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ABSTRACT 

 

Being cellulose the most abundant natural polymer in biosphere, more and more attention has 

been paid on its new functionalities, sustainability, and renewability. Meanwhile, food 

packaging materials is one of the largest products we are using in daily life, but most of 

conventional materials are still oil-based due to their low cost and good performances. 

Therefore, in order to improve the sustainability and renewability of food packaging materials, 

this PhD dissertation focuses on development new nano-material (cellulose nanocrystals, CNs) 

for food packaging and includes mainly four sections.  

 

In the first section of this PhD dissertation, we reviewed the progress in knowledge on 

nano-cellulose first and then, specifically, on CNs. In this section the structure and 

classifications of various nano-cellulose preparations are included, as well as the preparation, 

the morphologies, and applications of CNs. In CNs applications, we reviewed that it exhibits 

excellent barrier, mechanical, and thermal properties itself or combined with other polymers. 

Particularly, the barrier properties refer to oxygen, water vapor, and migration barrier; 

mechanical properties are related with tensile strength, Youngôs modulus, and strain percentage; 

the thermal properties include glass transition and melting or decomposition temperature, heat 

flow, and thermal mechanical parameters.  

 

In the second section of this PhD dissertation, to better understand the structure and status of 

CNs itself or in other polymers, we have used different powerful analytical tools for 

qualification and quantification. Firstly, we have obtained the relatively precise dimensions of 

CNs and observe its redispersability in different solvents, mainly water solutions. In the 

following, we could gain the information of the CNs status in other polymers in order to 

interpret the final performance efficiently. Finally, we preliminarily concluded that TEM, SEM, 

and AFM are suitable tools for observing individual crystals, estimating the roughness, and 

learning the morphology in different scale, respectively. As for the size distribution, functional 

groups, and interactions between the atoms of CNs, the particle size distributor, FTIR, XPS, and 

NMR are used for determinations, respectively.  

 

In the third section of this PhD dissertation, we have systematically investigated the properties 

of conventional films coated with CNs. In particular, we have analyzed their optical properties 

(transparency and haze), mechanical properties (static and dynamic coefficient of friction), 

anti-fog (contact angle and surface energy) and barrier properties (oxygen and water vapor 

transmission rates). In doing this, we have demonstrated that CNs coatings mainly lead to a 
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reduction of friction, a premium feature for industrial applications, and that their influence on 

the optical properties of the packaging is not significant. Excellent anti-fog property guarantees 

customers more conveniently to evaluate the product inside the packages easily. At last but not 

the least, CNs coatings dramatically improve not only the oxygen barrier properties of 

conventional flexible food packaging, but also lead to a certain reduction in the water vapor 

transmission rate. The perspective use of CNs as multi-functional coatings favors a reduction of 

the required thickness for plastic films, towards a more environmentally-friendly and 

sustainable approach to packaging.  

 

In the last section of this PhD dissertation, we demonstrated the use of chitosan (CS)/CNs 

nanocomposites realized by layer-by-layer (LbL) self-assembly as oxygen barrier under 

different pH combinations. The oxygen permeability coefficient of CS/CNs nanocomposites is 

as low as 0.02 cm
3
 µm m

-2
 24h

-1
 kPa

-1
, close to EVOH co-polymers, under dry conditions. 

Meanwhile, we consider that CNs has no potential risks for human beings and the renewable 

origin of the carbohydrate polymers as significant added values that justify a deeper 

investigation. Finally, it deserves to be underlined also the chance of finely tuning the oxygen 

permeability by means of the pH values and the sharp control of the thickness associated with 

this process. Therefore, based on the advantages outlined above, the LbL CS/CNs 

nanocomposite represents a promising oxygen barrier component in transparent flexible 

packaging materials and semi rigid tridimensional objects (bottles, trays, boxes and etc.).  

 

Based on our researches, we conclude that CNs leads to very promising applications in food 

packaging field and deserves to be further investigated in the future.  
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RIASSUNTO 

 

La cellulosa è il polimero naturale più abbondante sulla terra, una risorsa rinnovabile che ogni 

anno viene prodotta in miliardi di tonnellate da molti organismi vegetali. Per questa ragione, su 

di essa si sta concentrando una crescente attenzione nellôipotesi di una sua sempre maggiore 

applicazione nei più diversi campi. Quello del food packaging, che  è ancora fortemente 

dipendente da materiali di sintesi e provenienti da risorse non rinnovabili, è particolarmente 

interessato ad un suo più ampio impiego, anche con il fine di  aumentare la sostenibilità dei 

suoi prodotti e di ridurne lôimpatto ambientale. Con questa tesi di dottorato si ¯ inteso mettere a 

fuoco le potenzialità di impiego della nano cellulosa (cellulose nanocrystals, CNs), 

sperimentare la produzione e valutare le proprietà di alcune lacche a base di CNs, destinate a 

ricoprire convenzionali materiali flessibili per il confezionamento alimentare. La tesi si 

compone di quattro parti distinte.  

 

Nella prima parte si ¯ inteso rappresentare lo  stato dellôarte delle conoscenze e delle 

applicazioni della nanocellulosa, attraverso un ampio lavoro di documentazione bibliografica. 

Dapprima si è voluto mettere a fuoco quanto noto sulla struttura e la classificazione delle varie 

forme di nanocellulosa che è oggi possibile produrre e, a proposito della cellulosa 

nanocristallina in particolare, si è fatto il punto sulle tecniche di preparazione, la morfologia e le 

principali applicazioni. Da questo lavoro di documentazione sono emerse le notevoli proprietà 

di barriera ai gas ed a potenziali  migranti, le eccellenti proprietà meccaniche (resistenza alla 

rottura, massima elongazione tensile, modulo di Young) e le interessanti caratteristiche termiche 

(transizione vetrosa, punto di fusione e di decomposizione) della CNs da sola ed in 

combinazione con altri materiali.  

 

Nella seconda sezione della tesi, al fine di comprendere meglio la struttura e la morfologia dei 

nanocristalli di cellulosa ottenuti attraverso un processo di idrolisi acida di linter di cotone, sono 

state utilizzate diverse tecniche analitiche avanzate, sia per la caratterizzazione qualitativa che 

quantitativa. Eô stato cos³ possibile ottenere informazioni precise sulle dimensioni dei nano 

cristalli, il rapporto di forma, la solubilità e numerose altre loro importanti proprietà. In 

particolare le tecniche di TEM, SEM, e AFM sono apparse come le più adatte per osservare la 

morfologia dei cristalli, studiare le caratteristiche e la rugosità delle superfici trattate con lacche 

a base di CNs. Si è inoltre indagato sulla distribuzione delle dimensioni dei cristalli ottenuti e, 

grazie allôuso di  FTIR, XPS e NMR, sulla natura dei gruppi funzionali disponibili e sulle loro 

interazioni.  
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La terza parte della tesi è dedicata ad uno studio delle proprietà di alcuni differenti film, 

largamente impiegati per il food packaging (PET, OPP, OPA e cellophane), rivestiti con uno 

strato sottile di CNs. In particolare, è statomesso a punto il processo di laccatura e sono state 

misurate le proprietà ottiche (la trasparenza, lôopacità e le proprietà anti-fog), il coefficiente di 

frizione statico e dinamico, le energie superficiali e gli angoli di contatto, le proprietà di barriera 

allôossigeno ed al vapor dôacqua. Da questo lavoro è emerso come sia effettivamente possibile 

rivestire di uno strato sottile (intorno ad un micron di spessore), omogeneo e continuo,  film 

plastici differenti e  che attraverso questo  processo di laccatura, si riduce significativamente 

il coefficiente di frizione, si incrementano le proprietà anti-fog, si aumenta decisamente la 

barriera allôossigeno, senza pregiudicare la trasparenza dei film di supporto. La prospettiva 

molto concreta è quella di costituire, in un modestissimo spessore, un coating multifunzionale  

con spiccate caratteristiche di sostenibilità  e di sicurezza alimentare.  

 

Lôultima sezione della tesi ¯ dedicata al lavoro fatto per sperimentare la possibile applicazione 

di una tecnica di rivestimento molto moderna (layer-by-layer coating, LbL) che sfrutta la 

formazione di legami elettrostatici tra biopolimeri caricati diversamente. In particolare si è 

dimostrata la possibilità di costituire lacche di un composito ottenuto mediante la 

sovrapposizione alternata di sottilissimi strati (da 6 a circa 30 nm) di chitosano e cellulosa 

nanocristallina. Il diverso pH delle soluzioni in cui vengono dispersi i due biopolimeri 

determina un diverso grado di ionizzazione delle cariche, rispettivamente  positive del 

chitosano e negative della cellulosa,  e di conseguenza diversi spessori e proporzioni relative  

dei due biopolimeri nel coating composito che si realizza. Ciò, evidentemente, permette di 

modulare in un ampio intervallo di valori, la permeabilità del film ricoperto. Il coefficiente di 

permeabilità del composito giunge a valori pari 0.02 cm
3
 µm m

-2
 24h

-1
 kPa

-1
, molto simili a 

quelli espressi da copolimeri a base di EVOH, in condizioni anidre. I vantaggi di un simile 

rivestimento sono comunque fondamentalmente legati alla sicurezza e non tossicità dei 

biopolimeri impiegati, dalla loro sostenibilit¨ e dallôampio grado di libert¨ disponibile nel 

modulare le caratteristiche finali di barriera,  secondo le esigenze del prodotto da confezionare. 

Lo strato di lacca LbL così costituita rappresenta, in definitiva, una barriera allôossigeno 

particolarmente promettente negli impieghi reali più critici anche per la concreta possibilità di 

realizzarla convenientemente su oggetti tridimensionali come bottiglie, vassoi e altri imballaggi 

finiti .  

 

In conclusione, le ricerche condotte rappresentano una base di partenza molto promettente per 

unôinnovazione di sostenibilit¨ e di prestazioni nel campo dellôimballaggio flessibile e meritano 

ulteriori approfondimenti ed applicazioni.  
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0 PREFACE 

 

The requirement of sustainability and safety of products and processes are increasing due to the 

progressive reduction in un-renewable resources and to the environment deterioration. A 

sustainable green economy needs a revolutionary change to overcome todayôs dependency on 

fossil fuels and bring about a shift towards products based on natural resources. Within the 

energy supply sector, the change will be solar and wind power; within the materials sector, it is 

renewable materials, bio-based plastics and composites.  

 

Food packaging, as one of the largest markets all over the world, accounts for about 500 billion 

euro and uses approximately 250 million tons of different materials each year. Packaging, 

however, is not only about holding foods but also to prolong shelf-life and extend quality 

maintenance of foods in order to distribute them in long term, and where they are most needed. 

Therefore, a special attention to packaging materials performance has to be paid together with 

the evaluation of their sustainability. Conventional food packaging materials have limited 

sustainability  but exhibit many advantages so as to be very difficult to substitute them by new 

materials in short term.  

 

Cellulose has been used for thousands of years in many different fields and is an annual 

renewable resource; thus, its safety and sustainability are beyond debate. However, the present 

utilization of cellulose limits on conventional way. After many yearsô development, cellulose 

nanocrystals (CNs) come into our views and recently have been paid more and more attention.  

 

Based on above situations, we did some investigations on basic structure, morphology, and 

different properties of CNs in order to better understand it and attempt to develop new 

applications of CNs on high performing food packaging materials.  
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1 STATE OF THE ART   

 

1.1 Nano-cellulose  

Cellulose is the most abundant natural material biopolymer in the biosphere. Its production is 

estimated to be over seventy-five billion tons annually (Habibi et al., 2010), we therefore could 

consider cellulose as the most abundant sustainable and renewable material biopolymer. Paper, 

furniture, floor etc. all origin from cellulose, which indicates that human beings have been 

realizing and using cellulose almost everywhere in our daily life for thousands of years. 

However, since the computers emerged, the use for one of the largest cellulose-based products, 

paper, has been reducing all the time. Facing huge quantity of cellulose, we therefore have to 

rethink about how to utilize it more efficiently and develop more functions from it. Based on 

above situation, nano-cellulose therefore is paid more attention once again recently.  

 

 

Figure 1 Schematic of the tree hierarchical structure (Postek et al., 2011). 

 

In our daily life, the use of cellulose only could be classified into the first generation, which 

took advantages of hierarchical structure design. Natural materials develop functionality, 
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flexibility and high mechanical strength/weight performance by exploiting hierarchical structure 

design that spans nanoscale to macroscopic dimensions (Figure 1). However, the first 

generation cellulose products are insufficient to meet the demands of modern society for high 

performance materials, which is another reason for compelling scientists to further investigate 

the fundamental reinforcement unit, cellulose nanoparticles, in our case, cellulose nanocrystals 

(CNs).  

 

1.1.1 Nano-cellulose structure 

 

Figure 2 Schematics of (a) single cellulose chain repeat unit, showing the directionality of the 

1Ą4 linkage and intrachain hydrogen bonds (dotted line), (b) idealized cellulose microfibril 

showing one of the suggested configurations of the crystalline and amorphous regions, and (c) 

cellulose nanocrystals after acid hydrolysis dissolved the disordered regions (Moon et al., 

2011).  

 

Cellulose is a linear chain of ringed glucose molecules and has a flat ribbon-like conformation. 

The repeat unit (Figure 2a) is comprised of two anhydroglucose rings ((C6H10O5)n); n = 10000 

to 15000, where n is depended on the cellulose source material) linked together through an 

oxygen covalently bonded to C1 of one glucose ring and C4 of the adjoining ring (1Ą4 linkage) 

and so called the 1ï4 glucosidic bond (Azizi Samir et al., 2005; Moon et al., 2011). The intra- 

and inter-chain hydrogen bonds network between hydroxyl groups and oxygen of the adjoining 

ring molecules stabilizes the linkage, and makes cellulose having linear chain thereby be a 
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relatively stable polymer, and gives the cellulose fibrils high axial stiffness. These cellulose 

fibrils are the main reinforcement phase for trees, plants, some marine creatures (tunicates), 

algae, and bacteria. Within these cellulose fibrils there are highly ordered (crystalline) regions 

and disordered (amorphous-like) regions, but the structure and distribution of these crystalline 

and amorphous domains within cellulose fibrils have yet to be rectified (Figure 2b) (Moon et al., 

2011; Nishiyama, 2009). However, it is these crystalline regions contained within the cellulose 

microfibrils that are extracted, resulting in cellulose nanocrystals (CNs) (Figure 2c).  

 

1.1.2 Nano-cellulose classifications 

The term nano-cellulose generally includes cellulose nanocrystals, nanowhisker, or 

nanocrystalline (CNs, CNW, or CNC), micro- or nano-fibrillated cellulose (MFC or NFC), 

TEMPO-oxidized cellulose nanofibre (TOCN), and bacterial cellulose (BC). Herein, although 

we classify nano-cellulose into four groups by preparation methods, there yet should be some 

overlapped parts among them. In the literature CNs are also referred as CNW or CNC, when 

they are stiff and rod like or as MFC, NFC, or cellulose microcrystals, or microcrystallites when 

they are longer and more flexible consisting of alternating crystalline and amorphous domains. 

The latter are usually prepared by combining mild hydrolysis (acidic or enzymatic) and 

mechanical defibrillation treatments (ultra-blender, grinder, homogenizer and so on). In the PhD 

dissertation, we focus on the CNs and its characterizations, morphology, and applications.  

 

1.1.3 Nano-cellulose preparations  

Chemical and physical treatments are two ways for preparing nano-cellulose. A huge number of 

scientific articles appeared during recent years, describing possible procedures to obtain 

cellulose at nanoscale. Few of them led to industrial applications but all are good descriptions of 

main priciples behind nano cellulose obtainment. In this PhD project we used the method most 

useful and suitable for our lab's facilities but literature is easily available for accurate reports 

about the different ways of preparing nano cellulose; in this paragraph, these different methods 

are just shortly mentioned with references to the main papers published as follows: chemical 

ways: acidic (Habibi et al., 2010; Moon et al., 2011) and enzymatic hydrolysis (Ahola et al., 

2008; Filson et al., 2009; Meyabadi & Dadashian, 2012; Paakko et al., 2007; Siro & Plackett, 

2010) and TEMPO-oxidized processes (Fujisawa et al., 2011; Fukuzumi et al., 2009; Isogai et 

al., 2011; Okita et al., 2011; Saito et al., 2007; Saito et al., 2006; Saito et al., 2005; Shinoda et 

al., 2012); physical ways: reýning and high-pressure homogenization (López-Rubio et al., 2007; 

Nakagaito et al., 2005; Paakko et al., 2007; Stenstad et al., 2008; Zimmermann et al., 2004), 

cryocrushing (Alemdar & Sain, 2008; Chakraborty et al., 2007; Wang & Sain, 2007a, b) and 

grinding (Iwamoto et al., 2007; Iwamoto et al., 2005).  
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In the PhD dissertation, we are specifically studying on CNs. The main process of CNs 

preparation from cellulose fibers is acidic hydrolysis. During the hydrolysis, the disordered 

(amorphous) or para-crystalline regions of cellulose are preferentially hydrolyzed, but the 

crystalline parts remain intact due to its higher resistance to acid attack (Anglès & Dufresne, 

2001).  

 

The sulfuric and hydrochloric acids have been extensively utilized as well as the phosphoric and 

hydrobromic acids (Habibi et al., 2010; Johansson et al., 2012). Moreover, different acids, 

H2SO4 and HCl for hydrolysis lead to distinct properties of CNs: Colloidal dispersion of the 

HCl-treated sample was obtained by more thorough removal of acid from the hydrolysate than 

in the case of H2SO4 treatment (Araki et al., 1998). In other words, the dispersed ability of 

HCl-treated sample is limited and their aqueous suspensions tend to þocculate, whereas during 

hydrolysis of H2SO4 the cellulose grafts several charged sulfate ester group on the surface, 

which results in improving the dispersion of CNs in aqueous solutions and polar solvents, and 

hence induces crucial characters. It was reported that the optimized processes of extracting CNs 

from plant resource, for instance cotton, were grinding and 64% (w/w) sulfuric acid, following 

with neutralization by dilution and dialysis, ultrasonic treatment, filtration and removing excess 

ions from suspension (Dong et al., 1998). To obtain the CNs from different origins, the 

processes are similar, but the conditions (Elazzouzi-Hafraoui et al., 2007) varied according to 

different measurements and requirements. Likewise, Bondeson et al prepared the CNs from 

Microcrystalline cellulose (MCC) by 63.5% (w/w) H2SO4, sequentially obtaining CNs with a 

length between 200 and 400 nm and a width less than 10 nm in approximately 2 h with a yield 

of 30% (of initial weight) (Bondeson et al., 2006). The investigation of Håkansson & Ahlgren  

found that dilute acids (HCl and H2SO4) hydrolysis of pulp led to the same leveling-off degree 

of polymerization (LODP) (Håkansson & Ahlgren, 2005), but a longer time was needed under 

the milder conditions. Meanwhile, they reported that distinguished intrinsic viscosities of birch 

prehydrolysed kraft pulp and a mixed hardwood prehydrolysed kraft pulp, after hydrolysis, only 

had a small difference (10%) in LODP. Beck-Candanedo  demonstrated that longer hydrolysis 

times and increasing acid-to-pulp ratio produced shorter CNs, less polydisperse black spruce 

CNs and slightly increased the critical concentration for anisotropic phase formation and the 

biphasic range became narrower (Beck-Candanedo et al., 2005).  

 

1.1.4 Morphology of CNs 

The acidic hydrolysis methods (Araki et al., 1998; Beck-Candanedo et al., 2005; Bondeson et 

al., 2006; de Souza Lima & Borsali, 2002; Dong et al., 1998; Elazzouzi-Hafraoui et al., 2007; 

Favier et al., 1995; Håkansson & Ahlgren, 2005; Marchessault et al., 1961; Nickerson & Habrle, 

1947; Roman & Winter, 2004) were commonly used for extracting the CNs from natural origins, 
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which brings on producing varieties of CNs and observed by transmission electronic 

microscopy (TEM). TEM figures of CNs are presented in Figure 3 and show rod-like 

morphology with dimensions dependent on the source of the native cellulose, including cotton, 

Valonia algae, bacterial cellulose, tunicates, and wood pulps. The concentrated acid firstly 

attacks and hydrolyzes the hemi- and amorphous (defects) parts of native cellulose. After the 

hydrolysis, the high crystallinity regions remain intact (Anglès & Dufresne, 2001), which show 

rod-like nanocrystals with different morphologies in Figure 3 due to the source of native 

cellulose, including cotton (Dong et al., 1998), wood pulp (Elazzouzi-Hafraoui et al., 2007), 

ramie (Habibi et al., 2008), tunicate (Elazzouzi-Hafraoui et al., 2007), Valonia (Imai et al., 1998) 

and, bacterial cellulose (Grunert & Winter, 2002). Furthermore, different sources lead to various 

CNs dimension, including heterogeneous cross-sections and lengths, which result in the 

differences in their aspect ratio (ratio of length to width) (Moon et al., 2011). Diverse aspect 

ratio exhibits distinct CNs mechanical properties and capabilities of reinforcement (Eichhorn et 

al., 2010), which is also presented by models in Figure 4.  
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Figure 3 TEM images of dried dispersion of cellulose nanocrystals derived from (a) cotton 

(Dong et al., 1998), (b) bacterial cellulose (Grunert & Winter, 2002), (c) Tunicate 

(Elazzouzi-Hafraoui et al., 2007), (d) wood pulp (Elazzouzi-Hafraoui et al., 2007), (e) Valonia 

(Imai et al., 1998), and (f) ramie (Habibi et al., 2008).  
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Figure 4 Model plots of the Halpin-Tsai equation for a range of fiber moduli showing the 

predicted composite modulus (Ec) as a function of the aspect ratio of the fiber reinforcement. 

The model assumes a unidirectional composite sample, with no fiber-fiber interactions and a 

polypropylene matrix (Eichhorn et al., 2010).  

 

1.2 CNs applications  

1.2.1 Barrier properties 

Barrier properties are among the most important aspects in packaging applications. We are 

always attempting to find new materials which are more sustainable and have premium 

properties. Nano-cellulose is one of the materials who fulfill all of above requirements and has 

been paid more and more attention globally. As we known, conventional cellulose-based 

materials have excellent gas barrier properties due to their intrinsic structures (strong hydrogen 

bonds) (Habibi et al., 2010). According to above views, nano-cellulose is considered as a highly 

competitive candidate for barrier applications, whereas MFC/NFC and TEMPO-oxidized 

cellulose nanofibers (TOCN) have been utilized as a barrier but not the CNs. CNs has short 

length and narrow diameter, it thus has been supposed that CNs is only suitable for using as a 

filler into other polymers but not for a barrier as a coating or self-standing film (Isogai et al., 

2011). We summarize the limited numbers of publications as follows. Moreover, we provide all 

collected permeability values from literatures in the Appendix 1 (Gas and water vapor 

permeability coefficient summary).  

 

(1) Oxygen barrier 

Martinez-Sanz et al. introduced the bacterial cellulose nanocrystals (BCNs) into poly (lactic 
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acid) (PLA) by electrospinning and melt mixing systems and all nanocomposites presented 

significant increases in the oxygen barrier at 0% RH (34 % reduction). Nevertheless, the oxygen 

barrier at 80% RH was only improved for BCNs loadings as low as 1 wt % (26 % reduction) 

(Martinez-Sanz et al., 2012). From another PLA reinforced by CNs report, similar improvement 

of oxygen barrier was presented reduction of 26 and 48% in oxygen permeability were obtained 

for the cast film containing 1 and 5% of surfactant modified CNs (Fortunati et al., 2012).  

 

As for CNs coating, only a few reports were related with CNs coating for improving barrier 

properties. Our group recently demonstrated that CNs combing with chitosan were used as 

layer-by-layer coating materials to significantly improve oxygen barrier (>94% oxygen 

permeability reduction) (Li et al., 2013). Also, in the topic 2 of this PhD dissertation, we 

prepared and investigated CNs coating on different substrates which revealed excellent oxygen 

barrier (>99% oxygen permeability reduction). These results exhibited the similar barrier 

capabilities with TOCN coating which is chemically modified.  

 

Oxygen permeability of self-standing CNs films were only reported once by Belbekhouche et al. 

(Belbekhouche et al., 2011). It was surprising that they demonstrated that MFC filmôs oxygen 

permeability displayed 2-order magnitudes lower than CNs film due to CNs being lower aspect 

ratio and the lower packing of the particles in films characterized by a large extent of porosity 

and MFC being entangled and high aspect ratio. This explanation however showed opposite 

views from other group who interpreted that smaller widths and aspect ratio TOCN had denser 

structures leading to excellent oxygen barrier properties (Fukuzumi et al., 2011). To better 

understand the relationship between the aspect ratios and oxygen barriers, further investigations 

are needed in the future.  

 

(2) Water vapor barrier  

The researches on water vapor permeability (PH2O) of CNs or CNs composites were relatively 

more than oxygen permeability in that cellulose is a hydrophilic material which is one of the 

most main its drawbacks. Fortunati et al. created PLA/surfactant-CNs nanocomposites by 

solvent casting and its PH2O was reduced by 34 and 15% at 1 and 5wt% CNs addition (Fortunati 

et al., 2012). CNs is evaluated as low risk potential for human beings (Kovacs et al., 2010), 

Georage and Siddaramaiah thus attempted to produce edible films by gelatin and BCNs whose 

WVP was reduced by ~24% at 4% BCNs addition in comparison with neat gelation films 

(George & Siddaramaiah, 2012). While Sanchez-Garcia et al. also produce nanocomposite 

combining carrageenan matrix/CNs and the largest reduction (71%) in PH2O was exhibited at 3 

wt% CNs addition (Sanchez-Garcia et al., 2010a). The PH2O of CNs-reinforced methycellulose 

was significantly decreased and obtained a further decrease after 50 kGy ɔ irradiation at films 



PhD Dissertation of Fei LI  1 STATE OF THE ART 

10 

containing 0.25% CNs. Poly(vinyl alcohol)/CNsô PH2Owas improved by crosslinking with 

poly(acrylic acid) (PAA). The 10% CNs/10% PAA/80% PVOH composition showed he best 

performance and PH2O reduction by 76% (Paralikara et al., 2008).  

 

(3) Migration barrier 

Nano-cellulose is becoming more and more popular in recent years and is considered as a safe 

and sustainable new nano-material, it therefore might have a huge potential to be applied into 

food related fields. Meanwhile, to migration from food packaging materials has been paid more 

and more attentions, since varieties of migrating substances has come into being a risk to human 

health for their toxicity or allergenicity. Based on above concerns, CNs as a functional barrier to 

limit or avoid mass transfer is emerging and so far there was only very a few related reports. 

After general overall migration test, Fortunati et al. reported that the migration level of the 

studied bio-nanocomposites (PLA/CNs) was below the overall migration limits required by the 

current normative for food packaging materials in both non-polar and polar simulants (Fortunati 

et al., 2012).  

 

1.2.2 Mechanical properties 

(1) Poly lactic acid (PLA) reinforcement 

Oksman group firstly reported that 5% CNs dispersion with PLA improved the tensile strength 

and elongation at break, compared to its unreinforced counterpart (Bondeson & Oksman, 2007a) 

and that in PLA feeding with dry and wet CNs+PVOH extrusion system, the relative small 

improvements in tensile modulus (increase by12%), tensile strength, and elongation to break for 

the nanocomposites indicated that it was principally the polyvinyl alcohol phase that was 

reinforced with whiskers but PLA phase (Bondeson & Oksman, 2007b). Regarding the silylated 

CNs, Pei et al. demonstrated that it was used to reinforce PLLA and the tensile modulus (1.4 

GPa) and tensile strength (58.6 MPa) of the nanoccomposite films were more than 20% higher 

than for pure PLLA with only 1 wt% silylated CNs, due to crystallinity effects and fine 

dispersion (Pei et al., 2010). In order to improve the affinity between the polymers and CNs, 

Goffin et al. found by dynamic mechanical thermal analysis (DMTA) that PLA-g(grafted)-CNs 

only induced a limited reinforcing effect below Tg, because of a plasticization effect of the 

grafted PLA chains on the polymer matrix, whereas above Tg the presence of nanofiller 

increases the stiffness of the material (Goffin et al., 2011a).  

 

Concerning the electrospun system, Martinez-Sanz et al. reported that the percolation-threshold 

concentration of electropun reinforced by BC-CNs is 2-3 wt %. Under this condition, The 

elastic modulus (2.16 GPa) and tensile strength (61.36 MPa) of nanocomposites increase ca. 17 

and 14 %, respectively, as compared to neat PLA, without significantly decreasing the ductility 
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of the material (Martinez-Sanz et al., 2012). 

 

(2) Polyurethanes (PU) reinforcement 

Cao et al. orderly reported that the Youngôs modulus and tensile strength of nanocomposites 

(polycaprolactone (PCL)-based water-borne polyurethane (WPU) reinforced by flax/hemp CNs) 

were 201 and 2.5 times, respectively, when the filler amount was increased from 0 to 30 wt%. 

The elongation is however reduced at break over the range from 1100 to 200% (Cao et al., 2007; 

Cao et al., 2011). With regard to the shape memory material (segmented PU, SPU), different 

concentration CNs additions into SPU after polymerization led to a increase in dynamic storage 

and tensile modulus and a decrease in deformation at break. Addition of the cellulose 

nanocrystals during the synthesis increased modulus, reduced deformability and erased the 

shape memory behavior of the SPUôs (Auad et al., 2010). Wik et al. found that castor oil -based 

polyurethanes reinforced by 1% CNs addition showed a significant increase of tensile modulus 

(682.9 MPa), compared to the unfilled solid PU (497.5 MPa) due to the incorporation of the 

rigid particle reinforcement and the interfacial bonding (Wik et al., 2011). It was reported that 

the segmented thermo-plastic polyurethane elastomers (STPUE) reinforced by 1.5% modified 

CNs showed a much more pronounced increase in tensile modulus (21 MPa) compared to the 

neat one 9.2 (MPa) (Rueda et al., 2011). Mendez et al. demonstrated that the nanocomposite 

with the highest CNs content investigated (20% v/v) showed Youngôs modulus of 1076 MPa, 

which represents a stiffness increase of almost 2 orders of magnitude than the one of neat PU, 

which was ascribed to interfacial interactions (hydrogen bonding) between the polyurethane and 

CNs (Mendez et al., 2011).  

 

(3) Polyvinyl alcohol (PVOH) reinforcement  

For cast films, first George reported that 10% cross-linked PVOH filled with BC-CNs, which 

resulted in an improved tensile strength from 62.5 MPa to 128 MPa (increase by 105%), by the 

addition of just 4 wt% of BC-CNs by casting method. Furthermore, the elastic modulus was 

found to increase from 2 GPa to 3.4 GPa (increase by 70%) (George et al., 2011). Sequentially, 

Pakzad reported that in PVOH/PAA/CNs (80%:0%:15%) cast film system, the PAA functioned 

to reduce the agglomerate of CNs and its highest elastic modulus reached to ~7.6 GPa by AFM 

nano-indentation. This value is, however, different from the elastic modulus (1.4 GPa) result 

from tensile test due to the high degree of local heterogeneity of CNC distribution (Pakzad et al., 

2012).  

 

Regarding electrospun system, Peresin et al., demonstrated that the effect moisture on 

electropun nanofiber of PVOH (7%) and CNs was investigated and it was found that the 

plasticizing and anti-plasticizing effect of water and CNs, respectively. It was interesting that 
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the CNs-loaded PVA fiber mats showed a reversible recovery in mechanical strength after 

cycling the relative humidity (Peresin et al., 2010). Afterward, Lee and Deng demonstrated that 

aligned electrspun webs of PVOH (8%) reinforced by CNs showed 87.4 MPa modulus, which 

increased by 35% comparing to the isotropic PVOH electrospun webs (Lee & Deng, 2012).  

 

(4) Polycaprolactone (PCL) reinforcement 

In modified CNs (PCL-g-CNs) and CNs with PCL nanocomposite systems, Habibi et al. 

reported that the addition of PCL-g-CNs into PCL proved to improve considerably the Youngôs 

modulus, which increases from 230.7 MPa for unfilled PCL to 582.0 MPa for nanocomposites 

containing 40% of PCL-grafted CNs. The elongation at break decreases drastically, but the 

values remain mostly better than compositions filled with unmodified CNs (Habibi et al., 2008). 

Then, Goffin reported that the Youngôs modulus of 8wt% PCL-g-CNs nanocomposites reached 

to 1500 MPa, 255% and 132% higher than the ones of neat matrix and 8wt% unmodified CNs 

nanocomposites (Goffin et al., 2011b).   

 

In the electrospun PCL system, electrospun fiber webs from PCL reinforced with 2.5% 

unmodified CNs showed ca. 1.5-fold increase in Youngôs modulus (reach 6.54 MPa) and the 

ultimate strength (1.51 MPa) compared to PCL webs (Zoppe et al., 2009).  

 

(5) Others reinforcement 

Poly(ethylene oxide)(PEO): in PEO/pentaerythritol triacrylate (PETA) reinforced by CNs 

system, the maximum tensile stress (14.22 MPa) and Youngôs modulus (39.8 MPa) of the 

crosslinked PEO/ 10%CNs composite ýbrous mats increased by 377.5 and 190.5% than those 

of uncrosslinked PEO mats, and 76.5 and 127.4% than those of crosslinked PEO mats, 

respectively (Zhou et al., 2012). As for the PEO/CNs electrospun system, the electrospun 

heterogeneous mats are stronger than their homogeneous counterparts for all compositions 

(Zhou et al., 2011) and the storage moduli of aligned electrospun PEO/CNs nanocomposite 

fibers (324 MPa) are 1.5-2 times greater than those of the neat PEO counterparts (Changsarn et 

al., 2011).  

 

Natural rubber (NR): Siqueira et al. reported that, compared with neat natural rubber, Youngôs 

modulus and tensile strength of 10% CNs/NR were increased by 257 and 11 times (Siqueira et 

al., 2010). Afterward, Visakh demonstrated that the tensile strength (17.3 MPa) and storage 

modulus (3.8 MPa) of NR+CNs nanocomposite at 25°C was about 88% and 124%  in 

comparison with neat NR (Visakh et al., 2012).  

 

Starch: For plasticized starch (PS) reinforced by hemp/flax CNs system, Cao et al. found 
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significant increases in the tensile strength and Youngôs modulus, from 3.9 to 11.9 MPa and 

from 31.9 to 498.2 MPa, respectively, with increasing FCN content from 0 to 30wt% (Cao et al., 

2008b; Cao et al., 2007). Considering the relative humidity (RH) effects, for all RH levels, the 

modulus increased gradually with filler load, and above ~5% whiskers, a significant 

improvement is observed. The tensile strength and Youngôs modulus are high at lower RH 

levels, and elongation at break remains constant, irrespective of RH and filler content. With 

sorbitol, the final composite has better thermal mechanical properties than the one with glycerol 

due to glycerol functioning for transcrystallization which effectively decreases fiber matrix 

adhesion, but sorbitol which shows that a good fiber-matrix adhesion is present in the system 

favoring effective stress-transfer at the fiber/matrix interface (Mathew et al., 2008).  

 

Besides above, CNs was also used for reinforcement filler into varieties of polymers which 

include biopolymers (carboxymethyl cellulose (CMC) (Choi & Simonsen, 2006), chotisan (Sui 

et al., 2010), methylcellulose (MC) (Khan et al., 2010), cellulose acetate butyrate (Ayuk et al., 

2009; Siqueira et al., 2011), alginate (Urena-Benavides et al., 2010; Urena-Benavides & 

Kitchens, 2011, 2012), aligned cellulose nanofibers (Magalhaes et al., 2011), cellulose acetate 

(CA) (Herrera et al., 2011), silk (Huang et al., 2011; Park et al., 2012), xylan (Kohnke et al., 

2012), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) (Ten et al., 2010; Yu et al., 

2012), and gelation (George & Siddaramaiah, 2012)) and synthetic polymers (polysulfone (PSf) 

(Noorani et al., 2006, 2007), , poly(diallyldimethylammonium chloride) (PDDA) (Sui et al., 

2010), Poly(methyl vinyl ether-co-maleic acid)-Polyethylene Glycol (PMVEMA-PEG) (Goetz 

et al., 2010) polyacrylamide (PAM) (Zhou et al., 2011), polyvinylacetate (PVAc) (Mathew et al., 

2011), poly(acrylic acid) (PAA) (Pakzad et al., 2012), stereolithographic resins (Kumar et al., 

2012), healable material (Fox et al., 2012), and poly(methyl methacrylate) (PMMA) (Dong et 

al., 2012)).  

 

1.2.3 Thermal properties  

Thermal properties are usually determined by thermogravimetric analysis (TGA), differential 

scanning calorimetry (DSC), and dynamic mechanical thermal analysis (DMTA), which are 

able to monitoring changes of gravity (loss weight), calories (heat flow), and mechanical 

properties as a function of temperature to reflect the thermal properties, e.g. glass transition 

temperature (Tg), melting or decomposition temperature (Tm or Td), tan ŭ, and so on. Generally 

speaking, different CNs extraction processes and the addition of CNs into other polymers have 

influences on the thermal properties of CNs themselves and their nanocomposites, respectively. 

 

Firstly, we focus on different thermal properties of CNs resulting from their extraction 

processes. Inorganic acids are widely used for extracting CNs from different sources, such as 
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bio-residues obtained from a bioethanol pilot plant (Oksman et al., 2011), bacterial cellulose 

(BC) (Martinez-Sanz et al., 2011a), coconut husk (Rosa et al., 2010), microcrystalline cellulose 

(MCC) (Man et al., 2011; Wang et al., 2007), rice husk (Johar et al., 2012), kenaf bast 

(Kargarzadeh et al., 2012), and mengkuang leaves (Pandanus tectorius) (Sheltami et al., 2012). 

Above two extraction processes result in grafting a few of sulfate ester groups on the surface of 

CNs which lead to a lower thermal stability. Matinez-Sanz and Wang reported that 

neutralization produced a slight increase in the crystallinity index and led to a remarkable 

increase on the BCNs thermal stability and the degradation (decomposition) temperature (Td) 

shift to the higher temperature and occurred within a narrow temperature range for spherical 

CNs from MCC (Martinez-Sanz et al., 2011a; Wang et al., 2007). Besides neutralization, 

physical extractions, including ultrasonication and homogenization, could further increase the 

thermal stability to 265°C  in comparison with the degradable temperature of raw material 

around 202 °C  (Oksman et al., 2011), while the hydrolyzed CNs showed a two-stage 

degradation, with an initial onset of degradation around 120°C and a second step around 255 °C 

which is a typical behavior of sulphuric acid-hydrolyzed CNs. Rose et al. also demonstrated that 

higher residual lignin content was found to increase thermal stability indicating that the thermal 

properties of the CNs could be tailored by controlling reaction conditions (Rosa et al., 2010). 

Georage et al. revealed that the thermal stability of enzyme processed BC nanocrystals (BCNs) 

was almost two fold higher than sulfuric acid processed ones. The activation energy required for 

decomposition of enzyme processed BCNs was much higher than the other (George et al., 

2011).  

 

Secondly, the thermal properties of CNs-nanocomposites produced by casting method will be 

reviewed.  

 

(1) Synthesized polymers:  

Poly(methyl methacrylate) (PMMA): Liu et al. reported that the glass transition of the 

PMMA-CNs nanocomposites was shifted to lower temperatures with respect to the pure PMMA. 

The DMA data showed a marked increase in storage modulus (from 1.5 GPa for pure PMMA to 

5 GPa) for the composite sheet containing 10 wt.% CNs at 35°C due to the high modulus of 

cellulose crystals (Liu et al., 2010). Xu et al. grafted PMMAZO 

(Poly(6-[4-(4-methoxyphenylazo) phenoxy] hexyl methacrylate)) on the CNs surface and 

PMMAZO-grafted CNs showed smectic-to-nematic transition at 95 °C and nematic-to-isotropic 

transition at 135 °C, and exhibit analogous lyotropic liquid-crystalline phase behavior above 

135 °C. It also showed a lyotropic nematic phase in chlorobenzene above a concentration of 5.1 

wt% (Xu et al., 2008). 

 



PhD Dissertation of Fei LI  1 STATE OF THE ART 

15 

Stereolithographic Resins (SLRs): The storage modulus (E') increased steadily with increasing 

CNs content in the regimes below and above the glass transition (a remarkable modulus 

enhancement in the rubbery regime) but less pronounced in the glassy state (Kumar et al., 

2012).  

 

Polyurethane (PU): The CNs from Eucalyptus globulus favored the hard-segments 

(HSs)/soft-segments (SSs) microphase separation of the Water-borne PU (WPU), causing shifts 

of the SS glass transition temperature and the HS melting temperature toward higher 

temperatures was reported by Gao et al. (Gao et al., 2012). Auad et al. reported that CNs 

addition increased the PU SS melting and crystallization temperatures and the degree of 

crystallinity of this phase, while both neat PU and composites exhibited shape memory 

properties, with fixity and recovery values that depend on heating temperature, imposed 

deformation, deformation rate and CNs addition (Auad et al., 2012). Pei et al. however 

demonstrated that the decrease of Tg for the PU-CNs nanocomposites was due to the fact that 

the CNs are strongly associated with the HS of PU, resulting in lower fraction of hydrogen 

bonded carbonyl groups in the HS and an increase of the degree of freedom for the SS in PU 

(Pei et al., 2011). The tan ŭ corresponding to the glass transition of PU from DMA decreased 

with increasing CNs content, while the half height width of the peak increased. This could be 

attributed to the greatly restricted motion of PU chains resulting from the covalent bonding and 

cross-linking between PU molecules and nanoscale stiff rod-like CNs (Pei et al., 2011). In order 

to improve the compatibility of CNs with WPU, Cao et al. induced the grafting of part of the 

pre-synthesized WPU chains on the surface of CNs and the corresponding nanocomposites were 

processed by casting. Degradation temperature of nanocomposite (400 °C) was higher than 

WPU (337 °C), but started to decompose at the same temperature. From DSC, these 

grafted-WPU chains were able to form a crystalline structure on the surface of CNs, and thus 

induce the crystallization of the matrix which created a co-continuous phase (Cao et al., 2009).  

 

Polyvinyl alcohol (PVOH): Georage et al. found that the thermal stability of enzyme processed 

BCNs was almost two fold higher than sulfuric acid processed ones. Incorporation of these 

BCNs in PVOH matrix resulted in a remarkable improvement in the thermal stability as well as 

mechanical properties of nanocomposite films, which exhibited higher melting temperature (Tm) 

and enthalpy of melting (ȹHm) than those of pure PVOH, suggesting that the addition of BCNs 

should modify the thermal properties of PVOH (George et al., 2011).  

 

Starch: CNs results in an increase in the glass transition temperature due to the strong 

interactions between CNs and plasticized starch which reduce the flexibility of starch molecular 

chains (Cao et al., 2008a).  
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Poly(styrene-co-butyl acrylate) (PSBA): A significant increase of the stiffness of the acrylic 

polymer beyond the glass transition temperature was shown. MFC from Stipa tenacissima (ST) 

showed higher reinforcing effect compared to ST-CNs, probably because of higher aspect ratio 

and possibility of entanglement of the former (Ben Mabrouk et al., 2012). 

 

(2) Biopolymers:  

Carrageenan: Sanchez-Garcia et al. demonstrated that addition of cellulose microfibers to 

unplasticized carrageenan resulted in a continuous decrease in the Td for CNs loadings of up to 

3 wt%. The behavior of adding cellulose microfibers to the carrageenan containing glycerol was 

found to be rather similar to that of CNs (Sanchez-Garcia et al., 2010a).  

 

Cellulose acetate butyrate (CAB): TGA and DMTA results showed a substantial improvement 

in the thermal stability and an increase in the storage modulus of CAB reinforced with 5 and 10 

wt% CNs for both unplasticized and plasticized cellulose acetate butyrate (CAB)-CNs 

nanocomposites (Ayuk et al., 2009). Furthermore, Petersson et al. compared the storage 

modulus of CNs-CAB with layered silicates (LS)-CAB and results from DMTA showed 

improved storage modulus for a wide temperature range for both nanocomposites compared 

with the pure CAB matrix. The CNs decreased the tan ŭ peak temperature of the CAB whereas 

LS did not affect the tan ŭ peak (Petersson et al., 2009). 

 

Methylcellulose (MC): TGA curves clearly show that addition of CNs in MC-based films 

contributed to a substantial improvement in the thermal stability up to 200 °C. Melting peaks in 

DSC curves at 150 °C disappeared, which might be attributed to CNs fiber covering the surface 

as well as the interface of the MC-based films and thus stabilized the films and the second DSC 

cycle indicated that the curves do not reveal either crystalline structures or other transitions due 

to the thermal degradation/evaporation of some components during the first heating cycle of 

films (Khan et al., 2010).  

 

Natural rubber (NR): The CNs (from Capim Dourado) reinforcing effect observed above Tg of 

the matrix was higher than the one observed for other polysaccharide nanocrystals and CNs 

extracted from other sources (Siqueira et al., 2010).  

 

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV): Ten et al. considered the CNs as a 

nucleation agent in the nanocomposite. The cold crystallization temperature (Tcc) progressively 

decreased with the addition of CNs, but Tg was not noticeably affected (Ten et al., 2010). DMA 

results showed an increased tan delta peak temperature and broadened transition peak, 
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indicating restrained PHBV molecular mobility in the vicinity of the CNs surface (Ten et al., 

2010). Yu et al. demonstrated that decomposition temperature (T-0), temperature at 5% weight 

loss (T-5%), maximum decomposition temperature (Tmax) and complete decomposition 

temperature (Tf) increased by 51.4, 36.5, 47.1, and 52.9 °C, respectively compared to the ones 

of PHBV (Yu et al., 2012).  

 

Poly lactic acid (PLA): Lin et al. found that the addition of (acetylation) A-CNs improved the 

thermal property of the nanocomposites, but a marked drop in the storage modulus (E') of 

PLA-based nanocomposites at around 65-80°C was attributed to the glass transition effects of 

the PLA component (Lin et al., 2011).  

. 

Thirdly, electrospinning is becoming one of the most important method to produce new 

nanocomposites. Different polymers are reinforced by CNs via electrospinning. The DSC 

results showed a significant increase in Tg of the electrospun EVOH-CNs nanocomposite during 

the second heating run, which may be related to the acidic character of the nanofiller 

(Martinez-Sanz et al., 2011b). Lalia et al. demonstrated that the electrospun 

poly(vinylidenefluoride-co-hexafluoropropylene) (PVDF-HP) with 2 wt% CNs exhibited high 

values of tensile modulus in the 30-150°C temperature range by DMA (Lalia et al., 2012). Dong 

et al. found that Tg of electrospun PMMA with 5wt%CNs is 123°C and Tg other percentages are 

around 125 °C, while their Tm slightly increased (2.7-4.6%) in comparison of neat PMMA 

(Dong et al., 2012). In the electrospun system of PVA reinforced by CNs, the addition of CNs 

improved the thermal stability of nanocomposite (Ago et al., 2012; Cao et al., 2011).  

 

Above we reviewed the thermal properties of CNs or CNs-reinforced nanocomposites by 

different extraction processes, casting, and electrospinning methods. Finally, the thermal 

properties of CNs-reinforced nanocomposites by other producing methods are reviewed as 

follows. Visakh et al. found that the addition of CNs had a positive impact on the Eô, tan ŭ peak 

position and thermal stability of the crosslinked natural rubber (NR) by masterbatch, 

compounding, and curing (Visakh et al., 2012). Bondeson et al. reported that the thermal 

properties of PLA-CNs nanocomposite modified by PVA was not improved compared to its 

unreinforced counter-part through two-feeding compounding extrusion method, probably 

because the majority of the CNs were located in the PVA phase and only a negligible amount 

was located in the PLA phase (Bondeson & Oksman, 2007b). Goffin et al. grafted PLA with 

CNs by ring-opening polymerization (PLA-g-CNs) and produced PLA nanocomposite with 

PLA-g-CNs by melting processing. The DSC and DMTA results indicated that PLA-g-CNs 

enhances their compatibility with PLA, large modification of the crystalline properties such as 

the crystallization half-time, and thus improves the final properties of the nanocomposite 
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(Goffin et al., 2011a). Through solvent-exchange method, the incorporation of CNs did not 

significantly affect the thermal stability of the phenolic resin but clearly increased the heat of 

cure, suggesting that additional cure reactions took place in presence of the CNs (Liu & Laborie, 

2011). The DSC and TGA results of rigid PU foam reinforced by CNs clearly indicated 

enhanced thermal stability (increment in Tg and Td) (Li & Ragauskas, 2012).  

 

Al though only barrier, mechanical, and thermal properties have been reviewed, we could yet 

clearly realize that CNs has been applied into various polymers, mainly biopolymers, and could 

generally improve their properties significantly only through some simple methods. Moreover, 

CNs has been evaluated to be highly safe (Ni et al., 2012) and sustainable (Moon et al., 2011). 

Food packaging is one of the largest markets in the world, based on all CNs present advantages 

CNs thus will be widely used into this field and lead to more breakthroughs.  
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2 AIM OF STUDY  

 

Cellulose as the most abundant natural polymer in biosphere has received more and more 

attention on its sustainability, renewability, and new possible functionalities, Furthermore, 

nowadays conventional packaging materials cannot meet the increasing demands for full  

sustainability and performance; new materials therefore are discovered, synthesized, and 

developed for varieties of applications in different fields globally by a number of funded 

research groups and companies.  

 

Food packaging materials is one of the largest products we are using in daily life, but most of 

conventional materials are still based on fossil and un-renewable resources. In this PhD project, 

we propose to use cellulose nanocrystals (CNs) in combination with current food packaging 

materials in order to improve performance, especially barrier, mechanical, and anti-fog 

properties. The aim of this study is to use green material, CNs, as coatings of conventional 

plastic films, to promote the sustainability of food packaging materials, while keeping or 

improving different properties.  
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3 RESULTS AND DISCUSSION 

 

3.1 Topic/theme 1: The process, structure, morphology of different-form cellulose 

nanocrystals (CNs)  

 

Introduction  

The acidic hydrolysis methods (Araki et al., 1998; Beck-Candanedo et al., 2005; Bondeson et 

al., 2006; de Souza Lima & Borsali, 2002; Dong et al., 1998; Elazzouzi-Hafraoui et al., 2007; 

Favier et al., 1995; Håkansson & Ahlgren, 2005; Marchessault et al., 1961; Nickerson & Habrle, 

1947; Roman & Winter, 2004) were commonly used for extracting varieties of CNs from 

sources whose morphologies are characterized mainly by electronic microscopy. The 

concentrated acid firstly attacks and hydrolyzes the hemi- and amorphous (defects) parts of 

native cellulose. After the hydrolysis, the high crystallinity regions remain intact (Anglès & 

Dufresne, 2001) and the final products show rod-like nanocrystals with different morphologies 

and aspect ratio due to the source of native cellulose, including cotton (Dong et al., 1998), wood 

pulp (Elazzouzi-Hafraoui et al., 2007), ramie (Habibi et al., 2008), tunicate (Elazzouzi-Hafraoui 

et al., 2007), Valonia (Imai et al., 1998), bacterial cellulose (Grunert & Winter, 2002) and so on. 

In fact, acidic hydrolysis of native cellulose induces a rapid reduction of the degree of 

polymerizatio, which is correlated with crystals sized of the original cellulose chains 

(Håkansson & Ahlgren, 2005).  

 

The basic chemical structures of CNs are generally determined by Fourier transform infrared 

spectroscopy (FTIR) (de Mesquita et al., 2010). From the peaks of FTIR spectra, the typical 

functional groups could be confirmed efficiently and easily. Moreover, the crystallinity and 

crystal structures could be detected by X-ray diffraction (XRD) (Eichhorn et al., 2004), nuclear 

magnetic resonance NMR (Bergenstrahle et al., 2008; Koch et al., 2000; Witter et al., 2006), 

Raman spectroscopy (Ġturcov§ et al., 2005), and neutron crystallography (Nishiyama et al., 

2008). These data combined with experimental measurements could be helpful to establish or 

validate crystal structure models or molecular simulation. At a minimum, these models are 

made for the axial length of the crystalline cellulose unit cell, often referred to in the literature 

as the c-spacing. Besides the cellulose crystal structure, the grafted groups from acidic 

hydrolysis or chemical modifications which always occur on the surface due to intact highly 

ordered CNs, are determined by FTIR (Habibi et al., 2008) or X-ray photoelectron spectroscopy 

(XPS) (Yang et al., 2011). The resolution of XPS is much higher than FTIR and is able to scan 

only a few nano meters on the surface of samples, which is quite suitable for ultrathin 
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deposition.  

 

The geometrical dimensions (length, L, and diameter, d) of CNs vary due to the different 

sources of the raw material and the hydrolytic conditions. Such variations are partially ascribed 

to the diffusion-controlled nature of the acid hydrolysis. Their morphologies are usually 

investigated by microscopy (TEM, AFM, E-SEM, (Miller & Donald, 2003) etc.) or light 

scattering techniques, including small angle neutron scattering (SANS) (Ġturcov§ et al., 2005), 

polarized and depolarized dynamic light scattering (DLS, DDLS) (De Souza Lima et al., 2002). 

TEM images of CNs typically show aggregation of the particles, mainly due to the drying step 

for the preparation of the specimens after negative staining. Besides aggregation, additional 

instrumental artifacts usually lead to an overestimation of CNs dimensions (Elazzouzi-Hafraoui 

et al., 2007) therefore, it is suggested the use of TEM in cryogenic mode (cryo-TEM) to prevent 

aggregation. Atomic force microscopy (AFM) has been widely used to provide surface 

topography of CNs (Hanley et al., 1997; Hanley et al., 1992; Kvien et al., 2005; Miller & 

Donald, 2003). But sometimes AFM topography may show different profiles compared with 

TEM imagines, which are attributed to substrate shape perturbations induced by AFM tip and 

tip-broadening effects.   
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3.2 Materials and methods 1 

3.2.1 CNs extraction process 

Whatman No. 1 filter paper (98% cotton, pore size11 µm) or cotton linter was milled by lab 

mill into small pieces. The milled cotton was added to a preheated solution of 64% w/w sulfuric 

acid (ratio of fiber and acid 1 : 17.5 <g/mL>) and hydrolysis proceeded under vigorous stirring 

at 45 °C for 45 min. To quench the reaction, the reaction mixture was diluted with 10 

times-volume deionized water (18 Mɋ cm, Millipore Milli-Q Purification System) and allowed 

to settle for 2 h. In order to concentrate the cellulose and remove excess acid and water, the 

suspension was centrifuged at 5000 rpm for 20 min. The pellet that precipitated was repeatedly 

rinsed and centrifuged with deionized water until the supernatant became turbid (after the 3
rd
 

time centrifugation).The next step was to further remove the excess sulfuric acid by dialysis. 

Before used, the dialysis tubes should be boiled in deionized water for 3 h. Further purification 

was then done by dialysis against deionized water until the effluent remained at neutral pH 

(Molecular weight cut-off, MWCO 12 000 and higher). The suspension was sonicated (UP400S 

400 W, hielscher Co., Germany) repeatedly (0.7 cycles of 15 min at 70% output) to create 

cellulose crystals of colloidal dimensions. During the ultrasonic treatment, the suspension was 

cooled with an ice water bath to avoid overheating, and the sonication process was performed in 

a plastic beaker to avoid possible ion release from glass containers. Mixed-bed research grade 

ion-exchange resin (DowexMarathonMR-3, Sigma-Aldrich) was added to the cellulose 

suspension for 24 h to complex any stray ions and was then removed by filtering through 

ashless filter paper (Muktell grade GF/C, 1.2 ɛm). Finally, the suspension was filtered under 

vacuum with a Whatman glass microfiber filter (grade GF/F, 0.7 ɛm) to remove sonicater tip 

contamination and largest cellulose-fiber agglomerates. The cellulose content of the resulting 

aqueous suspension was determined by drying several samples (1 mL) at 105 °C for 15 min 

intervals (to avoid decomposition or burning) until weight constancy, giving a cellulose 

concentration of 1 % w/w and a yield of ~50%.  

 

3.2.2 Freeze-dried powder 

Firstly, according to US patent (US 005629055A), the pH value of 1% CNs dispersion was 

adjusted to ~7 by 1M NaOH(aq) in order to gain fully charged CNs. Secondly, the dispersion 

was frozen at the -18 °C for overnight and then moved it to freeze dryer (LIO-10P). Finally, the 

freeze-dried power could be obtained and stored in tightly close bottle for conservation under 

dry conditions.   

 

3.2.3 CNs gel 

The CNs dispersion was prepared from freeze-dried powder by ultrasonication (0.7 cycle of 5 

min at 70% output). When the CNs dispersion concentration is above than 3.5% (w/w), the 
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dispersion converted into gel status.  

 

Characterization   

3.2.4 Fourier transform infrared spectroscopy (FTIR) 

FTIR spectra were recorded using a Perkin Elmer instrument (Sprectrum 100) equipped with an 

ATR. Spectra were recorded using a spectral width ranging from 650 to 4000 cm
-1
, with 4 cm

-1
 

resolution and an accumulation of 16 scans.  

 

3.2.5 Solid-state nuclear magnetic resonance (NMR) spectroscopy 

All NMR spectra were acquired at room temperature on a Bruker AVANCE-600 spectrometer 

(Bruker Spectrospin Gmbh, Rheinstetten, Germany), equipped with a 4 mm broad-band 

CP-MAS probe for solid state measurements. About 100 mg of cellulose sample were directly 

pressed into a 4 mm ZrO2 rotor without further treatment. 
13

C spectra were acquired at 150.9 

MHz using Cross Polarization (CP) and Magic Angle Spinning (MAS) at 6-10 KHz (Pines et al., 

1973). Proton decoupling was achieved with GARP-based composite pulse. Standard 

acquisition parameters were as follows: Spectral width: 75.7 KHz; acquisition time: 3.4 ms; 

relaxation delay: 2s (fast acquisition conditions); contact time for Cross Polarization: 1 ms; 

number of scans: 7000-24000. The contact time was optimised by systematic variation of the 

corresponding pulse within the 0.3-3 ms range. Adamantane was used as external chemical shift 

reference. 

 

3.2.6 XPS (X-ray photoelectron spectroscopy)  

XPS scans were acquired with a Phoibos 150 hemispherical analyzer at normal emission. X-ray 

excitation was provided by a twin anode X-ray source operated at 200 W. Mg KŬ radiation 

(photon energy: 1253.6 eV) was used. The wide scans were acquired with a pass energy of 50 

eV, while detailed scans were acquired with a pass energy of 25 eV.  

 

3.2.7 Transmission electronic microscopy (TEM)  

Drops of aqueous dispersions of CNs (0.05% w/v) were deposited on carbon-coated electron 

microscope grids, negatively stained with uranyl acetate and allowed to dry. The samples were 

analyzed with a Hitachi Jeol-10084 transmission electron microscope (TEM) operated at an 

accelerating voltage of 80 kV.  

 

3.2.8 Scanning electronic microscopy (SEM)  

(1) Field emission SEM (FE-SEM) observation of the film cross-sections was carried out with a 

Zeiss Ɇigma field-emission microscope at 5 kV. The samples subjected to the SEM observation 

were pre-coated with gold using a Polaron E5100 Coater at 18 mA for 20 s.  
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(2) Environmental SEM (E-SEM) analysis was performed on freeze-dried CNs samples at10 kV 

with Evo 50 EP Instrumentation (Zeiss, Jena, Germany).  

 

3.2.9 Atomic force microscopy (AFM)  

An atomic force microscope (AFM, AlphaSNOM, WITec GmbH, Germany) was employed 

both to systematically study the thickness of the deposited multilayers and to analyze their 

morphology. For thickness measurements, the LbL coating on glass slides was gently scratched 

in order to expose part of the glass substrate and thus measure the thickness of the coating. 

Topography images were acquired with soft tapping mode at low oscillation amplitudes, 

stabilized by an amplitude-modulation feedback system based on the optical lever deflection 

method. Standard AFM Si probes have been used. 

 

3.2.10 Size distribution  

1% CNs dispersion was scanned by laser diffraction particle size analyzer (Mastersizer 2000, 

Malvern Instruments) wavelength from 0.020 to 2000 µm.  
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3.3 Results and discussion 1  

3.3.1 Modified process and different forms of CNs  

As mentioned in the introduction, the process of producing CNs leads to a slightly chemical 

modification of cellulose by acidic hydrolysis (Dong et al., 1998), and the detailed steps of 

process are as follows: milling, hydrolysis, centrifugation, dialysis, ultrasonication, ion 

exchange, and filtering, and freeze drying for producing CNs powder. The yield of the process 

is ca. 55%, in our case, using cotton linter as raw material. The dialysis step is the most 

time-consuming, we therefore skip this step and directly neutralize CNs suspension by 5M 

NaOH (aq) till pH ~7. The neutralization process is relatively long, since the suspension is a 

dispersion of high molecular weight of cellulose. If compared with dialysis process (3-5 days), 

neutralization is a much easier to handle and less time-consuming way. Then eliminating the 

excess ions from dispersion is through ion exchange step. Through this slightly modified 

preparation CNs process, the finally obtained product was similar with before from eye 

inspection. The ~1% dispersion is obtained directly after filtration step, which is colloid and its 

color ivory white. To improve the storability, the powder-form CNs was prepared by 

lyophilization. The specific concentrations of CNs dispersion could be prepared from 

re-dispersing CNs powder into distilled water through ultrasonication till no aggregations 

appeared and the light could pass the dispersion (colloid). If the dispersion concentration is 

higher than ~5%, CNs become to gel state after settling down due to the strong hydrogen bonds 

between cellulose molecular chains and inter molecular (Beck et al., 2012). The 1% dispersion, 

freeze-dried powder, and gel of CNs are presented in Figure 5.  

 

 

Figure 5 1% dispersion (a), freeze-dried powder (b), and 3.5% CNs gel (c), from left to right. 

The yellow parts caused by the light of the lamps. 

 

The final CNs products are grafted with a few sulfate ester groups (-O-SO3
-
) from sulfuric acid. 

The sulfate ester groups bring negative charges on the surface of CNs, which result in the 

repulsion between charged chains thereby CNs can be dispersed into water or other polar 

solvents (Viet et al., 2007). As known, the charge density of polymer chains could be adjusted 

by changing the pH values of solutions or dispersions. For CNs dispersion, when pH > 7, the 

repulsions between chains are stronger and the molecular chains might be rigid. On the other 

hand, when pH < 7, repulsions are weaker and the molecular chains might be loose. It is noticed 
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that CNs precipitate under pH<1 due to the associations between sulfate ester groups (-O-SO3
-
) 

and hydrogen ion (H
+
) from acidic condition which lead to be non-charged CNs. Based on 

above principles, flexible CNs films of pH 2 and pH 7 were casted from 1% dispersion in 

polyethylene petri disk under room temperature and presented different transparency, which are 

shown in Figure 6. Thickness of the films is 20-30 µm and the transparency of pH 2 and pH 7 

films are 88% and 63% at 550 nm, respectively.  

 

 

Figure 6 pH 7 CNs cast films (a) and (c), pH 2 CNs cast films (b) and (d). Scale 1.5 cm. 

 

3.3.2 Structure of CNs 

3.3.2.1 Fourier transform infrared spectroscopy (FTIR) 

The structures of raw material (cotton linter) and final product (freeze-dried CNs) were 

determined by FT-IR, shown in Figure 7. In raw material, pure CNs film with and without 

dialysis, the band at 3338 cm
-1
 is attributed to the O-H stretching vibration. The bands at 2899 

and 1428 cm
-1
 are characteristic of C-H stretching and bending of -CH2 groups, respectively, 

while the peaks at 1162 and 1057 cm
-1
 are ascribed to the saccharide structure (Li et al., 2009). 

The band at 1135 cm
-1
 is assigned to the SO4

2-
 which origins from sulfuric acid. This intensive 

band might be due to the skipping dialysis step, which could remove most of the substances 

(Mw > 20,000 Dalton, Sigma) including huge amount of SO4
2-
. Even though the ion exchange 

step was carried out in the modified process, it is yet not sufficient to thoroughly remove all of 

SO4
2-
. The possible solution could be increasing the amount of ion exchange resin and the 

adequate quantity should be optimized in the future work. The sulfate salt could not have 

dramatic influence to CNs nano filler usage but could change the optical properties (Nogi et al., 
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2009; Yano et al., 2005), the ion exchange step could therefore be dependent on the CNs 

applications. The sulfate ester groups in dialyzed samples were not detected because the number 

of these groups was very small. The freeze-dried powders from two processes have the highly 

similar re-dispersed properties into water. The 1% dispersions were prepared from two varieties 

of CNs under the same condition of ultrasonic treatment (70% cycle, 70% amplify, and 3 min), 

and presented in Figure 8.  

 

 

Figure 7 FTIR of the raw material cotton linters (I), freeze-dried CNs (II), and freeze-dried CNs 

(III) without dialysis 

 

 

Figure 8 1% dispersion of CNs from original (a) and modified process (b) (c).  
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From Figure 7, we could conclude that there are no significant differences before and after the 

CNs producing process, which indicates that no strongly chemical modifications occurred. 

Producing CNs by acidic hydrolysis is therefore only an extraction process from raw material 

without strongly chemical modifications. Also, some literature reported that nano cellulose are 

relatively safe for human beings (Kovacs et al., 2010), which might be widely considered and 

used as safe food contact material in future.  

 

3.3.2.2 Nuclear magnetic resonance (NMR)  

 

 

Figure 9 NMR spectra of CNs 

 
13

C-NMR spectrum of CNs freeze-dried powder is shown in Figure 9. The spectrum presented 

the characteristic signals of native cellulose (Atalla & VanderHart, 1999). The anomeric carbon, 

C-1, appears furthest downýeld, at around 105 ppm. Characteristic signals of C-2, C-3 and C-5 

carbons are shown between 70 and 78 ppm. The signal between 87 and 90 ppm corresponds to 

C-4 of the highly ordered cellulose crystallite, whereas the broader upýeld signals, between 79 

and 86 ppm, were assigned to the C-4 of disordered cellulose, as well as to the less ordered 

cellulose chains of the crystallite surfaces (Larsson, 2003). Also, the signal centered at 64.5 ppm 

is attributed to C-6 of ordered cellulose chains and the slight shoulder, between 60 and 63 ppm, 

is attributed to C-6 of cellulose in the amorphous and disordered component of CNs. In 

particular, the C-4 region was used for this analysis, the signals from ordered and less ordered 

regions being well separated. Larsson et al. used spectral ýtting for the C-4 region of cotton 

cellulose and assigned three Lorentzianôs lineshapes for the signals from celluloses IŬ, I(Ŭ+ɓ), and 
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Iɓ and four Gaussianôs lineshapes for the signals from para-crystalline cellulose, inaccessible 

ýbril surfaces, and two accessible ýbril surfaces (Larsson, 2003). The degree of cellulose 

crystallinity, in the case of CNs from cotton linter, was determined using the areas of the 

crystalline and amorphous C-4 signals according to Larssonôs ýtting (Habibi et al., 2009; 

Larsson, 2003). The results indicated that the degree of crystallinity of CNs from cotton is 

around 85%.  

 

3.3.2.3 XPS (X-ray photoelectron spectroscopy)  

 

Figure 10 XPS wide scan for CNs deposition on PET 

 

The XPS spectrum is presented in Figure 10 and CNs did show additional peaks related to 

fluorine and Na Auger signals, and did not show a nitrogen peak. Table 1 lists all the elements 

present in the analyzed samples and their atomic concentration (xi), assuming homogeneous 

samples. Raw intensities (Ai) have been corrected according to the following formula:  

ὼ
ὃȾί

В ὃȾί
 

By making use of tabulated relative sensitivity factors (si)
a
. 

a
 Photoelectron cross sections from report (Reilman et al., 1976) (with ɗ = 60°), transmission 

function from literature (Hemminger et al., 1990) (with n = 0.5), attenuation length from related 

literature (Powell, 1988) (with p = 0.7414).  
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Table 1 Concentration of atomic species (in terms of number of atoms) for the CNs samples 

O [%] C [%] N [%] S [%] F [%] 

39.1±0.2 59.4±0.4 - 0.6±0.1 0.8±0.1 

 

From Table 1, it is shown additional peaks related to fluorine without a nitrogen peak. Fluorine 

did not come from improper handling of the samples during XPS analysis, probably from the 

impurity of raw material or sulfuric acid. The oxygen signal shows that about 90% of the 

oxygen is related to CïO bonds, while only a smaller amount (<10%) is related to OïH and 

C=O bonds, likely due to the presence of acidic groups, and thus to the presence of oxidized 

cellulose species.  

 

(1) Carbon peaks 

 

Figure 11 Carbon peaks of XPS 

 

The carbon peaks were presented in Figure 11 and decomposed into a sum of 

Gaussian/Lorentzian lineshapes with the same FWHM. The lineashpe used to model the carbon 

peaks was a weighted product of a Gaussian (~30 %) and a Lorentzian (~70%) lineshape. Peak 

C1 is associated to photoemission from C 1s orbitals in carbon atoms with C-C bonds and its 

position was set to -285.0 eV (Beamson & Briggs, 1992). Peak C2 is associated to C-O bonds, 
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peak C3 is associated to O-C-O or C=O bonds and peak C4 to O=C-O bonds. The chemical shift 

between peak C1 and C2 is 1.7Ñ0.1 eV (ȹE12) in good agreement with the literature (Fras et al., 

2005), while ȹE13 and ȹE14 were fixed to 3.1 and 4.4 eV, according to reference (Fras et al., 

2005). Table 2 lists the results of the C 1s peak decomposition:  

 

Table 2 Carbon signal features related to different bonds 

C-C [C1%] C-O [C2%] O-C-O/C=O [C3%] O=C-O [C4%] 

10.9±0.2 69.9±0.4 16.7±0.3 2.5±0.2 

 

(2) Oxygen peaks 

 

Figure 12 Oxygen peaks of XPS 

 

The oxygen peaks were presented in Figure 12 decomposed into a sum of Gaussian/Lorentzian 

lineshapes with the same FWHM. The lineashpe used to model the oxygen peaks was a 

weighted product of a Gaussian (70 %) and a Lorentzian (30 %) lineshape. The most intense 

peak, peakO2, is associated to photoemission form O 1s orbitals in oxygen atoms bonded to one 

carbon atom (C-O bonds). The binding energy of O2 electrons is -532.9 eV, in good agreement 

with the value reported in the literature (Shen et al., 2004). Peak O1 is associated to oxygen 

atoms in carbonyl groups (C=O bonds) (Beamson & Briggs, 1992), while peak O3 is associated 

to free O-H groups (Beamson & Briggs, 1992; Marchessault et al., 1961; Shen et al., 2004). The 
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chemical shifts between peak O2 and the side peaks O1 and O3 were not fixed, and the 

optimized values are ȹE12=1.9 Ñ0.2 eV and ȹE23=2.2±0.1 eV. These values are somewhat 

higher than those found in the literature (ȹE12=1.6 eV and ȹE23=1.5 eV) (Da Róz et al., 2010). 

Table 3 lists the results of the O 1s peak decomposition:  

 

Table 3 Oxygen signal features related to different bonds 

C=O [O1%] C-O [O2%] O-H [O3%] 

3.2±0.2 93.7±0.5 3.1±0.3 

 

 

Figure 13 Cellulose monomer 

 

The Figure 13 represents the cellulose monomer, made by two units with molecular formula 

(C6H10O5)n. Carbons atoms are present in two different configurations, corresponding to one 

(peak C2) and two bonds (peak C3) with oxygen with an intensity ratio of 5 to 1. The oxygen to 

carbon ratio should be 0.83 (Fras et al., 2005). According to Table 1, the O/C ratio in the CNs 

sample is 0.65 (0.63 from the detailed scans analysis, see Table 4 below), smaller than expected. 

Furthermore, a considerable amount of C1 carbons (i.e. carbons without oxygen neighbors) is 

observed, which should not be present in pure cellulose. If we neglect the signal from C1 peak, 

the oxygen to carbon ratio equals 0.73, while the C3/C2 ratio 0.24, in good agreement with the 

results obtained from the XPS analysis of spin coated cellulose fibers (see reference (Da Róz et 

al., 2010)for further details).  

 

Table 4 the ratios between the peak intensities, determined from the detailed scans and corrected 

by the tabulated relative sensitivity factors. 

O/CTotal O/(C2+C3)
a
 C3/C2

a
 

0.63 (0.83) 0.73 0.24 (0.2) 

a
 Number within brackets are the expected values from bond counting arguments. 

 

According to references (Fras et al., 2005; Johansson et al., 1999), the total amount of surface 

contamination on cellulose fibers due to exposure to ambient atmosphere is 2-4% of the total 

amount of carbon. The signal from C1 peak thus cannot be attributed to atmospheric 

contamination. XPS analysis of cotton cellulose fibers (Fras et al., 2005) attribute the observed 

C1 peak to laminar layer of waxes, proteins and pectin, which conceal the cellulose backbone. 
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Reference (Fras et al., 2005) reports on the formation of acidic groups (O-C=O) upon cellulose 

fibers oxidation; these groups can, in principle, explain the existence of peak C4. The 

determination of the exact concentration of acidic groups from the C4 peak intensity is however 

not very accurate, since slight peak asymmetries in peak C3 could, in principles, almost 

completely mask the presence of this side peak.  

 

The oxygen peak of pure cellulose is expected to be composed only of O2 species. The shoulder 

at lower (absolute) binding energy can be linked to the presence of acidic groups, and thus to 

the presence of oxidized cellulose species. The quantitative estimation of O1 and O3 signal is 

affected by some uncertainty because of the vicinity of the two peaks to peak O2 and their low 

intensity.  

 

The treatment with sulfuric acid causes the grafting of the CNs with sulfate groups (i.e. the 

replacement of an O-H with an O-SO3H group) (de Mesquita et al., 2010). This explains the 

origin of the sulfur signal which has been detected in the wide scans. According to Table 1, the 

oxygen to sulfur ratio is 65:1, which means approximately 8 sulfate groups every 100 cellulose 

monomers.  

 

3.3.2.4 Morphology and dimensions of CNs by TEM, SEM, AFM and mastersizer  

(1) TEM 

 

Figure 14 TEM of CNs 

 






















































































































