MCN-II CNCs are shorter 

than CN-I particles. Indeed, one can expect that the intermingling of the chains upon 

swelling and subsequent recrystallization generate a significant number of disorganized 

regions that were thus preferentially degraded during acid hydrolysis. This assumption is 

confirmed by the 66% yield which means that a significant amount of material was 

dissolved during acid hydrolysis. Like for CN-I, MCN-II particles are made of a few 

associated elementary crystallites with no specific orientation relative to each other since 

no in-plane uniplanarity was detected in the XRD pattern. However, the crystallization 

upon washing generates larger crystalline domains as shown by broader constituting 

crystallites (Figure S5b), in agreement with the observations of mercerized ramie CNCs 

by Kim et al. (2006). 

 

Figure 34 – Scheme describing the orientation of the Cel-I and Cel-II crystallites with respect to the CN-I 

(a), MCN-II (b) and RCN-II (c) composite particles. 
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The coarse morphology of RCN-II crystals resembles that of the particles prepared 

in similar conditions by Sèbe et al. (2012), Hirota et al. (2012), Martins et al. (2015) and 

Henrique et al. (2015). However, the images shown by these authors were recorded either 

by AFM and lack the lateral resolution of TEM images, or by TEM but often from 

crowded assemblies, which make the comparison of finer details difficult. The crystal 

orientation that we propose and that is illustrated in Figure 34c, was deduced from several 

results: i) since the 110II is in meridional position in the pattern of Figure 31f, the chain 

axis is perpendicular to the long axis of the particle, in agreement with the conclusion of 

Atkins et al. (1979) who characterized fibers extruded from solutions of cellulose in 

hydrazine; ii) the 110II reflection is meridional and very strong (Figures 31f and S4c), 

hence the (110)II planes are parallel to the observation direction and perpendicular to the 

base plane of the ribbons; iii) the  𝟏�̅�𝟎𝐈𝐈  reflection is weak in the XRD pattern of Figure 

31c and absent in the electron diffraction pattern in Figure S4c, hence, the  (𝟏�̅�𝟎)𝐈𝐈  planes 

are parallel to the base plane of the ribbons and perpendicular to the observation axis. As 

a consequence, the c-axis, that is normal to the (110)II and  (𝟏�̅�𝟎)𝐈𝐈  planes should lie 

parallel to the ribbon plane. In that case, the width of the ribbons should more or less 

correspond to the length of the cellulose chains. An extended cellulose chain with 𝐃𝐏̅̅ ̅̅  17 

would have a length of about 9 nm that is in rather good agreement with the average width 

measured from TEM images (12 nm), considering the irregular and rough aspect of the 

ribbons. Surprisingly, no 00lII reflection was observed in the diffraction patterns of 

Figures 31f and S4c, as opposed to the patterns of MCN-II particles (Figures 31e, 31h 

and S4b) in which the 002 and/or 004II reflections are visible. Since the number of (001)II 

planes, which is directly related to the width of the RCN-II ribbon, is small, and if the 

degree of order is lower in the c-direction, it is possible that the 00l signals are very weak 

and thus not clearly visible. To verify this assumption, it would be necessary to record 

low-temperature electron diffraction patterns from individual ribbons, like those recorded 

by Kim et al. (2006) from individual nanocrystals of mercerized ramie cellulose (thus 

equivalent to our MCN-II particles). This is a real challenge considering the small volume 

of material probed by the electrons, the irregular morphology of the ribbons and the very 

high beam sensitivity of cellulose. 

Ribbon-like cellulose II crystals have also been prepared by Buléon and Chanzy 

(1978) by deacetylating a fraction of short-chain cellulose triacetate in a 

water/methylamine solution at 90°C. Helbert and Sugiyama (1998) prepared fractions of 

short chains by hydrolysis of Avicel cellulose with phosphoric acid according to the 
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method of Isogai and Usuda (1991). When crystallized at 90°C, long lamellar crystals 

were obtained, exhibiting the same shape as those previously described by Buléon and 

Chanzy (1978). The crystal orientation was confirmed by electron diffraction and high-

resolution lattice imaging (Helbert & Sugiyama, 1998): the chain axis lay perpendicular 

to both the long axis and the base plane of the crystal. In both methods, the lamellar 

crystals were formed at high temperature (90°C), as opposed to RCN-II ribbons that were 

prepared by aqueous regeneration at room temperature. This may explain the apparent 

lower 'perfection' of RCN-II crystals but, in addition, they also differ in that the chain axis 

is oriented in-plane. Indeed, it would be interesting to test the crystallization conditions 

described by Buléon and Chanzy (1978) with the fraction used to prepare the RCN-II 

sample and see if well-defined lamellar single crystals are obtained. 

The ribbon-like RCN-II nanocrystals present a strong analogy with the particles 

prepared by precipitation of mannan, a linear homopolymer of β-(1,4)-D-mannosyl 

residues found as an energy reserve or a cell-wall structural component in plants and algae 

(Chanzy et al., 1984). Heux et al. (2005) precipitated solutions of mannan from ivory nut 

(𝐃𝐏𝒏
̅̅ ̅̅ ̅̅  30) and the seaweed Acetabularia crenulata (𝐃𝐏𝒏

̅̅ ̅̅ ̅̅  350). The resulting crystals were 

described as rod-like or ribbon-like depending on the source of mannan, with a width of 

7 and 30 nm, respectively, and corresponding to allomorph II. As first shown by Bittiger 

and Husemann (1972) and confirmed by Heux et al. (2005), the mannan chains lie 

perpendicular to the long axis of the particles. The crooked aspect of the ribbons of 

mannan from A. crenulata is very similar to that of our RCN-II nanocrystals. However, 

in the former case, chain folding was believed to be involved. 

Considering the irregular aspect of the ribbons prepared by regenerating solutions 

of short-chain cellulose and mannan at room temperature, two different linear 

polysaccharides in which the sugar units are connected by β-(1,4) bonds, one is tempted 

to describe this crystallization as 'imperfect'. However, nanocrystals with a specific 

molecular organization, a high crystallinity and a fairly well defined width are obtained. 

The ribbons axially grow along the  [𝟏�̅�𝟎]
𝐈𝐈  direction by hydrophobic stacking of 

cellulose sheets containing antiparallel chains. 

Due to specific organization of cellulose chains in RCN-II nanocrystals, a large 

number of reducing ends are exposed at the surface which could be used for chemical 

modification and grafting of functional groups to impart original properties such as 

stimuli-responsiveness and develop new applications (e.g., biosensing, bioimaging 

agents, etc). 
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5. CONCLUSIONS 

The three types of CNC prepared by sulfuric acid hydrolysis exhibit different 

morphologies and crystalline structures. When the acid hydrolysis conditions are set-up 

in such a way that the crystalline domains in the initial wood pulp and mercerized 

celluloses (WP and MWP, respectively) are preserved (60 wt% H2SO4, 45°C, 50 min), 

the resulting nanocrystals retain the fibrillar nature of the parent fibers (i.e., the chain axis 

is parallel to the long axis of the acicular particles) and their initial allomorphic type (I 

for WP and II for the MWP). In both cases, the particles are mostly made of a few 

laterally-bound elementary crystallites. The unit nanocrystals in CNCs from mercerized 

cellulose (MCN-II) are shorter but broader than those prepared from cellulose I fibers 

(CN-I). If harsher conditions are used (64 wt% H2SO4, 40°C, 20 min), resulting in the 

depolymerisation and dissolution of native cellulose, the short chains (DP𝑣
̅̅ ̅̅ ̅ 17) 

recrystallize into Cel-II ribbons upon regeneration in water at room temperature. In these 

somewhat tortuous ribbons, the chain axis would lie perpendicular to the long axis of the 

nanocrystal and parallel to its basal plane. In addition, these nanoribbons are very similar 

in shape and molecular orientation to mannan II nanocrystals prepared by 

recrystallization of mannan, a linear polymer of β-(1,4)-D-mannosyl residues, suggesting 

that this mode of crystallization may be a feature of short-chain linear β-(1,4)-linked 

polysaccharides. 

Although similar ribbons of recrystallized cellulose II have been reported by other 

authors, it is the first time that a morphological and structural description is proposed. By 

comparison with the fibrillar nanocrystals prepared by acid hydrolysis of native or 

mercerized cellulose fibers, the unique molecular and crystal structure of the nanoribbons 

implies that a higher number of reducing chain ends are located at the particle surface, 

which may be important for subsequent chemical modification and specific potential 

applications, e.g. biosensing and bioimaging agents. 
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7. APPENDIX A 

 

Supplementary data associated with chapter II. 

 

Birefringence analysis. Vials containing aliquots of 0.15 wt% CNC suspensions were 

photographed while being placed between crossed polarizers and agitated using a 

magnetic stirrer. 

 

Figure S1 – Shear-induced birefringence for 0.15 wt% aqueous suspensions of cellulose nanocrystals under 

stirring, visualized between crossed polars. 
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Atomic force microscopy (AFM). AFM measurements of the CNC thickness were 

performed on a Shimadzu SPM-9600 instrument. Drops of c.a. 0.005 wt% aqueous 

nanocrystal suspension were left to dry on freshly cleaved mica substrates. 512 × 512-

pixel images were recorded at room conditions in the non-contact mode with a scan rate 

of 1 Hz using Si tips with a curvature radius of less than 10 nm, a spring constant of 42 

N.m-1 and a resonance frequency of 300 kHz. The images were processed using the 

VectorScan software. For each sample, about 100 nanoparticles were randomly selected 

to determine their average thickness. 

 

 

Figure S2 – Tapping mode AFM images of CN-I (a), MCN-II (b) and RCN-II (c) nanoparticles. 
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Figure S3 – Schematized XRD patterns of the three CNC samples. The left and right halves are powder 

and fiber patterns, respectively. The fiber axis is vertical. The indices of cellulose Iβ (CN-I) and cellulose 

II (MCN-II and RCN-II) of the main reflections are indicated. 
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Figure S4 – TEM images of unstained preparations for CN-I (a), MCN-II (b) and RCN-II (c) nanoparticles. 

Insets: corresponding selected area electron diffraction patterns recorded at low temperature. The position 

of the selected area aperture is indicated in the image. In c, the lower left quarter of the electron diffraction 

pattern was recorded with a shorter exposure time in order to show that the 110II reflection, closer to the 

transmitted beam, was absent. 
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Figure S5 – Proposed models for the cross-sections of the elementary crystallites of CN-I (a), MCN-II (b) 

and RCN-II (c,d) CNCs. In a, b and c, the dimensions have been deduced from the analysis of the peak 

broadening in the XRD profiles of films. The cellulose chains are viewed along the c-axis the crystal lattice 

of cellulose I (a) and II (b,c). The dimensions Dhkl and indices are the values listed in Table 4, not those that 

would correspond to an integer numbers of crystallographic planes. In d, the dimensions are those estimated 

from TEM and AFM images of the ribbon-like particles. Note that the model deduced from XRD data of 

RCN-II crystallites is twice as thick as the one that was estimated from TEM and AFM images. The reason 

for this discrepancy is not known yet. 
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Mechanical properties of natural rubber nanocomposites reinforced with high 

aspect ratio cellulose nanocrystals isolated from soy hulls 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based on paper “Mechanical properties of natural rubber nanocomposites 

reinforced with high aspect ratio cellulose nanocrystals isolated from soy hulls”, 

published in 2016 in Carbohydrate Polymers, 153, 143-152. 
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ABSTRACT 

Cellulose nanocrystals (CNCs) were isolated from soy hulls by sulfuric acid 

hydrolysis. The resulting CNCs were characterized using TEM, AFM, WAXS, elemental 

analysis and TGA. The CNCs have a high crystallinity, specific surface area and aspect 

ratio. The aspect ratio (around 100) is the largest ever reported in the literature for a plant 

cellulose source. These CNCs were used as a reinforcing phase to prepare nanocomposite 

films by casting/evaporation using natural rubber as matrix. The mechanical properties 

were studied in both the linear and non-linear ranges. The reinforcing effect was higher 

than the one observed for CNCs extracted from other sources. It may be assigned not only 

to the high aspect ratio of these CNCs but also to the stiffness of the percolating 

nanoparticle network formed within the polymer matrix. Moreover, the sedimentation of 

CNCs during the evaporation step was found to play a crucial role on the mechanical 

properties. 

 

Keywords: cellulose nanocrystals, soy hulls, agro-industrial residue, natural rubber, 

aspect ratio, nanocomposites. 
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1. INTRODUCTION 

Nanocomposites are reported to be the materials of 21st century in view of 

possessing property combinations that are not found in conventional composites. Their 

potential is so striking that they are useful in areas ranging from packaging to biomedical 

applications. In the meantime, there is a growing worldwide interest in the development 

of bio-based products and innovative process technologies that can decrease the 

dependence on fossil fuels and move towards sustainable materials. Thus, bio-based 

nanocomposites potentially represent the next generation of advanced materials. In this 

context, cellulose nanocrystals (CNCs) have been highlighted, especially as filler in the 

field of polymer nanocomposites, since they offer a unique combination of unusual 

physicochemical properties and environmental appeal (Eichhorn, 2011). 

CNCs are isolated by preferentially acid-hydrolyzing the amorphous regions of 

cellulose fibers, releasing the more resistant crystalline nanosized domains. Large specific 

surface area, high strength and modulus, high aspect ratio, low density, reactive hydroxyl 

groups that can facilitate grafting chemical species to tailor the surface properties,  

biocompatibility and biodegradability are some specific useful features of CNCs which 

make them promising nanoparticles. Moreover, they are derived from cellulose, the most 

abundant renewable natural polymer available on Earth, therefore low cost (Dufresne, 

2012; Habibi et al., 2010; Mariano et al., 2014; Moon et al., 2011). 

The incorporation of CNCs in polymer matrices generally leads to polymer-based 

nanocomposite materials with higher mechanical and barrier properties than the neat 

polymer or conventional composites. Among various factors that influence the efficiency 

of the reinforcing effect of CNCs, their intrinsic characteristics, including crystallinity 

and aspect ratio, play a key role (Dufresne, 2012; Favier et al., 1995; Mariano et al., 2014). 

It is also well-known that these characteristics depend on the source of the original 

cellulose, on the extraction method and its conditions (including pretreatment). However, 

it is widely accepted that the raw starting material is the most important factor (Beck-

Candanedo et al., 2005; Dufresne, 2012; Elazzouzi-Hafraoui et al., 2008). The 

reinforcement capability of CNCs is therefore directly linked to the source of cellulose as 

well as its biosynthesis. Thus, the optimization of the extraction procedure and further 

characterization of CNCs from different sources of cellulose are crucial for an efficient 

exploitation of these sources, allowing the selection of the appropriate source (i.e. with 

targeted morphology) to suit specific end user applications (Brinchi et al., 2013).  
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CNCs have been isolated from many kinds of cellulose sources, e.g. from higher 

plants (da Silva et al., 2015) and algae (Revol, 1982), sea animals, such as tunicates (Sacui 

et al., 2014), and bacteria (George et al., 2011).  In practice, for most studies, researchers 

have shown preferences to commercial MCC, filter paper, bleached wood pulp or related 

products, owing to their purity and availability in laboratories. Tunicin has also been a 

favored source of CNC due to larger dimensions, and high crystallinity and aspect ratio. 

However, its widespread use is restricted by the high cost of harvesting and limited 

availability (Brinchi et al., 2013; Klemm et al., 2011). 

Valorization of low-cost crops and agricultural wastes is an important topic. Soy 

is one of the main crops in the world, and represents a significant agricultural commodity 

in the Brazilian economy. Brazil is the second largest producer of soybeans, accounting 

for about 30% of the global production (CONAB, 2015). The seed coat of soybeans, also 

known as soy hulls, is a by-product of the soybean processing industry. Soy hulls 

constitute about 2 to 8% of the whole seed and contain about 50% of cellulose. Most of 

the approximately 5.7∙109 kg of soy hulls produced in Brazil each year are sold to animal 

feed formulators as low value product or are simply left to waste (Flauzino Neto et al., 

2013; Ipharraguerre & Clark, 2003; Rosa et al., 2015). Therefore, additional product 

outlets need to be identified to create higher value-added products from this agro-

industrial waste, which is available in huge quantities all over the world. In addition, the 

use of this underutilized biomass residue allows a significant reduction both in the volume 

of waste accumulated in the environment, as in the extraction of raw materials. Thus, an 

efficient use of this residue may contribute to the sustainable societal development, 

minimizing the environmental impact and reducing production costs. 

Natural rubber (NR) is a high molecular weight polymer extracted from the sap of 

rubber trees, mainly consisting of cis-1,4-polyisoprene units. It is an elastomer of great 

economic importance. Either alone or in combination with other materials, NR is widely 

used in many applications and products, such as tires, condoms, adhesives, etc. This 

biopolymer is available in the form of a colloidal system, known as NR latex, in which 

rubber particles are dispersed in aqueous medium (Mariano et al., 2016; Rippel & 

Galembeck, 2009). 

NR is a perfect matrix to be used as a model system to study the effect of filler 

reinforcement, owing to its high flexibility and low stiffness. Its properties can be tailored 

by the addition of reinforcing fillers of various surface chemistries and aggregate 

size/aspect ratios to suit the targeted application. Silica and carbon black are common 
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reinforcing agents in the rubber industry, but the processing of these fillers results in high 

energy consumption and environmental pollution. CNC is thus a potential alternative 

which can overcome the previously mentioned shortcomings and partially replace the 

fillers traditionally used in the rubber industry. CNCs are available as aqueous 

suspensions. Hence, they can be easily used in processing routes involving their mixing 

with NR suspensions. Furthermore, the use of bio-nanoparticles, such as CNCs, in NR 

enables the development of bio-based and green nanocomposites (Mariano et al., 2016). 

CNCs extracted from different sources have already been studied as nanoreinforcement 

in NR-based nanocomposites, including CNCs isolated from capim dourado (Siqueira et 

al., 2010a), rachis of palm date tree (Bendahou et al., 2009), sugarcane bagasse (Pasquini 

et al., 2010; Bras et al., 2010), sisal (Siqueira et al., 2011), and bamboo (Visakh et al., 

2012). 

To our knowledge, so far, little results have been reported in the literature on the 

isolation of CNCs from soy hulls or their use in nanocomposites (Flauzino Neto et al., 

2013, Silvério et al., 2014). In this study, we isolated and characterized CNCs prepared 

from soy hulls by acid hydrolysis treatment. These nanoparticles were used as reinforcing 

agent in a NR matrix to prepare nanocomposite films by casting/evaporation at different 

loading levels. The effect of CNC on the structure, as well as thermal and mechanical 

properties of NR, was investigated. 

 

2. EXPERIMENTAL 

2.1. Materials 

The soy hulls were kindly supplied by Algar Agro S.A. Company (Uberlândia, 

Brazil). The natural rubber (NR) latex was kindly received from Centrotrade Deutschland 

GmbH (Eschborn, Germany). It contained spherical particles with an average diameter 

around 300 nm and its solid content was about 60 wt%. 

 

2.2. Extraction of cellulose nanocrystals 

First the soy hulls were chemically treated to remove non-cellulosic components, 

as described in our previous report (Flauzino Neto et al., 2013). After this purification 

process, the soy hulls contained a low amount of lignin and a high amount of cellulose 

(85 ± 4% cellulose, 11 ± 4% hemicelluloses and 3.7 ± 0.3% lignin). The CNCs were 

isolated from these purified soy hulls fibers by acid hydrolysis using milder conditions 

compared to those described in Flauzino Neto et al. (2013). These purified soy hulls fibers 
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were ground in a blender and passed through a 35-mesh sieve. The hydrolysis was 

performed at 45°C for 30 min under vigorous stirring, using 20 mL of 60 wt% H2SO4 per 

gram of fiber. These milder hydrolysis conditions were chosen in order to avoid as much 

as possible the hydrolysis of crystalline cellulose domains. Immediately after hydrolysis, 

the material was diluted 10-fold with cold deionized water to stop the hydrolysis reaction, 

and washed by centrifugation at 10,000 rpm and at 10°C for 15 min to remove the excess 

acid. The precipitate was then dialyzed against deionized water to remove non-reactive 

sulfate groups, salts and soluble sugars, until a neutral pH was reached. The dialyzed 

suspension was ultrasonicated for 15 min in an ice bath (Branson sonifier 250 - maximum 

power of 200 W - operating at a duty cycle of 50% and output of 40%), filtered over a 

small-pore fritted glass filter and stored in a refrigerator. Some drops of sodium 

hypochlorite were added to avoid any bacterial growth. The resulting nanocrystals will 

be referred to as CNCSH (CNCs isolated from soy hulls) in the following. 

 

2.3. Preparation of CNC-reinforced NR nanocomposites 

The films were prepared by reinforcing NR with CNCSH at loading level ranging 

from 0 to 5 wt% (dry basis) by casting/evaporation. The NR latex and the CNC aqueous 

suspension were first mixed in various proportions (depending on filler content), stirred 

for 1h using a magnetic stirrer, and then this mixture was cast in aluminum petri dishes 

and stored at 45°C overnight in an air-circulating oven. The nanocomposite films and 

neat NR film were stored in hermetic vacuum bags before testing. The final mass for all 

films was about 1.5 g and their thickness ranged from 0.3 to 0.4 mm. These films were 

labeled according to the filler content. For instance, NR5% corresponds to the 

nanocomposite film reinforced with 5 wt% CNCSH. 

 

2.4. Characterization 

2.4.1. Elemental analysis 

The content of carbon, hydrogen, nitrogen and sulfur were determined with an 

Element Analyzer (Perkin-Elmer Series II, CHNS/O Analyzer 2400) using freeze-dried 

CNCs. The oxygen content was determined by the difference. 

 

2.4.2. Zeta-Potential 

The zeta-potential ζ of CNC suspension with concentration around 0.01 wt% was 

analyzed with an equipment model DTS0230 from Malvern Instruments. To avoid the 
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effect of ionic strength and pH during measurements, the CNC suspension was diluted in 

an aqueous standard solution with pH 7, ionic strength 5 mmol and 200 µS.cm-1 

conductivity. This solution was prepared by adding diluted NaOH solution and solid NaCl 

into deionized water. 

 

2.4.3. Wide-angle X-ray scattering (WAXS) 

The WAXS data were collected in reflection mode using a PANalitycal X’pert 

MPD diffractometer with a PW3373 generator operating at 45 kV and 40 mA in Bragg-

Brentano geometry. Freeze-dried CNC powder sample was pressed into flat disks and 

attached to the slide using double-sided adhesive tape. The specimen was X-rayed at room 

temperature in 2θ range from 6 to 56° using a fixed time mode with a step interval of 

0.067° and Cu Kα radiation (λ = 0.1542 nm). The X-ray scattering data was analyzed as 

described below. 

The baseline-corrected diffraction profile was deconvoluted into peaks and halos 

referring to the crystalline and amorphous regions, respectively. Deconvolution was 

obtained using the Pseudo-Voigt 2 peak function from Origin® 7.0 software, which is 

shown in Equation (11), and it was evaluated according to the traditional two-phase 

cellulose model that describes cellulose as containing both crystalline and amorphous 

regions. 

𝑦 = 𝑦0 + 𝐴 [𝑚𝑢
2

𝜋

𝑤𝐿

4(𝑥−𝑥𝑐)2+𝑤𝐿
2 + (1 − 𝑚𝑢)

√4𝑙𝑛2

√𝜋𝑤𝐺
𝑒(−4𝑙𝑛2/𝑤𝐺

2)(𝑥−𝑥𝑐)2
] (11) 

where wL and wG are the width at half maximum for Lorentz and Gauss components of 

the above equation, respectively, A is the area and mu is the profile shape factor. 

Considering this model, the crystallinity index (CI) of the sample was calculated 

from diffraction patterns by using Equation (12): 

CI = 100 × (
𝐴𝑐

𝐴𝑐+𝐴𝑎
)  (12) 

where Ac and Aa are the areas under the crystalline peaks and the amorphous halo, 

respectively, determined after deconvolution. 

 

2.4.4. Transmission electron microscopy (TEM) 

A drop of dilute (c.a. 0.001 wt%) CNC suspension was deposited onto glow-

discharged copper grids coated with carbon support film. The specimen was negatively 
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stained with 2 wt% uranyl acetate and observed with a Philips CM200 (FEI) transmission 

electron microscope operating at 200 kV. Images were recorded on a TVIPS TemCam 

F216 camera. The width and length of over 100 particles randomly selected were 

measured from the TEM images by using ImageJ software. For each particle, one 

measurement for the length and two measurements for the width were performed. 

 

2.4.5. Atomic force microscopy (AFM) 

AFM observations were performed on Shimadzu SPM-9600 equipment to 

evaluate the morphology of CNC. A drop of a diluted nanocrystal aqueous suspension 

(c.a. 0.005 wt%) was deposited onto a freshly cleaved mica substrate and then air-dried. 

AFM images were obtained under ambient conditions in the non-contact mode with a 

scan rate of 1 Hz using Si tips with a curvature radius of less than 10 nm, spring constant 

of 42 N.m-1 and resonance frequency of 300 kHz. Images were scanned with 512 x 512-

pixel resolution for the purpose of detecting the fine structures. VectorScan software 

(software for Shimadzu's SPM-9600) was used for the image processing. Assuming a 

rectangular cross-section and twisted ribbon geometry, the height values were measured 

to describe the possibly axisymmetric structure of the CNC sample. These height values 

are not subject to peak/tip broadening artifacts caused by sample tip convolution (Beck-

Candanedo et al., 2005; Elazzouzi-Hafraoui et al., 2008). Over 35 nanoparticles were 

randomly selected to determine their average thickness. For each particle, the height at 

two locations along the nanoparticle was recorded. 

 

2.4.6. Scanning electron microscopy (SEM) 

 Pieces of nanocomposite films were frozen in liquid nitrogen and fractured. After 

drying, the films were coated with Au/Pd and observed in secondary electron mode in a 

Quanta 250 FEI microscope operating at 10 kV. 

 

2.4.7. Fourier transform infrared spectroscopy (FTIR) 

FTIR spectra were recorded with Perkin-Elmer Spectrum One equipment in the 

range of 600-4000 cm-1 with a resolution of 4 cm-1 and a total of 16 scans for each sample. 

All analyses were carried out in the attenuated total reflection (ATR) mode. This analysis 

was done on the upper and lower faces of the films and freeze-dried CNC powder. 
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2.4.8. Dynamic mechanical analysis (DMA) 

The viscoelastic behavior of the nanocomposites and neat NR film was evaluated 

on ARES G2 rheometer (TA Instruments, USA) device using film rectangular tension 

geometry. The measurements were carried out at a constant frequency of 1 Hz, strain 

amplitude of 0.08%, ramping temperature from -90 to 40°C at 3°C.min-1 and loaded at a 

starting gap height of 10 mm. The dimensions of the rectangular specimens were about 

30 mm in length, 5 mm in width, and 0.3–0.4 mm in thickness, which were measured 

before each analysis. 

 

2.4.9. Tensile tests 

The tensile behavior of NR and nanocomposite films was analyzed using Instron 

5965 universal testing machine with a 5 kN load cell. The experiments were performed 

at room temperature with a crosshead speed of 0.10 mm.s-1. The samples were prepared 

by cutting 30 mm × 5 mm film strips. The distance between the jaws was 15 mm, whereas 

the thickness was measured before each measurement. Before analysis, the samples were 

conditioned at 23°C and controlled relative humidity (50% RH) for 7 days. The data were 

averaged over at least three specimens. 

 

2.4.10. Thermogravimetric analysis (TGA) 

Thermal degradation of the CNC sample, neat NR film and nanocomposites 

produced with 5 wt% of CNC content (NR5%) were monitored on PerkinElmer STA 

6000 - Simultaneous Thermal Analyzer device. The analysis conditions were a nitrogen 

atmosphere with flow rate of 50 mL∙min−1, heating rate of 10°C∙min−1, temperature range 

of 30–600°C, sample mass about 10 mg, and alumina pans. The onset degradation 

temperature (Tonset) was defined as the intersection of the tangents drawn from the 

thermogravimetric curve, one before inflection caused by the degradation and another 

from 5 wt% degradation after inflection. 

 

3. RESULTS AND DISCUSSION 

3.1. Extraction of cellulose nanocrystals 

The yield of CNCs with respect to the initial amount of dried soy hulls was 26.9 

wt% and based on the initial cellulose content the yield corresponded to 55.8 wt%. 

Assuming that CNCs could be extracted by acid hydrolysis without any damage or 

modification of their original crystalline structure and morphology, then the yield should 
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correspond to the proportion of crystalline domains within of cellulosic fibers for a given 

raw material. However, this value is only indicative since the actual yield strongly 

depends on the preparation conditions and post-treatment (e.g. filtration, which inevitably 

induces loss of material inherent to this process and also by mass transfer) (Dufresne, 

2012). Taking into account that yield values ranging from 3 to 59 wt% with respect to the 

cellulose content have been reported in the literature (Dufresne, 2012), the yield value of 

55.8 wt% observed for CNCSH can be considered as a high value suggesting that the initial 

soy hull cellulose fiber contains a high amount of crystalline domains. 

The zeta-potential ζ of the nanoparticles in suspension was -32.4 ± 4.2 mV∙cm-1. 

This negative value is ascribed to the insertion of charged sulfate ester groups onto the 

surface of the CNC induced by the sulfuric acid treatment and it indicates that the 

hydrolysis conditions used led to a colloidal dispersion of CNCSH in water 

electrostatically stabilized by repulsive forces (Figure 35a). According to the results from 

elemental analysis the sulfur content and the surface charge were 1.13 wt% and 352 mmol 

SO4
−.kg-1, respectively. These values are similar with those in other reports, where CNCs 

were extracted from different sources (Henrique et al., 2015; Teixeira et al., 2010). 

 

Figure 35 – (a) Picture of CNCSH (a) colloidal suspension. (b,c) Transmission electron micrographs of 

corresponding negatively stained CNCSH. 

The WAXS profile of CNCSH is shown in Figure 36a. As can be seen the 

diffraction profile is a typical pattern of cellulose I allomorph. It contains peaks at 2θ = 

15, 17, 23° corresponding to 11̅0I, 110I and 200I reflections, respectively (French & 

Cintrón, 2013; French, 2014). The CI value calculated as described in the experimental 

section was 80.4%. The CI for CNC prepared from different cellulose sources ranges 

between 46% and 96% and significantly depends on the measurement method and data 

treatment (Dufresne, 2012; Park et al., 2010). Therefore, the CI obtained for CNCSH is 

within the upper range of values.  
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The determination of CNC dimensions is complicated due to specific limitations 

of the different analytical methods used. On the one hand, in the case of TEM images for 

unstained CNC, the main drawbacks are limited contrast and sample damage from the 

electron beam. On the other hand, the tip/sample broadening represents the main 

limitation for AFM, resulting in an overestimation of CNC dimensions. Thus, both TEM 

and AFM were performed in order to have a detailed characterization of the dimensions 

of the individual crystallites. Thus, TEM images of negatively stained preparations were 

recorded in order to measure the length and width of the particle with a better precision, 

while AFM images allowed measuring the CNC thickness. Moreover, aggregation, 

bundling, network formation and overlapping of individual CNCs also can make accurate 

dimension measurements difficult with both techniques (Flauzino Neto et al., 2013; 

Kvien et al., 2005; Sacui et al., 2014). 

 

Figure 36 – (a) Wide-angle X-ray diffraction profile of CNCSH. The peak indexes are those of cellulose Iβ. 

(b) Atomic force microscopy image of CNCSH nanocrystals. 

TEM micrographs for CNCSH are shown in Figures 35b-c. These images show 

individual nanocrystals and some aggregates (i.e. particles constituted of few laterally 

bound elementary crystallites). These aggregates may exist even in suspension, but when 

the dispersing medium is removed during sample preparation, bundles of CNC can be 

even more numerous than individual rods (Elazzouzi-Hafraoui et al., 2008). As seen in 

TEM images, CNCSH displayed typical well-defined rod-like nanosized elements (Figure 

35b-c). The CNCSH dimensions, i.e. average length �̅�, width �̅�, and aspect ratio �̅�/�̅�, 

obtained from several TEM images were 503 ± 155 nm, 4.9 ± 1.1 nm, and 103, 

respectively. Figure 36b shows AFM image recorded from CNCSH. Similarly to TEM, 
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individual and aggregated particles can be seen. The rod-like nanoparticles have an 

average thickness �̅� of 2.5 ± 0.8 nm. 

The extraction process used resulted in longer nanocrystals when compared to 

those reported by Flauzino Neto et al. (2013) (L̅ = 120 ± 40 nm). This was expected, since 

the stronger acid conditions used in that work partially destroyed part of the crystalline 

domains and even solubilize them, as shown and reported by Flauzino Neto et al. (2013). 

However no significant difference in D̅ and also in H̅ among these CNCs could be 

detected, if the standard deviation of each value is taken into account. 

As the average thickness measured by AFM (2.5 nm) is smaller than width 

determined from TEM images (4.9 nm), considering a rectangular cross section seems to 

be reasonable. In addition, from the average dimensions measured from the microscopy 

images, assuming a rectangular cross-section model for the nanocrystal and density of 1.6 

g∙cm-3 for crystalline cellulose, the specific surface area of CNCSH was estimated to be 

747 m2∙g-1 from geometrical considerations. This value is higher than data reported for 

nanocrystals extracted from tunicin (Dufresne, 2000) and sisal (Siqueira et al., 2010b), 

170 and 533 m2∙g-1, respectively. The high specific surface area found for CNCs extracted 

from soy hulls is related to the high aspect ratio as well as small width, allowing a larger 

surface-to-volume ratio which can improve the interfacial contact surface for fiber-

polymer nanocomposite systems and surface reactivity.  

The aspect ratio L̅/�̅� of CNC is a crucial parameter with remarkable influence on 

the mechanical and barrier performances when incorporating it into a polymeric matrix. 

A higher aspect ratio can provide higher reinforcement effect compared to nanofiller with 

lower aspect ratio (Dufresne, 2012; Sacui et al., 2014). The aspect ratio found for CNCSH 

was around 103. It is clearly seen that CNCSH does not consist of partially hydrolyzed 

microfibril since it displays the classical rod-like morphology of CNC. To our knowledge, 

so far, the aspect ratio found for CNCSH is the largest ever found in the literature for any 

cellulose source. This L̅/�̅� value is rather high compared to the one reported for CNC 

extracted from other sources such as capim dourado (∼67) (Siqueira et al., 2010a), rachis 

of the date palm tree (∼43) (Bendahou et al., 2009), sisal (~60) (Garcia de Rodriguez et 

al., 2006), Posidonia oceanica leaves (∼75) (Bettaieb et al., 2015) or cotton (∼10-14) 

(Teixeira et al., 2010). Furthermore, it has been reported that for aspect ratio values higher 

than 100, the Young’s modulus reaches a plateau corresponding to the maximum point 
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of reinforcement (Eichhorn et al., 2010), so it means that CNCSH has a very high 

reinforcing capability. 

From these results, the hydrolysis protocol used in this study appears to be the 

most adapted method to extract CNC from soy hulls fibers compared to that reported by 

Flauzino Neto et al. (2013), since it has preserved the native structure of crystalline 

domains of the raw material and gave rise to nanoparticles with desired morphology to 

be used as reinforcing filler. 

 

3.2. Characterization of CNC/NR nanocomposites 

It is well-know that the mechanical properties of CNC-based polymer 

nanocomposites markedly depend on the filler dispersibility and compatibility of CNC 

with the matrix. One of the issues with CNC is its strong tendency to aggregate because 

of the high density of hydroxyl groups on its surface (highly polar and hydrophilic). It 

makes dispersion of CNC very difficult in polymer matrices, especially those that are 

non-polar or hydrophobic. The CNC aggregates can act as stress concentrator, resulting 

in poor performance of the nanocomposite. Thus, CNC aggregates should be avoided for 

effective reinforcement. Therefore, an in-depth understanding of the mechanical behavior 

of CNC-based nanocomposites requires detailed information about their morphology. 

In this way, FTIR and SEM analyses were performed to evaluate the CNC 

distribution and dispersion within the NR matrix. The FTIR spectra for NR matrix and 

for the nanocomposite film reinforced with 5 wt% CNCSH (NR5%) are presented in 

Figure 37. For the nanocomposite two spectra were recorded, one corresponding to the 

upper face and the other corresponding to the lower face (in contact with the petri dish 

during water evaporation). It can be seen that all spectra display the characteristics 

absorption peaks and bands assigned to NR. The peaks at 834 cm-1 and 3036 cm-1 are 

related to =C–H bending and =C–H stretching, respectively, the peak at 1447 cm-1 is 

linked to C–H bending and the series of bands between 2820 and 3000 cm-1 correspond 

to C–H stretching (Mariano et al., 2016; Zhang et al., 2013). In addition to these typical 

peaks associated to NR, a new prominent peak appears at 1059 cm-1 for the lower face of 

the composite film. It corresponds to C–O stretching and C–H rock vibrations of cellulose 

(Alemdar & Sain, 2008). It indicates that the lower face of the film is richer in CNC 

compared to the upper face. All spectra recorded for nanocomposites (not shown) 

displayed similar effect. It indicates that a probable gradient of CNC concentration exists 

within the thickness of the film due to a possible sedimentation during film processing by 
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casting/evaporation. Although rarely mentioned, this phenomenon was already evidenced 

by SEM, WAXS and DMA (Dufresne et al., 1997). Nevertheless, the visual appearance 

(Figures 38a and 38d) was similar for both neat and CNC-reinforced films. The possibility 

of sedimentation of the nanoparticles depends mainly on the viscosity of the medium. 

Therefore, sedimentation could be avoided, or at least limited, by using more concentrated 

suspensions. However, it would be in turn more difficult to mix two too concentrated 

suspensions. This sedimentation phenomenon can also result from the inherent 

incompatibility and insufficient molecular scale interaction between CNC and NR, which 

may restrict the overall performance of the nanocomposite material. 

 

Figure 37 – Fourier transform infrared spectra for CNCSH, neat NR matrix, and upper and lower faces of 

the nanocomposite film filled with 5 wt% of CNCSH (NR5%). 

SEM images of the cross-section for the neat NR film and NR5% nanocomposite 

film are presented in Figures 38b-c and 38e-f, respectively. A smooth and uniform 

morphology is observed for unfilled NR, whereas the CNC/NR nanocomposite gives the 

impression of being composed of two layers, one rougher phase and another smoother 

phase. They possibly correspond to the lower CNC-rich face and upper NR-rich face, 

respectively. Nevertheless, it was not possible to observe the presence of microscale CNC 

aggregates, even for 5 wt% CNC content, with the magnification utilized. 
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Figure 38 – Appearance of neat NR film (a-c) and NR5% nanocomposite film (d-f). (b,c) and (e,f) are 

secondary electron SEM images of the cross-section of fractured films. (c) and (f) are higher magnification 

images of the regions delimited by the white rectangles in (b) and (e), respectively. The upper part in these 

SEM images corresponds to the lower face of the films (in contact with the petri dish during water 

evaporation). 

 The viscoelastic behavior of the films was analyzed in the linear range using 

DMA. Figures 39a and 39b show the isochronal evolution at 1Hz of the logarithm of the 

tensile storage modulus (log E') and tangent of the loss angle (tan δ), measured as a 

function of temperature, for the neat NR film and nanocomposite films with different 

loading levels (1, 2.5 and 5 wt%) of CNCSH. The temperature corresponding to the 

maximum of tan  (associated to Tg of the NR matrix) and storage modulus value at 25°C 

are reported in Table 5. 

The log E' curve corresponding to the unfilled (or neat) NR matrix is typical of a 

fully amorphous high molecular weight thermoplastic behavior. For temperatures below 

the glass transition temperature (Tg), the storage modulus of NR slightly decreases with 

temperature but remains roughly constant around 1.9 GPa. Then, around -60°C a sharp 

drop in log E' over three decades is observed, corresponding to an energy dissipation 

effect owing to the increased molecular mobility associated with the glass-rubber 

transition. Finally, at higher temperatures the NR matrix is in the rubbery state, and the 

modulus reaches a plateau around 1 MPa due to the cohesion provided by macromolecular 

entanglements. The broad temperature range from -35 to 40°C of the rubbery state is 
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ascribed to the high molecular weight of the polymer, resulting in a highly entangled state 

of the macromolecules. 

 

Figure 39 – DMA data obtained for the neat NR film and nanocomposites films with 1, 2.5 and 5 wt% 

CNCSH as filler. (a) Logarithm of the tensile storage modulus (log E’), and (b) loss tangent (tan δ) of the 

films as a function of temperature. 

Table 5. Main relaxation temperature (Tα), tensile storage modulus (E'25°C) estimated at 25°C, Young’s 

modulus (E), yield stress (y), yields strain (y), strength (B), strain at break  (B) and toughness (T) for 

the neat NR film and nanocomposite films reinforced with CNCSH. 

Sample Tα (°C) E'25°C (MPa) E (MPa) y (MPa) y (%) B (MPa) B (%) T (J.m-3.104) 

NR -56.8 0.6 0.6 ± 0.1 0.19 ± 0.04 31 ± 3 0.59 ± 0.08 611 ± 71 278 ± 43 

NR1% -58.6 7.7 1.9 ± 0.3 0.27 ± 0.01 17 ± 2 0.89 ± 0.04 396 ± 21 280 ± 4 

NR2.5% -58.5 13.5 3.7 ± 0.1 0.34 ± 0.02 12 ± 1 1.11 ± 0.13 485 ± 35 399 ± 44 

NR5% -58.4 17.6 18.1 ± 2.8 0.54 ± 0.05 6 ± 1 3.03 ± 0.11 552 ± 9 1074 ± 62 

 

In the glassy state the molecular motions are largely restricted to vibrations and 

short range rotational motions that limit the strain imposed by the applied stress resulting 

in a high modulus value of the material. Hence, in this temperature range it is expected 

that the difference between the modulus of the host matrix and the reinforcing phase is 

not high enough to generate a significant reinforcing effect. Therefore, to overcome the 

experimental error due to sample dimension measurements at room temperature at which 

the material is soft, the modulus value of the nanocomposite films has been normalized 

to the glassy modulus of the NR matrix. Above Tg a higher improvement of E' is observed 

by increasing the CNCSH content. For instance, the relaxed modulus at room temperature 
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(25°C) for nanocomposite films containing 1 and 5 wt% of CNCSH (Table 6) is about 12 

and 28 times higher, respectively, than the soft rubbery matrix. 

Table 6. Comparison of the relative rubbery storage tensile modulus at 25°C (E'25°CR) determined by DMA 

for NR reinforced with CNC of different origins. 

Cellulose source L/D CNC content (wt%) E'25°CR (MPa) Reference 

Soy hulls 103 

1 12.02 

This study 2.5 20.70 

5 27.55 

Capim dourado 67 
2.5 7.88* 

(Siqueira et al., 2010a) 10 154* 

Rachis of date palm tree 43 

2.5 4.89 

(Bendahou et al., 2009) 
5 12.56 

10 209 

15 402 

Sugarcane bagasse 

13 
2.5 1.48* 

(Bras et al., 2010) 7.5 2.36* 

76 

2 4.45 

(Pasquini et al., 2010) 
5 15.18 

7 18.68 

10 69.95 

*Values estimated from the graphs provided in their studies by digital image processing using ImageJ 

software. 

The mechanical loss factor, tan δ, often called damping is the ratio of loss modulus 

to storage modulus. It is a measure of the energy dissipated in a material under cyclic 

load, expressed in terms of the recoverable energy, and represents the mechanical 

damping or internal friction in a viscoelastic system. The curve of tan δ exhibits a peak 

located in the temperature range of the glass transition of NR. This relaxation process, 

labelled α, is related to the anelastic manifestation of the glass-rubber transition of the 

polymer and involves cooperative motions of long chain sequences. As shown in Table 5 

the temperature at the maximum of the tan δ peak was slightly shifted to lower 

temperatures (less than 2°C) when adding CNC. It is not an indication of a decrease in 

the Tg value of NR but it is associated to the decrease of the modulus drop displayed in 

the concomitant relaxation process (well-known mechanical coupling effect). A reduction 

in the magnitude of the tan δ peak upon filler addition was also observed. This can be 

ascribed to (i) a decrease of the matrix material amount, responsible for damping 

properties, viz. a decrease in the number of mobile units participating to the relaxation 
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phenomenon, (ii) a possible restriction of NR chains' movement at the filler/matrix 

interface; and (iii) the decrease of the magnitude of the modulus drop associated with Tg. 

It is well-known that the mechanical percolation approach is highly relevant to 

describe the mechanical behavior of CNC-based nanocomposites when prepared by 

casting/evaporation. This mechanism suggests the formation of a stiff continuous network 

of nanocrystals linked through hydrogen bonding, which should lead to an unusual and 

outstanding reinforcing effect. Furthermore, this phenomenon is expected to occur only 

above a critical volume fraction of filler phase, defined as the percolation threshold, which 

in turn depends on the aspect ratio of the nanoparticle and therefore on the origin of 

cellulose. The filler percolation threshold was calculated from the aspect ratio found by 

microscopic observations and assuming a density of 1.6 and 0.9 g∙cm−3 for crystalline 

cellulose and NR matrix, respectively. The values found for CNCSH was around 0.7 vol%, 

corresponding to 1.2 wt%. Therefore, it is worth noting that only the nanocomposites 

films NR2.5% and NR5% should show a percolation effect, in which the filler loading 

used was high enough for the formation of a rigid CNC network. Previous studies showed 

that alteration in the mechanical properties could be observed even below the percolation 

threshold of CNC (Bendahou et al., 2010; Bras et al., 2010). Then, no spectacular 

improvement of the modulus is observed when reaching the percolation threshold. The 

main reason is probably related to the almost inevitable sedimentation phenomenon of 

the nanofiller during the evaporation step leading to a layered material, the lower CNC-

rich layer providing high modulus value. For higher CNC contents, sedimentation is 

expected to be less significant because of the increase in the viscosity of the medium. 

The performance of CNC extracted from soy hulls as reinforcing elements in NR 

matrix was compared to data reported for CNC isolated from different sources (rachis of 

date palm tree, capim dourado and sugar cane bagasse). Table 6 shows the relative values 

of the rubbery storage tensile modulus at 25°C corresponding to the ratio of this property 

of the nanocomposite divided by the one of the unfilled NR matrix. It is worth noting that 

for each system the NR matrix was unvulcanized. For the same filler content, soy hulls 

nanocrystals (CNCSH) have the highest reinforcing capability compared to other systems. 

It is ascribed to the higher aspect ratio of CNCSH that results in a lower filler content to 

reach percolation, but also to the higher stiffness of the percolating high aspect ratio 

nanoparticle network, as suggested in a previous study (Bras et al., 2011). So, these results 

confirm the importance of the CNC aspect ratio for the reinforcing effect. 
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Tensile tests show that NR based samples exhibit a nonlinear mechanical behavior 

typical of amorphous polymer at T > Tg (Figure 40). The stress-strain curves obtained for 

nanocomposites were clearly different from that of neat NR, showing the influence of 

CNC on the mechanical behavior of the film. The mechanical properties derived from 

these experiments are listed in Table 5. The material clearly becomes stiffer with an 

increase in tensile modulus, yield stress and strength when adding CNC. This behavior is 

possibly related to the restriction of polymer chain mobility in the vicinity of CNC. 

 

Figure 40 – Representative stress-strain curves obtained from tensile tests for neat NR film and 

nanocomposites films filled with 1, 2.5 and 5 wt% CNCSH. 

Considering the elongation at break, it significantly decreases when adding 1 wt% 

CNCSH compared to neat NR but increases for higher CNCSH contents. Similar behavior 

was also reported when increasing the CNC content from 7.5 to 10 wt% in a previous 

study (Bras et al., 2010). This unexpected behavior is probably ascribed to the distribution 

and dispersion of CNC within the polymeric matrix, and sedimentation of the nanofiller 

during the evaporation step and resulting layered structure. It should induce stress 

concentration that progressively attenuates for higher CNC contents because of the higher 

viscosity of the processing medium that could limit the sedimentation of the nanofiller. 

The same behavior is observed for the ductility (area under the stress-strain curve) of the 

material (Table 5) as a result of increased stiffness and high elongation at break values. 
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In addition, taking into account that the samples were conditioned at 50% RH for 

7 days before tensile tests, another explanation could be ascribed to the increased moisture 

sensitivity of the films upon increasing the hydrophilic filler content and potential 

plasticizing role of water. The plasticizer leads to less restriction of molecular chain 

slipping on the CNC surface, and hence an increase in elongation at break and ductility 

could result. The effect of the plasticizer to decrease the stiffness is probably less 

important than the effect of homogeneity of the filler within the polymeric matrix. These 

materials show therefore a good compromise between strength and ductility, i.e. the 

material withstands both higher stresses and higher strains. 

It is also important to point out that only the nanocomposite films with CNC 

contents higher than the percolation threshold displayed enhancement of toughness 

compared to the NR matrix (as can be seen in Table 5). Since the toughness is reported 

to be the ability of a material to absorb energy and plastically deform before fracturing, 

the increase of toughness should be directly linked to the formation of the percolating 

network, which can better distribute the applied stress than when there is no percolating 

network. Comparing the relative mechanical properties obtained from tensile tests with 

results obtained for Capim dourado CNC reinforced NR (Siqueira et al., 2010a), slightly 

lower improvement was found in the present work. For instance at loading level of 5 wt%, 

the relative modulus and strength for NR composites reinforced with CNC extracted from 

Capim dourado were 32.7 and 5.67, respectively, whereas for NR filled with soy hulls 

CNC (CNCSH) it was 28.7 and 5.13, respectively. Carefully looking at the experimental 

conditions under which the tensile tests were performed, it is possible to understand this 

behavior. In this previous study (Siqueira et al., 2010a), a higher cross-head speed (10 

mm.min-1) was used compared to our experiments (6 mm.min-1) and dry samples were 

tested. Furthermore, several other factors may have significant influence on stress-strain 

results, such as diameter of NR latex particles, NR molecular weight, temperature of film 

formation, drying-time, etc. Moreover, much lower elongation at break values were 

reported in this previous study. 

The broad range of NR applications is strongly dependent of its thermal 

properties. An early degradation may cause worsening in the mechanical properties and 

gas release (Mariano et al., 2016). The weight-loss curves recorded by TGA analysis are 

shown in Figure 41. The onset degradation temperature (Tonset) estimated from the weight-

loss curves as described in experimental section were about 268, 295 and 272°C for 

CNCSH, neat NR matrix and nanocomposite film NR5%, respectively. The lower Tonset of 
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soy hulls nanocrystals than usually seen for cellulose, reported to be around 315°C by 

(Morán et al., 2008), is related to the presence of sulfate groups on the nanocrystals 

surface, since as it was observed in earlier studies the sulfate groups have a catalytic effect 

on the reaction of thermal degradation of cellulose (Roman and Winter, 2004). The 

thermal decomposition of rubber shows a slight weight loss below 200°C that can be 

attributed to the vaporization of water and NH3 (used as NR stabilizer), followed by a 

major mass-loss in the temperature range 250–450°C, which is related to volatilization 

and pyrolysis (Mariano et al., 2016). Both films of neat NR and nanocomposite NR5% 

followed almost the same thermal degradation behavior. Although NR5% nanocomposite 

showed lower Tonset than rubber, which could be related to the lower Tonset of CNCSH 

compared to that of pure NR. Thus, compared to that of neat NR film, the thermal stability 

of nanocomposite was retained even at 5 wt% CNC. These results obtained are consistent 

with other reports in the literature (Bras et al., 2010). 

 

Figure 41 – TGA weight-loss curves obtained of CNCSH, neat NR matrix and NR5% nanocomposite film. 

4. CONCLUSIONS 

The present work shows that soy hull is an interesting source of raw material for 

the production of CNC, due to the characteristics of the obtained nanocrystals associated 

with low lignin content and wide availability of this agro-industrial residue. In the 

meantime, the reuse of this agro-industrial residue goes towards sustainable development 

and environment-friendly materials. To tailor the dimensions of CNC and take full 
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advantage of this source, special care needs to be paid to the extraction process and its 

conditions. A milder acid hydrolysis is preferable to improve the extraction yield, 

preserve the crystallinity of native cellulose and obtain high aspect ratio CNC. As 

expected, a high reinforcing effect is observed even at low filler contents when using this 

nanofiller to prepare nanocomposites with a natural rubber (NR) matrix by 

casting/evaporation. For instance, by adding only 2.5 wt% CNC, the storage tensile 

modulus at 25°C of the nanocomposite was about 21 times higher than that of the neat 

NR matrix. Both the high aspect ratio of the CNC and sedimentation due to the processing 

technique are involved in the good mechanical results. Indeed, if sedimentation occurs, 

then a multilayered film results and the CNC content in the lowest layers is higher than 

the average CNC content. It means that CNC mechanical percolation can occur in the 

lowest layers for an average CNC content which is lower than the percolation threshold. 

Since, the system can be considered as constituted of parallel layers in the direction of the 

mechanical solicitation (tensile mode), then these CNC-rich layers can support a higher 

stress leading to a higher modulus value. Moreover, if high aspect ratio CNC is used, then 

percolation can occur in the lowest layers for lower average CNC contents. An important 

contribution of this work is to highlight the importance of the sedimentation of CNC 

during the evaporation step on the mechanical properties of the nanocomposites which is 

rarely mentioned in the literature. 
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GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES 

This doctoral dissertation introduced two independent studies on CNC with 

different focuses. The study presented in chapter II was focused on the morphological 

and molecular structure of nanocrystals consisting of cellulose type II polymorph, which 

were prepared by means of two distinct processes, namely mercerization and 

regeneration. In particular, the nanoribbons obtained by regeneration process have proved 

to be very interesting, since the unique molecular and crystal structure found implies that 

a higher number of reducing chain ends are located at the particle surface, which may be 

important for subsequent chemical surface modification and specific potential 

applications. On the other hand, these regenerated nanocrystals do not look promising 

materials to be applied as reinforcement element because of their low aspect ratio. Indeed, 

further characterization of these regenerated cellulose nanoparticles is required to 

evaluate their applicative potential as, for instance, excipient in tablets for drug release, 

biosensing and bioimaging agents, or as a constituents in nanocomposite materials. This 

study has shed some light on the understanding of crystalline morphology and structure 

of cellulose nanoparticles formed by regeneration process using sulfuric acid. Moreover, 

it should be emphasized that, unlike the conventional top-down deconstructing strategies 

such as acid hydrolysis, the regeneration process can be considered as a bottom-up 

approach to produce cellulose nanoparticles. This type of approach could perhaps allow 

producing cellulose nanostructures more homogenous in size, with better long-range 

ordering (less defects) and desired morphology. But, much more studies are required to 

explore this hypothesis.  

The research work presented in chapter III was focused on mechanical properties 

of natural rubber nanocomposites reinforced with high aspect ratio CNCs extracted fom 

soy hulls. The processing technique utilized was casting/evaporation. This study showed 

that soy hull is an interesting source of raw material for the production of CNC, due to 

the characteristics of the extracted nanocrystals (high crystallinity, specific surface area 

and aspect ratio) associated with low lignin content and wide availability of this agro-

industial residue. This study demonstrated that to tailor the dimensions of CNC and take 

full advantage of any cellulose source, special care needs to be paid to the extraction 

process and its conditions. This way, mainly considering applications where a high aspect 

ratio is essential, the hydrolysis process should be carried out using milder conditions to 

improve the extraction yield and avoid as much as possible the destruction of crystalline 

cellulose domains. Regarding the mechanical performance observed for the 
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nanocomposites, the higher reported reinforcing effect compared to the one observed for 

CNCs extracted from other sources may be assigned to the high aspect ratio of these 

CNCs and the stiffness of the percolating nanoparticle network formed within the 

polymer matrix. Moreover, the sedimentation of CNCs during the evaporation step was 

found to play a crucial role on the mechanical properties. Thus, this work not only 

emphasized the influence of the CNC’s aspect ratio on the mechanical properties of 

polymer/CNC nanocomposites but also highlighted the importance of the sedimentation 

of CNC during the evaporation step on these mechanical properties, which is rarely 

mentioned in the literature. Indeed, it could be interesting to perform other microscopic 

analysis towards a more in-depth understanding of the mechanical properties of this 

system. However, it is a real challenge considering the natural rubber sensibility to the 

electron beam used in most of microscopy techniques. 

 


