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La production mondiale de matière plastique ne cesse de s’accroître d’année en année dans le 

monde: 250 millions de tonnes de plastique ont été produites en 2010 et autour de 400 millions 

de tonnes en 2017 (Geyer et al. 2017). La production de plastiques en 2017 a atteint 340 millions 

de tonnes. 23 millions de tonnes d’emballage plastiques sont produites chaque année en Europe 

(92 millions prévus pour 2050). Cette augmentation engendre en parallèle une accumulation 

exponentielle des déchets plastiques non biodégradables dans notre environnement: en Europe, 

en 2016, 60 millions de tonnes de plastiques ont été produites alors que seulement 27 millions 

de tonnes de déchets plastiques ont été valorisées (recyclage, enfouissement ou valorisation 

énergétique) (PlasticsEurope 2017). L’autre partie non valorisée fuit nos systèmes de collecte 

et de traitement et finit dans les sols et les océans (connu sous le nom de 7ème continent), ce 

qui cause de nombreux problèmes environnementaux. Ces déchets se dégradent en micro- puis 

en nanoparticules qui peuvent pénétrer aisément dans les organismes vivants de la chaine 

alimentaire dont l’homme, maillon final, avec des effets délétères à long terme qui sont encore 

mal connus. Dans le secteur de l’emballage alimentaire, qui est le secteur le plus 

consommateur de matières plastiques, le problème est tout particulièrement important car la 

durée d’usage des emballages est très courte par rapport aux autres secteurs d’utilisation. 

L’accumulation des matières plastiques dans notre environnement est donc actuellement un 

problème majeur qui doit être solutionné. C’est ainsi que les industries plastiques, suite à des 

directives gouvernementales, ont orienté une partie de leurs activités pour substituer les 

matériaux plastiques d’origine fossile et non biodégradables par des plastiques alternatifs plus 

respectueux de l’environnement. Mais ces matériaux sont encore trop couteux ou ne possèdent 

pas forcément les propriétés fonctionnelles équivalentes aux matériaux conventionnels.  

Dans ce contexte général, un des objectifs primordiaux communs aux industries alimentaires 

et de l’emballage est le développement d’emballages innovants et durables, capables de réduire 

les pertes alimentaires et l’impact environnemental de l’emballage lui-même, tout en restant 

économiquement compétitifs. Des progrès remarquables ont déjà été réalisés ces dernières 

années dans le développement des technologies vertes pour le domaine des matériaux. Par 

ailleurs, le fait que les polymères biosourcés soient maintenant totalement intégrés dans les 

réflexions stratégiques européennes marque une volonté politique forte d’aller plus loin dans 

cette direction. Les matériaux biocomposites à base de fibres végétales constituent ainsi 

des matériaux d’avenir. L’incorporation de charges de renfort d’origine végétale permet de 

réduire les impacts environnementaux des matériaux en augmentant la fraction biosourcée et 

biodégradable. Elle permet en outre de moduler les propriétés fonctionnelles de la matrice, voire 

même de créer de nouvelles fonctionnalités. Dans le cas de matrices biopopolymères dont le 

coût est encore élevé, l’incorporation de charges de renfort d’origine végétale peut également 

permettre de diminuer le coût global des matériaux et ainsi permettre leur plus large usage.  
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D’un point de vue historique, l’utilisation des fibres végétales a toujours existé, comme par 

exemple dans le domaine de la construction (toît de chaume) ou bien du textile (fibre de coton). 

Ces dernières années, ces fibres sont devenues très attractives dans le domaine de l’industrie 

du composite suite au protocole de Kyoto signé en 1997 visant à la réduction des émissions de 

gaz à effet de serre tout en instaurant des notions de développement durable. C’est ainsi que 

les fibres végétales ont fait leur apparition comme substituant des fibres de carbone ou des 

fibres de verre dans les matériaux composites pour réduire leur impact environnemental à 

performance égale voire supérieure. Les fibres végétales se démarquent des autres fibres par 

leur faible densité qui permettra pour des applications structurales un allègement des structures 

et par conséquent une économie d’énergie. De plus, ces fibres sont renouvelables, disponibles 

en grandes quantités à travers le monde et à faibles coûts. Les fibres végétales utilisées dans le 

domaine des matériaux composites sont des fibres lignocellulosiques extraites principalement 

du bois, de plantes libériennes (lin, chanvre, jute, kénaf), des graines (cotons), des feuilles 

(agave) ou des tiges (bagasse, paille). L’inconvénient majeur de ces fibres est leur caractère 

hydrophile qui conduit à une mauvaise compatibilité avec des matrices polymères apolaires 

(faible adhésion interfaciale fibre/matrice et formation d’aggrégats de fibres au sein du 

matériau) et également à une grande instabilité en conditions (une variation de l’humidité 

relative peut conduire à un gonflement ou une rétractation des fibres générant une décohésion 

de l’interface et une modification des propriétés fonctionnelles du matériau).  

Etant donné que les domaines d’applications des biocomposites sont encore majoritairement 

ceux de l’automobile, du bâtiment et du sport, la littérature scientifique porte essentiellement 

sur l’amélioration des propriétés mécaniques, en cherchant notamment à favoriser les 

phénomènes de percolation via l’utilisation de renforts à facteur de forme élevé et/ou une 

parfaite adhésion interfaciale renfort/matrice. Mais aujourd’hui, l’emballage alimentaire ayant 

été identifié comme l’un des futurs secteurs utilisateurs des biocomposites (ADEME 2011) (par 

exemple pour la production de barquettes rigides), il devient nécessaire de s’intéresser à d’autres 

propriétés fonctionnelles, telles que les transferts de matière. Les études existantes sur ce sujet 

concernent majoritairement les polymères synthétiques ou les matériaux nanocomposites 

présentant souvent très peu d’interactions avec les migrants. L’étude de l’impact de 

l’interphase charge/matrice et de l’état de dispersion des charges lignocellulosiques 

sur les propriétés de transfert dans des biocomposites demeure encore un verrou à lever 

du fait de la difficulté à évaluer quantitativement les propriétés de l’interphase, l’état de 

dispersion 3D in situ des charges, mais aussi les propriétés de transfert dans les charges 

ligno-cellulosiques. En effet, les données disponibles pour les charges lignocellulosiques sont 

généralement issues de mesures réalisées sur un ensemble de particules ou à l’échelle 

macroscopique, i.e. sur des morceaux millimétriques de la paille de blé, de raphia ou de bois 
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mais jamais sur des particules unitaires de taille microscopique (Gouanvé et al. 2006; Bessadok 

et al. 2009; Belbekhouche et al. 2011; Wolf et al. 2016). Enfin, plus largement, le façonnement 

« sur mesure » de matériaux en fonction du secteur d’application visé accroît les besoins en 

recherche dédiés à la modélisation mathématique des relations structure/propriétés, 

du fait de la diversité des matériaux disponibles, ce qui demeure aussi un verrou à lever dans 

le domaine des biocomposites, et notamment des biocomposites pour l’emballage alimentaire.  

Dans ce contexte, l’objectif de ce travail de thèse est de lever un certain nombre de verrous 

pour aller plus dans la formalisation des relations entre la structure et les propriétés de transfert 

de matière dans des matériaux biocomposites pour l’emballage. Pour cela, la thèse se focalise 

sur deux questions scientifiques majeures :  

1) Comment évaluer les propriétés de transfert (sorption et diffusion) de vapeur d’eau et 

de gaz dans des particules végétales de taille micrométrique ? 

2) Comment formaliser l’influence de l’interphase sur les propriétés de transfert de matière 

dans des matériaux biocomposites en utilisant des approches expérimentales et de 

modélisation ?  

En finalité, la réponse à ces questions permettra d’aller plus loin dans le développement de 

modèles de prédiction des relations entre la structure et les propriétés de transfert de matière 

(sorption, diffusion et perméabilité) dans les biocomposites, et d’ainsi être en mesure de 

concevoir à façon (ingénierie inverse) des matériaux biocomposites en fonction de l’application 

et donc des propriétés visées. 

Des études précédentes ont mis en avant la difficulté de compréhension des relations 

structure/propriétés de transfert de matière dans des matériaux biocomposites chargé par des 

charges lignocellulosiques. Cela est principalement lié à l’impossibilité de discriminer les 

phénomènes (changement de la structure et donc des propriétés de la matrice polymère et/ou 

des charges lignocellulosiques) à cause de la réactivité intrinsèque des constituants et de la 

complexité de structure et de composition des fibres lignocellulosiques (Berthet et al. 2015b; 

Wolf et al. 2016). La stratégie de recherche a donc été de partir d’un système composite le plus 

simple possible dit ”modèle”. C’est ainsi que le système biocomposite 

polypropylène/cellulose a été choisi. Le polypropylène est un polymère très stable 

thermiquement avec une température de fusion de 165°C, une température de transition 

vitreuse de - 2°C (ce qui offre une facilité pour la découpe des échantillons), il possède une 

faible densité 0.905 g.cm-3 et a l’avantage d’être faiblement cristallin et transparent (permet de 

faire des observations macroscopiques très facilement). Par ailleurs, de nombreuses études ont 

déjà été conduites sur ce polymère, ce qui nous permet de disposer de nombreuses 

connaissances. Le choix de la cellulose a été fait sachant que c’est un des constituants 
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majoritaires des fibres lignocellulosiques et le polymère le plus abondant sur Terre. De la 

cellulose haute pureté Arbocel® de chez JRS a été utilisée (taux de cellulose supérieur à 99%). 

Elle a été obtenue par le procédé kraft qui consiste à une cuisson à haute température et 

pression du bois en présence de produits chimiques (hydroxyde de sodium et sulfure de sodium) 

qui vont provoquer l’élimination de la lignine pour ne garder que les fibres de celluloses. Des 

processus successifs de lavage, de blanchiment et de séchage sont ensuite réalisés pour obtenir 

une pâte (pâte à papier). Cette pâte est pour finir broyée pour obtenir différentes fractions de 

particules avec des longueurs moyennes allant de 18 µm à 2000 µm. Pour étudier l’impact de 

la morphologie sur les propriétés de transfert de matière, nous avons choisi de travailler avec 

deux fractions de cellulose contrastées en terme de morphologie mais issues de la même 

ressource : des particules fines quasi sphériques (Arbocel® BE600-10 Tg) et des particules plus 

allongées (Arbocel® BC200, facteur de forme de 15 et diamètre équivalent de 56 µm).  
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Ce manuscrit de thèse se décompose en 5 chapitres, la Figure 1 présente l’arborescence du 

manuscrit.  

Chapitre I : État de l’art 

 
Chapitre II : Matériaux, techniques & méthodes expérimentales 

 
Chapitre III : Développement d’une méthodologie pour évaluer les transferts de 
vapeur d’eau dans des particules de cellulose micrométriques 

Partie 1. Evaluation du potentiel de la microbalance à quartz pour estimer le transfert de 
vapeur d’eau dans des particules de cellulose de taille micrométrique [Article 1]  

Partie 2. Impact de la distribution en taille à 2 dimensions sur l’estimation de la diffusivité 
apparente de la vapeur d’eau dans des particules de cellulose de taille micrométrique [Article 
2] 

Partie 3. Adaptation d’un équipement de mesure gravimétrique de sorption de vapeur d’eau 
pour estimer la diffusivité apparente de la vapeur d’eau dans des particules de cellulose de taille 
micrométrique [Article 3] 

Résultat complémentaire. Transfert de vapeur d’eau dans des particules lignocellulosiques. 
 

Chapitre IV : Formalisation des relations structure/transferts de gaz dans des 
biocomposites 

Partie 1. Propriétés de transfert aux gaz dans un biocomposite polypropylène/cellulose 
[Article 4] 

Partie 2. Diffusivité apparente de la vapeur d’eau dans un biocomposite 
polypropylène/cellulose en intégrant la microstructure réelle. [Article 5] 
 
Chapitre V : Impact de la nature du migrant et de la morphologie des particules 
sur les propriétés de transfert. 

Propriétés de transfert aux gaz dans des particules de cellulose de taille micrométrique. [Article 
6] 

Figure 1. Structure du manuscrit 

Le premier chapitre est une synthèse de l’état de l’art sur la thématique des transferts de 

matière dans les biocomposites. Cette partie présente d’abord des généralités sur les matériaux 

biocomposites puis s’attarde plus particulièrement sur les propriétés de transfert dans les 

particules lignocellulosiques. Enfin, elle dresse un bilan général des différents modèles et 

approches utilisés pour estimer ces propriétés. 

Le deuxième chapitre présente les matières premières utilisées et les différentes méthodes de 

caractérisation mises en place pour mener à bien cette thèse.  
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Le troisième chapitre est consacré à la caractérisation des propriétés de transfert de 

particules de cellulose.  Un protocole expérimental a été mis en place afin d’estimer le coefficient 

de diffusion à la vapeur d’eau de particules de cellulose à l’échelle de la particule unitaire. 

L’impact de la prise en compte d’une distribution morphologique a été discuté. Une dernière 

partie est dédiée à une comparaison de méthodologies.  

Connaissant les propriétés de transfert de matière à l’échelle du biocomposite, du polypropylène 

et des particules de cellulose, le quatrième chapitre permettra d’avoir plus de connaissances 

sur les propriétés de transfert de matière de l’interphase. Pour cela, la caractérisation 

quantitative de la microstructure 3D a été primordiale. À partir de cette microstructure une 

approche biphasique a été mise en place pour caractériser les propriétés de transfert. 

Le cinquième chapitre est basé sur la validation de la méthodologie développée dans le 

Chapitre III sur une autre morphologie de cellulose plus allongée et sur deux autres migrants: 

l’oxygène et le dioxyde de carbone.  
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Chapitre I : État de l’art 

 
Chapitre II : Matériaux, techniques & méthodes expérimentales 

 
Chapitre III : Développement d’une méthodologie pour évaluer les transferts de 
vapeur d’eau dans des particules de cellulose micrométriques 

Partie 1. Evaluation du potentiel de la microbalance à quartz pour estimer le transfert de 
vapeur d’eau dans des particules de cellulose de taille micrométrique [Article 1]  

Partie 2. Impact de la distribution en taille à 2 dimensions sur l’estimation de la diffusivité 
apparente de la vapeur d’eau dans des particules de cellulose de taille micrométrique [Article 
2] 

Partie 3. Adaptation d’un équipement de mesure gravimétrique de sorption de vapeur d’eau 
pour estimer la diffusivité apparente de la vapeur d’eau dans des particules de cellulose de taille 
micrométrique [Article 3] 

Résultat complémentaire. Transfert de vapeur d’eau dans des particules lignocellulosiques. 
 

Chapitre IV : Formalisation des relations structure/transferts de gaz dans des 
biocomposites 

Partie 1. Propriétés de transfert aux gaz dans un biocomposite polypropylène/cellulose 
[Article 4] 

Partie 2. Diffusivité apparente de la vapeur d’eau dans un biocomposite 
polypropylène/cellulose en intégrant la microstructure réelle. [Article 5] 
 
Chapitre V : Impact de la nature du migrant et de la morphologie des particules 
sur les propriétés de transfert. 

Propriétés de transfert aux gaz dans des particules de cellulose de taille micrométrique. [Article 
6] 
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Les propriétés de transfert de matière sont étudiées depuis plus de deux siècles. En effet, les 

travaux de Henry en 1803 suivis de ceux de Fick en 1855 ont proposé les fondamentaux 

mathématiques et physiques des phénomènes gouvernant les propriétés de transfert. L’objectif 

de ce chapitre consiste à effectuer une synthèse de l’état de l’art sur les transferts de matière 

dans des matériaux biocomposites chargés avec des particules perméables. Une première partie 

présente des généralités sur les matériaux biocomposites, avec un focus sur notre système 

d’étude, à savoir un biocomposite polypropylène/cellulose. La seconde partie présente des 

généralités sur les propriétés de transfert de matière. La troisième partie recense les différents 

travaux existants sur les propriétés de transfert dans des particules lignocellulosiques et permet 

d’identifier quelles méthodologies sont utilisées pour mesurer ces propriétés et quel est l’ordre 

de grandeur de ses propriétés. La quatrième partie est axée sur les propriétés de transfert dans 

des matériaux biocomposites composés de particules lignocellulosique perméables. La dernière 

partie présente les différents modèles analytiques relatifs aux propriétés de transfert dans des 

matériaux biphasiques, tels que les biocomposites à charges perméables composés d’un matériau 

continu qui est la matrice et d’une phase discontinue qui correspond aux particules 

lignocellulosiques. 
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I-1 Biocomposites 

 I-1.1 Generalities 

Composite materials are heterogenous systems, which consist in the combination of at least 

two non-miscible components, i.e. the matrix as the continuous phase and the filler as the 

dispersed phase. The interest of such materials is to achieve unique properties that would not 

be achievable from the individual constituents. A third compartment is generated at the 

filler/matrix interface, which is called the interphase. The generally admitted definition of 

biocomposites claims that at least one of the constituents should be bio-sourced, either the 

matrix or the filler. Thus, the term “biocomposite” is often used to describe materials that are 

only partially environmentally friendly. That is the case for polyolefin/natural fibres 

composites, for which the main constituent, i.e. the matrix, is petro-sourced and not 

biodegradable. Because petroleum is a depleting resource, incorporating natural fillers into 

polymer matrices from fossil resources can be a solution to decrease the environmental impact 

of the material.  

Fillers. The term “biocomposites” is generally used to describe materials filled with natural 

lignocellulosic fillers. Lignocellulosic fillers can be principally used in the form of short fibers 

(from several millimeters down to nanometers) or mat fibers. Such fillers have been presented 

as a good alternative to conventional fillers (glass or carbon fibres) due to their high availability 

throughout the world at a relatively low cost, low density as compared to conventional glass 

fibres (allowing to prepare light materials), fully biodegradability, high stiffness and tensile 

strength, and non-abrasive behavior during processing. Furthermore, natural fibres, unlike glass 

fibres, have less impact on the health of composite manufacturers (irritation of the skin, lung 

cancer). For all these reasons, lignocellulosic fibres are good candidates for the substitution of 

glass fibres in thermoplastic reinforcement. The use of vegetal fillers allows decreasing the 

overall cost of biocomposites, increasing the bio-sourced and biodegradable of the material, 

while developing new functionalities. However, some manufacturing processes producing 

natural fibres are known to produce large quantities of dust, which can be harmful in the long 

term for the production staff. Moreover, the use of vegetal fibres for composite reinforcement 

could have some limits, due to their poor thermal resistance, their water sensibility and their 

poor compatibility with most of polymer matrices (Ausias et al. 2013). The water sensibility of 

vegetal fillers is due to their hydrophilic character owing to the large number of hydroxyl 

groups that are prone to form hydrogen bonds with water (Baley 2002; Mohanty et al. 2005; 

Lefeuvre et al. 2013), thus providing an instability to biocomposites in humid atmospheres 

(Larotonda et al. 2005; Célino et al. 2014; Lovikka et al. 2018; Almeida et al. 2018).  
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Major challenges have been identified regarding the incorporation of hydrophilic vegetal fibers 

in more hydrophobic polymer matrices, including the achievement of a good filler dispersion 

and distribution with limited aggregates and agglomerates and a good wettability of the fillers 

by the matrix. The large variety of vegetal fillers lead several authors to classify them, generally 

as a function of their origin in the plant (leaf, bast, seed or fruit) (Mohanty et al. 2005), their 

applications (principal or secondary (by-product)) (Faruk et al. 2012) or regarding their final 

use by humans, i.e technical fibres for manufactured goods vs. fibres stemming from food and 

wood industries by-products (Berthet et al. 2016).  

Matrix. Thermoplastic, thermosetting resins or elastomers can be used as matrices in polymer-

based composite materials. Considering thermoplastic polymers, they can be classified in four 

categories according to their origin (natural or fossil) and their end of life (non-biodegradable 

and biodegradable), as presented in Figure I.1. Conventional plastics such as polyolefins are 

synthesized for fossil resources and are not biodegradable. By contrast, bioplastics correspond 

to polymers either biobased, biodegradable or both biobased and biodegradable (Mohanty et 

al. 2000; Philp 2014). 

 

Figure I-1. Types of bioplastics classified according to their origin and end-of-life 
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Interphase. The incorporation of fillers in a polymer matrix results in a disruption the spatial 

organization of macromolecules, thus generating an interphase. The interphase starts from the 

zone on the filler where the physical, chemical, mechanical and mass transfer properties begin 

to change until to reach the properties of the matrix. It is the zone where the load transfer 

from the matrix to the filler takes place (Figure I-2). 

 

 

 

 

 

 

Figure I-2. Scheme of the interphase region 

The final performances of any composite system strongly depend on the filler content and 

intrinsic properties (stiffness, strength, aspect ratio, morphology) but also on the properties of 

the filler/matrix interface region, which strongly depends on the compatibility between fibers 

and matrix and on the thickness of the interphase. As an example, it has been shown that the 

higher the thickness of interphase, the lower the mechanical performance of the composite 

(Mäder et al. 1994; Jian-ying et al. 2002; Le Duigou et al. 2014; Berthet et al. 2015b; Jawaid 

et al. 2017). Studying and controlling the interfacial properties and their impact on macroscopic 

properties thus constitutes a key issue to understand and model the structure/functional 

properties relationships in biocomposites and improve their performances. Particular mention 

is made of its essential contribution to the transmission of mechanical forces, as well as its 

protective role as regards to the ageing of composites, especially in a moist environment.  

Many studies have been devoted to the characterization of the structure and the properties of 

the interphase, but they are still poorly defined (Pukánszky et al. 1994; Gao and Mäder 2002; 

Lee et al. 2007). It is accepted that the interphase is a concentric area around the fiber with a 

thickness ranging from some 10 nm up to 5 µm according to the nature of the constituents 

(Downing et al. 2000; Jacob et al. 2005; Hardiman et al. 2017). The nature of the interphase 

can be very various, including trapped air, substances contained in matrix or fillers, volatile 

compounds or degradation products released by the fillers or the matrix during the processing 

(Chua et al. 1992; Fabrício et al. 2013). 

Interfacial adhesion in biocomposites is mainly governed by the quantity of fibre/matrix 

interface developed and the nature and strength of the interactions between the polymer matrix 

and the fibres. The quality of the interfacial adhesion could be differentiated according to two 
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phenomena, i.e. the adhesion and the adherence. On the one hand, the adhesion is a purely 

physico-chemical phenomenon that is governed by the surface free energy and roughness of 

fibres and surface tension of polymer matrix. It characterizes the wettability of natural fibres 

towards a molten or liquid polymer matrix during their first contact upon composites 

processing. On the other hand, the adherence characterizes the interfacial strength between the 

fibres and the matrix within the consolidated composite when submitted to mechanical stresses 

(Le Moigne et al. 2018). 

Types of biocomposites. Biocomposite materials can be classified in three different 

categories according to their macroscopic structure (Figure I-3). 

Figure I-3. Classification of composite materials according to their macroscopic structure: 
(a) laminated composites, (b) fiber reinforced composites or (c) particulate composites.  

Laminated composite structures are constituted of superposed layers of long fibers (oriented or 

not) impregnated with polymer resins (Gibson 2012). Fibers reinforced composites consist of 

fibers incorporated within the matrix. A preferential orientation of fibers is generally observable 

according to the implementation process and the fiber types. Fibers can be found in three 

different forms, i.e., short fibers, long fibers or continuous fibers (Faruk et al. 2012; Pereira et 

al. 2015). Thermoplastic is commonly used for this category of composite. Particulate 

composites are a material where particles are embedded randomly in a polymeric matrix with 

a size of particle less than 1 mm. 

Application of biocomposites. Combining natural fillers and polymer matrices can result 

in materials with new functionalities and promise an immense potential for several different 

industries and applications: packaging, construction, automotive, agriculture. In order to 

enhance their performances and better implement biocomposites at an industrial scale, various 

strategies are currently conducted regarding the selection and processing of the raw materials 

and the improvement of the fibre/matrix interface quality. 
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I-1.2 Case study: polypropylene/cellulose biocomposites 

Cellulose. In 1834, Anselme Payen suggested that the cell walls of large numbers of plants 

consist of the same substance to which in 1839 the French Academy gave the name cellulose 

(Kung and Yang 1998). Cellulose is the most abundant biopolymer on the planet, representing 

more than half of the Earth’s biomass. It is indeed estimated that nature produces 1011 to 1012 

tons per year by photosynthesis (Vandamme, De Baets, & Steinbüchel, 2002). Cellulose is a 

linear polysaccharide of (1-4)-linked ß-D-glucose, produced by various sources: plants, algae 

and bacteria. Its content in these different biomasses varies from 30% to 50% according to their 

origin. Cellulose chains have a high tendency to align and aggregate in larger entities through 

intra and inter-molecular hydrogen bonds (thanks to hydroxyl groups), hence giving crystalline 

cellulose microfibrils consisting of 18 to 90 glucan chains in higher plants and some green algae. 

These microfibrils have a diameter of 3 to 18 nm in the case of plant fibres (Klemm et al. 2005; 

Saxena and Brown 2005) and aggregate into cellulose macrofibrils of several hundred nm in 

diameter. Lignocellulosic substrates may contain more than 70% of highly ordered crystalline 

regions (Klemm et al., 2005). Depending on the organization of the cellulose chains, two 

cellulose types can be distinguished: Native (cellulose type I) and regenerated (cellulose type 

II). Cellulose properties depend on the source and the type of cellulose. Indeed, these two 

factors act on the cell conformation (crystal structures, degree of polymerization, 

supramolecular structure, chain lengths and orientations, void structure, fiber morphology) 

(Hon 1994). 

The cost for this biomass is around 200 to 1000 US$ (Shalwan and Yousif 2013). Cellulose is 

extracted from plants as fibrous materials and is used as the principal component in paper or 

as the starting biomass for the development of biocomposite materials (Zugenmaier 2006). The 

kraft process is the principally used to extract cellulose from biomass. This process consists of 

successive treatments to remove lignin, hemicellulose and conserve only cellulose. Bleaching 

steps can be also applied to purify the cellulose.  

Cellulose fibers are classified according to their length, i.e. the long fibers (decimetric or 

centimetric), the short fibers (millimetric) and the particles (micrometric or nanometric). The 

long fibers are widely used as reinforcing fillers in the automotive or aeronautic area. The short 

fibers and the micro and nanometric particle are principally used as fillers in polymeric matrices 

to improve mechanical or mass transfer properties, in packaging applications for example.  

Polypropylene. Polypropylene (PP) of chemical formula (-CH2-CH(CH3)-)n is one of the most 

common and widely used polyolefins due to the desirable mechanical properties at low density 

(~0.9 g.cm-3), transparency and low production costs (~1.3€/kg). In 2016, 9.9 million tons of 

PP were distributed in Europe for a total of 49.9 million tons and principally used for packaging 
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application and automotive with a market share of 45% et 20% respectively. (PlasticsEurope 

2017). This material has different preferential arrangements depending on the position of the 

methyl group (CH3). According to this arrangement called tacticity, three different types of 

polypropylene exist: 

 Isotactic polypropylene (iPP): the methyl group is spatially positioned always on the 

same side of the axis of the main polymer chain.  

 Syndiotactic polypropylene (sPP): the methyl group is positioned on either side of the 

axis of the main polymer chain. 

 Atactic polyprolyene (aPP): the methyl group is positioned randomly of the axis of the 

main polymer chain. 

This tacticity plays a key role in the final properties of the polymer, since it influences its 

crystallinity, its glass and melt temperatures, and also its density. Regardless of the tacticity, 

polypropylene is a hydrophobic material, which is known to lead to a to bad compatibility 

when fillers with polar surface such as cellulose are used. This issue can be solved by 

incorporating functionalized PP such as poly(propylene-graft-maleic anhydride) (PP-g-MA) 

into the composite. The use of PP-g-MA allows improving interfacial interactions due to 

covalent and hydrogen bonds formed across the interface between cellulose and polypropylene. 

Another alternative is the surface modification of fillers using physical, chemical or enzymatic 

treatments, as already reported in many reviews (Bledzki and Gassan 1999; Le Moigne et al. 

2018).  

 
I-1.3 Structural analysis of biocomposites 

A variety of microscopic methods can be used to characterize the microstructure of composite 

materials. Key structural parameters are the in-situ filler dispersion state and morphology, the 

interfacial adhesion between the matrix and the fillers, and the morphology of the interphase 

between the matrix and fillers. Several techniques are generally combined to access qualitative 

and quantitative information since they all have some limitations related to the sample 

preparation, the experimental procedure or the resolution.  

Scanning electron microscopy (SEM). Observations using scanning electron microscopy 

(SEM) are generally carried out on the cryo-fractured cross-section of samples. This can induce 

bias in the observation of the morphology of surface failures. Indeed, to allow the fracture, the 

material is generally violently cooled in liquid nitrogen, which might generate failures at the 

filler/matrix interface due to differences of thermal shrinkage between the two components 

(Berthet et al. 2015b). SEM is generally used to qualitatively assess the overall homogeneity 
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of the material, including the filler dispersion state and the presence or not of filler aggregates, 

voids or macroscopic defects. This method also allows a direct visualization of the filler/matrix 

interface. The criteria of the quality of the interface are mainly the occurrence of failure 

surfaces, fibre pull-outs, interfacial gaps around the fibres and debonding, or wetting of fibres 

by the polymer. Generally, a strong interfacial adhesion is deduced from the observation of 

failure surfaces with a distinct fibre fracture without pull-out, which is characteristic of a 

cohesive interfacial failure. In contrast, mostly fibre pull-outs are observed in the case of an 

adhesive interfacial failure. As an example, Araújo et al. studied the microstructure of 

polypropylene/cellulose biocomposites (Araújo et al. 2017). In the case of untreated cellulose, 

the dispersion was not uniform and some pull-outs could be observed with voids between the 

fibers and the matrix (Figure I-4). In the case of chemical silane treated cellulose, the dispersion 

was more uniform with less pull-outs of cellulose.  

 

Figure I-4. SEM images of cryo-fractured surfaces of (a,b) untreated and (c,d) treated 
cellulose in polypropylene. Source: (Araújo et al. 2017) 

This indicated a better interfacial adhesion between cellulose and PP with treated fibers. 

Different authors presented the same trend of observation with PP/cellulose systems, with a 

size of the interfacial voids varying from 0.35 to 3 µm in literature (Demir et al. 2006; Taib et 

al. 2006; Correa et al. 2007). It is worth noting that this technique gives only indication if 

interphase filler/matrix is good or poor. In situ observations of crack propagation by 

environmental SEM (ESEM) equipped with an in situ tensile apparatus could be useful to 

monitor failure mechanisms at the interface of biocomposites and to discriminate adhesive 

interfacial failure (due to the decohesion of the fibres and characterized by a clean break of the 
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matrix) from cohesive interfacial failure (characterized by the tearing of the matrix and the 

breaking of the fibres) (Le Moigne et al. 2014). 

 

Atomic force microscopy (AFM). AFM is a non-destructive method that relies on 

interaction force (repulsion, Van der Walls, electrostatic, magnetic) between a nanoscale tip 

connected to a cantilever and a surface. Three different modes can be used in AFM according 

to the interactions studied:  contact mode (repulsive force), non-contact mode (attractive force) 

and tapping mode a combination of the two others modes. AFM allows measuring forces as 

small as 10-18 N. Interaction force tip-surface is deduced by the vertical deflection d from Hooke 

law (Equation I-1): 

 = . ( ) Eq. I-1 

where kc is the spring constant of the cantilever, d is the measured deflection and d0 is the 

deflection offset at the point of contact between the tip and the surface sample where the force 

is zero. Various models are presented in literature to determine the modulus, it depends 

principally on the shape of tip based on Hertz model (Lin et al. 2007). For composite materials, 

AFM is generally used to investigate the roughness (mapping of the difference constituent) of 

the surface of a film and also to characterize material properties (Young’s modulus). Local 

mechanical properties such as the elastic modulus of each constituent of composite materials 

can be determined (Kim et al. 2006). Wang et al. reported the possibility to evaluate the 

Young’s modulus of respectively polypropylene and cellulose in polypropylene/cellulose 

composite (Wang et al. 2010). From these moduli, the modulus of the interphase can be also 

determined as shown on Figure I-5. In this study, the interphase presented intermediate 

properties between those of the filler and the matrix. The interphase region showed a gradient 

in the modulus with a gradual increase in modulus from matrix to filler, allowing obtaining 

information on the thickness of the interphase (between the vertical dotted lines on Figure I-

5). According to different studies, the thickness of the interphase in PP/cellulose composites 

(without treatment and compatibilizer) varies from 0.5µm to 1µm (Wang et al. 2010; 

Zafeiropoulos 2011; Sandeep 2012). As a conclusion, AFM can be an interesting tool only if the 

matrix and the filler display contrasted properties. If the matrix and the filler have the same 

order of magnitude of modulus, it will be impossible to differentiate the charge from the matrix. 
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Figure I-5: (A) Image and (B) line profile of PP-based composites filled with 5wt% of 
cellulose and using a compatibilizer. Source: (Wang et al. 2010) 

Indentation. Indentation technique is based on the local deformation produced by an indenter 

during application of a load on a sample surface.  Resulting deformation versus load can be 

analyzed under some assumptions to determine elastic modulus and hardness. Nano-indentation 

tests are able to produce indents of few nanometers in order to measure differences in nano-

hardness and Young modulus in the cross-section of composite materials, and thus to highlight 

the fiber/matrix interphase region. This technique consists in indenting a rigid tip of known 

geometry, perpendicularly to the material surface and measuring the depth of penetration as a 

function of the applied load (Downing et al. 2000). Lee et al. (2007) investigated the hardness 

and elastic modulus in the interphase region of PP/cellulose biocomposites using different 

indentation depths and spacings (Figure I-6) (Lee et al. 2007).  

Figure I-6. (a) Hardness and (b) elastic modulus across the transition zone between 
cellulose and PP obtained by nano-indentation. Source: (Lee et al. 2007) 
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A gradient profile in the hardness (Figure I-6a) and modulus (Figure I-6b) across the 

cellulose/polypropylene transition region was observed. This zone was interpreted as the 

interphase. A thickness of this interphase was estimated but it was difficult to have good 

precision due to the width of the indenter (around 0.7 -0.8 µm) and the spacing of indentation 

(1.6 µm). The interface thickness was around 2 ± 0.8 µm. The authors showed that nano-

indents need to be as small as possible (around 0.2 -0.3 µm) to reduce the zone of analysis and 

limit the influence of neighboring material properties 

Up to now, the potential of indentation to access the structure of biocomposites has been 

showed in different studies but methodologies arre not enough developed to get accurate 

information on the interphase (Wang et al. 2006; Díez-Pascual et al. 2012; Gibson 2014). 

X-ray tomography. A visual analysis of the 3D structure, including the 3D porosity and 

distributed voids, can be done by X-ray computed tomography, as already done for glass 

fibre/polypropylene (Kastner, Plank, Reh, Salaberger, & Heinzl, 2012). X-ray computed 

tomography is a non-destructive, powerful technique that provides a volumetric map of a 

specimen in three dimensions, generated from a series of X-ray projections of the samples 

recorded at different angles. It allows to quantitatively analyze the filler dispersion on 

macroscopic length scales. By applying various 3D-filters, authors succeeded in extracting from 

the X-ray computed tomography data the following quantitative information and values: filler 

percentage, 3D-geometry of the fillers (diameter, surface, volume), fibre length distribution, 

filler orientation, 3D filler distribution, filler interconnectivity, porosity. In the case of 

biocomposite materials, the main limit will be the difference of density between the 

lignocellulosic fibres and the polymer matrix that may be too low to obtain exploitable images. 

A phase contrast between the different constituent within the volume is indeed necessary to 

observe difference between each constituent.  

X-ray tomography is frequently used to evaluate the microstructure parameters such as 

morphology of fibers, specific area of fibers, dispersion, porosity in thermoplastic composite 

(Alemdar et al. 2008; Etaati et al. 2013; Bensadoun et al. 2014; Hamdi et al. 2015; Di Giuseppe 

et al. 2016).  All these studies were realized with a spatial resolution of 4 µm. This resolution 

was sufficient to observe most features of the fibers but did not permit to analyze the interphase 

properties. If the resolution and the contrast between the matrix and the filler are sufficiently 

high, X-ray tomography could be used to evaluate the thickness of the interphase.  

As a conclusion, despite the growing number of research activities and equipment to 

characterize the structure of composite materials, it is still difficult to characterize the 

interphase properties with a nanoscale spatial resolution at the microscopic scale. 
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I-2 Gas transfer properties in a solid material 

 I-2.1 Theoretical definitions 

Mass transfer properties of molecules through a film are often described as an irreversible 

mechanism (Miller 1960). Considering a composite material as a homogeneous material, mass 

transfer is supposed to obey to Fick’s law which related the flux (J) to the gradient of 

concentration through a proportionality coefficient, (D) described by the Equation I-2: 

 =  Eq. I-2 

where D is the coefficient of diffusion or diffusivity (m2.s-1) which characterizes the mobility 

of a molecular specie in the material. It is important to remind that the assumptions of the 

Fickian model are the following:  

- Mass transfers are unidirectional 

- There is no change of volume during diffusion (no swelling) 

- We only consider the diffusion of the molecule of interest 

- The material is dense (not porous) 

In the present study, the considered materials are systems displaying complex structures. Thus, 

none of these assumptions is completely valid. However, mass transport through materials is 

often considered as a molecular diffusion induced by a gradient of concentration. To keep the 

use of the Fick’s law, the notion of apparent diffusivity or effective diffusivity is thus 

introduced.  

Henry’s law gives the correspondence between the concentration (c) and the partial pressure 

(p) for dilute system (Equation I-3): 

  =   ×   Eq. I-3 

where S is the solubility coefficient (mol.m-3.Pa-1), a thermodynamic parameter which 

characterizes the number of moles of a molecular specie sorbed into the material. 

By combining equations Equations I-2 and I-3, the first Fick’s law could be expressed for a 

monodirectional flux through a plane sheet of material as follows (Equation I-4): 

  =  
 (   )

   Eq. I-4 

where p1 and p2 are the pressure on the two sides of the film and h is the thickness of the film. 

The transport of gases or vapors through a polymeric membrane above its glass transition 

temperature could be therefore represented by a solution-diffusion mechanism, which assumes 
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a dispersion of the migrating molecule in the polymer under a unique state (Barrer and 

Petropoulos 1961). Solution-diffusion models are based on the following hypothesis: 

- the pressure within the membrane is uniform 

- there is a continuous gradient of chemical potential from one side of the membrane to 

the other one. It is implicit in this assumption that the rates of absorption and desorption 

at the interfaces are much higher than the rate of diffusion through the structure (Modesti 

et al. 2004).  

In this way, mas transport through a material (membrane) could be described by the three 

coefficients i.e. solubility (S), diffusivity (D) and permeability (P) (Figure I-7). The 

 of diffusion and solubility as follows (Equation I-

5): 

 =  ×  Eq. I-5 

The permeability coefficient is conventionally used to characterize the barrier properties of 

polymer films, including composite materials, in several fields of science such as membrane 

science and packaging science. Henceforth, in the examination of gas transfers in a solid 

material, both the kinetics (to assess the diffusivity) and thermodynamic (to assess the 

solubility) aspects need to be analyzed.  

Sorption, diffusion and permeation phenomena are detailed in the following parts. 

Figure I-7 Mass transfer through a film of thickness e 
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 I-2.2 Sorption 

  I-2.1.1 General mechanism of sorption  

Sorption mechanism describes the dissolution phenomenon of a molecule in a material. 

Solubility is a thermodynamic parameter that is measured when the material, initially free of 

the studied gas or vapor, is put in equilibrium with a surrounding atmosphere of a fixed partial 

pressure of gas or vapors. For instance, to measure a sorption of gas, the material is first 

desorbed under a flux of inert gas (e.g. N2 or He) and after that submitted to a flux enriched 

with a given pressure of the gas studied. The quantity of gas sorbed in the material at 

equilibrium could be either measured directly in the sample (e.g. chemical titration, gravimetry) 

or indirectly by measuring the drop of pressure (occurring subsequently to gas sorption into 

the sample) in the closed atmosphere in contact with the sample.  

Sorption is described by two mechanisms, depending on the localization of the dissolution 

phenomenon, i.e. absorption and adsorption (Figure I-8). Absorption is a dissolution process 

inside the material while adsorption only occurs at the surface of the materials or in an 

interfacial layer.  

Figure I-8. Schema of two sorption phenomena: absorption and adsorption 

Absorption is strongly impacted by the ratio of easily accessible regions in the material, i.e. the 

amorphous zones and voids (intrinsic porosity) (Kreze et al. 2001). 

Adsorption can be a physical (physisorption) and chemical (chemisorption) process. This 

mechanism was influenced by different factors including surface porosity, roughness (Hokkanen 

et al. 2016). Physisorption was generated by dispersion, repulsion forces present everywhere, 

principally van der Waals force, hydrophobicity, hydrogen bonds, polarity, steric interaction, 

dipole induced dipole interaction, which depend on the migrant/material system (Gupta and Ali 

2013; Hokkanen et al. 2016).  

Adsorption 

Absorption 

Sorption = Absorption + Adsorption 
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  I-2.1.2 Sorption isotherms: determination and classification  

Sorption isotherm is the plot of equilibrium moisture content of material to different relative 

humidities. The procedures available to obtain sorption isotherms, i.e. solubility at different 

RH steps, are based on gravimetric, volumetric or manometric methods. Methodologies used 

to measure O2 and CO2 solubilities in solid products were recently reviewed  (Chaix et al. 

2014). The most used technique in material science is gravimetry which is a simple, direct, and 

powerful experimental procedure to measure the O2 or CO2 solubility, but also the O2 or CO2 

diffusivity when the mass uptake is monitored (see below). Indeed, among the 120 values of 

CO2 solubility listed by Tomasko et al. (Tomasko et al. 2003) and measured in common 

synthetic polymers, more than 100 values were obtained by gravimetry, confirming the 

prevalence of this methodology in the fields of polymer studies and membrane science. 

Gravimetry was used to measure CO2 solubility in, for example, wheat gluten films (Pochat-

Bohatier et al. 2006), polystyrene (Wong et al. 1998), a selection of 10 synthetic polymers 

(Aubert 1998), etc. The measurement of O2 sorption by gravimetry is trickier than CO2 sorption 

due to the lower affinity of O2 for the matter than CO2 that lead to very low mass variation. 

It well highlighted that one of the main requirements necessary for the use of gravimetry is the 

accuracy of the balance. Currently, some equipment (Cahn microbalance, quartz crystal 

microbalance, etc.) enables to perform such an experiment with a sensitivity less than 0.1 g 

(Shiflett and Yokozeki 2005).  

Volumetric or manometric methods. It is a very old indirect method to access gas sorption 

in solids materials. This method allows to measure gas amount of sorptive pure gas or multi 

component gas sorption. The sorption/desorption is obtained from volume difference for the 

volumetric method and the pressure difference for the manometric method. It corresponds to 

the difference between storage vessel and adsorption chamber (Figure I-9). By a mass balance, 

sorption of gas present in the material can be calculated if the void volume of the material 

(volume where migrant can penetrate in the material) is known. Advantages of these methods 

are very simple to implement without necessary sophisticated equipment (Keller and Staudt 

2005). These methods are generally no continuous methods and require to keep exact  known 

volume of  the material (Piergiovanni and Fava 1992; Vigneault et al. 1993). Moreover, equipment 

must be compatible with the selected migrant. Figure I-9 shown an example of adsorption 

equipment based on volumetric principles.  
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Figure I-9: Schematic diagram of adsorption equipment (Keller and Staudt 2005) 

Gravimetrical. Due to the lack to measure a high sensitive sorption with volumetric or 

nanometric methods, a new method for access the sorption phenomenon of gas in material by 

gravimetrical method emerge since 1960 with the arrival of electromagnetic microbalance. This 

method consists to put a sample under certain conditions of temperature, pressure, relative 

humidity and to measure the weight variation over time. The traditional methodology is based 

on salt solution to control the relative humidity and to realize steady weighing over time until 

equilibrium. The main drawbacks of this method are the dependence of the salt solution 

imposing the relative humidity and the difficulty to realize measurement with a very short time 

interval. To overcome these problems different electronic equipment are available to achieve 

water vapor sorption experiment as presented in Table I-1 which are significantly more 

expensive than the salt solution method. The static mode repose to place the sample in an 

isolated compartment (desiccator, incubator) with a certain relative humidity, thus, the sample 

will equilibrate with the surrounding environment. While the dynamic mode consists to impose 

to the sample a continuous flow of desired relative humidity until equilibrium. 

  



Chapitre I : État de l’art 

 

- 41 - 
 

Table I-1. Water vapor sorption equipments 

Manufacturer Brand Method 
Mass 
max 

Sensibility 
min 

Paper Mode 

C.I. Precsion, 
Salisbury, UK 

MK2-M5 Gravimetric 
550 
mg 

0.1 µg (Vasques et al. 2005) Dynamic 

TA Instruments, 
New Castle, 

USA 
Q5000 SA Gravimetric 

100 
mg 

0.1 pg 
(Driemeier et al. 

2012) 
Dynamic 

TA Instruments, 
New Castle, 

USA 
VTI-SA+ Gravimetric 

500 
mg 

0.5 µg 
(Štefelová et al. 

2017) 
Static 

VTI scientific 
instruments, 
Hialeah, USA 

MB-300G 
sorption 
analyzer 

Gravimetric 2 g 0.1 µg (Zheng et al. 2008) Static 

VTI scientific 
instruments, 
Hialeah, USA 

SGA-CX 
Sorption 
Analyzer 

Gravimetric 5 g 0.1 µg 
(Li and Mansour 

2011) 
Dynamic 

VTI scientific 
instruments, 
Hialeah, USA 

SGA-100 
Sorption 
Analyzer  

Gravimetric 100 g 0.1 µg 
(Camargo and 
Garcia 2011) 

Dynamic 

Mettler Toledo, 
Schwerzebbach, 

Switzerland 

TGA or 
TGA/DSC 

Gravimetric 5 mg 0.1 µg (Schudel et al. 2003) Dynamic 

Hiden Isochema, 
Warrington, UK 

IGAsorp Gravimetric 5 g 0.05 µg 
(Gouanvé et al. 

2006) 
Dynamic 

Surface 
Measurement 
System Ltd., 
London, UK 

DVS Gravimetric 5 g 0.1 µg (Guillard et al. 2003) Dynamic 

Quantachrome 
Instruments 

Boynton Beach, 
Florida, USA 

Aquadyne Gravimetric 2 g 0.1 µg (Ahmed et al. 2014) Dynamic 

Linseis Inc, 
Robbinsville, 

USA 

GSA PT 
1000 

Gravimetric 25 g 0.1 µg - Static 

 

Indirect methodology with quartz crystal microbalance or gas porosimeter (based on BET 

theory) equipment, also allow the measurement of sorption kinetics (Rowen and Blaine 1947; 

Strömme et al. 2003; Rouessac et al. 2008; Lu and Hsieh 2010; Thoury-Monbrun et al. 2018a). 

These methodologies are still perfectible in order to have the finest possible results and are few 

automated at the moment. 

In the peculiar case of water vapor, solubility is not a constant and varies according to the 

water vapor pressure (or relative humidity) imposed to the material. Water sorption isotherms, 
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i.e. relationship between moisture content in the material and relative humidity of its 

surrounding atmosphere, are thus measured (Guillard et al. 2013). Numerous literature data 

could be found on water vapor sorption of polymers and bio-based materials. Recently, Wolf 

et al. (Wolf et al. 2016) measured water sorption isotherm in a biocomposite (PHBV/wheat 

straw fibers) and its individual components (neat matrix and fiber) in order to decipher the 

impact of fiber water sorption on the water sensitivity of the composite. 

Sorption classification. Giles et al. (Giles et al. 1974) proposed a general modelling of 

sorption isotherms modelling, in which four different cases corresponding to four isotherm 

shapes are commonly used (Figure II-10). 

Figure I-10: Four principals sorption isotherms according to Giles et al (1974). 

Source: (Limousin et al. 2007) 

- The “C” isotherm is a linear curve of zero origin. Thus, the ratio between the 

concentration of the migrant remaining in the solution or the environement and the 

concentration of the migrant adsorbed on the material is the same at any concentration. 

This ratio is the usually called “partition coefficient”. 

- The “L” isotherm is composed on two parts, suggesting a progressive saturation of the 

material. First, the material sorbed the migrant (asymptotic plateau) and when the 

material was full, the limit sorption capacity was reached (horizontal plateau). It is 

reconisible by a concave curve. 

- The “H” isotherm is an adaptation of the “L” isotherm where the first part is very high. 

It suggests a high affinity of the migrant for the material. 

- The “S” isotherm is a sigmoidal curve where first the migrant sorbed slowly at the 

surface of the material and after the inflection point the migrant start to penetrate 

inside the material (Banik and Brückle 2010). 
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I-2.3 Diffusion 

  I-2.3.1 Description of the mechanism 

Diffusion is a kinetic parameter generated by the displacement of molecules in a material caused 

by a gradient concentration playing as a driving force. In 1855, Fick by analogy to Fournier’s 

law of conduction proposed a mass diffusion expressing the flux (J) to the gradient of 

concentration  through a proportionality coefficient (D). D is the diffusion coefficient or 

diffusivity (m².s-1) (Equation I-6).  

 =    Eq. I-6 

In the case of homogenous material where diffusion coefficient is constant, Equation I-7 can be 

written from Equation I-6. 

 
=

²

²
+

²

²
+

²

²
 Eq. I-7 

And if the diffusion is unidirectional, there is a gradient of concentration only one axis, for 

example x-axis and Equation I-7 can be reduced to Equation I-8. 

 
=

²

²
 Eq. I-8 

In the case of heterogenous material, diffusion depends on the concentration of diffusion 

substance C. The Equation I-8 becomes Equation I-9. 

 
= + +  Eq. I-9 

Crank proposed various analytical solutions from Equation I-8 for different geometries of 

material (e.g. plane sheet, cylinder, sphere) and for different initial boundary conditions. 

Fickian diffusion can be distinguished from the shape of the sorption half times curves as 

described by Rogers in 1965 (Rogers 1965). Figure I-11 presented three different cases of 

sorption kinetic curve. In Fickian diffusion, the sorption rate lead to very small relaxation effect 

on the material, thus, equilibrium is achieved rapidly and the boundary conditions are 

independent of time as observed on the curve number 1.  

Although, when the rate of sorption if affected by viscoelastic phenome such as swelling 

(relation of material), the diffusion process changes from Fick’s law resulting as curves 2,3 and 

4 shown. This phenomenon is commonly known as non-Fickian process with a different shape 

of sorption half-time curves.  
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Figure I-11. Different shapes of sorption kinetic curves 

In 1951, Crank and Park proposed three potential causes of non-Fickian diffusion: localized 

swelling and stress, variable surface concentration and memory effect (instantaneous change 

rate depends on the past state) (Crank and Park 1951).  

In 1968, Crank and Park suggested on equation Equation I-10 to divided into three classes the 

diffusion phenomenon called in 1981 Korsmeyer-Peppas model (Korsmeyer and Peppas 1981)  

 = .  Eq. I-10 

where  is mass uptake at time t,  is equilibrium mass uptake, k is a kinetic constant and 

n is an empirical constant that provides information of the nature of diffusion process.  

 If n = a, the diffusion is Fickian (curve n°1), when the sorption rate is less than the 

material relaxation.  

 If a < n < b, the diffusion is non-Fickian (curve n°2), it occurs when the migrant 

mobility and the material relaxation are comparable. The initial portion of the curves 

is linear but the final equilibrium is very slow. 

 If n = b, the diffusion acts with relaxation mechanisms, it is called case II transport, it 

is characterized by linear kinetics, it occurs principally with the relaxation stress when 

the material swells due to the migrant. (curve n°4) 

 If n > b, the diffusion acts also with relaxations mechanisms, it is called super case II 

transport, it is characterized by a degradation (erosion) of the material. (curve n°3) 

The coefficients a and b depend on the sample geometry: for a plane sheet a = 0.5 and b = 1, 

for a cylinder a = 0.45 and b = 0.89, for a sphere a = 0.43 and b = 0.85 (Ritger and Peppas 

1987).  
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  I-2.3.2 Identification of apparent diffusivity  

Contrary to the solubility coefficient, the diffusivity value cannot be directly measured. For 

this purpose, a gradient of concentration or partial pressure must be imposed to the sample, 

and the subsequent mass transfer must be measured against time and/or position. The 

diffusivity is then identified by fitting a mathematical model to the experimental data. The 

diffusivity value is the one that minimizes the sum of squared error between the 2 datasets. 

Sorption kinetic measured by gravimetry (see above) could be used to identify diffusivity value 

as it could be done for water vapor diffusivity from dynamical water sorption measurements 

(Chivrac et al. 2010; Angellier-Coussy et al. 2011; Guillard et al. 2013). 

A large number of researchers related to different applications of diffusion equation are 

expressed to describe the kinetic transport of migrant through the matrix or kinetic 

sorption/desorption of migrant in the matrix. A microscopic view allows to accurate understand 

the mass transfer. However, mathematical models for this scale are complex, not easy to set up 

and requiring a coarse characterization of the sample structure, i.e. porosity, aggregates. That 

is why, macroscopic approaches models are used to represent the diffusion. The kinetic curves 

of the sorption are the most common experimental technique to study the diffusivity of 

molecules in polymer matrix. The linear part on the sorption curve corresponds to the system 

obeying the second Fick’s law and enables to calculate the apparent diffusivity of solid material 

such as polymer. The Fick’s law remains the most commonly used to estimate the diffusivity 

because it is a simplest law and it describes relatively well a large range of sorption curve. The 

analytical solution is commonly employed to express the sorption/desorption of material as a 

function of time. An extensive collection of analytical solution from the Fick’s law for different 

geometries (plane sheet, sphere, cylinder) and initial and boundary conditions is provided by 

Crank (Crank 1975). In all these solutions, constant diffusivity is considered. 

 I-2.4 Permeation 

  I-2.4.1 Principle of permeation  

The permeability is related to the permeance. Permeance is multiplied by the thickness of 

material to obtain the permeability (P). Permeance is the ability of molecules to penetrate and 

go thought a material in response of partial pressure difference. 

In the late 1870’s, Exner, Stefan and Wroblewski (Exner 1877), demonstrated the gas 

permeation through a membrane was proportional to the product of diffusion coefficient (D) 

and solubility (S) (Equation I-11).  

 = .  Eq. I-11 
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Therefore, the SI units of P, D and S are m².s-1.Pa-1, m².s-1 and Pa-1 respectively. Thus, the 

diffusion equation (Equation I-6) and the sorption equilibrium can be combined to obtain 

Equation I-12 to evaluate the permeability P of material film. 

 =
.

 Eq. I-12 

where  is the differential pressure between the upper and the lower headspace of the film, L 

the thickness of the film and V the volume of the headspace. Table I-2 summarizes different 

mass transfer mechanisms and their related mass transfer coefficients.  

Table I-2. Mass transfer for gas penetration 

Definitions Flux J 
Mass transfer 

coefficient 

Sorption 
=

.

.
 

L: thickness, V: volume, p: 
pression 

Solubility S 

(Pa-1) 

Diffusion =  

L: thickness, c: concentration 

Diffusivity D 

(m².s-1) 

Permeation 
=

.
 

L: thickness, V: volume, p: 
pression 

Permeability P 

(m².s-1.Pa-1) 

 

  I-2.4.2 Methodologies to evaluate gas permeation 

Permeability is calculated from a measure of flux across the material in a permanent state. 

This rate is obtained for a given partial pressure difference in gas or vapor which is imposed to 

the material by mean of a permeation cell.  

For water vapor permeability, the permeation cell containing pure water (100% RH) or a 

saturated salt solution is hermetically sealed with the film and stored in a desiccator at a given 

RH different from that in the cell (usually 0% RH) (American ASTM E96-80; ASTM, 1980). 

Due to the difference of RH, loss of water by the cell occurs which is gravimetrically monitored 

as a function of time. Slope of the curve, loss of mass vs. time, corresponds to the flux of water 

vapor that permits to calculate WVP. For gases such as O2 and CO2, the cell is flushed on one 

side by a given partial pressure of O2 or CO2 (usually 100%) and on the other side by an inert 

gas (namely vector gas). The quantity of O2/CO2 that permeates through the film and is present 

in the flux of vector gas could be assayed for example by gas chromatography. An alternative 

to this dynamic method is the static method:  in that case, the cell on which the film is sealed 

is flush by the inert gas or the permeant gas, and then hermetically closed. The quantity of O2 
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or CO2 entering or going out the cell toward external atmosphere due to the gradient of gas 

created is monitored as a function of time. Only the initial part of the curve is used to calculate 

the permeability (from the initial slope) when a pseudo steady state could be assumed. 

Permeability is the most used parameter to characterize the mass transport properties of thin 

films. Therefore, numerous permeability values could be found in original peer-reviewed papers, 

handbooks such as that of (Massey 2003). 

The principal methods to measure gas permeation can be separated in four categories. 

Total pressure method. This method consists of volumetric or manometric technique to 

measure the permeability of film as descried in section 2.5.1. The film is exposed to partial 

pressure difference from high-pressure in on side of film to low-pressure in other side. The 

pressure on the low-pressure side increase proportionally with time. All gases can be used to 

measure permeation with this method (Goswami and Mangaraj 2011) 

Isotactic method. This method is based on the same principle to the total pressure method, 

the only difference is the partial pressure difference. In this method, a partial pressure difference 

is applied one side of the film whereas with total pressure method, the total pressure is the 

same in both sides. The partial pressure increases until an equilibrium of pressure between the 

two sides. This equilibrium is measure with different sensors according to the gas detection, i.e. 

infrared spectrometry for carbon dioxide (Brantley et al. 1999; Neethirajan et al. 2009), 

electrochemical sensor for oxygen (Preidel et al. 1995; Wan et al. 2016) and electrolytic sensors 

for water vapor detection (McKeen 2016). This equilibrium can be also measured with a gas 

chromatography equipment (Vandewijngaarden et al. 2014), the mainly advantage with 

equipment is the possibility to analyze all the current gas but the price is higher compare to 

the others sensors. 

Quasi isostatic method. This method is an adaption of the isotactic method. An optical 

sensor (usually on oxygen) is used to measure gas partial pressure to quantify the gas 

permeation (Rharbi et al. 1999; Fitzgerald et al. 2001). The major advantages compared to the 

others sensors descript in isotactic method are the faster response time and the high sensitivity 

of the sensor (Turan et al. 2017).  

Indirect method. By using the proportionality of the product of diffusion coefficient and 

solubility the permeation can be easy evaluate as described in Section II-2.5. 
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 I-2.5 Factors impacting gas transfer properties 

Intrinsic properties of materials influence the gas transfer properties. In this section, the 

principal properties affecting these properties will be discussed.  

Crystallinity and glass transition temperature. The crystallinity is the rate of semi 

crystalline regions present in the material, the other part being considered as the amorphous 

region. The glass transition is observed only in the amorphous regions. At temperatures above 

the glass transition temperature, the mobility of polymer chains is important. Below the glass 

transition temperature, the polymer chain mobility decreases leading to a reduction of free 

volume in the polymer. The microstructure of a polymer has an impact on the glass transition 

of a specific polymer.  It is well known that the glass transition temperature strongly depends 

on the crystallinity of the polymer.  

 , water sorption 

uptake results in a decrease of the glass transition temperatire of cellulose due to a plasticizing 

effet. Moreover, the ratio of amorphous regions impacts the water sorption: the higher the ratio 

of amorphous regions, the higher the water vapor uptake (Figure I-12). For example, at 20°C, 

water vapor content is around 5% for a cellulose sample dispaying a crystallinity of 80% while 

it is around 25% for a fully amorphous sample.  

Figure I-12. Impact of water content of the glass transition temperature for difference 
rate of crystallinity  

Same tendencies are observed in the case of ball milled cellulose (Paes et al. 2010). The blacks 

symbol represent ball milled cellulose with small crystallinity and the greys correspond to 

recrystallized milled cellulose with a higher crystallinity (Figure I-13). It was shown that the 

recrystallized cellulose sorbed less water as compared to ball milled cellulose due. 
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Figure I-13. Water isotherms of celluloses ball milled (Paes et al. 2010) 

Lasoski and Cobbs performed water vapor permeability of polyethylene terephthalate, a 

decrease of permeability was shown with increasing crystallinity of polyethylene terephthalate 

(Lasoski & Cobbs, 1959). As shown in Figure I-14A, when the crystallinity rises from 0 to 40%, 

the water vapor permeability decreased of 60%. Same observation was displayed in Figure I-

14B for the water sorption. 

Figure I-14. Impact of the crystallinity of polyethylene terephthalate on water vapor 
permeability (A) and water sorption (B) (Lasoski and Cobbs 1959) 

In this paper, the crystal orientation in polyethylene terephthalate film was also discussed, 

when the crystals are randomly organized in the structure, water vapor permeability increases 

of 30% as compared to oriented crystals (uniaxial or biaxial). 

Temperature. Gas sorption usually decreases with increasing temperature due to the better 

solubility of the migrant at low temperature (Comyn 2012). The Van’t Hoff equation (Equation 

I-13) allows studying the impact of temperature T of the solubility S. 

A B 
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( ) =  .  

.
 Eq. I-13 

where  is the solubility coefficient, is the partial molar enthalpy of sorption and R is 

the gas constant. 

As regards diffusion and gas permeation, the temperature acts as an Arrhenius relationship 

(Equations I-14 and I-15) 

 
( ) =  .  

.
 Eq. I-14 

where  is the diffusion coefficient, and is the activation energy of diffusion. The permeation 

reacts as the diffusion with the temperature. 

 
( ) =  .  

.
 Eq. I-15 

where  is the permeation coefficient, and  is the activation energy of permeation. Thus, 

permeability generally increases with increasing temperature as shown in Figure I-15 for water 

vapor permeability in PBA, PEA and PHA (Wang et al. 2004) The negative slopes mean that 

water vapor permeability increases with the temperature. 

Figure I-15. Temperature effect on water vapor permeability of different polymers 
(Wang et al. 2004) 

It has been demonstrated that mass transfer properties depend on the fractional free volume 

(FFV) of polymer, as defined by Equation I-16 (Stern et al. 1989; Shishatskii et al. 1996; Park 

and Paul 1997; Nagai et al. 2002; Kruse et al. 2007): 

 =  Eq. I-16 
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where V is the volume of polymer and  the volume occupied by the polymer chains. This 

volume consists of isolated space of variable volume and size where the migrant can through 

easily. This free volume is clearly impacted by the temperature, it increases with increasing 

temperature (Wang et al. 2004; Recio et al. 2008; Acharya 2017) 

Shape and size of the migrant. The diffusion on migrant depends on the migrant size 

characterized by the van der Waals volume of the migrant. Usually, diffusivity decreases with 

increasing migrant size, as presented the Figure I-16. This study has investigated the diffusivity 

of a wide range of gases in polyvinyl chloride : the bigger the size of the migrant, the slower 

the diffusivity (Berens and Hopfenberg 1982).  

Figure I- 16. Diffusivity of gases or vapors in PVC as a function of the van der Waal 
volume (horizontal axis) (Comyn 2012) 

The kinetic diameter of the molecules, which corresponds to the smallest diameter of the zeolite 

(molecular arrangement: asymmetric, symmetric), also allows to characterize the capacity of 

the migrant to penetrate to zeolite cavity (Berens and Hopfenberg 1982; Chern and Brown 

1990).  

Polarity. The polarity of polymers depends on their structure and the nature of the functional 

groups. In Table I-3, polymers are classed by decreasing polarity and their related permeation 

rates (oxygen, carbon dioxide and water vapor) are presented. The permeation rates of oxygen 

and carbon dioxide increase with the reduction of polarity. The opposite effect is observed in 

the case of water vapor. This result is explained by differences of polarity between water (polar) 

and gases (non-polar). It is worth noting that systematically, carbon dioxide permeability is 
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higher than the one of oxgen, due to a better solubility of carbon dioxide in all kinds of subtrates 

and to a lower kinetic diameter.  

Table I-3. Permeation rates of oxygen, carbon dioxide and water vapor for different 
polymers. (Oxygen and carbon dioxide permeabilities were measured at 100% RH) 

(Thomas 1991) 

Polymer 

Oxygen permeation 

rates 

(cm3.100µm.m-2.d-

1.atm-1) at 23°C and 

0% RH 

Carbon dioxide 

permeation rates 

(cm3.100µm.m-2.d-

1.atm-1) at 23°C and 

0% RH 

Water vapor 

permeation rates 

(cm3.100µm.m-2.d-

1.atm-1) at 38°C and 

100% RH 

Poly(vinyl alcohol) dry 0.04 0.12 79000 

poly(vinylidene chloride) 0.4 1.2 7.9 

cellophane (dry) 0.5 1.2 14000 

epoxy(bisphenol A/amine) 12 35 160 

nylan 6 20 35 700 

poly(ethylene terephtalate) 20-39 47-79 80-160 

poly(vinyl chloride) 31-59 79-157 80-120 

poly(vinyl fluoride) 59 118 70 

poly(methy methacrylate) 67 157 470 

poly(vinyl acetate) 220 450 4200 

cellulose nitrate 390 1180 3150 

high-densité polyethylene (HDPE) 433 1180 20 

polyurethane 530 1380 4800 

polypropylene 590 1770 20 

polytetrafluoethylene 866 2360 10 

polycarbonate 890 2165 550 

polystyrene 1640 4920 510 

low-density polyethylene (LDPE) 1890 5000 60 

polybutadiene 15000 31000 670 

 

Concentration of the migrant. As shown previously in Figure I-16 for sorption, the 

concentration of migrant depends principally on saturation pressure or relative humidity. This 

can be linear or not, depending on selected materials and migrants. For diffusion and 

permeation, the same trend can be observable due to the different chemical nature of material 

studies and the different migrant available. 

Table I-4 summarizes the effect of the different factors influencing the mass transfer properties. 

These results are generalities, for some material and migrant, it is absolutely possible to find 

something different. There are also other factors such as the pressure, the relative humidity, 

the macroscopic structure of the sample. 
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Table I-4. Summarize of different parameters impacting mass transfer properties 

Parameters Sorption Diffusion Permeation 

Crystallization      

Temperature     

Free volume      

Size of migrant      

Polarity   or  or  or  

Concentration    or  or or  

 

I-3 Mass transfer in lignocellulosic particles 
This part is focusing on water vapor transfer properties, which are on the heart of this thesis.  

  I-3.1 Water vapor sorption 

Generally, the sorption isotherm of lignocellulosic fibers has a sigmoidal shape based, which is 

characterized by three different regions depending on the state of water. The initial concave 

region, generally observed until 20% of relative humidity, is ascribed to the adsorption of a 

monolayer of water vapor at the surface of the material. The linear portion from 20 until 

approximately 70% of relative humidity is generated by multilayer stacks of water on the first 

layer and to the dissolution of water vapor with the material. Finally, the reflection point 

region for relative humidity higher than 70% can be explained by a clustering effect and the 

capillarity of water in the material (condensation of water in the pore of the material) 

(Rockland and Stewart 1969). Figure I-17 presents the different sorption mechanisms in cotton 

cellulose at 20°C. According to the structure and the material, water mobility region can be 

shifted. 

The parallel exponential kinetics model (PEK), Equation I-17 has been found to give a good 

fit for water vapor adsorption in vegetal fibers knowing that PEK model allow also to 

investigate the swelling behavior:  on flax fiber (Kohler et al. 2003), on regenerated cellulose 

(Okubayashi et al. 2004), on microcrystalline cellulose (Kachrimanis et al. 2006), on cellulosic 

materials (Xie et al. 2011). 
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Figure I-17. Mobility states of water in relation with the increase of water activity 
(Banik and Brückle 2010) 

  

 = / + ( / ) Eq. I-17 

where is the moisture content at time t. This equation is composed of two exponential terms 

which represent a fast and slow processes characterized by characteristic time  (time to reach 

the end on the linear part of the sorption curve) to and (time to reach the equilibrium).  

and  are the moisture content at time associated with the fast and slow phenomena, 

respectively. In case of cellulosic materials, the fast adsorption can be lead to the penetration 

of migrant to the surface and also in amorphous region while, the slow process is associated to 

accessibility to new sorption site i.e. porosity of the material (Okubayashi et al. 2005). 

 I-3.2 Water vapor diffusion 

A focus was realized on apparent diffusivity in lignocellulosic particles. Table I-5 presents 

different studies on water vapor diffusion in lignocellulosic particles. Few studies were available 

at the scale of particles. Usually, the analytical solution of the infinite cylinder based on the 

Fick’s law was used.  
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Table I-5. Studies on water vapor diffusion in lignocellulosic particles 

Fillers Length (µm) Diameter (µm) Models Références 

Agave 2000 220 Infinite cylinder, Crank (Bessadok et al. 2009)  

Flax 20000 84 Infinite cylinder, Crank (Alix et al. 2009)  

Hemp - - Infinite cylinder, Crank (Celino et al. 2012)  

Jute - - Infinite cylinder, Crank (Celino et al. 2012)   

Flax   - Infinite cylinder, Crank (Celino et al. 2012)   

Sisal - - Infinite cylinder, Crank (Celino et al. 2012)   

Jute - - Plane sheet, Crank 
 (Mannan and Talukder 

1997) 

Wood flour 57 57 Finite cylinder, Crank (Marcovich et al. 1999)  

Figure I.18 presents the apparent water vapor diffusivity of lignocellulosic particles described 

in Table I-5. It was observed that relative humidity has no significant impact on the apparent 

diffusivity. The main observation that can be done from Figure I-18 is that results depend 

principally of the choice of analytical solution. Black rectangles represent case studies, the 

diffusivity tends to be constant over the all relative humidity range. If these authors have used 

other analytical solutions, the estimation of diffusivity could have been different, which makes 

difficul the choice and the use of the analytical solution. 

 

Figure I.18. Apparent water vapor diffusivity of differente sources of lignocellulosic 
particles, black rectancle correspond to one studie. 
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 I-4 Mass transfer in biocomposite materials  

  I-4.1 Sorption and diffusion in biocomposite materials 

Very few literatures are available on mass transfer properties in biocomposite materials. The 

majority of data concerns water vapor solubility measurements, while the estimation of 

diffusivity is rarely done (Table I-6). Water sorption kinetics are generally measured by placing 

materials in desiccators containing given satured salt solutions in order to reach targeted 

relative humidity and samples are weighed over time. The apparent diffusivity is sometimes 

estimated from these kinetics curves (Table I-6). The analytical solution corresponding to the 

plane sheet, based on the Fick’s law developed by Crank (Crank 1975), is usually used for that 

purpose. 

Very few studies are available because of the difficulties to access the mass transfer properties 

in biocomposites. Indeed, authors reported that water vapor barrier polymers such as 

polypropylene sorbed not enough water vapor to be able to detect some variation with 

traditional equipments such as balances (Espert et al. 2004; Doan et al. 2007). For biocomposite 

materials, the same problematic is reported despite the presence of permeable and hydrophilic 

particles in the matrix. 
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Table I-6. Studies on water vapor diffusion in biocomposite materials 

Matrix Filler Filler content Equipment 
Diffusion 
model 

Reference 

Resin 
polyester 

Wood flour 
20wt% and 

40wt% 
Desiccator 

Plane sheet, 
Crank 

(Marcovich 
et al. 1999)  

PP 
Coarse wood, 

fine wood 
25wt%, 50wt% Desiccator Boltzmann 

(Steckel et 
al. 2006)  

PP 
Cellulose, sisal, 

coir, luffa 
10wt%, 20wt%, 

30wt% 
Desiccator 

Plane sheet, 
Crank 

 (Espert et 
al. 2004) 

PP Wood flour 50wt% Desiccator 
Plane sheet, 

Crank 
(Cheng and 
Shaler 2010) 

PP Jute 
13wt%, 26wt%, 

42w% 
Desiccator 

Plane sheet, 
Crank 

 (Doan et al. 
2007) 

PHBV 
Cellulose 

nanowhiskers 
1wt%, 2 wt% Desiccator P=D.S 

(Martínez-
Sanz et al. 

2015) 

PHBV 
Cellulose 

nanowhiskers 
0.5wt%, 1%wt, 

3wt% 
Desiccator 

Plane sheet, 
Crank 

 (Ambrosio-
Martin et al. 

2016) 

PHBV 
Wheat straw 

fibers 
10wt%, 20wt% DVS 

Plane sheet  
Crank 

(Wolf et al. 
2016) 

 

The impact of filler content on apparent diffusivity is presented in Figure I.19 from data 

collected from the different papers shown in Table I-6. At filler contents lower than 10 wt%, 

no clear impact was observed on the diffusivity. Fore higher filler contents, very scattered 

results were obtained. For a given formulation of biocomposite materials (highlithed with dot 

lines), it could be observed that the addition of permeable particles tended to accelerate water 

vapor diffusion (Espert et al. 2004; Steckel et al. 2006; Doan et al. 2007). As reported by Wolf 

et al (Wolf et al. 2016) for PHBV/wheat straw fibres biocomposites, water vapor diffusion in 

composites can be lower than in the neat matrix although wheat straw displays higher 

diffusivity values. Several assumptions were proposed to explain such unexpected behavior, i.e. 

changes of structure and properties of the wheat straw particles once embedded in the PHBV 

matrix, changes in the polymer matrix structure and properties in contact with fibers, and also 

the representativeness of the filler diffusivity, which was difficult to appraise. 
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Figure I-19. Water vapor apparent diffusivity of different biocomposite materials as a 
function of filler content at 25°C and 50% RH 

  I-4.2 Permeability in biocomposite materials 

The incorporation of lignocellulosic fillers in a polymer matrix generally results in an increase 

of water vapor permeability (WVP), which is all the more important for increasing filler content 

(Larotonda et al. 2005; Ludueña et al. 2012; Cocca et al. 2015; Berthet et al. 2015; Lammi et 

al. 2018) and filler size (Luddee et al. 2014; Song et al. 2014). Main parameters evoked to 

control WVP are fibre content and size, fibre/matrix adhesion, polymer cristallinity, 

plasticisation of the matrix, and hygroscopic character of the lignocellulosic fillers. WVP would 

also increase due to aggregation and percolation phenomena. The first one might occur for 

small fibres and/or poor fibre/matrix adhesion. Poor fibre/matrix adhesion would also generate 

voids in the polymers, which might ease the transport of the water molecules throughout these 

regions (Ludueña et al., 2012). Percolation will appear shortly afterwards agglomeration for 

higher fibre content and also, more likely, in the case of higher fibre size. WVTR would increase 

also due to a decrease of the matrix crystallinity and/or matrix plasticisation induced by fibre 

addition.  

Regarding polysaccharide matrices, due to their high hydrophilicity, they present low water 

vapour barrier properties (Olivas and Barbosa-Cánovas 2008) Therefore, introduction of up to 

50wt% of cellulose microfibrils in alginate films lead to observe a decrease of WVP, which was 

ascribed to an increase in tortuosity due to introduction of less permeable fibres than the matrix 

Same theory than for polyesters is suggested: increased pathway tortuosity because of fibres 

introduction (Sirviö et al. 2014). Another hypothesis, from Müller et al. attributes WVP 

decrease, for increasing fibres content (10 to 50wt%) of 1.2 mm softwood in starch, to the lower 

hygroscopicity of cellulose fibres compared to starch’s (Müller et al. 2017). 

Studies dealing with gas transfer properties in biocomposites are very rare. Only six studies 

were found to report gas transfer properties in biocomposites (Fendler et al. 2007; Laxmeshwar 
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et al. 2012; Fortunati et al. 2014; Sonia and Dasan 2014; Arrieta et al. 2014; Valdes Garcia et 

al. 2014). The evolution of gas permeability is system dependant. In the case of biocomposite 

materials, the incorporation of vegetal fillers in polymer matrix resulted being a reduction of 

gas permeability, this effect being more important which increasing filler content, filler size, a 

good filler dispersion and a good filler/matrix interfacial adhesion. Authors, considering the 

fibres as impermeable, explained that diffusion through the polymer can be related to two 

interconnected phenomena: fibres introduction (1) replaced a space that would otherwise be 

occupied by the permeable polymer, and (2) increased the tortuosity for gaseous molecules 

diffusing through the membrane. 

Sonia & Dasan (2013) studied a cellulose microfibers (CMF)/poly (ethylene-co-vinyl acetate) 

(EVA) with an increasing fibre content, up to 13wt%. It occurred that the introduction of low 

fibre content (up to 5wt%) lead to an improvement of the barrier properties, whereas above 

this limit value, the 200 µm fibres provoke an increase of oxygen permeability through the 

materials. This behaviour was ascribed to a non-uniformity in fibre distribution at microlevel 

for high fibre loading and to the formation of agglomerates favouring the diffusion of gases 

(Sonia and Dasan 2014; Valdes Garcia et al. 2014). 

 

 I-5 Modeling in isotropic composite systems 
Composites are heterogeneous materials composed of a filler particle (e.g. cellulose) dispersed 

in a polymer matrix (e.g. polypropylene). The incorporation of filler particles can modify the 

mass transfer properties depending on the properties of the matrix and the fillers.  Different 

models were developed to estimate the apparent properties of the composite knowing at least 

the volume or mass fraction of fillers and the properties of the two constituents.  

 

 

 

 

Figure I-20. Schema of a biphasic composite material 

As noted in Section I-2.4, the permeability of a species though a film is the product of its 

diffusion coefficient  and solubility  as shown the Equation I-18. 

 = .  Eq. I-18 

Matrix : volume fraction 

 and permeability  

Filler : volume fraction    

and permeability  
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The solubility for a composite material  is described by the following equation Equation I.19 

where the total solubility of migrant as a sum of two contributions, one due to the fillers and 

one due the matrix (Freeman and Yampolskii 2010). 

 =  . + ( )  Eq. I-19 

where  is the volume fraction of fillers,  is the solubility of the fillers and  is the solubility 

of the matrix. 

From Equation I-18 and Equation I-19 the Equation I-20 can be express for the matrix and 

Equation I-21 for the composite 

 = .  Eq. I-20 

 = .   Eq. I-21 

The Table I-7 presented a listing of the different models used to calculate the permeabilities of 

the composites with permeable particles. One must known that numerical approaches can also 

be applied for these types of application but this part of the chapter is dedicated only to the 

analytical approaches.  

Table I-7. Biphasic model to access permeability of composite 

Number Model Equation 
Fillers 

geometry 
Ref 

1 Maxwell 
=

+ 2 2 ( )

+ 2 + ( )
 

 
Sphere 

(Maxwell 

1873) 

2 Voigt 
=  + (1 )  

 

All 

geometry 

(Voigt 

1889) 

3 Reuss 

=
1

1
+

 

 

All 

geometry 

(Reuss 

1929) 

4 Lichtenecker 
log =  log + (1 ) log  

 

All 

geometry 

(Lichteneck

er 1931) 

5 Bruggeman  = 1  Sphere 
(Bruggema

n 1935) 
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6 Böttcher 1
1

 + 2 = 3 1  
All 

geometry 

(Böttcher 

1945) 

7 Higuchi 

= 1 +
3

1 1 ²
 

=  
+ 2

 

( = 0.78) 

Sphere 

(Higuchi 

and 

Higuchi 

1960) 

8 Lewis-Nielson 

=  
1 + 2 + 2

1 + 2

 

= 1 +
1

( )²
 

All 

geometry 

(Lewis and 

Nielsen 

1970) 

9 Pal  = 1  
All 

geometry 
(Pal 2007) 

 

 permeability of the composite;  permeability of the matrix;  permeability of solids fillers; 

 volume fraction of solids fillers;  maximum volume fraction of solids fillers. 

The fist models were first developed in magnetic field (permeability), thus, thermal 

(conductivity) and mass (permeability). 

Maxwell used the potential theory for electrical conduction through a heterogenous material, 

based on the exact solution for the conductivity of random homogeneous distributed solid 

spheres without interaction between them in a continuous matrix. This model was strictly used 

to a dilute suspension of spheres with a fillers content less than 20wt%. 

Different rules of mixtures (direct law, inverse law and power law) models 2, 3 and 4, based on 

electrical, thermal conduction (Voigt 1889; Reuss 1929; Lichtenecker 1931) allowed to access 

the permeability. 

Bruggeman used originally for the dielectric constant of particulate-filled composites consists 

of the differential effective medium approach. This model is an improvement based on the 

Maxwell model with the same limit: used for uniform spherical particles less than 64v%. It does 

not consider the particles size distribution, the particles shape or the particles agglomeration. 

However, this model is an implicit relationship that need to use solver to estimate the parameter 

to be able to find the permeability of the composite . 
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Böttcher model is an adapted model of Bruggeman model based also on the dielectric constant 

by considering a regular arrangement of aggregates particles of a definite shape (sphere, 

cylinder).  

The modified Higuchi model was developed originally to evaluate the dielectric constant of 

composite materials with a random dispersion of spherical particles in a matrix. A parameter 

 was introduced to account this random dispersion of dispersed sphere and polymer matrix. 

Lewis-Nielson was first developed for the elastic modulus of particle fillers in composites, this 

model is sensitive to particle size distribution, particle shape and aggregations of particles by 

taking into consideration the effects of morphology particles on the permeability with the 

parameter  (the maximum packing volume fraction of particles). 

Pal model based on the thermal conductivity of particles in matrix can be applied to the 

permeability. This model takes into account the effect of particle size, particle shape and 

agglomeration of particles. However, this model is an implicit relationship that need to use 

solver to be able to find the permeability of the composite  as Bruggeman model. 
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Cette étude bibliographique a clairement montré un manque de connaissances sur les propriétés 

de transfert de matière dans les matériaux biocomposites que ce soit à l’échelle de la charge 

seule ou à l’échelle du composite. En effet, vraiment peu d’études portent sur les transferts de 

matière dans les particules végétales du fait de la complexité pour évaluer ces propriétés et 

donc du manque de méthodologies. Les quelques études publiées sur le sujet sont principalement 

axées sur des propriétés de transfert de vapeur d’eau et rarement à l’échelle de la particule. Les 

transferts aux gaz quant à eux sont difficilement caractérisables. La sorption de gaz par les 

particules végétales étant en effet très faible, l’implémentation des méthodes classiques de 

mesures de transfert est difficile. Pour ce qui est des propriétés de transferts de matière dans 

les biocomposites, beaucoup d’études portent sur l’eau liquide pour étudier principalement le 

gonflement du matériau mais très peu sont orientées sur la vapeur d’eau ou les gaz qui sont 

pourtant des propriétés importantes pour la conservation des aliments par exemple. 
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Chapitre III : Développement d’une méthodologie pour évaluer les transferts de 
vapeur d’eau dans des particules de cellulose micrométriques 

Partie 1. Evaluation du potentiel de la microbalance à quartz pour estimer le transfert de 
vapeur d’eau dans des particules de cellulose de taille micrométrique [Article 1]  

Partie 2. Impact de la distribution en taille à 2 dimensions sur l’estimation de la diffusivité 
apparente de la vapeur d’eau dans des particules de cellulose de taille micrométrique [Article 
2] 

Partie 3. Adaptation d’un équipement de mesure gravimétrique de sorption de vapeur d’eau 
pour estimer la diffusivité apparente de la vapeur d’eau dans des particules de cellulose de taille 
micrométrique [Article 3] 

Résultat complémentaire. Transfert de vapeur d’eau dans des particules lignocellulosiques. 
 

Chapitre IV : Formalisation des relations structure/transferts de gaz dans des 
biocomposites 

Partie 1. Propriétés de transfert aux gaz dans un biocomposite polypropylène/cellulose 
[Article 4] 

Partie 2. Diffusivité apparente de la vapeur d’eau dans un biocomposite 
polypropylène/cellulose en intégrant la microstructure réelle. [Article 5] 
 
Chapitre V : Impact de la nature du migrant et de la morphologie des particules 
sur les propriétés de transfert. 

Propriétés de transfert aux gaz dans des particules de cellulose de taille micrométrique. [Article 
6] 
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Ce chapitre rassemble une description de tous les matériaux utilisés dans cette thèse et détaille 

toutes les techniques et méthodes expérimentales utilisées pour répondre aux objectifs de la 

thèse. L’accent est notamment mis sur les méthodes d’analyse des propriétés de sorption et de 

diffusion de la vapeur d’eau, de l’oxygène et du dioxyde de carbone dans les particules 

micrométriques de cellulose, de mise en œuvre des films de biocomposites par extrusion et de 

caractérisation de leur microstructure et de leurs propriétés de transfert, telles que la sorption 

et la diffusion de la vapeur d’eau ainsi que la perméabilité à la vapeur d’eau et l’oxygène dans 

les biocomposites étudiés, à savoir des matériaux à base de PP et de cellulose. Ce chapitre 

présente également les différentes solutions analytiques utilisées pour identifier les coefficients 

de diffusion à partir des cinétiques de sorption.  
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II-1 Materials 

 II-1.1 Polymer matrix 

The polypropylene used is the PPH9020 grade provided by Total Petrochemical. It is an 

homopolymer (Figure II-1) with a very high stiffness and an excellent transparency. Table II-

1 presents the main characteristics given by the manufacturer.  

Figure II-1: Semi-developed formula of polypropylene 

 
 

Table II-1: Main characteristics of polypropylene PPH9020 used in this study 

 Method Value 
Melt flow index 230°C/2.16 kg ISO 1133 25 g/10 min 

Tensile strength at Yield ISO 527-2 37 MPa 
Elongation at Yield ISO 527-2 8 % 

Tensile modulus ISO 527-2 1700 MPa 
Flexural modulus  ISO 178 1600 MPa 

Izod impact strength (notched) at 23°C ISO 180 4 kJ.m-2 
Charpy impact strength (notched) at 23°C ISO 179 4.5 kJ.m-2 

Melting point ISO 3146 165°C 
Density ISO 1183 0.905 g.cm-3 

Bulk density ISO 1183 0.525 g.cm-3 

 

 II-1.2 Cellulose particles 

The microfibrillated cellulose (MFC) used in this study was supplied by J. Rettenmaier & 

Söhne (JRS). The commercial name of this cellulose is Arbocel®.  

Two types of Arbocel cellulose were used: Arbocel® BE 600-10 Tg and Arbocel® BC200, which 

were respectively called short and long cellulose particles in the present study. 
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  II-1.2.1 Short cellulose particles (SCP) 

Short cellulose particles Arbocel® BE 600-10 Tg were obtained by successive grinding (realized 

by the supplier) and were highly pure (99.5%). The characteristics given by the supplier are 

gathered in Table II-2. 

Table II-2: Characteristics of Arbocel® BE 600-10 Tg cellulose used in this study 

Characteristic Value 
Cellulose content ~ 99.5 % 

Average fiber length 18 µm 
Average fiber thickness 15 µm 

Bulk density 0.23 – 0.30 g.cm-3 

 

SEM images and results of image analysis were presented in Figure II-2 and Table II-3 to know 

the shape of particles and also their morphology.  

Figure II-2: SEM images of short cellulose particles at magnitudes of a) x500 and b) 
x1000 

 
Table II-3: Characteristic diameter of short cellulose particles obtained by image analysis 

 Minor axis (µm) Major axis (µm) 

 Number Volume Number Volume 
d10 7 12 11 18 
d50 19 22 32 35 
d90 41 30 64 51 

Span* 2 1 2 1 

* Span = (d90-d10)/d50 

  

a) 

60 µm x500 

b) 

30 µm x1000 
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  II-1.2.2 Long cellulose particles (LCP) 

Long cellulose particle Arbocel® BC200 was also purchased from J. Rettenmaier & Söhne 

(JRS) (Germany). This cellulose was also highly pure and it was generated by successive 

grinding also. Table II-4 presented characteristics of Arbocel® BC200 as reported by the 

manufacturer.  

Table II-4: Characteristics of cellulose Arbocel® BC 200 used in this study 

Properties Value 
Cellulose content ~ 99.5 % 

Average fiber length 300 µm 
Average fiber thickness 20 µm 

Bulk density 0.07 – 0.09 g.cm-3 

The commercial batch of long cellulose particles was heterogenous in terms of particle apparent 

diameter. In order to reduce the size polydispersity, a sorting process has been applied by 

successive sieving (Figure II-3). The aim of the sieving was to obtain distribution in number 

and volume as close as possible, in order to obtain a monodisperse fraction, and also to attain 

a span value in volume less than 2 as demonstrated by Berthet et al. (Berthet et al. 2015a). 

Moreover, this sieving must allow to select the most elongated particles: three different sieves 

were used with meshes of 75, 50 and 25 µm. Figure II-3 presents the different fractions obtained 

at each step of the sieving. Yields of each fraction were also represented. 

Figure II-3: Sorting process of long cellulose particles.  

 

Masses obtained at each sieving step are given with yields as percentage of the initial mass of 

cellulose (i.e. 100g). Dark grey fraction was considered for further experiments and analysis. 

Table II-5 and Table II-6 show apparent diameters measured with laser diffraction 

granulometry (see Section II-3.1.1) in number and volume.  

Long cellulose particle

Mesh sieve 75 µm

Mesh sieve 50 µm

Mesh sieve 25 µm

Fraction 75 top (F75t) 

Fraction 75 bottom (F75b) 

Fraction 50 top (F50t) 

Fraction 50 bottom (F50b) 

Fraction 25 top (F25t) 

Fraction 25 bottom (F25b) 

100 g

22 g, 22%

78 g, 78%

19 g, 19%

58 g, 58%

32 g, 32%

25 g, 25%

loss: 2 g, 2%
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Table II-5: Diameters in number-based distribution of different fraction of cellulose 
BC200 obtained from laser diffraction granulometry 

 Number-based distribution (µm) 

 d10 (µm) d50 (µm) d90 (µm) Span* 
BC200 6.0 ± 0.1 9.9 ± 0.1 20.1 ± 0.1 1.4 ± 0.1 

BC200-F75t 6.6 ± 0.1 10.6 ± 0.1 21.6 ± 0.1 1.4 ± 0.0 
BC200-F75b 6.6 ± 0.1 11.1 ± 0.0 21.9 ± 0.1 1.4 ± 0.0 
BC200-F50t 6.2 ± 0.2 10.1 ± 0.1 21.0 ± 0.2 1.5 ± 0.1 
BC200-F50b 6.6 ± 0.0 11.3 ± 0.0 23.0 ± 0.0 1.4 ± 0.0 
BC200-F25t 6.1 ± 0.0 9.3 ± 0.0 19.5 ± 0.0 1.4 ± 0.0 
BC200-F25b 6.3 ± 0.0 10.5 ± 0.0 20.3 ± 0.0 1.3 ± 0.0 

 
Table II-6: Diameters in volume-based distribution of different fraction of cellulose 

BC200 obtained by laser diffraction granulometry 

 Volume-based distribution (µm) 

 d10 (µm) d50 (µm) d90 (µm) Span 
BC200 14.5 ± 0.1 58 ± 1 294 ± 4 5 ±2 

BC200-F75t 18.2 ± 0.1 75.1 ± 0.7 216 ±5 2.7 ± 0.1 
BC200-F75b 13.7 ± 0.0 31.9 ± 0.1 83 ± 1 2.2 ± 0.1 
BC200-F50t 15.9 ± 0.1 54.0 ± 0.1 147 ± 1 2.4 ± 0.0 
BC200-F50b 14.8 ± 0.0 36.3 ± 0.1 92.0 ± 0.8 2.1 ± 0.0 
BC200-F25t 13.5 ± 0.0 42.6 ± 0.1 94 ± 0.5 1.9 ± 0.1 
BC200-F25b 12.1 ± 0.0 25.7 ± 0.1 59.1 ± 0.2 1.8 ± 0.0 

From Table II-5 and Table II-6, the fraction obtained in the top of the sieve of mesh size of 25 

µm was selected for this study due to a good compromise between the span value and the good 

performance of yield. 

Figure II-4 shown the SEM images of selected fraction of cellulose and Table II-6 presented 

two characteristics dimensions: major and minor axis defined in section 3.1.6 of the selected 

fraction. 
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Figure II-4: SEM images of long cellulose particles sorted at magnitudes of a) x100  

and b) x1000 

 
Table II-6: Minor and major axis in number and volume of BC200-F25t obtained from 

images analysis 

 Minor axis (µm) Major axis (µm) 

 Number Volume Number Volume 
d10 55 122 172 314 
d50 142 250 458 617 
d90 334 546 921 1200 

Span 2.0 1.7 1.6 1.4 

 

  

30 µm x1000 

b) 

30 µm X1000 

b) ba) 

X300 100 µm 
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 II-2 Film production: extrusion die calendering process 
Compounding consists of mixing different materials (polymers, additives, fillers) together to 

obtain a final product. The aim of compounding is to have a good fiber dispersion throughout 

a melt polymer. This step production is usually done by twin screw extruder to produce 

composite materials. Typically, twin screw extruder is a two-parallel screw turning in an 8-

shaped chamber barrel. The most commercial used is an intermeshing and corotating screws 

configuration.  

Composites were prepared by melt extrusion in an 8-shaped chamber barrel (Figure II-5) on a 

co-rotating twin-screw extruder Prism Eurolab 16XL (Thermo Scientific, Germany) with a 

centerline distance of 15.6 mm, a screw length of 624 mm and with a screw length to diameter 

ratio L/D = 40.  

Figure II-5: Schema of the front chamber barrel of extruder 

The extruder was assembled with a calender die to produce plane sheet. The global flow rate 

was 1 kg/h and screw speed was 200 rpm. A dedicated gravimetric feeder was used to control 

cellulose flow (Brabender loss-in-weight, twin screw feeder DDW-MD1-MT2) and a volumetric 

feeder was operated to control matrix feed rate (Brabender single screw volumetric feeder 

DSR28) to get the desired formulation. Figure II-6 shows where the matrix and cellulose were 

fed, zone 1 and zone 4 respectively. A passive vent was placed in zone 9 to degas residual water 

present in cellulose particles.   

 
 

 

 

 

 

 

 

15.6m

Barrel (front) 
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Figure II-6: Presentation of the different part of the extruder 

The screw profile was designed as three main parts from the entrance to the die: melting zone, 

mixing zone and convoying zone (Figure II-7) and assembly in UMR IATE by combining feed 

screw elements (melting and convoying zone: Figure II-7b and Figure II-7d)) and reverse + 

mixing elements (mixing zone: Figure II-7c) to obtain short residence time of cellulose to avoid 

cellulose temperature degradation and breakage.  

Figure II-7: Twin screw profile a) all twin-screw b) reverse flight elements c) kneading 
elements d) convoying elements 

Temperature profile of extrusion used for produce material in this study is described in Figure 

II-8. A constant increase of temperature was first necessary to melt the polymer and then the 

temperature profile was constant. 
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Zone 1 2 3 4 5 6 7 8 9 10 Die 

T°C 120 160 180 180 180 190 190 190 190 185 185 

 

Figure II-8: Temperature profile used for composite processing 

 

Before material processing, cellulose was dried at 60°C under vacuum during 24 hours in a Jeio 

Tech OV-11 vacuum oven. Different formulations of cellulose particles were prepared for the 

two cellulose samples: short and long cellulose particles (Table II-7). The same weight fraction 

was chosen to process these materials considering that the two cellulose samples had the same 

density (1.56 g.cm-3). For a better understanding of mass transfer properties of composites, no 

coupling agent was added in all formulation.  

Table II-7: Composite formulations for PP/cellulose  

Short cellulose particles Long cellulose particles 

Weight fraction (%) 
Volume 

fraction (%) 

Weight fraction 
(%) 

Volume 
fraction (%) 

100 µm 350 µm 100 µm 350 µm 
5 5 3.2 5 5 3.2 
10 10 6.4 10 10 6.4 
20 20 12.8 20 20 12.8 
30 30 19.2 - - - 
- 40 25.6 - - - 

 

  



Chapitre II : Matériaux, techniques & méthodes expérimentales 
 

- 76 - 
 

II-3 Characterization technique  

  II-3.1 Laser granulometry 

Apparent diameter. Particle apparent diameter was measured using laser granulometer 

(Malvern Mastersizer 2000 Instruments Ltd, United Kingdom). The -Measurement principle 

consists of a diffraction phenomenon of a bundle laser. The smaller the particle, the larger the 

diffraction angle is. The results given by the granulometer were the particle size distributions 

in volume by assuming that each particle occupied the same volume as an equivalent sphere. 

From particle size distribution in volume, particle size distribution in number was calculated 

by this relation Equation I-1. 

  =  
 

  
 Eq. II-1 

Three parameters were identified to allow comparison between each sample (Figure II-9). 

 d10 = represents the particle size diameter where the cumulative distribution of cellulose 
particles is 10%, i.e. 10% of the cellulose particles have a diameter below d10. 

 d50 = represents the particle size diameter where the cumulative distribution of cellulose 
particles is 50%. 

 d90 = represents the particle size diameter where the cumulative distribution of cellulose 
particles is 90%. 

The span value, which gives the width of the size distribution and allows knowing the spread 

of the particle size distribution, was calculated by the following equation (Equation II-2). 

 =   Eq. II-2 
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Figure II-9: Representation of the different diameters 

 

Cellulose particles were suspended in water and ethanol solutions to determine the best solvent. 

Figure II-10 presented the particle size distribution and the diameters were summarized in 

Table II-8. 

 

Figure II-10: Particle size distribution for long cellulose particles in number and volume 
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Table II-8: Characteristic diameters obtained by laser granulometry in ethanol and water 
for long cellulose particles   

 Number based distribution 
(µm) 

Volume based distribution 
(µm) 

 Water Ethanol Water Ethanol 

d10 7 ± 1 6.0 ± 0.1 15.3 ± 0.1 14.5 ± 0.1 
d50 11.2 ± 0.1 9.9 ± 0.1 55.0 ± 0.3 58 ± 1 
d90 22.2 ± 0.1 20.1 ± 0.1 216 ± 3 294 ± 4 

Span 1.4 ± 0.1 1.4 ± 0.1 3.6 ± 0.1 5 ± 2 

 

No significant difference was observed regardless the choice of dispersant. To avoid swelling of 

cellulose particles leading by water, ethanol was selected to perform the apparent diameter of 

cellulose particles. Analysis was performed by using refractive indexes of 1.47 and 1.36 for 

cellulose and ethanol, respectively. Experimental setup is described below: 

 drying of cellulose during 72 hours at 60°C before each analysis. 

 100% of ultrasound in measurement cell for 2 minutes to remove air bubbles 

 Sample was deposited in the measurement cell until have obscuration between 5% and 

10% with an agitation of 3000 rpm. 

 Five analysis cycles were performed for each sample and mean was calculated from 

these cycles.  

Experiments were performed in triplicate for each cellulose sample. 

  II-3.2 Pycnometer 

True density ( ). The true density of cellulose particles was determined by using a 

ULTRAPYC 1200e (Quatachrom) gas pycnometer. Gas pycnometer consists of measuring the 

pressure difference between a known reference volume (  = 12.67 cm3) and the volume of the 

sample cell (  = 20.97 cm3). The pressure was set up at 40 kPa and nitrogen was used as gas 

to fill reference and sample cells. The volume of cellulose sample ( ) was calculated by using 

Eq. II-3Equation II-3. Cellulose weight was included between 2.0 and 2.5 g. 

 
=   .  Eq. II-3 

Where 1 is the pressure measured in the reference cell and 2 is the pressure after connecting 

the reference cell to the sample cell. The true density was deduced from the cellulose volume 

by using Equation II-4 

 
  ( ) =  

   

   
 Eq. II-4 
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  II-3.3 Hydrostatic balance 

Apparent density ( ) of cellulose powder. Apparent densities of cellulose were calculated 

by a hydrostatic balance based on the buoyancy method.  Mass of cellulose sample was first 

measured in air ( ) and then in liquid (paraffin oil) ( ). Paraffin oil was chosen due to its 

low density (  = 0.8377 g.cm-3) and poor affinity with hydroxyl groups of cellulose. According 

to buoyancy principle, density of cellulose is unknown ( ) and can be calculated by the 

Equation II-5. 

 =   .  Eq. II-5 

  II-3.4 Porosity calculation 

Apparent porosity ( ). The apparent porosity of cellulose powder and cellulose tablet 

(sample preparation was described in 3.2.1.2) was calculated from the Equation II-6. 

 =   Eq. II-6 

  II-3.5 Density calculation 

Apparent density ( ) of cellulose tablet. In the case of cylinder shaped tablets of 

compressed cellulose (used for DVS measurements, see Section II-4.1), apparent density 

was calculated by Equation II-7 to evaluate the thickness of the tablet. 

 
  ( ) =  

   

. .  (   )
 Eq. II-7 

The radius and the thickness were measured using a digital caliper (Moineau Instruments) with 

a resolution of 0.01 mm.  

  II-3.6 Optical microscopy coupled to image analysis 

Shape morphology (length and diameter). Observations by optical microscopy were 

realized by using a macroscope Multizoom AZ100 (Nikon, Japan) equipped with a RGB DS-

Ri1 camera (Nikon, Japon) in the light transmission mode. The magnification was set at ×32 

combining the lens AZ-Plan x4 and setting the optical zoom at ×8. For each sample, mosaic 

× 4 images using the imaging software NIS-

Elements (Nikon, Japon) operating with the Multizoom AZ100 system.  

The microscope slide was prepared as followed. µL of a suspension in ethanol (concentration 
1) were dropped on each microscope glass slide. The coated slide was then placed in 

a vacuum chamber to evaporate ethanol. 



Chapitre II : Matériaux, techniques & méthodes expérimentales 
 

- 80 - 
 

Image analysis tools were used to process quantitative morphological parameters of cellulose 

particles by semi-automatic method. In this work, image processing was realized by Fiji is just 

ImageJ software (Schindelin et al. 2012). 

Figure II-11: Step in Fiji software: a) Raw image. b) Binary image after threshold 

 

Image processing was carried out on mosaic images obtain by optical microscopy. Original 

image Figure II-11a was first transformed in binary image by a black and white threshold 

Figure II-11b. Particles on the edges were not considered for image treatment. Resulting image 

held in black the cellulose particles and in white the air. An analysis of objects (particles) was 

performed to measure the major axis (length of the inertia ellipse), the minor axis (width of 

the inertia ellipse), the perimeter (length of the line that delimits the contour of a particle) and 

the area (number of pixels that represents one cellulose particle multiplied by the resolution) 

of each object present on the image. Image analysis was performed on an increasing number of 

particles, until the mean of the considered indicator stabilized, i.e. with a variation lower than 

5%. This stabilization was obtained for 120 particles for the short cellulose particles and 160 

for the long cellulose particles. The minor axis was assimilated to the diameter D of the cylinder 

while the major axis corresponded to the length L of the cylinder. 

Aspect ratio.  The particle aspect ratio, the proportional relationship between its biggest 

dimension on its smallest dimension was calculated by the Equation II-8. 

 
 =  

 

 
=  Eq. II-8 

Circularity. From all this data, circularity was calculated by Equation II-9. This shape 

indicator ranges from 0 to 1 (1 for a disc) and allows to know if considered particles are spherical 

(Lehmann and Legland 2012)  

a) b) 
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=  

.

²
 Eq. II-9 

Volume of particle. By assuming a perfect cylindrical shape of particles, their volume was 

calculated from the volume equation of cylinder Equation II-10. 

 
  =   .

 
.   Eq. II-10 

 

Finally, as for laser granulometry measurements (Section II-3.1.1), d10, d50, d90 and span values 

were calculated in number and in volume for the parameters described above. 

  II-3.7 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) was used to obtain qualitative information on the 

morphology of samples and also to know the state of dispersion. Observations were realized by 

the help of Didier Cot (research engineer in Institut Européen des Membranes, IEM, 

Montpellier).  SEM was performed with a high-resolution field emission gun (SEM S-4800, 

 

Sample preparation:  

 Dispersion of cellulose particles on a quartz substrate: see section 3.2.1.1, same 

methodology was used for cellulose deposition on quartz, the quartz was directly fixed 

on support with scotch double-sided conductor carbon tape and finally quartz was 

metalized. 

 Cellulose powder: suspension of ethanol with 35 mg of cellulose and 100 mL of ultra-
1) was preferred to a direct spray of particles. 

vacuum chamber to evaporate ethanol and finally metalized. 

 Compressed tablet of cellulose particles: surface, cross section and edge of tablet were 

directly placed in support with scotch double-sided conductor carbon tape and finally 

metalized. 

 Biocomposite: For composite material, the cross section of samples was cryo-fractured 

under liquid nitrogen to evaluate adhesion between particles and polymeric matrix. 

  II-3.8 X-ray tomography 

X-ray tomography is a non-destructive technique developed at the beginning for medical 

applications. It allows reconstructing an image in three dimensions of object from X-ray 

attenuation measurement. This technique allows exanimating the center of a sample without 

damaging it. X-ray absorption depends on several factors including density, length of absorbing 
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material transverse by beam, and the x-ray wavelength. In this manuscript, X-ray tomography 

was used to evaluate cellulose particles organization within matrix. Microtomographs of 

biocomposite were obtained using X-ray microtomography on the ID19 beamline at the ESRF 

in Grenoble with a resolution of 0.65 µm3/voxel in collaboration with Sabine Rolland du 

Roscoat (Associate Professor in CNRS Grenoble) and Laurent Orgéas (CNRS Research 

Director) in 3SR lab (Grenoble).  Before analysis sample by X-ray tomography, biocomposite 

films were cut to obtain slice sample around 2000 x 1000 µm² (sample will be smaller than the 

field-of-view of the scanner). 

  II-3.9 Wide-angle X-ray diffraction analysis WAXS 

The method consists of constrain the sample in a monochromatic X-ray beam and measure 

diffraction spectrum emitted by the sample. X-ray diffraction was used to characterize the 

crystalline structure of cellulose in collaboration with Philippe Dieudonné-George (Research 

Engineer in CNRS Montpellier) in L2C lab (Montpellier). Wide-angle X-ray scattering was 

performed with an 'in-house' setup. A high brightness low power X- ray tube, coupled with 

delivering an ultralow divergent beam (0.5 mrad). The experiments were done in the 

transmission configuration and the scattered intensity was measured by a Schneider 2D image 

plate detector prototype, at a distance of 1.9 m. Capillary was used as support to load cellulose 

After the collection of the raw data, all intensities were corrected by transmission and the 

empty cell contribution was subtracted. This analysis allowed to know the proportion of 

amorphous and crystalline phases present in the cellulose sample called crystallinity index (CI). 

This index was estimated by the Segal method (Segal et al. 1959) and the following equation 

Equation II-11 and example of diffractogram was presented on Figure II-12. 

 
  ( ) =  

 
 Eq. II-11 

where I002 represented the intensity maximal of (002) in X-ray diffraction peak (amorphous 

and crystalline phases) at 2  was closed to 22 degrees and IAM corresponded to the amorphous 

region at 2  was around 18 degrees and it was the minimum intensity of the position between 

the diffraction plan (002) and (101).  
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Figure II-12: Example of cellulose diffractogram 
 

II-4 Mass transfer properties  

 II-4.1 Sorption kinetics 

Sorption kinetics were measured on micrometric size cellulose samples and also on composite 

materials. In the case of cellulose samples, two equipment were used to investigate sorption 

kinetics: quartz crystal microbalance (QCM) coupled with an adsorption system and dynamic 

vapor sorption (DVS). 

Quartz crystal microbalance (QCM) coupled with an adsorption system. QCM was 

used to assess water vapor sorption kinetics of a single particle (particle without contact 

between them). The following procedure has been used to disperse cellulose particles on the 

quartz substrate in such a way to avoid the contact between particles.  

Quartz crystal preparation. The peripheral unusable surface of a golden AT-cut quartz 6 

MHz (AUDA 6 from Neyco Nanterre s.a.) resonator was masked by putting a film (parafilm 

film) with a hole of 0.5 cm² in the middle of the film. 15 L of a suspension of cellulose in 

absolute ethanol at a concentration of 0.07 g.L 1 was deposited in this usable area of the quartz 

resonator to obtain a total weight of cellulose ra Figure II-13). 
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Ethanol was then evaporated under vacuum. The goal of this preparation was to achieve the 

× 4  µg (value 

deduced from the true density of particles and the average size given by the supplier), it was 

calculated from the total deposited weight that around 2000 particles were deposited on each 

quartz. 

Water vapor sorption kinetics. Water vapor sorption kinetics of cellulose particles were 

measured using a QCM apparatus (Maxtek TM-400, Germany) coupled to an adsorption 

system as illustrated in Figure II-14 allowing to record the frequency variation . This 

variation is the difference between the frequency of the quartz at time t and the frequency of 

the quartz at time t0, in MHz. 

 

Figure II-14: Schema of QCM coupled with adsorption system equipment 

This frequency variation was linked to the mass variation induced by water vapor sorption or 

desorption.  is assumed to be proportional to the mass variation of quartz  according to 

the Sauerbrey equation Equation II-12 (Rouessac et al. 2008) : 

Parafilm 

Quartz 

Drop on 

usable 

Micropipette 

Figure II-13: Image of quartz crystal preparation
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 =
.

. .
 Eq. II-12 

where fq is the nominal frequency (6 MHz) of the quartz, value depending on its size, q = 2.65 

g.cm-3 the quartz density, S the usable area (0.5 cm²) of quartz where cellulose particles were 

deposited and C an apparatus constant (1.67x105 cm.s-1).  

The initial sample weight was determined by measuring the difference of frequency between 

the pristine dry quartz and the quartz loaded by the cellulose. Considering that masses of 

quartz and cellulose were constant,   corresponded to the water mass uptake msorbed (µg) of 

cellulose particles. The golden quartz resonator placed in a closed chamber in which the pressure 

of water vapor can be set in a range from a vacuum (<100 Pa) up to 80% of water steam at 

25°C (P0 = 31.7 mbar). Equation II-13 becomes: 

 ( %) = . .  Eq. II-13 

Data acquisition consisted in collecting the frequency variation due to the sorption of water on 

cellulose particles adsorbed on the gold surface of the quartz as a function of water vapor 

pressure and time. Cellulose particles were dried and desorbed at 25°C during 30 min before 

sorption kinetics by using a vacuum pumping system composed of a primary dry pump and a 

turbomolecular pump. Eight successive steps of constant relative humidity were then applied 

up to 80 % RH (step duration of 10 min). Raw data were converted into mass uptake as a 

function of relative humidity by using Equation II-12. Measurements were done in 6 replicates, 

corresponding to 6 samples of cellulose deposited on 6 different quartz substrates. Moisture 

sorption isotherms were determined from the equilibrium moisture contents at each relative 

humidity step. 

Dynamic Vapor Sorption (DVS). To measure water vapor sorption of cellulose particles 

Dynamic Vapor Sorption equipment produced by Surface Measurement System was used. A 

schematic representation of DVS is presented in Figure II-15. 

The device consists of a Cahn D-200 micro-balance with high precision of mass variation of 

order of 0.1 µg. Working principle of the micro-balance is based on the force/field conversion. 

The pivoting axis represented in orange in Figure II-15 was placed in a magnetic field. The 

displacement of this axis leads to variations of the magnetic field. This equipment measures 

the field necessary to keep the axis in the reference position. This measurement is proportional 

to the mass difference and it is adapted for vapor adsorption measurements from a few minutes 

to several days.  
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The DVS is placed in a controlled room temperature enclosure and a regulation of relative 

humidity is ensured. Water vapor is generated by a mixture of two gas streams: dry air and 

air saturated with moisture. 

This mixture moved inside the device in “reference” and “sample” pans. Temperature and 

relative humidity probes are placed under the “reference” and “sample” pans. The initial sample 

weight must range between 10 to 100 mg. 

 

 

 

 

 

 

 

 

 

 

The device is automatically controlled by a computer by DVS-Win software. This software 

allowed to control gas flow (consequently the relative humidity) and to program adsorption 

experiments as a function of time. It records the time (in minute), the weight of both the 

“sample” and the “reference”, and the relative humidity of both the “sample” and the “reference”. 

The temperature was set up to 23°C and the air flow was fixed to 200 cm²/min. All samples 

were pre-dried in the oven during 72h at 60°C and then dried in the DVS apparatus by exposure 

to dry air until constant weight. Thus, dry mass of the sample was obtained ( ). 10 successive 

relative humidity steps were carried out at 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% 

and 95% with a precision varying from 1% of relative humidity to obtain sorption kinetics. 3 

replicated were realized for each sample. Moisture sorption isotherms were determined from 

the equilibrium moisture contents at each relative humidity step. DVS experiments were carried 

out on cellulose samples, according to three types of preparation, and on composite films: 

1. Cellulose powder bed of 35 mg. In that case, around 35 mg were placed directly in the 

sample pan.  

a) b) 

Figure II-15: Sorption micro-balance of DVS apparatus – (a) Schematic representation (from 
Surface Measurement System) and (b) photography 
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2. Cellulose powder bed of 1 mg (called “customized DVS”). The measuring range of 

this equipment does not allow to measure this range of mass. By placing a counterweight in 

“sample” and “reference” pans it was possible to access the sorption kinetics with 1 mg of 

cellulose. That is why, an aluminum pan (pan used in DSC) has been placed to increase the 

initial weight of the balance. Around 1 mg was deposited in the DSC cup and this cup was 

placed in DVS pan. Exactly the same conditions used with 35 mg were applied to obtain 

sorption kinetic and isotherm.  The goal of this methodology was to be as close as possible to 

the scale of unitary particle by reducing contact and agglomeration of particles.  

3. Tablet of compressed cellulose. Cellulose powder was pressed at 10 tons to obtain solid 

tablet by using a Perkin Elmer hydraulic press (Maximal force: 25 tons) as shown on Figure 

II-16. Specac™ Atlas™ Evacuable Pellet Die 13mm was used as a mold to obtain cellulose tablet. 

 

 

 

 

 

 

Two different initial weights of cellulose powder were tested: 67 mg and 30 mg. 67 mg of 

cellulose powder allowed to obtain a tablet with a thinness of 1100 µm and 30 mg, a tablet 

with thinness of 575 µm. After that, tablets were cut to reduce the diameter by using punch 

with a diameter of 7500 µm to be able to place the tablet in DVS pan.  

4. Composite films. Films were cut in disc-shaped by using puncher with a diameter of 7500 

µm.  

II-4.2 Estimation of diffusion coefficients  

Mathematical equations of mass transfer considered in this study derive from diffusion 

equations formalized by Fick (1855), based on previous work of Fourier (1822) on heat transfer, 

and due to the analogy between mass and heat transfers. 

Moreover, the following assumption was taken into consideration: the polymer phase is 

immobile and so there are only gas molecules movement. 

For diffusion of a compound in an isotropic material and assuming that the system is at steady 

state, the mass flux , i.e. the rate of mass transfer of diffusing compound through a unit area 

of a given surface, is proportional, and opposite, to the concentration gradient normal to the 

10 Tons 

Cellulose powder Cellulose tablet 

Figure II-16: Cellulose tablet preparation 
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surface. This relation is called Fick’s first law, and the flux  (g.m-2.s-1) can be written as the 

Equation II-14. 

 
=     Eq. II-14 

where  is the diffusion coefficient (m².s-1),  is the concentration (g.m-3) and  is the 

coordinate of normal space at the surface section (m). 

Considering a parallelepiped shaped element of volume of dimensions 2 , 2 , 2 , centered 

in ( , , ), a mass balance can be performed on all 8 faces of the volume, considering Equation 

II-14 at each face. It leads to the Fick’s second law given in Equation II-15 (see for instance 

Crank, 1975 for mathematical details). 

 
( , , , ) = + +  Eq. II-15 

If the diffusion coefficient is constant Equation II-15 becomes Equation II-16 

 
( , , , ) =

²

²
+

²

²
+

²

²
 Eq. II-16 

In the simplest case of unidirectional diffusion, it leads to Equation II-17. 

 
( , ) =

²

²
 Eq. II-17 

which is involved in diffusion in an infinite plane sheet. 

In the same manner, mass conservation can be applied for other geometries such as cylinder 

and sphere. For the sphere, expressed in spherical coordinates (r, , ), we have the 

relationships between spherical and cartesian coordinates: 

x = r sin  cos , 

y = r sin  sin , 

z = r cos . 

By considering an element volume of a sphere of sides dr, r d , r sin  d , the following equation 

can be written. 

 
( , , , ) =  

²
² +   +

² ²
 Eq. II-18 

In this study, the material was considered as homogenous with a uniform initial concentration 

and an homogeneous boundary condition (e.g. uniform boundary concentration at the surface 

of the sphere). Consequently, there is null gradient of concentration along  and  directions, 
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leading to pure radial diffusion. Assuming that the diffusivity is independent of space, it then 

leads to Equation II-19. 

 
( , ) = +    Eq. II-19 

For the cylinder in cylindrical coordinates, we have the relationships between cylindrical and 

cartesian coordinates: 

x = r cos , 

y = r sin . 

By considering an element of volume of a cylinder of sides dr, r d , dz, the following equation 

can be obtained.  

 
( , , , ) =  + +  Eq. II-20 

Still considering an homogenous material with a uniform initial concentration and an 

homogeneous boundary condition (e.g. uniform boundary concentration at the surface of the 

cylinder), there is null gradient of concentration along  direction. Assuming that the diffusivity 

is independent of space, it then leads to Equation II-21. 

 
( , , ) =  +

²

²
+

²

²
 Eq. II-21 

A special case occurs when dealing to an infinite cylinder, or a cylinder sufficiently long to 

neglect the contribution of extremities. Indeed, diffusion became purely radial and Equation II-

21 transforms into Equation II-22. 

 
( , ) =  +

²

²
 Eq. II-22 

Generally, resolution of these diffusion equations implies the use of a numerical approach, e.g. 

finite differences/volumes/elements methods. However, for some simple geometries, and 

assumptions on initial and boundary conditions, analytical solutions have been found and used 

for several decades. Analytical or numerical resolution of these diffusion equation, coupled with 

an optimization procedure, allow to determine the diffusion coefficient D.  

Apparent diffusivities were identified from experiment sorption kinetics by minimizing the root 

mean square error (RMSE), Equation II-23 

 

=  
( ( ) ( ) )

 Eq. II-23 



Chapitre II : Matériaux, techniques & méthodes expérimentales 
 

- 90 - 
 

where ( ) is the mass predicted at time , ( ) is the experimental data of mass uptake 

at time  and N is sample size. Numerical simulations were performed by using Matlab® 

software and using its lsqnonlin function for estimation of apparent diffusivity D and 

equilibrium mass . 

Table II-9 to Table II-14 present different analytical solutions used in this study to estimate 

the diffusivity depending on the selected geometry. Mathematical background of these solution 

can be found in Crank 2nd ed. 1975, Matthews and Walker 1970, Carslaw and Jaeger 1986. 

 
 Table II-9: Information of sphere geometry to estimate the diffusion coefficient 

SPHERE (radial diffusion) 

 

 

Geometry 

 

 

 

 

Initial conditions 
Initial concentration  is uniform 

( = 0, ) =   [0, ] 

Boundary conditions 
Sample surface is kept at a constant concentration  

( , = ) =   0 

 

Analytical solution 

= 1
6 1

 
² ²

²
 

Where R is the radius of the sphere (m), Mt is the mass uptake (µg) 
at time t and M  is the corresponding value for an infinite time.  

 

  

C  

r R 
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Table II-11: Information of infinite cylinder to estimate the diffusion coefficient 

INFINITE CYLINDER (radial diffusion) 

 

 

Geometry 

 

 

 

 

 

 

 

Initial conditions 
Initial concentration  is uniform 

( = 0, ) =  [0, ] 

Boundary conditions 
Sample surface is kept at a constant concentration  

( , = ) =    0 

Analytical solution 

= 1 4
 ( ) 

 
 

where R is the radius of the cylinder (m), Mt is the mass uptake (µg) 
at time t and M  is the corresponding value for an infinite time. 

 are the positive roots of the equation (  ) = 0 where  is the 
Bessel function of the first kind of order 0. 

 

 
  

C  C  
r 

R 
O 
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Table II-12: Information of infinite plane sheet to estimate the diffusion coefficient 

INFINITE PLANE SHEET (axial diffusion) 

 

 

Geometry 

 

 

 

 

 

 

Initial conditions 
Initial concentration  is uniform 

( = 0, ) =    
2

,
2

 

Boundary conditions 
Sample surface is kept at a constant concentration  

, = ±
2

=   0  

Analytical solution 

= 1 8
1

(2 + 1)² ²

(2 + 1)² ²

²
  

where L is the length of the plane sheet (m), Mt is the mass uptake 
(µg) at time t and M  is the corresponding value for an infinite time. 

 

  

C  

C  

O 

 

Z 
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Table II-13: Information of finite cylinder geometry to estimate the diffusion coefficient 

FINITE CYLINDER (radial and axial diffusion) 

 

Geometry 

 

 

 

 

 

 

Initial conditions 
Initial concentration  is uniform 

( = 0, , ) =   [0, ],  
2

,
2

 

Boundary conditions 

Sample surface is kept at a constant concentration  

( , = , ) =   0   
2

,
2

 

, , = ±
2

=   0   [0, ] 

Analytical solution 

The finite cylinder is geometrically the intersection between an 
infinite cylinder and an orthogonal infinite plane sheet. 
Mathematically, by using the results on product of solutions for 
PDEs, the analytical solution for the finite cylinder writes:  

 

 

where R is the radius of the cylinder (m), L, the length of the 
cylinder, Mt is the mass uptake (µg) at time t and M  is the 
corresponding value for an infinite time.  

 

  

= 1 1 . ( , ) . 1 .  ( , )  

 

C  C  
rR 

C  

R
O 
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Table II-14: Information of finite cylinder isolated to estimate the diffusion coefficient 

FINITE CYLINDER (axial diffusion) isolated on the bottom and sides 

 

 

Geometry 

 

 

 

Initial 

conditions 

Initial concentration  is uniform 

( = 0, ) =    [0, ] 

Boundary 

conditions 

Sample surface is kept at a constant concentration  

( , = ) =   0  

( , , = 0) = 0   [0, ]   0    

 

( , = , ) = 0   [0, ]   0   

Analytical 

solution 

= 1 8
1

(2 + 1)² ²

(2 + 1)² ²

4 ²
  

where L is the length of the cylinder, or the plane sheet, (m), Mt is the mass 
uptake (µg) at time t and M  is the corresponding value for an infinite time. 
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II-4.3 Permeability

  II-4.3.1 Water vapor permeability (WVP) 

Water vapor permeability (WVP) of films were gravimetrically determined at room 

temperature with a relative humidity difference from 0 to 100 % using a modified ASTM 

procedure (ASTM E96 – Standard test methods for water vapor transmission of materials). 

The free film surface was 9.08 cm² per sample. Films samples were hermetically sealed with 

Teflon seal in glass permeation cells containing distilled water. Cells were placed in a desiccator 

containing silica gel to have 0 % of relative humidity. Thus, a relative humidity difference equal 

to 100 % was considered by assuming that the RH in the dessicator was exactly 0 % due to 

the silica gel. A schema was presented in Figure II-17. 

 

 

 

 

 

 

 

Figure II-17. Schema of WVP system 

Water vapor transfer through the exposed film area was measured from the cell weight loss as 

a function of time. Cells were weighted every day until steady-state flow has been reached. 

Five samples of each type of film were analyzed and WVP was calculated from the following 

equation, Equation II-24. 

 
=  .

 

 
=  

  .  

 .  .  .  
 Eq. II-24 

where WVTR is the water vapor transmission rate, e the thickness (m), P (Pa) is water 

vapor pressure differential between P1 et P2. P1 is the water vapor pressure at 23°C (P = 2338 

Pa) and P2 is assumed to be zero. w is the slope of the weight loss versus time (g.day-1), A is 

the area of exposed film (m²) and MH20 is molecular weight (MH20 = 18.016 g.mol-1).  

The thickness value was a mean of five measures of each film. 

 

 

Water 
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  II-4.3.2 Oxygen permeability (OP) 

The oxygen permeability (OP) of film was analyzed at 23°C and 0 % of relative humidity by 

using an oxygen permeation cell equipped with a PSt6-type sensor spot to detect the 

concentration of oxygen manufactured by PreSens Precision Sensing GmbH (Regensburg, 

Germany). Films were mounted in a middle of the cell between two metal parts composed with 

O-ring to preserve the sealing of the cell. The free film surface was 12.6 cm². The volume of 

the upper cell was 76.5 cm3 and the volume of the lower cell was 96.7 cm3. After placed the 

sample in the cell, measurement system was first purge with nitrogen to remove all oxygen in 

the cell. Then, a constant flow of oxygen was introduced in the upper cell with a flow rate of 

30mL.min-1 and the quantity of oxygen crossing the film was directly measured. Oxygen 

permeability was calculated from the Equation II-25. 

 
=  

 .  .  .  . .

 .
 Eq. II-25 

where  is determined by the Equation II-26,  is the pressure for standard temperature 

and pression (100 hPa at 0°C), A is the permeation area, is the pressure difference between 

the upper part and the lower part of the cell, . is the temperature of the manipulation, 

 is the temperature for standard temperature and pression (0°C in this study) and  is 

the volume of the upper part of the cell. 

 = .  Eq. II-26 

where w is sloped of the evolution of oxygen concentration over time. 

Three replicates were realized by sample.  
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 II-5 Thermal properties of composites 

  II-5.1 Thermogravimetric analysis (TGA) 

The thermogravimetric analysis consists of measuring the mass loss of a sample as a function 

of increasing temperature. Loss of mass and first derivate of mass loss versus temperature 

curves were recorded for each sample. This analysis was done on different samples type: 

 on cellulose powder to know thermal stability  

 on composite PP/cellulose to access cellulose content of material 

The thermal degradation behavior of cellulose samples and composite was carried out with a 

Mettler TGA2 apparatus. Experiments were performed in triplicate. Initial sample weight was 

around 10 mg with a heating ramp from 25°C to 800°C with a constant rate of 10°C.min-1 

under air flow (50 mL.min-1). The degradation peak on the derivate curve on polypropylene-

based materials could be characterized by three different temperatures represented in Figure 

II-18. 

 Tonset: corresponds to the temperature at the beginning of the thermal degradation, i.e. 

when the first derivate curve of loss of mass becomes higher than 0.1%.°C-1 

 Tpeak: corresponds to the temperature at which first derivate curve of loss of mass 

reaches the maximum value 

 Toffset: corresponds to the end of the thermal degradation, i.e. when the first derivate 

curve of mass loss returns lower than 0.1%.°C-1 

Figure II-18: Thermogram of biocomposite PP / cellulose 
Cellulose content on each composite was calculated by considering the loss of mass from 250°C 

to 400°C, related to thermal degradation of organic matter (cellulose). From 420°C to 550°C, 

thermal degradation was related to polypropylene. 

 

Cellulose 

PP 

T
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T
pic

 



Chapitre II : Matériaux, techniques & méthodes expérimentales 
 

- 98 - 
 

  II-5.2 Differential scanning calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) measurements were used to characterize the thermal 

transition temperatures of the different composites. The melting and crystallization 

temperatures (Tm and Tc) and the crystallinity of PP-cellulose materials were obtained. 

Analysis were realized using a Q200 modulated DSC from TA Instruments (New Castle, USA). 

Films were dried during 72 hours at 60°C prior to analysis and 5 to 10 mg of material was used 

for each test.  DSC was performed under nitrogen gas at a heating and cooling rate of 10°C.min-

1. Samples were first heated from 25°C to 200°C, then kept at 200°C for 5 min before being 

cooled from 200 to -40°C, then stored at -40°C for 5 min and heated again from -40 to 200°C. 

The first heat ramp was to erase any thermal history in the samples. An empty hermetical 

aluminium pan was used as a reference (Tzero Aluminum Hermetic pan, TA Instruments New 

Castle, USA).  Melting enthalpy Hm was calculated by integrating the area of the melting 

peak. The crystallinity (Xc) of composites was evaluated by Equation II-27: 

 =

 % 
%  

 .  

Eq. II-27 

 

where Hm is the enthalpy of melting in J.g-1, Hm 100% is the enthalpy of melting 100% 

crystalline polymer. The Hm 100% of PP equal to 209 J.g-1 (Sperling 2006) was used to estimate 

the crystallinity.  
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Chapitre III : Développement d’une méthodologie pour évaluer les transferts de 
vapeur d’eau dans des particules de cellulose micrométriques 

Partie 1. Evaluation du potentiel de la microbalance à quartz pour estimer le transfert de 
vapeur d’eau dans des particules de cellulose de taille micrométrique [Article 1]  

Partie 2. Impact de la distribution en taille à 2 dimensions sur l’estimation de la diffusivité 
apparente de la vapeur d’eau dans des particules de cellulose de taille micrométrique [Article 
2] 

Partie 3. Adaptation d’un équipement de mesure gravimétrique de sorption de vapeur d’eau 
pour estimer la diffusivité apparente de la vapeur d’eau dans des particules de cellulose de taille 
micrométrique [Article 3] 

Résultat complémentaire. Transfert de vapeur d’eau dans des particules lignocellulosiques. 

 

Chapitre IV : Formalisation des relations structure/transferts de gaz dans des 
biocomposites 

Partie 1. Propriétés de transfert aux gaz dans un biocomposite polypropylène/cellulose 
[Article 4] 

Partie 2. Diffusivité apparente de la vapeur d’eau dans un biocomposite 
polypropylène/cellulose en intégrant la microstructure réelle. [Article 5] 
 
Chapitre V : Impact de la nature du migrant et de la morphologie des particules 
sur les propriétés de transfert. 

Propriétés de transfert aux gaz dans des particules de cellulose de taille micrométrique. [Article 
6] 
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Le chapitre I a montré un manque de méthodologies pour évaluer les propriétés de transfert 

dans des particules perméables. Le Chapitre III est ainsi consacré au développement d’une 

méthodologie pour être en mesure d’évaluer les propriétés de transfert de vapeur d’eau dans 

des particules de cellulose de taille micrométrique. La première partie détaille une méthode 

basée sur l’utilisation d’une microbalance à quartz couplée à un système d’absorption pour 

mesurer des cinétiques de sorption à la vapeur d’eau de particules de cellulose ainsi que 

l’utilisation d’une solution analytique pour évaluer la diffusivité apparente de ces particules de 

cellulose. Une deuxième partie est consacrée à l’étude de l’impact de la prise en compte d’une 

distribution en taille à 2 dimensions (longueur et diamètre des particules) sur l’estimation de 

la diffusivité apparente à la vapeur d’eau dans des particules de cellulose hétérogènes en taille. 

Dans la troisième partie, un autre équipement de sorption est utilisé pour voir si la méthodologie 

développée dans la première partie est équipement dépendante ou si elle peut être adaptée à 

d’autres équipements plus disponibles dans les laboratoires, tels que la DVS. Enfin, des résultats 

complémentaires obtenus sur des particules de lignocellulose sont présentés dans une dernière 

partie. Ces essais préliminaires permettent de conclure sur la possibilité de transposer la 

méthodologie développée dans le cadre de cette thèse à tout type de particules végétales de 

taille micrométrique. 
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Assessing the potential of quartz crystal microbalance 
to estimate water vapor transfer in micrometric size 

cellulose particles [Article 1] 
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Abstract 

This study aims at assessing the use of a quartz crystal microbalance (QCM) coupled with an 

adsorption system to measure water vapor transfer properties in micrometric size cellulose 

particles. This apparatus allows measuring successfully water vapor sorption kinetics at 

successive relative humidity (RH) steps on a dispersion of individual micrometric size cellulose 

particles (1µg) with a total acquisition duration of the order of one hour. Apparent diffusivity 

and water uptake at equilibrium were estimated at each step of RH by considering two different 

particle geometries in mass transfer modeling, i.e. sphere or finite cylinder, based on the results 

obtained from image analysis. Water vapor diffusivity values varied from 2.4x10-14 m².s-1 to 

4.2x10-12 m².s-1 over the tested RH range (0 to 80%) whatever the model used. A finite cylinder 

or spherical geometry could be used equally for diffusivity identification for a particle size 

aspect ratio lower than 2. 

Keywords: Vegettal particle; quartz crystal microbalance; morphological analysis; sorption; 

diffusion coefficient; water vapor 
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III-1.1 Introduction 
The use of biocomposites based on a fully biosourced and biodegradable polymer matrix 

combined with micrometric size cellulose or lignocellulose-based fillers is gaining more and more 

attention in the field of food packaging. They constitute an answer to both environmental and 

socio-economical concerns by reducing our dependence to oil resources, decreasing 

environmental pollution while displaying specific new functionalities allowing to better preserve 

food products (Berthet et al. 2016). Considering this field of application, the key material 

properties that should be tailored and controlled are mass transfer properties. Mass transfers 

are characterized by two main phenomena, sorption and diffusion, characterized by the sorption 

coefficient, which is a thermodynamic parameter, and the diffusion coefficient or diffusivity, 

which is a kinetic parameter.  In front of the diversity of the implied materials and keeping in 

mind the objective of designing in a reasoned way packaging material, the mathematical 

modeling of the link between structure and mass transfer properties in biocomposites is 

essential. However, there is still currently a gap of knowledge regarding the formalization of 

these relationships due to the difficulty to characterize mass transfer properties in two of the 

three compartments of composite structures, i.e. the filler/matrix interphase and the fillers 

themselves. Indeed, mass transfer properties are well-known in neat polymer matrices and can 

be easily measured in the whole biocomposite material (Gouanvé et al. 2007; Berthet et al. 

2015b; de Carvalho et al. 2016). Efforts have been made to characterize mass transfer properties 

in cellulose or lignocellulose-based materials and mainly focused on water vapor transfers. Many 

studies have been devoted to the study of water vapor sorption kinetics, for all kinds of cellulose 

or lignocellulose-based materials and even on micrometric size particles, as reported by Paes et 

al. for ball milled cellulose (Paes et al. 2010). However, measurements were all carried out on 

sample weights higher than 1 mg and/or stacks of particles, which may not be representative 

of phenomenon occurring at the level of an individual particle. Different gravimetrical 

methodologies can be found in literature to measure water vapor sorption kinetics, i.e. isopiestic 

methods such as the use of salt saturated solutions (Mihranyan et al. 2004), Dynamic Vapor 

Sorption (DVS) using a Cahn microbalance (Paes et al. 2010) or Intelligent Gravimetric 

Analyzer (IGA) (Gouanvé et al. 2006).  

In the case of simple geometries, i.e. finite or infinite cylinders, spheres or infinite plates, 

analytical solutions of Fick’s law allowed the estimation of the apparent diffusivity from 
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sorption kinetics (Marais et al. 2000; Guillard et al. 2003). This requires an accurate evaluation 

of the particle morphology or to make an assumption in order to select the appropriate 

analytical solution. Most published studies on diffusivity estimation are focusing either on long 

fibre bundles with a length higher than 1 cm, such as flax, hemp, jute, sisal (Célino et al. 2013) 

or agave fibres (Bessadok et al. 2009), sheets of associated fibres such as papers or films (Li et 

al. 1992; Minelli et al. 2010), or pieces of raw biomasses such as wheat straw (Wolf et al. 2016), 

raffia (Tiaya Mbou et al. 2017) or wood (Simpson 1993; Khazaei 2008), but never on individual 

micrometric size particles. Furthermore, it is worth noting that for a given material, a large 

range of water vapor diffusivity values have been reported. As an example, water vapor 

diffusivity of a paper sheet could vary from 3.10-12 to 4.10-7 m².s-1 (Nilsson et al. 1993; Hashemi 

et al. 1997; Bedane et al. 2012), depending on the paper composition, chosen methodology and 

modeling approach. As another example, water vapor diffusivity of lignocellulosic fibres (agave 

fibres with length of the order of centimeter) could vary from 8.10-10 to 2.10-8 m².s-1 according 

to modeling approach and relative humidity (Bessadok et al. 2009). This highlights the 

complexity of accurately assessing mass transfer properties in cellulose or lignocellulose-based 

particles and the lack of reference method. Furthermore, for all these studies, identified 

diffusivities were only estimated for either macroscopic samples or beds of particles that never 

represent the diffusion within one micrometric size particle.  

Quartz crystal microbalance (QCM) is an extremely sensitive technique able to detect a mass 

of 7.10-7 µg in the best case (Stockbridge et al. 1963), mostly depending on the frequency 

stability. This minimal detection load has to be compared with that of the most sensitive 

classical balances, i.e. 0.1 µg (Mecea 2006). This technique is well known to follow the thickness 

of a deposited layer during its growth in a vacuum deposition technique, knowing the mass 

density of the deposited material. During the last years, the QCM has been extensively used 

as a sensor devoted to the study of the detection of numerous biomolecules (Villares et al. 

2015), to analyze selective membranes and sensors to a specific gas (Michalzik et al. 2005; 

Passamano and Pighini 2006; Caron et al. 2014; Jia et al. 2016) and to evaluate interfacial 

polymer behavior (Marx 2003; Ahola et al. 2008; Tammelin et al. 2015). QCM with dissipation 

monitoring (QCM-D) could be useful to investigate viscoelastic properties of the adsorbed layer 

(Kontturi et al. 2013; Niinivaara et al. 2015, 2016; Hakalahti et al. 2017), but is not necessary 

when the purpose is only to investigate mass variation. Up to now, QCM has only been used 

for thin films, generally deposited by spin coating, but not for dry and dispersed powders or 

fibres (Thomas et al. 1999; Rouessac et al. 2008; Kushner and Hickner 2017). 
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In this context, the aim of this work is to explore the potential of using the QCM coupled with 

a vapor adsorption/desorption system as a reliable methodology to evaluate water vapor 

transfer (apparent diffusivity and sorption) in individual micrometric size cellulose particles 

from water vapor kinetics recorded at different relative humidities, which is never possible with 

classical methods. For this purpose, pure cellulose was selected. After having discussed the 

suitability of the QCM system, the paper focuses on evaluating the impact of the hypothesis 

for sample geometry on the estimation of water vapor diffusivity by a comparison of two 

analytical solutions. This choice was critically done based on the characterization of particle 

morphology (size and shape- through both laser diffraction granulometry and image analysis).  

III-1.2 Materials and methods 

 III-1.2.1 Materials 

Arbocel® BE 600-10 Tg cellulose was provided by J. Rettenmaier & Söhne (JRS). According 

to the manufacturer, it was highly pure cellulose (cellulose content of 99.5 wt%) with an average 

fibre length of 18 µm, an average fibre thickness of 15 µm and a bulk density around 0.23 – 

0.30 g.cm-3, obtained after successive grinding and sorting steps from pine cellulose pulp. The 

true density of cellulose, measured by pycnometry, was 1.56 g.cm-3 ± 0.08. Crystallinity of 

cellulose was determined using a Philips PW3830 generator, results shown that cellulose is 

quasi amorphous (crystallinity less than 5%). Absolute ethanol (purity of 99.9 %) was 

purchased from Meridis (France). Gold sensor crystals with nominal frequency equal to 6 MHz 

were supplied by Neyco (France). 

 III-1.2.2 Methods 

  III-1.2.2.1 Water vapor sorption kinetics using a quartz crystal 
microbalance coupled with adsorption 

Quartz preparation. First, the peripheral unusable surface of a golden AT-cut quartz 

resonator was masked by putting a tape. Then, 15 µL of a suspension of cellulose in absolute 

ethanol at a concentration of 0.07 g.L-1 was deposited on the usable surface (S = 0.5 cm2) of 

the quartz resonator in order to obtain a total weight of cellulose ranging from 1 to 1.5 µg. 

Ethanol was then evaporated under vacuum. The goal of this preparation was to achieve the 

best repeatability of data. The weight of one cellulose particle being around 5.7 x 10-4 µg (value 

deduced from the true density of particles and the average size given by the supplier), it was 

calculated from the total deposited weight that around 2000 particles were deposited on each 

quartz.  
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Water vapor sorption kinetics. Water vapor sorption kinetics were carried out using a 

QCM apparatus (Maxtek TM-400). Frequency variation  was measured by this apparatus.  

 is the difference between the frequency of the quartz at time t and the frequency of the 

quartz at time t0, in MHz. This frequency variation was linked to mass variation due to water 

vapor sorption or desorption.  is proportional to the mass variation of quartz  according 

to Sauerbrey equation, Equation III-1.1 (Rouessac et al. 2008) : 

 =
.

. .
       Eq. III-1.1 

where fq is the nominal frequency (6 MHz) of the quartz, value depending on its size, q = 2.65 

g.cm-3 the quartz density, S the usable area (0.5 cm²) of quartz where cellulose particles were 

deposited and C an apparatus constant (1.67x105 cm.s-1).  

Initial sample weight was determined by measuring the frequencies difference between the 

pristine dry quartz and the quartz loaded by the cellulose. In this paper, knowing that mass of 

quartz and cellulose were constant,    corresponded to the water mass uptake msorbed (µg) 

of cellulose particles. Cellulose particles were adsorbed on a golden AT-cut quartz resonator (6 

MHz) placed in a closed chamber in which the pressure of water vapor can be set in a range 

from vacuum (<100 Pa) up to 80% of water steam at 25°C (P0 = 31.7 mbar). Equation III-1.1 

becomes Eqation II-1.2: 

 ( %) = . .          Eq. III-1.2 

Data acquisition consisted in collecting the frequency variation due to the sorption of water on 

cellulose particles adsorbed on the gold surface of the quartz as a function of water vapor 

pressure and time. Cellulose particles were dried and desorbed at 25°C during 30 min before 

sorption kinetics by using a vacuum pumping system composed of a primary dry pump and a 

turbomolecular pump. Eight successive steps of constant relative humidity were then applied 

up to 80 %RH (step duration of 10 min). Raw data were converted into mass uptakes as a 

function of relative humidity by using Equation III-1.2. Measurements were done in 6 replicates, 

corresponding to 6 samples of cellulose deposited on 6 different quartz substrates. Moisture 

sorption isotherms were determined from the equilibrium moisture contents at each relative 

humidity step. 

  III-1.2.2.2 Particle size and morphology 

Laser granulometry. The particle size distribution was obtained using a laser diffraction 

granulometry analyzer (Mastersizer 2000, Malvern Instruments Ltd, U.K.). Approximately 10 

mg of cellulose particles were suspended in 50 mL of ethanol 95%. This suspension was added 
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into the experimental cell containing ethanol until reaching an obscuration value between 5% 

and 10%. Agitation in the cell was set at 3000 rpm and ultra-sounds were used to limit particles 

agglomeration. Analysis was performed by using refractive indexes of 1.47 and 1.36 for cellulose 

and ethanol, respectively. Apparent diameter and volume of particle were characterized from 

the volume diameter distribution. Measurements were done in triplicate.   

Scanning electron microscopy (SEM). Scanning electron microscopy (SEM) observations 

were performed with a high-resolution field emission gun (SEM S-4800, Hitachi, Japan) with 

an acceleration voltage of 2 kV. Prior to SEM analysis, the quartz substrate covered with 

cellulose particles was coated with a thin layer of platinum in order to avoid sample charging 

anomalies. This microscopy allows to obtain qualitative information on state of dispersion of 

cellulose on quartz on the shape of particle.  

Optical microscopy. Imaging was performed by using a macroscope Multizoom AZ100 

(Nikon, Japan) equipped with a RGB DS-Ri1 camera (Nikon, Japon) in light transmission 

mode. In order to reduce agglomeration of particles, the use of a diluted suspension of cellulose 

particles in ethanol (concentration of 0.35 g.L-1) was preferred to a direct spray of particles. 40 

µL of the cellulose suspension were deposited on each microscope glass slide and then placed 

in a vacuum chamber to evaporate ethanol. The magnification was set to x32 combining the 

lens AZ-Plan x4 and setting the optical zoom to x8. For each sample, mosaic images were 

assembled by reconstructing 10x4 images using the imaging software NIS-Elements (Nikon, 

Japon) operating with the Multizoom AZ100 system. 

Image analysis. Quantitative morphological parameters were assessed by image analysis. 

Images obtained from optical microscopy were imported to ImageJ for image processing in 

order to get the area (number of pixels that represents one cellulose particle multiplied by the 

resolution), the perimeter (length of the line that delimits the contour of a particle), the major 

axis (length of the inertia ellipse) and the minor axis (width of the inertia ellipse) of each 

particle. Image analysis was performed on an increasing number of particles, until the mean of 

the considered indicator stabilized, i.e. with a variation lower than 5%. In our case, the mean 

was obtained with 120 particles and image analysis was done on 830 particles. Frequency 

distribution in number and volume of apparent diameter were represented for comparison with 

light diffraction analysis. 

 Particle circularity was calculated by Equation III-1.3: 

 =
.

²
         Eq. III-1.3 

This shape indicator ranges from 0 to 1 (1 for a disc) and allows to know if considered particles 

are of spherical shape (Lehmann & Legland, 2012).  
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  III-1.2.2.3 Modeling 

Two models were considered to describe water vapor diffusion in a cellulose particle: diffusion 

in a sphere and in a finite cylinder. Diffusion was assumed to be isotropic and independent of 

time and position in the material. Analytical solutions provided by Crank (Crank 1975) were 

used to perform estimation of diffusivity and equilibrium mass.  

Case of a homogeneous sphere (radial diffusion) 

Under an assumption of homogenous cellulose sphere, water vapor diffusion reduces to a pure 

radial form. The diffusion equation in a sphere of radius R (m) for a compound of concentration 

( , ), at time  (s) and radial position  (m), was then described by Equation III-1.4: 

 ( , ) = +           Eq. III-1.4 

where D is the constant diffusivity (m².s-1).  

In this case, we assumed that initial concentration C0 is uniform and that sample surface is 

kept at a constant concentration C  during the experiment:  

 
( = , ) =   [ , ] 

( , = ) =    
        Eq. III-1.5 

For these initial and boundary conditions, the analytical solution is given in Equation III-1.6, 

and applies to sphere particles: 

 =  
² ²

²
         Eq. III-1.6 

where Mt is the mass uptake (µg) at time t and M  is the corresponding value for infinite time.  

Case of a homogeneous finite cylinder (axial and radial diffusion) 

Considering a homogeneous finite cylinder, diffusion reduces to radial and axial parts. The 

finite cylinder of radius R (m) and length L (m) is defined by ( , )  [0, ] × , .The 
diffusion equation in this finite cylinder, for a compound of concentration ( , , ), at time  
(s) and spatial position ( , ), is given in Equation III-1.7: 

 ( , , ) =  + +          Eq. III-1.7 

where D is the constant diffusivity (m².s-1).   

As for the spherical geometry, assumptions of uniform initial concentration C0 and constant 

concentration C  at the cylinder surface were made, leading to the following initial and 

boundary conditions for Equation III-1.8: 
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The finite cylinder of radius R and length L is the intersection of an infinite cylinder of the 

same radius R and an orthogonal infinite plane sheet of thickness equal to the length L. 

Consequently, the analytical solution for this finite cylinder can be written as product of 

solutions for the radial part, of diffusion, i.e. in the infinite cylinder, and the axial part of the 

diffusion, i.e. in the infinite plane sheet, as described in Equation III-1.9 (Matthews and Walker 

1970; Afkin and Weber 2001): 

.   ( , )

=  
.   ( )

×  
.   ( )

 Eq. III-1.9 

 

.  ( )
is the analytical solution for diffusion in an infinite cylinder of radius R, with 

the following conditions: 

 
                                              ( = , ) =  [ , ]  

                                              ( , = ) =     
 Eq. III-1.10 

 

It was given by Crank as Equation III-1.11,  

 
.   ( )

=
 ( ) 

 
 Eq. III-1.11 

where are the positive roots of the Equation III-1.12 where J0 is the Bessel function of the 

first kind of order 0. 

 (  ) =  Eq. III-1.12 

 

Similarly,  
.  ( )

is the analytical solution for an infinite plane sheet of thickness L (m), 

described by  , , and was also described by Crank as Equation III-1.14, for the following 

conditions: 

 

                ( = , , ) =   ( , )  [ , ] × ,  

                ( , = , ) =      ,  

                ( , , = ± / ) =      [ , ] 

            

Eq. III-1.8 
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( = , ) =    ,   

    ( , = ± / ) =       
Eq. III-1.13 

 

 
   ( )

=
( + )² ²

( + )² ²

²
  Eq. III-1.14 

 

Numerical simulations and parameter estimation 

Parameter estimation resumes to a nonlinear least squares problem. Error between 

experimental and predicted kinetics was described by the root mean squared error, RMSE, 

given in Equation III-1.15.  

 =  
( ( ) ( ) )

 Eq. III-1.15 

where ( ) is the mass predicted at time , ( ) is the experimental data of mass uptake 

at time  and N is sample size. Finally, numerical simulations were performed by using 

Matlab® software and using its lsqnonlin function for estimation of apparent diffusivity and 

equilibrium mass. 

III-1.3 Results and discussion 

 III-1.3-1 Water vapor sorption kinetics 

Preliminary to water vapor sorption kinetics, SEM observations of the quartz substrates, on 

which 1 to 1.5 g of cellulose particles were adsorbed, were carried out to evaluate the dispersion 

state of the particles. It was shown that cellulose particles were well dispersed on the surface 

of the quartz, without any visible agglomeration phenomena (Figure III-1.1). This observation 

confirmed that recorded water vapor sorption kinetics occurred at the scale of individual 

particles and not at the scale of agglomerates of particles.  
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Figure III-1.1. SEM micrographs of cellulose particles adsorbed on a quartz substrate at 
magnitudes of (A) x30 and (B) x500. 

Figure III-1.2A presents the evolution of water vapor uptake as a function of time for 8 

successive steps of relative humidity (RH). Results showed classical sorption curves displaying 

no significant artefacts, thus suggesting that estimation of diffusion and sorption parameters 

will be possible. It was checked that no particle fell down of the quartz support during the 

experiment, even at high relative humidity. To control that, after each sorption kinetics step, 

water vapor pressure was decreased down to 0 Pa (pumped down to the limit vacuum) during 

30 minutes to desorb water (the frequency equilibrium was reached again after a maximum 

duration of 15 min). It was shown that the quartz frequency after this desorption step was the 

same as the initial one, which allows concluding that the weight of dried cellulose remained 

constant. As compared to other methods, the QCM methodology is very fast, e.g. 8 steps of 

RH achieved after 80 min, and used little quantities of sample (between 1 and 1.5 µg on each 

substrate). The only drawback of this QCM setup is the difficulty to control the targeted RH 

value at each step. However, what is important is that when the introduction gate is closed, 

the water vapor pressure is very stable.  
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It was checked that mass equilibrium was reached after less than 4 min, which allows 

considering as pertinent a duration of every step of 10 min. It was also verified that the RH 

equilibrium was reached faster than the mass equilibrium, which makes possible to assume 

constant RH over the all duration of the step in the modeling approach (Figure III-1.2B). 

Water vapor apparent diffusivity, D, and sorption at equilibrium, , were estimated at each 

RH step using analytical solutions of diffusion equation presented in Section III-2.2.2 

(Equations III-1.6 and III-1.9). The inputs for the estimation of these parameters were the 

kinetics of water vapor uptake as a function of time, the geometry and the dimensions of the 

particles. Figure III-1.2B displays an example of comparison between experimental and 

simulated data for a RH step from 56% to 62% by considering the cylinder model. Following 

estimated parameters were obtained:  D = 7.6x10-13 m².s-1 and = 0.0732 µg.µg-1 d.b. (dry 

basis) (experimental  = 0.0730 µg.µg-1 d.b). It could be noted that the model used correctly 

fit experimental data with an RMSE equal to 0.005 µg.µg-1 and determination coefficient R² 

=0.91.  

Figure III-1.2 (A) Example of water vapor sorption kinetics of cellulose: black curve 
shows water uptake (µg) and grey curve corresponds to relative humidity (%). (B) 

Example of simulation on one step of relative humidity (from 56% to 62%). 

 

A 

B 
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 III-1.3.2 Morphological analysis: sphere vs. cylinder shaped 
particles 

The choice of the analytical solution that will be used to estimate diffusivity and water uptake 

at  from water vapor sorption kinetics is based on the geometry of particles. It is very 

critical since it can significantly impact the estimated values. Consequently, an accurate 

determination of morphological parameters of studied particles was necessary, at least to 

determine their shape. For that purpose, SEM observations were done in a first approach to 

qualitatively assess the shape of particles. It was shown that the cellulose sample was 

characterized by a polydispersity of both sizes and shapes, with either sphere-like, ribbon-like 

or cylinder-like shapes and sizes ranging from 2 m up to 60 m (Figure III-1.3). A first 

approximation could be to consider that particles are spherical. Hence, using laser granulometry 

to better assess the size distribution of the cellulose sample was considered as correct.   

Figure III-1.3 SEM picture of cellulose particles. 

Monomodal number- and volume-based particle size distributions were obtained by laser 

granulometry. The number-based distribution gives more importance to small particles while 

the volume-based distribution places greater prominence to big particles. In our case, since 

cellulose particles are dedicated to be used as fillers in composite materials, with a special focus 

on mass transfer properties, we considered that is was more pertinent to consider volume-based 

descriptors for the rest of the study. Indeed, models proposed to formalize structure/mass 

transfer properties in composite materials are all using the volume filler content as input 

parameter (Wolf et al. 2016). Furthermore, the consideration of number-based descriptors, e.g. 

mean, median or mode, would underestimate the volume (and therefore the mass) of the 

particles, which would induce errors on the estimated diffusivity. The median equivalent 

diameter in volume was 20.1 ± 0.1 µm with a span value (representing the spreading of the 

distribution) of 2.0 ± 0.1 µm. 
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Quantitative morphological parameters of cellulose particles were obtained from image analysis 

and are summarized in Table III-1.1. Two dimensions were considered, i.e. a long length (major 

axis) and a small length (minor axis). Median values in volume of dimensions were 30.7 µm 

and 18.2 µm, respectively. The average circularity of cellulose particles was 0.8 ± 0.2, allowing 

to conclude that the assumption of spherical particles did not perfectly represent the reality. 

The elongation value, corresponding to the ratio between the maximal dimension (major axis) 

and the minimal dimension (minor axis), was 1.5 ± 0.2 showing that particles were slightly 

elongated. However, as shown on Figure III-1.4, it is worth noting that 34% in number of 

particles had a circularity very close to 1 and even so can be considered as spherical.  On this 

figure, a part of particles had a circularity higher than 1, it can be explained by discretization 

errors done by Image J software (Lehmann and Legland 2012). It could be deduced from these 

results that particles should be better assimilated to finite cylinders instead of spheres. It was 

thus assumed that the major axis corresponded to the length of the cylinder, L, and the minor 

axis to the diameter of the cylinder, d=2R.  

 
Table III-1.1 Particle morphological parameters obtained by granulometry and image 

analysis. Numbers in brackets refer to span values (the span value represents the 
difference between the 90th and 10th percentiles divided by the median value). 

 
Laser 

granulometry 
Image analysis 

 

Median 
diameter 

(span) in µm 

Median major 
axis (span) in 

µm 

Median minor 
axis (span) in 

µm 

Median 
circularity 

Number-based 
distributions 

7.4 ± 0.2 (1.5) 19 ± 1 (2.1) 11 ± 1 (1.5) 0.8 

Area-based 
distributions 

13.2 ± 0.1 
(1.8) 

25 ± 2 (1.5) 15 ± 1 (1.1) - 

Volume-based 
distributions 

20.1 ± 0.1 
(2.0) 

31 ± 2 (1.4) 18 ± 1 (0.9) - 
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Figure III-1.4 Number based circularity distribution of cellulose particles. 

 

 III-1.3.3 Water vapor sorption isotherm 

Figure III-1.5 displays sorption isotherm curves for micrometric size cellulose particles. 

Isotherms displayed a sigmoid shape, as already reported (Nelson 1983; Paes et al. 2010). A 

good repeatability was obtained by considering an initial weight of absorbed cellulose ranging 

from 1 to 1.5 g and by taking care of depositing cellulose only on the usable surface of the 

quartz substrate. Water vapor uptake varied from 0.142 to 0.148 µg.µg-1 d.b. at 78 % of RH 

(Figure III-1.5). In this case, some values were higher than some already published data, e.g. 

a water uptake of 0.1 g.g-1 d.b. for microcrystalline cellulose particle (size superior of 63 µm) 

at 75 % of RH (Kachrimanis et al. 2006), or around 0.18 g.g-1 d.b at 75% of RH  for balled 

milled cellulose (Paes et al. 2010).  Such discrepancy could be explained by the fact that 

cellulose particles considered in the present study were quasi amorphous, with a crystallinity 

value lower than 5 %. Indeed, as already demonstrated, the more the cellulose is amorphous, 

the more the water sorption will be favored since sorption occurs mainly in amorphous regions 

of a semi-crystalline material (Mihranyan et al. 2004).  
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Figure III-1.5 Water vapor sorption isotherms of cellulose particles. 

 

 III-1.3.4 Water vapor diffusivity identification 

Based on image analysis results, water vapor diffusivity in micrometric size cellulose particles 

was estimated by considering either a spherical or a cylindrical geometry. In the case of a 

sphere, a radius value R of 10.1 µm was considered (half median diameter), provided by laser 

granulometry analysis. In the case of the cylindrical geometry, a radius R of 9.1 µm (half 

median minor axis) and a length L of 30.7 µm (median major axis) were taken (Table III-1.1).  

Results of water vapor apparent diffusivity estimated by sphere and cylinder models in cellulose 

were presented on Figure III-1.6. Same values of water vapor diffusivity were estimated by 

taking into consideration either the spherical Equation III-1.6, or the cylindrical Equation III-

1.9, geometry. A cloud of points for 6 samples was obtained, with diffusivity ranging from 

2.4x10-14 m².s-1 to 4.2x10-12 m².s-1 and an average value equal to 8.4x10-13 ± 8.6x10-13  m².s-1 

(for the cylinder geometry). This dispersion could be explained by variations in the length of 

RH steps depending on each step and each sample. Since water vapor diffusivity has never 

been estimated for micrometric size particles, our results can only be compared to values 

obtained for cellulose-based films. Our values were in a range of diffusivity estimated for 

microcrystalline cellulose films, i.e. from 3x10-14 m².s-1 to 2x10-13 m².s-1  (Bedane et al. 2015). 

Observed differences could be explained by the nature of sample, i.e. either powder or films. 

At the macroscopic scale of films, undesirable phenomena could occur without being taken into 

account in models. It includes porosity effect (water vapor diffusivity in pores omitted), swelling 

of materials with increasing water content (modification of structure), or 

aggregation/agglomeration of nanofibrils. The use of the QCM system allows reducing these 
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possible negative effects for the estimation of diffusivity by working on the scale of individual 

micrometric size particles.  

Figure III-1.6 Estimated water vapor diffusivities of cellulose particles for different 
relative humidity. Cylinder diffusivity average = 8.4x10-13 ± 8.6x10-13 m².s-1 and sphere 

diffusivity average = 8.0x10-13 ± 8.2x10-13 m².s-1 

 

 III-1.3.5 Cylinder vs. sphere modeling approach 

Section III-1.3.4 showed that both cylinder and sphere geometries led to the same values of 

estimated diffusivities. The question of the validity of this conclusion for longer particles must 

be discussed. For that purpose, a confrontation between sphere and cylinder models was done. 

Simulated data of water uptake were generated by cylinder model for different values of 

elongation e=L/(2R) by considering constant values of radius (R) and diffusivity (D0). For 

each elongation, these data were then used as inputs in the sphere model to estimate diffusivity 

(D*), setting the radius of the sphere in such a way to preserve the particle volume. Relative 

error err=(D0-D*).D0-1 was represented as a function of the cylinder elongation. Results showed 

the same trend whatever the value set for the radius of cylinder (Fig. 7). Consequently, it was 

deduced that this parameter (radius) had no impact for comparison between these two models 

and same trend was observed with D0 parameter (by testing 3 different diffusivities: 10-12, 10-

14 and 10-16 m².s-1). For an elongation equal to 1.5 (case of this study), the relative error was 

around 5.5%, confirming that the two models could be used indifferently. Considering that 15% 

is an acceptable value of relative error, a critical elongation value of 2 could be estimated. This 

means that for elongation values lower than 2, cylindrical particles can be assimilated as 

spherical particles while for elongation higher than 2, cylinder geometry must be considered.  
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Figure III-1.7 Relative error between cylinder model and sphere model for different 
values of elongation. 

 

III-1.4 Conclusion 
The study has demonstrated the capacity of the quartz crystal microbalance coupled with an 

adsorption system to evaluate water vapor transfers in micrometric size cellulose particles. The 

huge advantage of this technique is the possibility of working on very little quantities of sample, 

i.e. 1 µg, thus permitting to estimate parameters at the scale of individual particles. This allows 

avoiding edge effects such as agglomeration, swelling or percolation. The QCM is also a very 

fast method as compared to others, with a total acquisition duration of the order of one hour. 

It was shown that the QCM methodology is adapted to obtain moisture isotherm for a sample 

weight ranging from 1 to 1.5 g and by taking care of depositing cellulose only on the usable 

surface of the quartz substrate. From water vapor sorption isotherm and using modeling tools 

(analytical solution of sphere or finite cylinder), water vapor diffusivity of amorphous cellulose 

particles was estimated at different relative humidity. Estimated diffusivity was not 

significantly impacted by the relative humidity, with an average value of 8x10-13 m².s-1. It was 

shown that a finite cylinder or spherical geometry could be used equally for diffusivity 

identification for a particle size aspect ratio lower than 2. For size aspect ratio higher than 2, 

a cylinder geometry should be considered. 
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Abstract 

This work aims at assessing the impact of two-dimensional (2D) particle size distribution on 

the identification of water vapor diffusivity for micrometric size cellulose particles displaying a 

size aspect ratio lower than 2 and a cylindrical shape. First, different methodologies to obtain 

the 2D particle size distribution (diameter versus length) were compared, based on image 

analysis. Then, experimental sorption kinetics were obtained by using quartz crystal 

microbalance (QCM) coupled with a water vapor adsorption system. From these kinetics, 

diffusivity values were estimated taking into account the 2D distribution size particles (DSP), 

or alternatively considering global descriptors such as mean or median diameter and length of 

the cylinder. Results revealed that the use of an analytical approach considering the 2D mean-

DSP or median-DSP to estimate water vapor apparent diffusivity was the most accurate way 

to get data at the scale of particle in a polydisperse sample of cellulose particles. Following this 

approach, a water vapor apparent diffusivity of 3.1 x 10-12 ± 2.3 x 10-12 m².s-1 was found for 

the considered cellulose sample Neglecting size distribution in diffusivity estimation led to an 

underestimation of a factor 2. This procedure could be extended for all polydisperse samples in 

order to have a good characterization of estimated properties at the scale of single particles. 

Keywords: cellulose; quartz crystal microbalance; particle size distribution, apparent diffusivity; 

water vapor 
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 III-2.1 Introduction 
The use of lignocellulosic and cellulose fillers in biocomposite materials is exponentially 

increasing this last ten years, mainly due to their worldwide availability at low cost, 

renewability and fully biodegradability, and ability to develop new functionalities. They present 

a real potential for different sectors of application, including automotive, agriculture, building 

and packaging. Diffusion of gases and vapors is one of the key properties of materials aiming 

at being used in applications based on mass transfers properties, e.g. membrane or food 

packaging (Minelli et al. 2010; Berthet et al. 2015a; Wolf et al. 2016, 2018). The water vapor 

is the major migrant of interest, since its diffusion in lignocellulosic fillers strongly impacts (i) 

the overall structural and functional stability of biocomposites in a moist environment, as well 

as (ii) their water vapor permeability, which governs many food degradation reactions. 

Contrary to the solubility coefficient, the diffusivity value cannot be directly measured. For 

this purpose, a gradient of concentration or partial pressure must be imposed to the sample, 

and the subsequent mass transfer must be measured against time, such as for example, by 

measuring water vapor sorption kinetic. The diffusivity is then identified by fitting a 

mathematical model based of Fick’s second law to the experimental sorption kinetics. The 

diffusivity value is the one that minimizes the sum of squared error between the 2 datasets.  

Water vapor sorption kinetics could be obtained by gravimetrical methods, either discrete 

methods, e.g. isopiestic methods, or continuous ones, e.g. dynamic vapor sorption (DVS), 

intelligent gravimetrical analyzer (IGA), thermogravimetric analysis (TGA) or quartz crystal 

microbalance (QCM). While a numerical approach is often required for complex situations, 

analytical solutions exist for simple geometries and well-defined initial and boundary conditions 

(Crank 1975). These analytical solutions are strongly related to the geometry of the system.  

Consequently, a lack of knowledge or too strong hypotheses on the system geometry can lead 

to a poor, even false, estimation of the diffusivity. In the case of sample powder corresponding 

to a population of dispersed particles, the sample shape is generally deduced from microscopic 

observations and detailed morphological parameters require image analysis. As regards to the 

dimensions that have to be used as input parameters in models, authors usually consider global 

descriptors for the size distribution e.g. median or mean, which implies to assume a homogeneous 

population of identical particles. Dealing with the estimation of water vapor diffusivity in 

particles with shape close to spheres or short cylinders, previous studies either considered the 

mean particle diameter in surface to assess water diffusion in maltodextrin powder (Gianfrancesco 

et al. 2012), used the weight average radius evaluated by optical microscopy observations in the 

case of agave fibers (Bessadok et al. 2009) or used medians average in volume of diameter and 

length assessed by image analysis in the case of cylindrical cellulose particles (Thoury-Monbrun 
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et al. 2018).  Some authors demonstrated the importance of considering a dimensional particle 

size distribution (DSP) instead of a global descriptor to evaluate mass transfer properties in 

heterogeneous size particles (Carta and Ubiera 2003; Kaczmarski and Bellot 2005). As an 

example, Carta et al. (Carta and Ubiera 2003) incorporated DSP by using a dimension radius 

distribution to predict adsorption phenomena of the protein chymotrypsinogen on SP-

Sepharose-FF and compared this approach to results obtained by using an average radius value 

(r = 47.7 µm). They showed that DSP had a significant effect on predicted diffusivity absorption 

phenomena, this effect was more important for asymmetrical DSP with a better correlation 

between experimental curves and predicted curves. Kaczmarski et al. (Kaczmarski and Bellot 

2005) compared the use of dimensional DSP and mean particle diameter to describe protein 

adsorption in an expanded bed of protein. They concluded that the two approaches led to 

identical results for small particles (average diameter = 50 µm) while the use of DSP must be 

preferred in the case of bigger particles (average diameter = 210µm). Angellier-Coussy et al. 

(Angellier-Coussy et al. 2013) also demonstrated the interest of considering the size aspect ratio 

values (one dimension) to predict mass transfer properties in nanocomposites. It is worth noting 

that all these studies only considered one-dimensional DSP focusing on variation of one size 

descriptor, while others are fixed, e.g. studying the effect of radius change on cylinder with a 

constant length.  

In this context, the present study aims at assessing the impact of two-dimensional (2D) particle 

size distribution on the identification of water vapor diffusivity for micrometric size cellulose 

particles. First, a morphological analysis was performed on cellulose particles presenting a size 

aspect ratio (ratio between the length and the diameter) lower than 2. Different methodologies 

to obtain the 2D particle size (radius and length) distributions were compared, based on image 

analysis. Experimental sorption kinetics were obtained by using quartz crystal microbalance 

(QCM) coupled with an adsorption system. From these kinetics, water vapor diffusivities were 

estimated for a population of cylindrical particles, taking into account the 2D DSP, or 

alternatively considering global descriptors such as mean or median diameter and length of the 

cylinder. Finally, the necessity of considering the whole 2D particle size distribution instead of 

global descriptors was discussed. 
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III-2.2 Experimental 

 III-2.2.1 Materials 

Highly pure (99.5%) microcrystalline cellulose supplied by J. Rettenmaier & Söhne (JRS) under 

the reference Arbocel® BE 600-10 Tg was used in the study. According to the supplier, particles 

were characterized by an average length of 18 µm, an average thickness of 15 µm and an 

apparent bulk density between 0.23 – 0.30 g.cm-3. Absolute ethanol (purity of 99.9 %), used for 

the preparation of cellulose particles suspension was provided from Meridis (France). Gold sensor 

crystals with a nominal frequency equal to 6 MHz were purchased from Neyco (France).  

 III-2.2.2 Methods 

   III-2.2.2.1 Particle morphology 

Optical microscopy. Images of particles were obtained by using a macroscope Multizoom 

AZ100 (Nikon, Japan) equipped with a RGB DS-Ri1 camera (Nikon, Japon) in light 

transmission mode. 40 µL of a suspension of cellulose in absolute ethanol at a concentration of 

0.35 g.L-1 was dropped on a microscope glass slide. Ethanol was then evaporated under vacuum. 

The magnification was set to x25 by adjusting the lens AZ-Plan at x5 and setting the optical 

zoom to x5. To avoid unclear particles, a vertical displacement (z axis) was added by 7 steps of 4 

µm. Mosaic images were assembled by reconstructing 5x5 images. Software NIS-Elements 

(Nikon, Japon) operating with the Multizoom AZ100 system was used to combine these images. 

This microscope allowed to distinguish all particles of area greater than 5 pixels, i.e. greater 

than 4.2 µm². 

Image analysis. Mosaic images obtained by optical microscopy were analyzed by using the 

ImageJ software. Major axis (length of the inertia ellipse) and minor axis (height of the inertia 

ellipse) were determined for each particle. Image processing was performed on an increasing 

number of particles until that the cumulative average of the determined indicator (major axis 

or minor axis) was stable. 3 different mosaic images were used containing a total of 3300 

particles. Particles were assumed to have cylindrical shapes. The cylinder volumes were 

obtained from the major and minor axis values.  

Scanning electron microscopy (SEM). SEM microscopy images were acquired with a high-

resolution field emission gun (SEM S-4800, Hitachi, Japan) with an acceleration voltage of 2 

kV. Prior to SEM analysis, cellulose particles were coated with a thin layer of platinum in order 

to avoid sample charging anomalies. This observation allows to obtain qualitative information 

on the shape of particle. 
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   III-2.2.2.2 Water vapor sorption kinetics 

Quartz preparation. The deposition of cellulose on the quartz crystal substrate was executed 

in two steps. First, a drop of a suspension of cellulose in ethanol (c = 0.07 g.L-1) was deposited 

on the active area of the quartz. Then, ethanol was evaporated under vacuum to keep on quartz 

only the dispersed cellulose particles. The initial mass of cellulose ranged from 1 to 1.5 µg. A more 

detailed description of this preparation was given in the study of Thoury-Monbrun et al. (Thoury-

Monbrun et al. 2018a). 

QCM measurement. Water vapor sorption kinetics were performed using a QCM equipment 

(Maxtek TM-400) coupled with an adsorption system. This apparatus allowed measuring the 

frequency variation  induced by cellulose water vapor uptake according to time. This 

frequency variation is linked to the mass variation  according to the Sauerbrey equation 

(Equation III-2.1) where  is the nominal frequency (6 MHz) of the quartz not loaded,  an 

equipment constant (1.65x105 cm.s 1),  = 2.65 g.cm-3 the quartz density and  the active 

area of the quartz (0.5 cm²). In this study,  corresponded to the water vapor uptake (µg) 

of cellulose particles. 

 =
.

. .
 Eq. III-2.1 

The quartz substrate loaded with cellulose particles was placed in a closed chamber where the 

pressure of water vapor was able to vary from vacuum up to 31.7 mbar (3170 Pa), which 

corresponded to the maximum pressure of water vapor at 80% of relative humidity and 25°C. 

Water vapor uptake was calculated from Equation III-2.1, where  is the water vapor sorbed 

by the cellulose particles (Equation III-2.2). 

 = . .  Eq. III-2.2 

The sample was dried at 25°C during 30 min under vacuum before starting experiment. Initial 

mass of cellulose deposited on quartz was determined by measuring the difference of resonance 

frequency between pristine quartz and loaded quartz. Eight successive steps of constant relative 

humidity (RH) from 0 to 80% RH were programed to obtain sorption kinetic (steps of 10 min 

each). Six replicates were done on six different quartz.  
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Eq. III-2.5 

  III-2.2.2.3 Modeling 

Cellulose particles were assumed to have a cylindrical shape. A finite cylinder is the intersection 

of an infinite cylinder of the same radius and an orthogonal infinite plane sheet of the same 

height. Consequently, the analytical solution for the finite cylinder was obtained by combining 

solutions provided for an infinite cylinder and an infinite plane sheet (Crank 1975). This so-

called product of solutions was described by Matthews and Walker (Matthews and Walker 

1970). Two models were considered to simulate water vapor diffusion in the cylinder shaped 

cellulose particles: (i) the first one assumed a homogeneous population of cylinders, i.e. 

displaying identical dimensions, while (ii) the second one described the same phenomenon in an 

heterogeneous population characterized by a 2D DSP. Diffusion was assumed to be isotropic and 

independent of position and time in cellulose particles. 

Diffusivity in a single cylindrical particle. Let focus on a single cylindrical cellulose 

particle of radius  (m) and length  (m) described by ( ) [0, ]   , . Diffusion 

equation in a finite cylinder geometry for a compound of concentration ( , , ) is defined by 

Equation III-2.3 where  is the time (s),  is the radial position (m),  is the axial position (m) 

and  is the diffusivity (m².s-1). 

 ( , , ) =  +
²

²
+

²

²
 Eq. III-2.3 

Assumptions of uniform initial concentration  and constant and uniform boundary 

concentration  were also done, as formalized in Equation III-2.4. 

Equation III-2.5 presents the product of the solutions for the radial part and the axial part of 

the diffusion to obtain the analytical solution for a finite cylinder where Mt and M  are 

respectively the mass of water vapor sorbed in the cylinder at time t and at infinite time, and 

qn positive roots of Equation III.2.6 where J0 is the Bessel function of the first kind of order 0. 

Details on this analytical solution can be found in Thoury et al. (Thoury-Monbrun et al. 2018a). 

( , , , )
=  

 ( ) 

 
×

( + )² ²

( + )² ²

²
  

 

 

                        ( , , ) =    [ , ]    ,  

                        ( , = , ) =      ,  

                        , , = ± =      [ , ] 

     Eq. III-2.4 
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 (  ) =    Eq. III-2.6 

Apparent diffusivity in a homogeneous population of cylindrical particles. In this 

special case, all cylinders are assumed to have the same radius and length. As they are also 

supposed to be well-dispersed, i.e. without any contact between particles, all cylinders have 

the same behavior regarding sorption of any compound. Finally, Equation III-2.5 stays valid, 

where Mt and M  become the mass of water vapor sorbed in the whole population of cylinders 

at time t and the corresponding value for an infinite time. This model will be used when 

considering global size descriptors, i.e. median values of radius and length, to estimate water 

vapor diffusivity in these cellulose particles. 

Apparent diffusivity in an heterogeneous population of cylindrical particles. If 

dealing with an heterogeneous population of cylindrical particles, Equation III-2.5 must be 

adapted to integrate the population size distribution. Assumption was made that all particles 

were constituted of the same homogeneous material, whatever their dimensions, so that the 

diffusivity did not depend on the particle size. It was supposed that the population was 

structured in N classes characterized by dimensions ( , ) with  and  the length and the 

radius of cylinders in class , respectively. In other terms, all particles in a given class were 

supposed to have the same dimensions, so that Equation III-2.5 could be applied. The analytical 

solution becomes Equation III-2.7 where  and  are the mass of compound sorbed a time 

t in the whole population of particles and in the particles of class  respectively,  being 

calculated from Equation III-2.5. 

 = ( , , , )  Eq. III-2.7 

At infinite time, Equation III-2.7 becomes Equation III-2.8, where  and  are 

respectively the mass uptake of compound at equilibrium for the total population of particles 

and for the particles of class i, respectively. 

 =    Eq. III-2.8 

It is worth noting that  is experimentally inaccessible. Nevertheless, remembering that all 

particles are constituted of the same material and that the equilibrium is reached, it could be 

considered that the mass uptake  depended only on the mass or volume of cellulose particles 

in class . Consequently,  is proportional to  through the mass fraction  of particles 

in class , as described in Equation III-2.9. 

 = .   Eq. III-2.9 

Finally, the analytical solution useful for prediction of   rewrites as Equation III-2.10. 

=  . .
 ( ) 

 
×

( + )² ²

( + )² ²

²
  

Eq. III-2.10 
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A special application case of this equation concerns an heterogeneous population of  cylindric 

particles. Indeed, if  is sufficiently small to allow numerical computation, Equation III-2.10 

can be applied, with ,  and  the radius, the length and the mass fraction of particle , 

respectively. 

Two-dimensional size distribution. In order to be considered in the estimation of the 

apparent diffusivity, the population of particles must be translated in terms of its population 

size distribution. The following methodology was applied. The population was sorted according 

to the diameter and length of particles. Five squared classes of decreasing side were used: 20 µm 

(18 classes), 10 µm (72 classes), 5 µm (288 classes), 2.5 µm (1152 classes) and 1 µm (7200 

classes). For each class, the volume fraction linked to the mass fraction of particles was 

calculated. The sub-population of each class was then assumed to be a homogenous population 

of diameter and length, which were determined by using the three following indicators: center, 

mean and median. The resulting 2D particle size distributions (DSP) were then used in 

Equation III-2.10 to estimate apparent diffusivity, and were denominated as DSP-center, DSP-

mean and DSP-median respectively. 

Parameters estimation. Numerical simulations were realized by using the Matlab® software 

and the lsqnonlin function to estimate two parameters: apparent diffusivity  of water vapor 

in cellulose and equilibrium mass of sorbed water vapor . Parameter estimation was a non-

linear least squares problem and consisted in minimizing the root mean squared error (RMSE) 

between experimental mass uptake  and predicted mass uptake  as in Equation III-

2.11. 

 =  
( ( ) ( ) )

 Eq. III-2.11 

 was computed by using alternatively Equation III-2.10 when considering the DSP, and 

Equation III-2.5 when considering only global descriptors for the size of the particles. 

 

III-2.3 Results and discussion 

 III-2.3.1 Morphological analysis 

The morphology of cellulose particles was qualitatively assessed by SEM observations (Figure 

III-2.1). An heterogenous population was highlighted, with the presence of small and round 

particles with dimensions lower than 10 µm, thin particles with diameter lower than 5 µm and 
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also various lengths and bigger particles with dimensions higher than 40 µm. All particles were 

assumed to be cylindrical with a major axis corresponding the length and a minor axis 

corresponding to the diameter. The distribution of these two dimensions was then quantified. 

 

Figure III-2.1 SEM images of cellulose particles of (A) x30 and (B) x500. 

 

 

Figure III-2.2 illustrates a two-dimension (2D) repartition of the population of particles 

according to their diameter (µm) and their length (µm). For this example, the population was 

structured into 288 particles classes of size 10 µm x10 µm (12 classes of 10 µm for length x 6 

classes of 10 µm for diameter) with only 52 classes actually containing particles. The scatter 

plot showed an irregular shape with a high dispersion of both the length and the diameter. 

Cellulose morphology presented a high concentration of small particles with length ranging in 

the interval [5, 35] and diameter in the interval [5, 20], with 67% of particles present in this 

region. Larger particles, i.e. with a length higher than 50 µm, represented 6% of the population. 

Although they represented a lower number of particles than the small ones, these large particles 

had a non-negligible total volume and must be thus considered when dealing with mass transfer 

properties.  

B A 
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Figure III-2.2 Scatter plot of the length according to the diameter of cellulose particles 

(red point = median value in volume, green point = mean value in volume) – 288 
classes. 

 

In order to globally describe the DSP, mean and median parameters in volume were computed. 

Due to the size dispersion of the population, a significant difference was observed between mean 

values (mean length of 21 µm and mean diameter of 13 µm), and median values (median length 

of 32 µm and median diameter of 19 µm). However, it is worth noting that the two sets of 

valued led to the same size aspect ratio (also called elongation factor, which corresponds to the 

length to diameter ratio), i.e. close to 1.6. Figure III-2.3 presented the frequency of aspect ratio 

distribution. A particle size heterogeneity could be clearly deduced from this distribution. A 

large fraction of particles (around 70 vol%) had an elongation factor lower than 1.5, while 15% 

had an elongation factor superior than 2. 

Figure III-2.3 Frequency distribution of aspect ratio of cellulose particles. 
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Joint distributions of length and diameters are presented in Figure III-2.4 using 2D histogram 

representation. A bin size of 1 µm was used for both length and diameter axes. Two different 

distributions were considered: number-weighted distribution and volume-weighted distribution.  

Depending on the choice of particle representation, size dispersion was different. The number 

distribution resulted in only few but important peaks located at small diameter and length and 

could lead to the biased conclusion that the population is homogenous (Figure III-2.4A). The 

endorsed risk by considering the number distribution would be to neglect the less present but 

much larger particles, which may have a high contribution on mass transfer. In contrast, the 

volume distribution showed a more scattered shape, favoring the impact of large particles 

(Figure III-2.4B). It is therefore essential to choose the adapted representation according to 

the studied properties. Regarding the characterization of mass transfer properties, which 

constitutes the core of this study, the volume distribution should be preferred to the number 

distribution. Indeed, mass transfer in these particles is affected by their mass or volume, both 

related to their density. The influence of the 2D volume size dispersity on the estimation of 

water vapor diffusivity is presented in the following section. 

 

 

 

 

Figure III-2.4 2D particle size distribution in (A) number and (B) volume. 
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 III-2.3.2 Water vapor diffusivity 

Water vapor diffusivity was calculated at different steps of relative humidity (RH) by fitting 

sorption kinetic curves (Figure III-2.5) with Equation III-2.10 or Equation III-2.5 depending 

on whether particle size distribution or a global indicator was used. As previously observed 

(Thoury-Monbrun et al. 2018), the RH steps were difficult to adjust. That is why RH step was 

not incremented by constant steps. As compared to other sorption equipment, QCM allows 

measuring sorption kinetics on a very small quantity of sample, i.e. between 1 and 1.5 µg. As 

the particles were well-dispersed on the quartz, it was concluded that obtained results were 

close to the behavior of a single particle. Additionally, due to this small amount of cellulose for 

each sample, this method is very fast with a water vapor equilibrium reached in less than 3 

minutes for each step. 

 
 Figure III-2.5 Water vapor sorption kinetic of cellulose particles measured by QCM. The 

mentioned percentages correspond to the successive relative humidity steps. 

From 2D image analysis results and water vapor sorption kinetic, water vapor apparent 

diffusivity in cellulose particles was estimated at each RH step of sorption kinetic by considering 

the size distribution or using global descriptor (median or mean). Figure III-2.6 shows a 

comparison between water vapor diffusivities in cellulose estimated by using the global median 

of diameter and length as global descriptor and the ones estimated using the DSP-median. In 

the latter case, the distribution was computed by using bin size of 1 µm x 1 µm. No significant 

impact of relative humidity on apparent diffusivity was observed. Thus, mean apparent 

diffusivity, within the meaning of temporal mean, was calculated for each run. It led to 

apparent diffusivity valued of 8.4 x 10-13 ± 8.6 x 10-13 m².s-1 and 3.1 x 10-12 ± 2.3 x 10-12 m².s-

1 for global descriptor and size distribution respectively, with a relative error of 200 % between 

these two values. In addition, the use of the size distribution reduced the RMSE from 0.01 to 

0.005 g.g-1, i.e. increasing the fit quality between simulated and experimental water uptakes. 
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Using size distribution allowed to refine results by obtaining a better simulation fit and 

considering the polydispersity of the sample. 

 

 

Figure III-2.6 Water vapor apparent diffusivity in cellulose particles at different relative 
humidities, obtained by using median diameter and length (•) or the DSP with median 

values for each classes (o). Lines represent mean values of apparent diffusivity. 

Impact of shape descriptors. The use of different shape descriptors for estimation of 

diffusivity was investigated: median or mean morphological parameters as global descriptors 

and 2D size distributions by using the center, mean or median to obtain representatives 

parameters for each class. Figure III-2.6 presents mean values of apparent diffusivity estimated 

for the previously listed size descriptors, with squared meshes of 10 µm for the three DSP cases. 

The main result is that taking into account the DSP, whatever the option considered to 

represent the particles of a same class (center, mean or median), leads systematically to higher 

diffusivities than when using global descriptors. Mean apparent diffusivities in DSP-mean and 

DSP-median cases were similar, with values close to 3x10-12 ± 1x10-12 m².s-1 in both cases, 

while DSP-center led to overestimated values. This latter shape descriptor should be thus 

excluded even if was technically the easiest way to integrate the 2D size distribution of the 

population. This discrepancy is mainly due to the absence of physical meaning of this shape 

descriptor. Indeed, this indicator is not impacted by the size distribution inside a given class 

but only by the mesh size of this class. At the opposite, median and mean size descriptors in 

each class are more representative of the population of particles in this class. Apparent 

diffusivities estimated using global median or mean size descriptors gave respectively values of 
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8.4 x 10-13 ± 8.6 x 10-13 and 0.9x10-12 ± 1x10-12 m².s-1. The lower value obtained by using mean 

diameter and length is explained by the fact that these mean parameters are lower than the 

median ones. Indeed, the equivalent mean cylinder particle is smaller than the equivalent 

median ones, which implies a lower diffusivity in the mean case to fit the experimental sorption 

kinetics. 

Finally, for the considered cellulose particles, the use of global descriptors instead of 2D size 

distribution, with squared meshes of 10 µm, caused an under-estimation of diffusivity by a 

factor 3 in the worst case, i.e. global mean versus DSP-mean or DSP-median, DSP-center being 

discarded due to its lack of physical meaning. 

Figure III-2.7 Apparent water vapor diffusivity in cellulose particles estimated for 
different shape descriptors (bin class of 10 µm x 10 µm) 

 

Impact of the class size. Five different squared meshes were tested, with length of: 20 µm, 

10 µm, 5 µm, 2.5 µm, and 1 µm. Figure III-2.8 shows results for these 5 different class size and 

for three shape descriptors: DSP-center, DSP-mean and DSP-median. The use of a coarse mesh 

(20 µm) led to the same trend, regardless the shape descriptors, and highest diffusivity. For 

example, with the DSP-mean, estimated diffusivity was 4x10-12 m².s-1 with a mesh of 20 µm 

against 3x10-12 m².s-1 with a mesh of 1 µm. The reduction of the mesh size rapidly stabilized 

the estimated diffusivities around 3x10-12 m².s-1 for DSP-mean and DSP-median, with no 

significant difference between mesh of 10 µm and 1 µm. Contrariwise, in the DSP-center case, 

an overestimation of diffusivity was obtained, regardless the size mesh, as already presented in 

the previous section. This shape descriptor was not adapted to estimate diffusivity of 

polydisperse cellulose particle as it is only related to the class dimension and not to the 

population of particles in this class. Indeed, at the most precise case, i.e. when each class 
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contains a single particle, the mean and median gave precisely the diameter and length of this 

particle, while the center still led to an error on the size parameters. 

In order to test the accuracy of these values, the mean diffusivities were also estimated by 

considering the whole population of particles, corresponding to the use of Equation III-2.10 

where each class contains a single particle of the population. The resulting value was 3x10-12 

m².s-1, which confirmed the validity of DSP-mean and DSP-median methods and confirmed 

that DSP-center was not suitable. 

Figure III-2.8 Mean values of apparent diffusivity for different shape descriptors and size 
meshes. 

 

For the studied kind of particles with length lower than 35 µm and diameter lower than 25 

µm, the class size of 10 µm was sufficient for accurately estimating the water vapor apparent 

diffusivity. The more the class size was small, the more the estimation was exact, until reaching 

an asymptotic value. However, it should be noted that the computation time increased when 

reducing the mesh size, as shown in Table III-2.1. For example, splitting the mesh by a factor 

2 by reducing the class size from 20 µm to 10 µm led to an augmentation of the calculation 

time by a factor 3. The ultimate solution will be to take into account the geometry of each 

particle in the model. This method was tested and presented the same value of diffusivity as 

the one obtained for a mesh of 10 µm for DSP-mean and DSP-median while this solution 

increased extremely computing time (420 s against 80 s) without necessary providing more 
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specific results. Computing time with quad core i7-4810MQ processor was different according 

to using 2D size distribution or global descriptor, indeed, computing time were around 300 

seconds and less than 80 seconds for size distribution and global descriptor respectively. This 

result was obtained for small number particles around 3000 particles. If the number of particles 

is very consequent, computing time will have a significant impact. According to the precision 

of desired results and the available calculation time, it is possible to modulate the choice of 

shape descriptor by using a global descriptor (preferably the median) or 2D size distribution 

(center, median or mean). However, in the case where precision is an important choice, it is 

better to use either the 2D median or 2D mean size distribution. 

Table III-2.1 Water vapor diffusivity and computing time with quad core i7-4810MQ 
processor for different shape descriptors and meshes. 

Diffusivity (m².s-1) Computing time (sec) 
Median 1.6x10-12 ± 1.0x10-12 80 

All particles 3.1x10-12 ± 2.3x10-12 420 
Center: mesh 20 4.4x10-12 ± 2.9x10-12 180 
Mean: mesh 20 4.1x10-12 ± 2.3x10-12 180 
Median: mesh 20 3.8x10-12 ± 2.3x10-12 180 
Center, mesh 10 3.9x10-12 ± 3.3x10-12 300 
Mean: mesh 10 3.1x10-12 ± 2.4x10-12 300 
Median: mesh 10 3.2x10-12 ± 2.4x10-12 300 
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III-2.4 Conclusion 
Water vapor sorption kinetics in cellulose particles were recorded at 25°C by using a quartz 

crystal microbalance coupled with an adsorption system. Analytical solution of diffusion in a 

finite cylinder was adapted to diffusion in an heterogeneous population of cylinder particles. 

For each kinetics, water vapor apparent diffusivity was estimated. In the present work different 

shape descriptors, evaluated by image analysis, have been investigated to estimate apparent 

diffusivity. The influence of considering a 2D size distribution instead of a single value of shape 

descriptor was also investigated. Results revealed that the use of an analytical approach 

considering the 2D mean-DSP or median-DSP to estimate water vapor apparent diffusivity 

was the most accurate way to get data at the scale of particle in a polydisperse sample of 

cellulose particles. Following this approach, a water vapor apparent diffusivity of 3.1 x 10-12 ± 

2.3 x 10-12 m².s-1 was found for the considered cellulose sample. Not applying size distribution 

led to an underestimation of a factor 2. This procedure could be extended for all polydisperse 

samples in order to have a good characterization of estimated properties at the scale of single 

particles.  
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Abstract 

This study aims at developing a reliable and simple-to-implement methodology for the 

estimation of apparent water vapor diffusivity at the scale of micrometric size cellulose particle 

based on gravimetric measurements. The water vapor apparent diffusivity value evaluated by 

using a Quartz Crystal Microbalance (QCM) on a cellulose sample of 1 µg was 4 x 10 12 m².s 1 

and was considered as the reference value. Water vapor sorption kinetics at successive relative 

humidity (RH) steps were measured using a Dynamic Vapor Sorption (DVS) microbalance by 

testing two types of sample preparation, i.e. either a powder bed or a compressed tablet. Water 

vapor apparent diffusivity was identified at each RH step by employing an analytic solution 

corresponding to the sample type: plane sheet for both powder bed and tablet considered as 

porous media and finite cylinder for a population of particles. The impact of the initial cellulose 

sample mass was also investigated. Water vapor diffusivity values varied from 6 × 10 15 to 4 × 

10 10 m².s 1 depending on the sample mass, sample preparation mode, analytic solution and/or 

sample porosity. The DVS-based methodology was validated by comparing identified apparent 

diffusivity values with the reference value obtained from QCM measurements. It was shown 

that the use of 1 mg of cellulose in the form of a powder bed together with the choice of the 

analytic solution corresponding to a plane sheet geometry allowed to obtain similar results.  

Keywords: Diffusion coefficient; Water vapor; Vegetal particle; Dynamic vapor sorption 

 
III-3.1 Introduction 
The interest for biocomposite materials based on a polymer matrix and micrometric size 

lignocellulosic particles is growing more and more in the field of food packaging. The 

development of new packaging materials is driven by the key properties controlling the 

preservation of food products, i.e. mass transfer properties. Mass transfer properties can be 
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characterized by different phenomena such as sorption, diffusion and permeability. Water vapor 

is one of the migrants impacting the most on food degradation reactions. There is today still a 

gap of knowledge regarding the formalization of the relationships between the structure of 

biocomposite materials and mass transfer properties, which is a necessary step to develop 

materials based on a reverse engineering approach. One main bottleneck is the evaluation of 

mass transfer properties in permeable micrometric size particles. The measurement of water 

vapor sorption in micrometric size lignocellulosic particles is today already well controlled, with 

well reproducible results. As an example, the sorption behavior of microcrystalline cellulose has 

been already well described by different authors, who highlighted an S-shaped isotherm and a 

maximal water vapor uptake between 0.2 and 0.25 g.g 1 (Agrawal et al. 2004; Kohler et al. 

2006; Paes et al. 2010). As regards water vapor diffusivity, very few studies are available in 

literature for micrometric size lignocellulosic particles due to the complexity to access this 

property. Indeed, diffusivity cannot be assessed directly. It can only be estimated from water 

vapor sorption kinetics by using a mathematical approach, which always rely on the use of 

mathematical solutions of the diffusion equation (mostly analytical solutions) and simplifying 

assumptions about particle geometry and boundary conditions. In particular, some assumptions 

on the morphology of the sample are required to be able to choose the appropriate analytical 

solution. Thus, a large range of values could be found for the same material, even for 

comparable experimental conditions and set up. Reported values of water vapor apparent 

diffusivity in micrometric size cellulose could range from 3 × 10 12 up to 4 × 10 7 m².s 1 (Nilsson 

et al. 1993; Hashemi et al. 1997; Bedane et al. 2012). This large discrepancy could be attributed 

to differences in sample form (either in the form of powder or film), analytical solution type, 

and modelling assumptions. Moreover, it is not certain that obtained values correspond to the 

diffusivity at the scale of micrometric size particles, since it is usually assessed on macroscopic 

samples where clustering and swelling of the individual particles can impact the estimated 

diffusivity. That is why it is necessary to develop a reliable methodology to identify water 

vapor diffusivity at the scale of micrometric size particles. In a previous study, it was shown 

that a quartz crystal microbalance coupled with an adsorption system could be successfully 

used to evaluate water vapor transfers at the scale of individual micrometric size cellulose 

particles (sample weight around 1-1.5 µg), which allowed avoiding edge effects such as 

agglomerations, swelling or percolation (Thoury-Monbrun et al. 2018a). It was demonstrated 

that estimated diffusivity was not significantly impacted by the relative humidity, with an 

average value of 8 × 10 13 ± 9 × 10 13 m².s 1 for cellulose particles displaying a cylindrical shape 

(length of 31 µm and radius of 9 µm). It was proposed that it could be considered as a reference 

method since it was demonstrated that the estimation was done at the scale of the particle. 

Nevertheless, this kind of equipment is few commercially available, making difficult its use for 
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routine experiments. The most common and highly available equipments to measure water 

vapor kinetics are microbalances operating based on a dynamic isopiestic method (Shafiur 

Rahman and Hamed Al-Belushi 2006; Schmidt and Lee 2012). Among commercially available 

equipment, we can find the Dynamic Vapor sorption (DVS) from Surface Measurement Systems 

Ltd, the IGASorp device from Hiden Analytical, the Q5000SA and VTI-SA apparatus from 

TA Instruments, the Aquadyne DVS from Quantachrome, and the CI Sorp Water Sorption 

Analyzer from CI Electronics Ltd. In all these apparatus, the minimum sample mass is generally 

around 5 mg. This mass is low enough to speed up the sorption process and get water sorption 

isotherms in a couple of days in average. But it has the drawback that individual particles 

could not be analyzed single, which is a bottleneck when sorption kinetics are also used to 

identify diffusivity values.  

In this context, the objective of the present work was to propose a reliable and easy to 

implement methodology based on the use of a DVS equipment to obtain from water vapor 

sorption kinetics and both at the same time, water vapor sorption isotherms and reliable 

apparent diffusivity values at the scale of the particle in micrometric size cellulose. For that 

purpose, a combination of sample preparation protocols and mathematical approaches has been 

tested. Methodologies to estimate water vapor diffusivity were evaluated based on a comparison 

with results obtained from the QCM method, which was considered as the reference.  

 

III-3.2 Materials & methods 

 III-3.2.1 Materials 

Ultra-pure cellulose (Arbocel® BE600-10 Tg) with a cellulose content of 99.5wt% was provided 

by J. Rettenmaier & Söhne (JRS) (Germany). Cellulose particles were characterized by a 

median particle length in volume of 31 ± 2 µm and a median particle diameter in volume of 

18 ± 1 µm (Thoury-Monbrun et al. 2018a). The true density of cellulose, measured by helium 

pycnometry and noted °  was 1.56 ± 0.08 g.cm 3. The bulk or apparent density of the cellulose 

powder measured using a hydrostatic balance based on the buoyancy method and noted  was 

0.31 ± 0.04 g.cm 3. Gold crystal sensors with a nominal frequency equal to 6MHz were 

purchased from Neyco (France). Absolute ethanol (purity of 99.9%) was supplied from Meridis 

(France). 
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 III-3.2.2 Methods 

  III-3.2.2.1 Quartz crystal microbalance coupled with an adsorption 
system (QCM) 

Water vapor sorption kinetics were measured with a quartz crystal microbalance equipment 

(Maxtek TM-400) coupled with a water vapor sorption system using the protocol developed by 

Thoury-Monbrun et al (Thoury-Monbrun et al. 2018a). 15 µL of a suspension of cellulose in 

ethanol (0.07 g.L 1) was deposited on the quartz surface and ethanol was further evaporated 

under vacuum. This allowed the deposition of 1 to 1.5 µg of cellulose particles. Frequency 

variation  and pressure over time were measured. The frequency variation was directly linked 

to the mass variation  according to the Sauerbrey equation Equation III-3.1 (Sauerbrey 

1959).  

 =
.

. .
 Eq. III-3.1 

where  is the nominal frequency of the quartz (6 MHz), = 2.65 g.cm-3 is the quartz density, 

C = 1.64 x 105 cm.s 1 is a constant of QCM equipment and S = 0.5 cm² is the usable quartz 

surface. Sorption kinetics were realized at 25 °C. Eight successive relative humidity (RH) steps 

of 10 min were applied from 0 to 80% RH. 6 different quartz of cellulose were analyzed. A 

drying step of 30 min under vacuum allow the determination of the mass of deposited cellulose 

by measuring the difference of resonance frequency between pristine quartz and loaded quartz. 

Moisture sorption isotherms were determined from the equilibrium of sorption kinetic curves 

at each RH step. Samples characterized according to this procedure were noted QCM-1µg 

(Figure III-3.1). 

  III-3.2.2.2 Dynamic vapor sorption (DVS) 

Water vapor sorption kinetics were also carried out at 23°C using a controlled atmosphere 

microbalance Dynamic Vapor Sorption (DVS) Advantage 1 equipment (Surface Measurement 

System Ltd., London, U.K). The mass evolution and the relative humidity were recorded over 

time by using a Cahn microbalance. A typical run started with a pre-drying step of the sample 

in an oven at 60°C during 72 hours, then a drying step in DVS equipment by exposing the 

sample to dry air until constant weight and finally, the exposition to increasing RH steps (10, 

20, 30, 40, 50, 60, 70, 80, 90 and 95%). RH step changed automatically when the mass 

equilibrium was achieved, i.e. when the sample mass variation over time was lower than 

0.005%.min-1. Moisture sorption isotherms were determined from the equilibrium moisture 

contents at each RH step. 3 replicates were done for each sample. 
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Three different protocols of sample preparation have been tested for DVS experiments (Figure 

III-3.1). The first protocol, which corresponded to the standard method, consisted in depositing 

directly in the pan around 35 mg of cellulose to form a powder bed. Samples were noted DVS-

PB-35 mg. The second protocol consisted in putting an aluminum pan (DSC Tzero® pans 

provided by TA Instruments) in both the “sample” and the “reference” cells and depositing 1 

mg of cellulose in the aluminum pan (Figure III-3.1). These samples were noted DVS-PB-1mg. 

The third protocol consisted in preparing compressed tablets of cellulose. Cellulose tablets were 

obtained by compressing a sample of cellulose powder within a circular die (diameter of 13 

mm) using a Perkin Elmer hydraulic press at a pressure of 10 tons. Then, tablets were cut 

using a cookie cutter to reduce the diameter down to 7.5 mm, which corresponded to the 

diameter of the DVS pan.  Two different initial masses of cellulose were used for the preparation 

of cellulose tablets, either 67 or 30 mg. Sample were respectively noted DVS-PT-67mg and 

DVS-PT-30mg. The characteristics of samples (mass and dimensions) are given in Table III-

3.1. 

Table III-3.1: Characteristics of cellulose samples 

 Mass (mg) 
Length L 

(µm) 
Diameter D 

(µm) 

QCM-1µg-c 
0.00138 ± 
0.00008 

31 ± 2 * 18 ± 1 * 

PB-35mg-c 34.71 ± 1.3 31 ± 2 * 18 ± 1 * 
PB-35mg-p 34.71 ± 1.3 2241 ± 46 8500 ± 0 

PB-1mg-c 1.08 ± 0.04 31 ± 2 * 18 ± 1 * 
PB-1mg-p 1.08 ± 0.04 226 ± 8 4800 ± 0 

PT-67mg-p 67 ± 0.4 1100 ± 80 7500 ± 80 

PT-30mg-p 30 ± 0.4 505 ± 55 7500 ± 50 

* median dimension in volume (Thoury-Monbrun et al. 2018a) 

  III-3.2.2.3 Thickness calculation 

The thickness of the powder bed (length of the cylinder) was calculated using Equation III-3.2 

and assuming that its shape was a perfect cylinder and that the powder bed covered all the 

surface of the pan. 

 =  
. . ²

 Eq. III-3.2 

where m is cellulose sample weight (g),  is the bulk density of cellulose particles and  the 

radius of the pan. The thickness of the tablet was measured with a Hanatek FT3-U Precision 

Thickness Gauge (Rhopoint Instruments - East Sussex, UK) with a resolution of 0.01 µm. 

Measurements were performed on five different areas of each sample. 



Chapitre III. Développement d’une méthodologie pour évaluer les transferts de vapeur d’eau 
dans des particules de cellulose micrométriques 

- 141 - 
 

  III-3.2.2.4 Apparent porosity calculation 

The apparent porosity of the powder bed or the cellulose tablet was calculated from the 

Equation III-3.3. 

 =   Eq. III-3.3 

where  is the true density of cellulose and °  is the apparent density of cellulose. 

  III-3.2.2.5 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) images were obtained with a high-resolution field emission 

gun (SEM S-4800 Hitachi, Japan) with an acceleration voltage of 2kV. Before analysis, samples 

were coated with a thin layer of platinum in order to avoid charging problems. 

  III-3.2.2.6 Wide angle X-ray diffraction analysis (WAXS) 

Wide-angle X-ray scattering was performed with an 'in-house' setup. A high brightness low 

power X- 

used delivering an ultralow divergent beam (0.5 mrad). The 

experiments were done in the transmission configuration and the scattered intensity was 

measured by a Schneider 2D image plate detector prototype, at a distance of 1.9 m. Capillary 

was used as support to load cellulose After the collection of the raw data, all the intensities 

were corrected by transmission and the empty cell contribution was subtracted. 

  III-3.2.2.7 Water vapor diffusivity identification 

Analytical solutions from Crank (Crank 1975) were considered to estimate water vapor 

diffusivity and water vapor uptake of cellulose at the equilibrium for each step at constant 

relative humidity. Two different geometries were considered to estimate the water vapor 

diffusivity in cellulose depending on the sample, i.e. diffusion in an infinite plane sheet or 

diffusion in a finite cylinder. The following assumptions were made to describe the diffusion: 

(i) cellulose was considered a homogeneous material displaying isotropic properties, which did 

not depend on time and position in the material; (ii) the possible swelling of cellulose particles 

upon increasing relative humidity was supposed negligible. 

Diffusion in a cylindrical particle of cellulose. This approach considers a finite cylinder 

of radius  (m) and length  (m) described by ( , ) [0, ]   , . The diffusion 

equation for a concentration of water vapor ( , , ) at time  and spatial position ( , ) in this 

finite cylinder is given in Equation III-3.4, where  is the water vapor diffusivity in the 
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material, with a uniform initial concentration C0 and a constant and uniform boundary 

concentration C  as described in Equation III-3.45. 

 ( , , ) =  +
²

²
+

²

²
 Eq. III-3.4 

 

 

A finite cylinder described the intersection of an infinite cylinder and an orthogonal infinite 

plane sheet, both of these infinite geometries having available analytical solutions (Crank 1975).  

In such case, an analytical solution for the finite cylinder can be written as the product of 

analytical solutions of infinite plane sheet and infinite cylinder with ad-hoc initial and boundary 

conditions as  explained in Matthews and Walker (Matthews and Walker 1970) and applied by 

Thoury et al. (Thoury-Monbrun et al. 2018a). The analytical solution of the diffusion problem 

in the finite cylinder described by Equation III-3.4 and Equation III-3.5 is given in Equation 

III-3.6, where  and  are respectively the mass of compound sorbed in the material at 

time t and at infinite time, and qn are positive roots of Equation III-3.7 where  is the Bessel 

function of the first kind of order 0. 

( , , , )
=  

 
.

( + )² ²

( )² ²
²  Eq. III-3.6 

 (  ) =   Eq. III-3.7 

The first bracket of the Equation III-3.7 described the radial part of the diffusion. It 

corresponds to the analytical solution of diffusion in an infinite cylinder of radius  with an 

initial uniform concentration , and a boundary constant concentration . The last bracket 

is the axial part of the diffusion, i.e. the analytical solution for the infinite plane sheet still with 

an initial uniform concentration , and a boundary constant concentration . Assuming that 

all the particles are constituted of the same homogeneous material, the diffusivity is 

independent of the particle size, therefore Equation III-3.6 applies.  

Diffusion in an homogenous power bed (noted p in the following). Let consider an 

isotropic diffusion problem in a finite cylinder of radius  (m) and length  (m), insulated at 

its bottom and peripherical sides. By symmetry, this problem reduces to a pure axial diffusion 

 

                        ( , , ) =   ( , )  [ , ]  × ,  

                        ( , = , ) =    ,  ,  

                        ( , , = ± / ) =    ,  [ , ] 

         Eq. III-3.5 
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corresponding to diffusion in an infinite plane sheet of thickness  (m), insulated at its bottom. 

If the plane sheet is defined by  [0, ], the equation for diffusion of a compound of 

concentration ( , ) at time  and position  is given in Equation III-3.8 with initial and 

boundary conditions as in Equation III-3.9. 

 ( , ) =
( , )

  Eq. III-3.8 

 

( = , ) =    [ , ] 

( , = ) =    

( , = ) =    

Eq. III-3.9 

The analytical solution for a plane sheet of thickness L (m) described by z  [0, L] and isolated by the bottom was 

described by Equation III-3.10  (Crank 1975). 

=
( + )² ²

.
( + )² ²

²
  Eq. III-3.10 

Diffusion in an heterogeneous population of cylindric particles (noted c in the 

following). Let consider now a population structured in N classes of cylinder particles of 

length  and radius  for class  with initial and boundary conditions given by Equation III-

3.5. For each class, Equation III-3.6 applies, and the analytical solution for the total population 

is Equation III-3.11 where  and  are the mass of compound sorbed a time  in the whole 

population of particles and in the particles of class  respectively,  being calculated from 

Equation III-3.6. 

 = ( , , , )  Eq. III-3.11 

At infinite time, Equation III-3.11 become Equation III-3.12. As  depends only on the mass, 

or volume, of cellulose particles in class ,   is proportional to  as given in Equation III-

3.13, where wi is the mass fraction, or volume fraction, of particles in class . 

 =   Eq. III-3.12 

 

 = .   Eq. III-3.13 

Finally, the analytical solution for diffusion in an heterogeneous population of cylindrical 

particles is summarized in Equation III-3.14. 

=   
 

( )
.

( + )² ²

( )² ²
²   Eq. III-3.14 
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We note that Equation III-3.14 with N=1 converges to Equation III-3.6. 

Distribution. The population was sorted into classes of diameter × length, in order to obtain 

a 2D distribution size population (DSP). According Thoury-Monbrun et al., squared classes of 

side 10 µm were used and each class was characterized by the median diameter and median 

length (Thoury-Monbrun et al. 2018a). Resulting 2D particle size distribution (DSP) was then 

used in Equation III-3.14 for estimation of apparent diffusivity. 

Identification parameter procedure. Water vapor apparent diffusivity and water uptake 

of cellulose at the equilibrium were identified from MATLAB® software using lsqnonlin 

function for solving the corresponding nonlinear least squared problem. It consisted in 

minimizing the root mean square error (RMSE) between experimental sorption kinetics   

and simulated ones , as given in Equation III-3.15. Simulations were performed by using 

one of the analytical previously presented, Equation III-3.10 or Equation III-3.14, depending 

on the geometry of the studied sample. 

 =  
( ( ) ( ) )

 Eq. III-3.15 

where ( ) is the estimate mass at time t, ( ) is the experimental results of mass 

uptake at time t. 

III-3.3 Results & discussion 

III-3.3.1 Scientific approach and sample morphology  

Figure III-3.1 presents the overall approach followed in this study to develop a reliable 

methodology based on the use of DVS analysis to identify water vapor diffusivity in micrometric 

size cellulose particles. The value estimated from QCM analysis on a sample of around 1 µg 

was considered as the reference since it was previously demonstrated that recorded water vapor 

sorption kinetics occurred at the scale of individual particles and not at the scale of 

agglomerates of particles (Thoury-Monbrun et al., 2018c). As shown on Figure III-3.2A 

illustrating the surface of the quartz substrate covered by cellulose particles (QCM-1µg) where 

individual particles were observed without contact between them. In that case, cellulose 

particles were assimilated to non-insulated cylinders characterized by a major axis 

(corresponding to the length of a cylinder) and a minor axis (corresponding to the diameter of 

a cylinder), and the analytical solution corresponding to an heterogeneous population of finite 

cylinder, Equation III-3.14, was used for the identification of water vapor diffusivity.  
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Figure III-3.1. Methodologies tested to estimate water vapor diffusivity of cellulose at the 
scale of micrometric size particles. 

 

Regarding DVS analysis, protocols of sample preparation have been thought in such a way to 

modulate the macroscopic structure of the sample, i.e. the apparent porosity, as well as the 

initial sample mass. The first protocol consisted in forming a powder bed (PB) by depositing 

directly the cellulose powder in the DVS pan and taking care of covering the entire pan surface, 

without applying any sample compression force. As classically done, an initial mass of 35 mg 

was first considered to form a powder bed (DVS-PB-35 mg). The second protocol consisted in 

customizing this standard method in such a way to be able to decrease the initial mass of 

cellulose down to 1 mg. Indeed, introducing a sample mass lower than 5 mg could lead to 

unwanted mass variations. To avoid that, the customized method consisted in putting an 

aluminum pan in both the “sample” and the “reference” cells, which allowed making a 

counterpoise and maintaining stable the DVS balance. Both powder bed samples, either DVS-

PB-35mg or DVS-PB-1mg, displayed the same morphology. As illustrated on Figure III-3.2B, 

an intimate contact between particles was clearly visible, with an apparent porosity of the 

powder bed around 75%.  
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To reduce this apparent porosity, i.e. the voids between cellulose particles, tablets of 

compressed cellulose were produced. Increasing compression forces have been tested for that 

purpose. It was shown that 20% was the lowest reachable apparent porosity given the shape of 

the cellulose particles and that the minimal mass of cellulose that could be used for the 

production of tablets of a porosity of 20 % was around 30 mg. Given that, two masses were 

considered, i.e. around 67 mg and 30 mg. 30 mg was the minimum weight to produce 

homogenous tablet and to study the influence of the sample initial weight. 

The surface and the cross-section of the cellulose tablets are depicted in Figure III-3.2C and 

Figure III-3.2D. The contact between particles was much stronger than in powder beds, with 

an apparent porosity decreasing down to around 20 %.  

The cellulose samples used for DVS analysis (either in the form of a powder bed (PB) and in 

the form of a compressed powder tablet (PT)) were first considered as a finite cylinder with a 

diameter to half thickness ratio higher than 10. Since samples covered all the surface of the 

DVS pan, it was also supposed that no transfer occurred through the bottom and the periphery 

of the sample. In this case, a geometry of finite cylinder isolated from bottom and peripheric 

sides was considered. This geometry allows to use the analytical solution of a plane sheet, 

Equation III-3.10, to estimate water vapor diffusivity. In a second step, water vapor diffusivity 

in DVS-PB samples was estimated by neglecting contact between particles and considering the 

analytical solution for an heterogeneous population of finite cylinders (Equation III-3.4).  

The plane sheet model is a macroscopic approach that approximates a global volume occupied 

by all the particles while the finite cylinder model is focused on all unitary particles present in 

this sample volume, which could be considered as a microscopic approach. 

Finally, percolation effects could be expected and the porosity was assumed to lead to a 

reduction of diffusivities knowing that water vapor diffusion is faster in air than cellulose (Dwater 

vapor/air = 2.6 × 10 5 m².s 1 at 25°C, (Cussler 2009)). Thus, this porosity was lastly taken into 

account in the estimation of the water vapor diffusivity for the plane sheet model only. 
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Figure III-3.2: SEM images of cellulose particles at magnitudes of x500. (A) QCM, (B) 
DVS-PB, (C) DVS-PT (surface), (D) DVS-PT (slice) 

 III-3.3.2 Water vapor sorption kinetics and isotherms 

Figure III-3.3 presents the water vapor uptake as a function of time for successive steps of 

relative humidity (RH) obtained from QCM coupled with an absorption system (Figure III-

3.3A), by DVS analysis on a powder bed of either 35 mg (Figure III-3.3B) or 1 mg (Figure III-

3.3C) and by DVS analysis on a thin (Figure III-3.3D) and thick (Figure III-3.3E) cellulose 

tablet. In all the cases, results showed classical sorption kinetics, with an equilibrium that was 

reached at each RH step. This ensured that data could be exploited to identify diffusion and 

sorption parameters.  

Globally, two main comparisons could be done between kinetics obtained by QCM or by DVS. 

As regards the duration of the experiment, the water vapor uptake equilibrium was reached on 

each step after less than 10 minutes in the case of QCM, against at least 4 hours in the case of 

DVS. This was due to the much lower mass of sample in the case of QCM analysis. A significant 

difference could also be noticed between powder beds and compressed tablet samples (Figure 

III-3.3). Indeed, even for similar initial masses, the time to reach the equilibrium was longer in 

the case of compressed tablets, with an overall experiment duration of 150 hours against 125 

hours for the powder bed sample.  
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As regards the quality of the kinetics, little artefacts could be observed in the case of QCM 

while they were not visible in the case of DVS. The only drawback of the QCM was indeed the 

trickiest way to control the targeted RH value at each step and the difficulty to get stable RH 

above 80%. 

Figure III.3.3: Water vapor kinetic of cellulose measured by QCM and DVS equipment. 

(A) QCM, (B) DVS-PB-35mg, (C) DVS-PB-1mg, (D) DVS-PT-67mg, (E) DVS-PT-30mg 

 

Water vapor sorption isotherms were deduced from values of mass uptake at the equilibrium 

of each RH step (Figure III-3.4). All the data were represented for the QCM analysis while 

mean values and standard deviation values were displayed for DVS measurements owing to 

the fact that constant values of RH step could be reached in the case of DVS analysis. As 

already described in literature (Kreze et al. 2001; Banik and Brückle 2010; Paes et al. 2010; 

Belbekhouche et al. 2011; Mokhothu and John 2015) a typical sigmoidal-shaped water vapor 

e) 

b) a) 

c) d) 
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sorption isotherm was obtained for the three different cellulose samples (Figure III-3.4). An 

initial convex region from 0 to 20 % of relative humidity generate by the water molecules 

attracted by the most accessible -OH groups where a formation of monomolecular layer of 

water occurred. Then, a linear part is observable from 20 % to approximately 50 % of relative 

humidity generated by multilayer stacks of water on the first monomolecular layer. Finally, 

after 50 % of RH a concave region is notable, mainly produce by the water capillarity inside 

the cellulose particles and the potential formation of water clusters. At 95 % of RH water 

uptake was 0.21 ± 0.1 g.g-1 for the powder bed and 0.20 ± 0.1 g.g-1 for the powder tablet. 

These results are in agreement with other study based on water vapor sorption of 

microcrystalline cellulose with low crystallinity (Paes et al. 2010; Mokhothu and John 2015)  

 

 

 

 

 

Figure III-3.4. Water vapor sorption isotherms of the three different cellulose protocols 
of preparation: (•) DVS-PB, ( ) DVS-PT and (+) QCM. Standards deviation values 

were calculated from three replicates. No standard deviation of QCM was realized due to 
different RH step of each replicate. 

Isotherms were superposed for RH lower than 20 % and higher than 75 %, while significant 

differences between samples were noticed for RH comprised between 20 and 75 %. These 

differences occurred when water vapor molecules sorb on the first monolayer. It could be 

deduced that less water vapor molecules were sorbed on this layer in the case the QCM. This 

phenomenon could be explained by the macroscopic structure of the sample. In the case of 

powder beds characterized by a high apparent porosity, water vapor was likely adsorbed in the 

interparticle region, leading to a water vapor clustering effect. This has already been observed 

for microcrystalline cellulose and cotton cellulose (Agrawal et al. 2004; Banik and Brückle 

2010). For RH higher than 75 %, capillarity phenomena may arise, resulting in superposed 

isotherms. DVS-PT samples were produced to avoid these unwanted effects. However, it is 

worth noting that even if the apparent porosity was reduced, the same phenomena were 

observed for compressed tablets, allowing to conclude that the reduction of sample porosity did 

not prevent clustering phenomena.  
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 III-3.3.3 Identification of water vapor apparent diffusivity 

Water vapor diffusivity values were estimated following the approach presented in Figure III-

3.1. When an heterogeneous population of cylindric particles was considered for the choice of 

the analytical solution (Equation III-3.11), an accurate determination of the morphological 

parameters of the sample (height and diameter) was necessary. It was shown in a previous 

study that the consideration of all the size distribution in volume, obtained by image analysis 

of optical micrographs, should be preferred (Thoury-Monbrun et al. 2018a). In the case of the 

plane sheet model (Equation III-3.14), dimensions given in Table III-1.1 were used to estimate 

the water vapor diffusivity.  

The different values of mean apparent diffusivity obtained for the same raw material, i.e. 

micrometric size pure cellulose, but using different protocols of preparation and modeling 

approaches are summarized in Table III-3.2. These different case studies will be described in 

more details in the following parts of the present article. 

Table III-3.2: Water vapor diffusivity of cellulose samples 

Sample name Analytical solution 
Consideration of the 

sample apparent porosity 
Apparent diffusivity 

(m².s-1) 

QCM-1µg Finite cylinder Not applicable 3 × 10-12 ± 2 × 10-12 
DVS-PB-35mg Finite cylinder Not applicable 2 × 10-10 ± 2 × 10-16 
DVS-PB-35mg Plane sheet No 4 × 10-10 ± 2 × 10-11 
DVS-PB-35mg Plane sheet Yes 1 × 10-10 ± 8 × 10-12 
DVS-PB-1mg Finite cylinder - Not applicable 6 × 10-15 ± 7 × 10-16 
DVS-PB-1mg Plane sheet No 8 × 10-12 ± 1 × 10-13 
DVS-PB-1mg Plane sheet Yes 2 × 10-12 ± 2 × 10-13 
DVS-PT-67mg Plane sheet No 6 × 10-11 ± 1 × 10-11 
DVS-PT-67mg Plane sheet Yes 4 × 10-11 ± 9 × 10-12 
DVS-PT-30mg Plane sheet No 2 × 10-11 ± 2 × 10-12 
DVS-PT-30mg Plane sheet Yes 1 × 10-11 ± 2 × 10-12 

 

Reference value (QCM-1µg). Water vapor diffusivity of cellulose was estimated at each 

step of relative humidity (Figure 5). It was shown that apparent diffusivity was not significantly 

impacted by the relative humidity, with scattered values ranging from 1.4x10-13 m².s 1 to 

1.5x10-11  m².s 1 and a mean average of 3x10 12 ± 2x10 12 m².s 1. This methodology was defined 

as a reference for cellulose particles considered in the present study, due to the absence of 

particle agglomeration.  
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Figure III.3.5: Apparent water vapor diffusivity of an heterogenous population of 
cylinder-shaped particles, for QCM-1µg. Symbols are the estimated diffusivities obtained 

for the whole set of RH steps. Average apparent diffusivity, in the sense of temporal 
mean, are presented through black line (mean) and dash lines (mean ± standard 

deviation). 

DVS analysis using a sample in the form of a powder bed (DVS-PB-35mg and 

DVS-PB-1mg). Figure III-3.6 presents the evolution of the apparent diffusivity as a function 

of increasing RH for the two different initial masses, i.e. either 35 mg or 1 mg of cellulose and 

for the two different analytical solutions, i.e. either the plane sheet isolated by the bottom (p) 

or an heterogeneous population of cylindric particles (c). It is worth noting that standard 

deviation values were lower for DVS analysis than for QCM. This could be explained by the 

fact that when very little amount of cellulose is used (1 µg for QCM), the particle size 

polydispersity strongly impacts the water vapor kinetics. This effect is smoothed in the case of 

initial masses of the order of the milligram. For an initial mass of 35 mg, none of the two 

models allowed to access diffusivity values similar to the reference (Figure III-3.6). The 

macroscopic approach (black point) overestimated apparent diffusivity, with values ranging 

from 1.1 x 10-10 to 1.5 x 10-10 m2.s-1, i.e. 100 times higher than the reference. This was explained 

by the fact that the sample was not a homogeneous plate (apparent porosity around 75 %), 

resulting in other phenomena than water vapor adsorption and diffusion at the scale of 

micrometric size particles, including water clustering and particle collapsing. On the contrary, 

it was logically shown that apparent diffusivity was dramatically underestimated when 

considering a microscopic approach, with values 10 000 times lower than the reference (Figure 

III-3.6, green point). This was explained by the fact that this approach did not allow to take 

into account aggregation effects which would tend to accelerate the diffusion.   
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For a reduced initial weight of 1 mg of cellulose, consider the particle scale (blue point) gave 

the same result than for 35 mg with an underestimation of diffusivity compared to the reference. 

This approach of population of particles in a bed of particles was not adapted to estimate the 

actual diffusivity in a single particle. 

 
Figure III-3.6 Apparent water vapor diffusivity estimated for cellulose powder bed 

samples for initial masses of 35 mg and 1 mg. (•) PB-35mg-p, (•) PB-1mg-p, (•) PB-
1mg-c, (•) PB-35mg-c. The black line corresponds to the reference value, i.e. the average 

value obtained from QCM analysis tablet. 

At the opposite, considering the reduced initial mass 1 mg and the plane sheet analytical 

solution allowed reaching the reference value (Figure III-3.6, grey point) with values ranging 

from 2.3 x 10-12 to 3.1 x 10-13 m2.s-1. It can be explained by the lower mass of cellulose and 

consequently the lower thickness of the sample, both reducing the impact of external 

phenomena, i.e. not included in the diffusion model, such as aggregation, swelling, etc. 

In a second step, the volume fraction of air present in the powder bed, i.e. the apparent porosity, 

was taken into consideration in the modeling approach, knowing that water vapor diffusion in 

air was around 2.5 x 10 5 m².s 1 at 23°C and at atmospheric pressure (Marrero and Mason 

1972). For that purpose, a resistance model approach Equation III-3.16 was used for diffusion 

as described by Henis et al. (Henis and Tripodi 1981) where  is the diffusion resistance,  is 

the diffusivity in compartment and  is the volume fraction of the compartment.  

 =  

%

 Eq. III-3.16 

The powder bed was considered as porous material and described by the Equation III-3.17. 

 =  +  Eq. III-3.17 
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Thus, the porosity of the bed of particle was taken into account by the Equation III-3.18 where 

 is the water vapor diffusivity in air,  is the measured diffusivity. 

 

 
=  

%

%
 

Eq. III-3.18 

Whatever the initial sample mass, i.e. either 35 or 1 mg, the use of the resistance model that 

takes into consideration the apparent porosity of the powder bed (around 75 %) resulted in a 

reduction of the apparent diffusivity of about one decade and half, from 2 x 10-10 m2.s-1 down 

to 5 x 10-11 m2.s-1 for 35 mg and from 4 x 10-12 m2.s-1 down to 9 x 10-13 m2.s-1 for 1mg of cellulose 

(Figure III-3.7). This approach to consider only the volume fraction of pore was probably too 

simplest to evaluate perfectly diffusivities of porous materials. According to Mezedur et al. and 

Niu et al., the use of a size pore distribution would be necessary to correctly identify the liquid 

water diffusion coefficient (Mezedur et al. 2002; Niu et al. 2014). Anyway, this allowed 

concluding on the significant impact of apparent porosity on diffusivity values.  

 
Figure III-3.7. Apparent water vapor diffusivity of cellulose estimated from DVS analysis 
on powder bed samples and by considering the apparent porosity of the powder bed. (•) 

PB-35mg-p, (•) PB-35mg-p (porosity), (•) PB-1mg-p, (•) PB-1mg-p (porosity) 

Finally, regarding the evolution of apparent diffusivity as a function of RH, a significant 

reduction of diffusivity was observed between 0 to 40% of RH. This could be ascribed to an 

increase of cellulose cristallinity, which would result in a reduction of chain mobility and thus 

in water vapor diffusivity. Indeed, it was previously reported for ball milled cellulose (Paes et 

al. 2010) that cellulose can recrystallize upon increasing relative humidity. Above 40 % of RH, 

diffusivity remained constant. The recrystallization phenomenon was probably over after this 

relative humidity. 
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DVS analysis using a sample in the form of a powder tablets (DVS-PT-30mg and 

DVS-PT-67mg). Based on the previous conclusion on the significant impact of sample 

apparent porosity, tablets of compressed cellulose to reduce porosity were prepared for DVS 

analysis. Two different initial masses of cellulose were tested, i.e. 30 and 67 mg, both displaying 

an apparent porosity of about 20 %. The first sample has an aspect ratio (ratio between the 

diameter and the length of the tablet) of 0.07 while the second has a ratio of 0.15. Apparent 

diffusivity was identified from the plane sheet model, Equation III-3.14, as a function of relative 

humidity, by considering or not the porosity value in the calculations (Figure III-3.8). The 

initial sample mass has a significant effect on diffusivity, with values ranging from 8 x 10-12 

m2.s-1 to 4 x 10-11 m2.s-1 for DVS-PT-30mg and from 2 x 10-11 m2.s-1 to 2 x 10-10 m2.s-1 for DVS-

PT-67mg. Using a small amount of cellulose sample allowed getting closer to the reference 

value. This was due to the decrease of the aspect ratio, making the use of the plane sheet 

analytical solution more appropriate. This model assumed that length of cylinder was negligible 

compared to the diameter of the cylinder.  The use of a thinner tablet would allow to reach 

the QCM reference value. But as previously mentioned, it was not technically possible to obtain 

a very thin homogeneous tablet displaying a low porosity. As previously observed for PB 

samples, the consideration of a 20 % apparent porosity using a resistance model approach 

resulted in a decrease in diffusivity values. However, it is worth noting that for many RH steps, 

this decrease was comprised in the error bar. This result shown with a small porosity, 20 % in 

volume for example, porosity has no effect on diffusivity. So, there is no interest to take it in 

consideration, porosity can be neglected for this case. 

For each sample, a significant decrease of one decade for DVS-PT-67mg sample and a half 

decade for DVS-PT-30mg sample of diffusivity was observed for low relative humidity (0 to 40 

%). This observation could be caused by a recrystallisation of cellulose with the increase of 

relative humidity. Indeed, it was reported for ball milled cellulose (Paes et al. 2010) that 

cellulose can recrystallize with relative humidity. This semi-crystallin region formation in 

cellulose reduced the diffusion of water vapor molecule due to the reduction of chain mobility. 

Above 40 % of relative humidity, diffusivity remained constant. The recrystallization 

phenomenon was probably over after this relative humidity. 
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Figure III-3.8: Apparent water vapor diffusivity of cellulose estimated from DVS analysis 

on powder compressed tablets and by considering or not the apparent porosity of the 
tablet. (•) DVS-PT-67mg-p, (•) DVS-67mg-p (porosity), (•) DVS-67mg-p (porosity) (•) 

DVS-67mg-p (porosity) 

 

III-3.4 Conclusion 
A combination of sample preparation protocols and mathematical approaches has been tested 

to identify apparent water vapor diffusivity in micrometric size cellulose particles. 

Methodologies have been validated based on a comparison with results obtained from the QCM 

method on a sample of 1 g, which was considered as the reference.  

In the case of samples used for DVS, an intimate contact between particles was unavoidable, 

resulting in concomitant phenomena at the macroscopic scale. As regards water vapor sorption 

isotherms, the amount of sorbed water vapor by cellulose particles increased with increasing 

macroscopic apparent porosity, due to water clustering effects. The use of a large amount of 

cellulose generated an underestimation of the water uptake. Apparent diffusivity values 

oscillated from 6 x 10 15 to 4 x 10 10 m².s 1 depending on the equipment (DVS or QCM), the 

amount of sample, the analytical solution and the consideration of the sample apparent 

porosity. It was shown that DVS could be used as a reliable and easy to implement methodology 

even if an initial mass as low as 1 mg of cellulose was used as well as a finite plate analytical 

solution. In this latter case, a water vapor diffusivity of cellulose around 8 x 10 11 ± 1 x 10 11 

m².s 1 was found. It was shown that compressed tablets of cellulose could also be used to 

estimate water vapor diffusivity, subject to consider the apparent porosity of the tablet. The 

morphology of this kind of sample being more easily controllable and measurable, as compared 

to cellulose powder bed, results should be refined in a following study by considering the pore 

size and volume in the estimation of apparent diffusivity.  

To conclude, the two equipment used in the present study, i.e. QCM and DVS, could be 

compared by considering several criteria: availability, sample mass, sample form, range of 
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relative humidities, repeatability of the analysis, achievement of the targeted relative humidity, 

acquisition time. The main advantages of the QCM were the 100 times shorter acquisition time 

and the insurance of measuring mass transfer properties at the scale of micrometric size 

particles. On the opposite, the huge advantages of DVS were its high availability and easiness 

to use and the robustness of the analysis. QCM allows to work only with few quantities of the 

sample (film or powder) whereas DVS is more versatile with a large range of mas of samples 

and the possibility to work with different aspects of the sample (powder, tablet, film).  
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 III-4 Complementary results 
To validate the methodology developped in this chaptre, vin shoot particles were analyzed with 

th QCM equipment. Figure III-4.1A shown the water vapor kinetics of these particled. A 

typical kinetic curve was obtained, therefore, it should be possible to transpose this 

methodology to other plant particles. Figure III-4.1B presented the water vapor isotherm, a S-

shape was obtained with a high water vapor clustering after 60% RH with a rapid increase of 

water vapor sorbed from 0.05 µg.µg-1 to 0.16 µg.µg-1 It would be necessary to do additional 

tests to be really sure of this preliminary results but this first result shown the capacity of the 

QCM apparatus to access water vapor sorption kinetics  

Figure III-4.1 Water vapor kinetic (A) and water vapor isotherm (B) of vin shoot 
particles 
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Le chapitre III a montré le potentiel de la microbalance à quartz couplée à un système 

d’absorption pour évaluer les propriétés de transfert de matière à l’échelle de la particule de 

cellulose unitaire de taille micrométrique en travaillant avec de très faibles quantités de matière 

(1 µg). En comparaison aux autres appareils de sorption, la balance à quartz permet d’obtenir 

une cinétique de sorption très rapidement (durée totale de la manipulation d’environ une heure) 

en raison de la faible masse d’échantillon. Le coefficient de diffusion à la vapeur d’eau dans la 

cellulose a été estimé en faisant l’hypothèse de deux géométries de particules : des particules 

homogènes sphériques ou des particules homogènes cylindriques. Nous avons montré que si le 

facteur de forme est inférieur à 2, les deux géométries peuvent être utilisées sans différence 

significative sur la diffusivité estimée. Cependant, si le facteur de forme est supérieur à 2, nous 

avons montré qu’il est préférable d’utiliser la géométrie du cylindre fini. De plus, nous avons 

pu mettre en évidence que l’humidité relative a peu d’influence sur la diffusivité apparente de 

vapeur d’eau. Ensuite, l’impact de considérer des particules homogènes ou des particules 

hétérogènes pour une même population a été étudié sur les propriétés de diffusion à la vapeur 

d’eau dans des particules de cellulose. Il a été montré que la prise en compte de l’ensemble de 

la distribution en taille a une influence non négligeable sur les propriétés de transfert de matière. 

Ainsi, la valeur de diffusivité à la vapeur d’eau des particules de cellulose estimée en considérant 

une population hétérogène a été choisie comme valeur de référence. La dernière partie a permis 

de tester un autre appareil de sorption, à savoir la « dynamic vapor sorption » (DVS). 

L’inconvénient de cette machine est la quantité d‘échantillon nécessaire pour être dans la plage 

de mesure (autour de 10 mg) sachant qu’on souhaite travailler à l’échelle de la particule et en 

aucun cas à l’échelle macroscopique de l’échantillon. En ajoutant un contre poids sur la balance, 

il a été possible de réaliser des cinétiques de sorption de vapeur d’eau avec 1 mg comme masse 

initiale. En utilisant la solution analytique de diffusion d’un cylindre fini qui correspond à la 

géométrie du lit de poudre placé dans l’appareil de mesure et en prenant en compte la porosité 

macroscopique apparente de l’échantillon, la valeur de diffusivité à la vapeur d’eau se rapproche 

de la vapeur de référence définie en deuxième partie du chapitre via la méthode QCM.
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Chapitre I : État de l’art 

 
Chapitre II : Matériaux, techniques & méthodes expérimentales 

 
Chapitre III : Développement d’une méthodologie pour évaluer les transferts de 
vapeur d’eau dans des particules de cellulose micrométriques 

Partie 1. Evaluation du potentiel de la microbalance à quartz pour estimer le transfert de 
vapeur d’eau dans des particules de cellulose de taille micrométrique [Article 1]  

Partie 2. Impact de la distribution en taille à 2 dimensions sur l’estimation de la diffusivité 
apparente de la vapeur d’eau dans des particules de cellulose de taille micrométrique [Article 
2] 

Partie 3. Adaptation d’un équipement de mesure gravimétrique de sorption de vapeur d’eau 
pour estimer la diffusivité apparente de la vapeur d’eau dans des particules de cellulose de taille 
micrométrique [Article 3] 

Résultat complémentaire. Transfert de vapeur d’eau dans des particules lignocellulosiques. 
 

Chapitre IV : Formalisation des relations structure/transferts de gaz dans des 
biocomposites 

Partie 1. Propriétés de transfert aux gaz dans un biocomposite polypropylène/cellulose 
[Article 4] 

Partie 2. Diffusivité apparente de la vapeur d’eau dans un biocomposite 
polypropylène/cellulose en intégrant la microstructure réelle. [Article 5] 

 
Chapitre V : Impact de la nature du migrant et de la morphologie des particules 
sur les propriétés de transfert. 

Propriétés de transfert aux gaz dans des particules de cellulose de taille micrométrique. [Article 
6] 

 

  



Chapitre IV : Formalisation des relations structure/transfert de gaz dans des biocomposites 

- 161 - 
 

Ce chapitre IV permet de capitaliser des données sur les propriétés de transfert de vapeur d’eau 

et d ‘oxygène dans des biocomposites PP/cellulose. Deux échantillons de cellulose présentant 

des morphologies contrastées ont été utilisés comme charge dans une matrice de polypropylène 

(PP). Les propriétés de transfert de vapeur d’eau et d’oxygène des biocomposites PP/cellulose 

ont ensuite été évaluées. La deuxième partie de ce chapitre a été de confronter les résultats des 

diffusivités apparentes de vapeur d’eau des biocomposites PP/cellulose obtenues dans la 

première partie à une approche de modélisation. A partir de la microstructure des biocomposites 

analysée par tomographie aux rayons-X et des valeurs de diffusivité à la vapeur d’eau du PP 

vierge et de la cellulose obtenues en amont (Articles 2, 3 et 4), la diffusivité apparente du 

composite a pu être évaluée.  
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Gas transfer properties of polypropylene/cellulose 

biocomposites [Article 4]  

En préparation de soumission dans Composites Part A: Appkied Science and Manufacturing 

 
Valentin THOURY-MONBRUN, Sébastien GAUCEL, Nathalie GONTARD, Valérie 
GUILLARD, Hélène ANGELLIER-COUSSY 

JRU IATE 1208 – CIRAD/INRA/Montpellier Supagro/University of Montpellier, 2 Place 
Pierre Viala, Bat 31, F-34060 Montpellier 01, France 

IV-1.1 Introduction 
These last decades saw the explosion of the market of plastics from petrochemical origin, which 

are functional, cheap and easily available materials. But the increasing concerns connected to 

the depletion of the reserves in fossil energy, the difficulty to recycle these materials and the 

environmental pollution due to the accumulation of plastic materials, allowed the authorities 

to become aware of the necessity of turning to more “green materials” by investigating the ways 

of non-food valuation of the biomass. The development of biocomposite materials via the 

incorporation of natural lignocellulosic fibers is a strategy more and more often proposed to 

increase the renewable fraction in the material, to decrease the overall environmental impact 

of the material, to potentially enhance the biodegradability of the material while modulating 

its functional properties (Saheb and Jog 1999; Mohanty et al. 2000; Satyanarayana et al. 2009). 

Among many possible choices, cellulose, the most abundant organic polymer on Earth, is an 

outstanding potential for the substitution of petroleum-based products in the field of packaging. 

The food packaging sector is particularly demanding for this kind of materials (Weber 2000; 

Davis and Song 2006; Kale et al. 2007; Berthet et al. 2016). The mass transfers are at the heart 

of the feature of the food packaging since transfers of water vapor and gases condition the rates 

of numerous reactions of food degradation (oxidation, microbial development, physiological 

reactions etc.). The mathematical modeling of mass transfers is an inescapable tool in front of 

the diversity of the implied materials and the complexity of the food/packaging system. It is 

essential to represent and formalize the link between the structure and the mass transfer 

properties in a packaging material and also to couple in a quantitative way transfers and 

associated reactions to be able to optimize and design systems dedicated to the preservation of 

a given food product. However, if mechanical and thermal properties of lignocellulosic fillers 

have been already extensively investigated and presented in numerous literature reviews 

(Mohanty et al. 2000; Baley 2002; Alemdar and Sain 2008; John and Thomas 2008; Ochi 2008; 

Satyanarayana et al. 2009; Jonoobi et al. 2010; Faruk et al. 2012; Berthet et al. 2015a), very 

few studies are available on mass transfer properties in biocomposites (Fendler et al. 2007; 
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Sanchez-Garcia et al. 2008; Ludueña et al. 2012; Lammi et al. 2018). When mass transfers are 

evaluated, it is essentially at the macroscopic scale via permeability measurements (Park and 

Paul 1997; Zeman and Kubík 2007; Shields et al. 2008). Little is interested on the evaluation 

of diffusion and sorption phenomena, which is absolutely necessary to better formalize the 

structure/mass properties relationships. As regards gas transfer properties, very few studies are 

devoted to this subject due to the difficulties to set up the analysis. Indeed, the gas detector 

must be very fine to be able to detect a small gas permeability, i.e. very barrier materials and 

the thickness of the film must be fine enough to avoid to realize a measurement correction lead 

by the transition flow with slow pressure and high thickness (Mathur et al. 2016; Müller et al. 

2017). Generally, the incorporation of cellulose fibers in a polymer matrix leads to a reduction 

of oxygen permeability, this effect being more important with increasing filler content and a 

good filler/matrix interfacial adhesion (Fendler et al. 2007; Arrieta et al. 2014). The reduction 

of the permeability was around 50 to 100% as compared to HDPE/cellulose composites and 

PLA/cellulose composites depending of the filler morphology, composition and affinity towards 

the matrix. Indeed, the use of compatibilizer to increase the affinity between cellulose fillers 

and the bulk polymer is demonstrated to allow a reduction of the oxygen permeability (Majeed 

et al. 2014; Hassaini et al. 2017).  

In this context, the present study aims at improving the knowledge of the impact of cellulose 

particle morphology, as a function of increasing fillers content, on the mass transfer properties 

of biocomposites, with a deep focus on water vapor. For that purpose, two cellulose samples 

displaying contrasted morphology have been used as fillers in a polypropylene (PP) matrix. 

Biocomposites were prepared by melt extrusion calendering with increasing filler contents. 

Films of two different thicknesses were produced. The water vapor and oxygen mass transfer 

properties of these biocomposite materials were evaluated and discussed in relation to the 

evolution of the structure of materials.  

 

IV-1.2 Materials and methods 

 IV-1.2.1 Raw materials 

Fillers. Two samples of pure cellulose (cellulose content of 99.5 wt%) provided by J. 

Rettenmaier & Söhne (JRS) (Germany) were used: Arbocel® BE600-10Tg, which was 

considered as short cellulose particles (noted SCP) and Arbocel® BC200, which was considered 

as long cellulose particles (noted LCP). According to the manufacturer, short cellulose particles 

had an average particle length of 18 µm, an average particle diameter of 15 µm and an apparent 

density of 0.23-0.3 g.cm-3. Long cellulose particles had size morphology heterogeneity, thus a 

sieving step was performed by sieving with a sieve of 25 µm. Particles above the sieve were 
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used to this study by removing the small particles. The dimension of the long cellulose 

particules had an average of length particles of 350 µm, an average particle diameter of 25 µm 

and an apparent density of 0.07-0.09 g.cm-3. The true density of cellulose, measured by 
3 -3 for SCP and LCP respectively.  

Matrix. Polypropylene (PP) used as matrix was the PH9020 grade supplied from Total 

Petrochemical. As reported by the manufacturer, it was a homopolymer with a melting 

temperature of 165°C and a density of 0.905 g.cm-3. 

 IV-1.2.2 Fillers morphology and crystallinity  

Optical microscopy. A macroscope Multizoom AZ100 (Nikon, Japan) equipped with a RGB 

DS-Ri1 camera (Nikon, Japon) in light transmission mode was used to access the size 

distribution of the cellulose particles. 40 µL of a suspension of cellulose in absolute ethanol with 

a concentration of 0.35 g.L-1 was deposited on a glass slide. Ethanol was further evaporated 

under vacuum. Mosaic images were assembled by reconstruction of 25 images. From image 

analysis, major axis (length of the inertia ellipse) and minor axis (diameter of the inertia ellipse) 

were calculated for each particle. The resolution of the microscope was 5 pixels squared thus 

all particles under 4.2 µm² were removed to the image analysis. Number of analysis particles 

was chosen when the cumulative average of major axis and the minor axis of increasing number 

particles was stable (around 750 particles). Particles were assimilated to cylinders with the 

length and the diameter corresponding to the major and the minor axis, respectively. These 

two shape descriptors were determined in volume.  

Scanning electron microscopy.  Scanning electron microscopy (SEM) observations were 

carried out with a high-resolution field emission gun (SEM S-4800, Hitachi, Japan) with an 

acceleration voltage of 2kV. Samples were coated with a thin layer of platinum in order to 

avoid sample charging interactions.  

X-ray diffraction analysis. Wide angle X-ray diffraction analysis (WAXS) was carried with 

an “in house” setup to characterize the crystallinity of cellulose samples. A high brightness low 

power X- ray tube, coupled with aspheric multilayer optic (

experiments were done in the transmission configuration and the scattered intensity was 

measured by a Schneider 2D image plate detector prototype, at a distance of 1.9 m. Capillary 

was used as support to load cellulose powder. Cellulose was dried at 60°C over 72 hours before 

analysis. After the collection of the raw data, all intensities were corrected by transmission and 

the empty cell contribution was subtracted. Measurements were done with 2  ranging from 1° 
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to 25° and with a step size of 0.0475°. The crystallinity index (CrI) of the cellulose was 

calculated according to the Segal method (Segal et al. 1959) (Equation IV-1.1):  

  (%) =  
 – 

×  Eq. IV-1.1 

where  is the maximum intensity of the 002-lattice reflection of the cellulose crystallographic 

form (I) at 2  = 22° and  the diffraction intensity of the amorphous material at 2  = 18°. 

This method allowed a rapid comparison of cellulose samples by considering the maximum 

intensity peak of  and . 

 IV-1.2.3 Preparation of composite films by extrusion 

Composite films with 5, 10, 20 and 30 wt.% of either SCP and LCP cellulose were produced in 

a twin-screw extruder with a centerline distance of 15.6 mm, a screw length of 624 mm and a 

screw length to diameter ratio L/D of 40 (Prism Eurolab 16XL from Thermo Scientific, 

Germany). The extruder was assembled with a calender die to produce plane sheets. Two film 

thicknesses were tested, i.e. 100 ± 18 µm and 350 ± 45 µm. The global flow rate was 1 kg.h-1 

and the screw speed was 200 rpm. The barrel temperature conditions from the polymer feeding 

to the die ranged from 120°C to 190°C. A passive event was placed just before the die to degas 

water vapor that could remain in cellulose particles. A dedicated gravimetric feeder was used 

to control cellulose feeding rate (Brabender loss-in-weight, twin screw feeder DDW-MD1-MT2) 

while a volumetric feeder was used to feed PP pellets (Brabender single screw volumetric feeder 

DSR28). Before extrusion, cellulose samples were dried at 60°C for 72 h. 

 II-1.2.4 Film characterization 

Weight filler content. The weight cellulose content in biocomposites was determined by 

thermogravimetric analysis, which was carried out using a Mettler TGA2 apparatus. The initial 

sample weight was around 10 mg. Samples were heated from 25°C to 800°C at a constant rate 

of 10°C.min-1 under air flow (50 mL.min-1). Cellulose content on each composite was calculated 

from the mass loss between 250°C and 400°C, which was related to thermal degradation of 

cellulose. From 420°C to 550°C, thermal degradation was related to polypropylene. Experiments 

were performed in triplicate. 

Scanning electron microscopy. The microstructure of biocomposites was qualitatively 

assessed by observations of the cryo-fractured surface of samples using a S-4800 scanning 

electron microscope (Hitachi, Japon). Samples were coated with platinum before analysis in 

order to eliminate electron charging.  

Water vapor sorption kinetics. Water vapor sorption kinetics were performed using a using 

a controlled atmosphere microbalance (Dynamic Vapour Sorption (DVS) Advantage 1 
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apparatus; Surface Measurement System Ltd., London, UK) at 23°C. The DVS apparatus 

allows recording of the mass evolution with time as a function of relative humidity (RH) of air. 

In the present study, successive RH steps (from 0 to 95%, with 10% step up to 90% and 5% 

step beyond) were performed for cellulose and biocomposite samples and the remoistening 

kinetic was followed step by step until reaching equilibrium. Step duration depended on the 

sample, with a maximum step duration of 1000 minutes and the possibility to engage the 

following step if the mass uptake rate was lower than 0.005 %.min-1. All the samples were pre-

dried in the oven during 72 h at 60°C and then dried in the DVS apparatus by exposure to dry 

air until constant weight. Three replicates were realized for each sample. Moisture sorption 

isotherms were determined from the equilibrium moisture contents at each relative humidity 

step. In the case of films, circular pieces of a diameter of 7.5 mm were deposited directly in the 

DVS pan. In the case of cellulose, around 1 mg of cellulose powder was deposited in an 

aluminum pan (DSC Tzero® pans provided by TA Instruments), which was placed in the DVS 

pan, as previously described by Thoury et al. (Thoury-Monbrun et al. 2018c)  

Thickness calculation. The thickness of the powder bed (thickness of the plane sheet) was 

calculated using Equation IV-1.2. It was assumed that the powder bed had a perfect cylinder 

shape and that the powder bed covered all the surface of the pan. 

 =  
. . ²

 Eq.IV-1.2 

where  is cellulose sample weight (g),  is the apparent density of cellulose particles and  

the radius of the pan.  

Apparent porosity calculation. The apparent porosity of the powder bed was calculated 

from Equation IV-1.3. 

 =  °  Eq.IV-1.3 

Where °   is the true density of cellulose and  is the apparent density of cellulose. 

Estimation of apparent water vapor diffusivity. An isotropic diffusion problem in an 

infinite plane sheet of thickness  (m), insulated by it bottom was considered. If the plane sheet 

is defined by   [ , ], the equation for a diffusion of a compound of concentration ( , ) 

at time t and position  presented in Equation IV-1.4 with initial and boundary conditions as 

Equation IV-1.5. 

 ( , ) =
( , )

  Eq.IV-1.4 

 ( = , ) =    [ , ] Eq.IV-1.5 
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( , = ) =    

( , = ) =    

The analytical solution based on the second Fick’s law for a plane sheet of thickness  (m) 

described by z  [0, L] and isolated by it bottom was given by the Equation IV-1.6 to estimate 

water vapor diffusivity and water vapor uptake at the equilibrium for each step of relative 

humidity (Crank 1975). 

 
  

=
( + )² ²

( + )² ²

²
  Eq.IV-1.6 

 

To identify the water vapor diffusivity, MATLAB® software was used with a lsqnonlin function 

to minimize the root mean square of the deviation between experiment and simulated sorption 

kinetics curves as the Equation IV-1.7. 

 =  
( ( ) ( ) )

 Eq.IV-1.7 

where msim(t) is the estimate mass at time t, mexp(t) is the experimental results of mass uptake 

at time t. 

In the case of cellulose particles, the porosity of the powder bed was taken into account to get 

as close as possible at the scale of particle. From a resistance model, water vapor diffusion of 

cellulose particles was calculated by assuming a porous material as described by Thoury-

Monbrun et al. (Thoury-Monbrun et al. 2018).  

Water vapor permeability. Water vapor permeability (WVP) of films was gravimetrically 

determined at 23°C with a relative humidity gradient from 0 to 100 % using a modified ASTM 

procedure (ASTM E96 – Standard test methods for water vapor transmission of materials). 

Samples were hermetically sealed with Teflon seals in glass permeation cells containing distilled 

water. The free film surface was 9.08 cm². Cells were placed in a desiccator containing silica 

gel to have around 0 % of relative humidity (RH). Thus, a RH gradient equal to 100 % was 

considered by assuming that the RH of silica gel was exactly 0 %. Water vapor transfer through 

the exposed film area was measured from the cell weight loss as a function of time. Cells were 

weighted every day over a week period after a steady-state vapor flow was reached. Five 

samples of each type of film were analyzed and WVP was calculated from the following equation 

Equation IV-1.8. 
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 =  
 

 
=  

    

       
 Eq.IV-1.8 

where WVTR is the water vapor transmission rate (mol.m.m-2.s-1.Pa-1),  the thickness (m), 

 (Pa) is the differential pressure between P1 et P2, P1 is the water vapor pressure at 23°C 

(P1 = 2338 Pa) and P2 is assumed to be zero,  is the slope of the weight loss versus time 

(g.day-1),  is the area of exposed film (m²) and  is the molecular weight of water ( = 

18.016 g.mol-1). 

Oxygen permeability. The oxygen permeability (OP) of films was analyzed at 23°C and 0 % 

of RH by using an oxygen permeation cell equipped with a PSt6-type sensor spot to detect the 

concentration of oxygen (PreSens Precision Sensing GmbH, Regensburg, Germany). The free 

film surface was 12.6 cm². The volume of the upper cell was 76.5 cm3 and the volume of the 

lower cell was 96.7 cm3. After having placed the sample in the cell, the measurement system 

was first purged with nitrogen to remove all oxygen in the cell. Then, a constant flow of oxygen 

was introduced in the upper cell with a flow rate of 30 mL.min-1 and the quantity of oxygen 

crossing the film was directly measured. Oxygen permeability was calculated from Equation 

IV-1.9. 

 =  
        .

 
 Eq.IV-1.9 

Where  is the pressure for standard temperature and pression (100 hPa at 0°C), A is the 

permeation area,  is the pressure difference between the upper part and the lower part of 

the cell, . is the temperature of the manipulation,  is the temperature for standard 

temperature and pression (0°C in this study),  is the volume of the upper part of the cell 

and w is the slope of the evolution of oxygen concentration over time, this physical size was 

measured. Three replicates were realized for each formulation.  

Differential Scanning Calorimetry (DSC). DSC was realized using a Q200 modulated 

DSC from TA Instruments (New Castle, USA). 5 to 10 mg of sample previously dried during 

72 hours at 60°C were used for each test. DSC was performed under nitrogen, and a heating 

and cooling rate of 10°C.min-1 was used. Samples were first heated from 25°C to 200°C, then 

kept at 200°C for 5 min before being cooled from 200 to -40°C, then stored at -40°C for 5 min 

and heated again from -40 to 200°C. The first heat ramp was to erase any thermal history in 

the samples. Melting and crystallization (Tm and Tc) temperatures of PP/cellulose composites 

were measured. Melting enthalpy  was calculated by integrating area of the first melting 

peak. The crystallinity ( ) of composites was evaluated by Equation IV-1.10. 

 
=

 % 

   Eq.IV-1.10 
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where  is the melting enthalpy of the sample (J.g-1),  the weight filler content in 

biocomposites,   is the melting enthalpy of the corresponding 100% crystalline polymer 

  of 148 J.g-1 (Monasse and Haudin 1985) was used for PP to estimate the crystallinity. 

Three replicates were realized for each sample.   

 

IV-1.3 Results and discussion 

 IV-1.3.1 Fillers characterization 

As illustrated on SEM pictures (Figure 1) and corroborated by image analysis (Table IV-1.1), 

the two cellulose samples displayed a cylindrical shape characterized by a major axis 

(corresponding to the longer dimension, i.e. the length, of the particles) and a minor axis 

(corresponding to the shorter dimension, i.e. the diameter, of the particles) (Thoury-Monbrun 

et al. 2018a). Samples exhibited a certain particle size polydispersity (Figure IV-1.1), which 

was quantitatively highlighted by span values around 1.5. Significant differences were observed 

in both the size and the aspect ratio distributions Figure IV-1.1). Short cellulose particles 

(SCP) consisted of non-elongated particles with a 2D-projected size ranging from 3 to 120 µm, 

a median length in volume of 31 ± 2 µm, a median diameter in volume of 18 ± 1 µm, and a 

size aspect ratio in volume of 1.6 (1.5 in number). It is worth noting that some more-elongated 

particles were present in the sample. Long cellulose particles (LCP) were significantly more 

elongated, with a 2D-projected size ranging from 3 to 1700 µm, a median length of 617 ± 11 

µm, a median diameter of 250 ± 14 µm, and a size aspect ratio in volume of 2.8 (2.5 in number) 

(up to 10 for some particles).  

Figure IV.1.1. SEM images of cellulose particles at the magnitude x300. (A) short 
cellulose particles (noted SCP), (B) long cellulose particles (noted LCP) 

 

 

 

 

A

 

B 
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Table IV-1.1. Particle morphological parameters obtained from image analysis of 
cellulose particles. Numbers in brackets refer to span values (the span value represents 
the difference between the 90th and 10th percentiles divided by the median value). * 

Values collected from (Thoury-Monbrun et al. 2018a) 

 Short cellulose particles (SCP) Long cellulose particles (LCP) 

 
Median major 

axis (span) in µm 
Median minor 

axis (span) in µm 
Median major 

axis (span) in µm 
Median minor 

axis (span) in µm 

Number-based 
distribution 19 ± 1 (2.1)* 11 ± 1 (1.5)* 358 ± 8 (1.6) 42 ± 5 (1.9) 

Area-based 
distribution 25 ± 2 (1.5)* 15 ± 1 (1.1)* 530 ± 12 (1.4) 189 ± 9 (1.6) 

Volume-based 
distribution 31 ± 2 (1.4)* 18 ± 1 (0.9)* 617 ± 11 (1.4) 250 ± 14 (1.7) 

The two cellulose samples displayed very different X-ray diffraction patterns (Figure IV-1.2). 

The X-ray diffraction pattern of LCP was typical of the crystalline allomorph of cellulose I, 

which is the most abundant form in nature (Dumitriu 2005; Zugenmaier 2008; Park et al. 

2010). The diffractogram of a classical cellulose I presents a strong inflection point  between 

the two narrow peaks  and . It is known that the amorphization of cellulose leads to 

the reduction of the inflection point  until the disappearance of this peak for amorphous 

cellulose (Segal et al. 1959) The crystallinity index of LCP particles, calculated from the XRD 

peak height method developed by Segal et al. (Segal et al. 1959), i.e. the height ratio between 

the intensity of the crystalline peak (I002 - IAM) and total intensity (I002) after subtraction of 

the background signal measured without cellulose, equaled 54 %. It is a classical value of 

crystallinity index for microcrystalline cellulose (Ago et al. 2004; Kocherbitov et al. 2008; Park 

et al. 2010). It could be concluded that the process used to obtain this sample did not affect 

the crystallinity. The X-ray diffraction pattern of SCP was similar to the ones of damaged 

cellulose or ball billed cellulose (Park et al., 2010). In that case, the crystallinity index was 22 

%. The significant amorphization of cellulose was very likely due to successive dry grinding, as 

previously reported (Ago et al. 2004; Zheng et al. 2018). 
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Figure IV-1.2. X-ray diffraction (XRD) diffractograms of (A) short cellulose particles 
(dot line) and (B) long cellulose particles (black line). 

  IV-1.3.2 Structural characteristics of PP/cellulose 
biocomposites 

The microstructure of biocomposites was qualitatively assessed by SEM observations of cryo-

fractured surfaces (Figure IV-1.3). The neat PP matrix displayed a very smooth surface (Figure 

IV-1.3A) while the cryo-fractured surface of biocomposites was rougher, with cellulose particles 

easily recognizable (Figures IV-1.3B and IV-1.3C). Cellulose fillers were well distributed within 

the polymer matrix, independently of their average dimension and morphology shape. No 

agglomeration phenomenon was visible, which highlighted a good dispersion state of cellulose 

particles within the PP matrix. Both well-embedded and debonded cellulose particles could be 

observed. However, the presence of thin interfacial gaps evidencing a weak interfacial adhesion 

was likely the consequence of differences of mechanical shrinkage between the matrix and the 

fillers during the cryo-fracture step (Berthet et al. 2015b). The presence of interfacial gaps and 

the debonding phenomenon were more pronounced in the case of LCP-based biocomposites. 

This could be due to differences in both size and crystallinity. The less-elongated shape and 

lower crystallinity of SCP would be in favor in a better dispersion within the matrix and a 

better wetting by the polymer, as shown by Cocca et al. (Cocca et al. 2015). 
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Figure IV-1.3. SEM images of cryofracture cross section composites at magnitude x1500: 
(A) pure polypropylene; (B) PP/30wt.%SCP; (C) PP/30wt.%LCP 

DSC analysis revealed that the introduction of cellulose particles in PP, whatever the filler 

content and morphology, had no significant impact on neither the crystallinity not the melting 

and crystallization temperatures of the PP matrix (Table IV-1.2). This showed that PP was 

very stable upon melt extrusion and that cellulose fillers did not act as nucleated sites, as 

previously observed many studies (Bledzki and Gassan 1999; Spoljaric et al. 2009; Yang et al. 

2013). It is thus expected that the intrinsic mass transfer properties of the polymer matrix 

remained unchanged.  

Table IV-1.2: Thermal properties and crystallinity (Xc) of PP and PP/cellulose films. 
Tm is the melting temperature, Tc the crystallization temperature and 

enthalpy of the matrix. 
 100 µm 350 µm 

 Tm (°C) Tc (°C) 
(J.g-1) 

Xc (%) Tm (°C) Tc (°C) 
-

1) 
Xc (%) 

PP  167 ± 1 131 ± 2 88 ± 4 59 ± 2 167 ± 2 132 ± 1 89 ± 1 60 ± 1 
PP/5wt%SCP 166 ± 1 132 ± 1 87 ± 3 59 ± 3 166 ± 2 132 ± 2 87 ± 1 59 ± 1 
PP/30wt%SCP 165 ± 1 134 ± 2 86 ± 3 58 ± 2 166 ± 1 133 ± 2 88 ± 2 59 ± 3 
PP/5wt%LCP 167 ± 2 132 ± 1 88 ± 2 59 ± 1 165 ± 2 132 ± 1 87 ± 3 58 ± 3 
PP/30wt%LCP 166 ± 2 135 ± 2 87 ± 4 58 ± 3 166 ± 2 134 ± 2 86 ± 2 59 ± 2 

 

 IV-1.3.3 Water vapor sorption behavior 

Water vapor isotherms of cellulose samples, virgin PP and biocomposite films are shown in 

Figure IV-1.4A. Cellulose was clearly more hydrophilic than PP, with a maximum water vapor 

uptake at 95 % of RH around 100 times higher than PP. The water vapor isotherm of cellulose 

displayed a classical sigmoidal shape, with a linear trend at intermediate RH (i.e. for RH lower 

than 0.5), and a sharp upturn at high RH usually associated to clustering or multilayer 

adsorption (Sansone et al. 2014; Cordin et al. 2017; Meriçer et al. 2017). However, it is worth 

noting that contrary to which is classically observed on cellulose microfibrils (Beldzkhouche et 

al., 2011; Meriçer et al., 2017) the initial downward curvature at low RH range was not clear. 

Such behavior is the result of different sorption mechanisms occurring on external cellulose 

hydroxyl groups, in the interfibrillar amorphous regions, and onto micro-voids and crystallites 

A B C 
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(Zografi et al. 1984; Ioelovich and Morag 2011; Meriçer et al. 2017). Water sorption in the 

amorphous regions of cellulose is also known to be accompanied by structural changes including 

plasticization and swelling of cellulose particles. Furthermore, water clusterization was 

supposed to occur at the surface of cellulose particles, this phenomenon being favored by the 

aggregation of particles with the powder bed (Thoury-Monbrun et al. 2018c). Finally, at high 

relative humidity, water vapor molecules can also penetrate in cellulose by capillary 

condensation in closed pores, leading to an increase of water vapor sorption (Kocherbitov et 

al. 2008).  

A significant difference was observed between the two cellulose samples, with a higher water 

vapor sorption by SCP than LCP over the all range of RH. At 95 % of RH, LCP sorbed 0.14 

g.g-1 of water against 0.21 g.g-1 for SP. Knowing that the two fillers were ultra-pure with a 

cellulose content around 99.5 %, difference in water sorption could not be related to a difference 

of composition (Kohler et al. 2003) but rather by structural differences, including differences 

of cristallinity and morphology, as described above. Indeed, as already reported by many 

authors, the water vapor absorption mechanism is directly correlated to the content of 

amorphous domains (Ago et al. 2004; Kocherbitov et al. 2008; Paes et al. 2010; Ioelovich and 

Morag 2011). As an example, Kocherbitov et al. showed that at 50 % of RH and 25°C, 

amorphous cellulose sorbed 0.09 g.g-1 of water vapor while microcrystalline cellulose (Avicel 

PH-101) sorbed 0.05 g.g-1 (Kocherbitov et al. 2008), which is in agreement with results 

presented in Figure IV-1.4A . As shown by Okbayashi et al., long cellulose particles had higher 

total equilibrium moisture content than short cellulose particles related to the difference of 

surface area (Okubayashi et al. 2005). It can be concluded that, in the present case, the 

crystallinity effect was the one governing the water sorption mechanism.  
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Figure IV-1.4. (A) Water vapor sorption isotherms of cellulose fillers and biocomposite 
films (thickness of 100 µm). From top to bottom: SCP cellulose ( ), LCP cellulose ( ), 
PP/30wt%SCP ( ), PP/30wt%LCP ( ), PP/5wt%SCP ( ), PP/5wt%LCP ( ), PP (o). 

(B) Mixing law: PP/30wt%SCP (—), PP/30wt%LCP (-.-), PP/5wt%SCP (—), 
PP/5wt%LCP (-.-). 

 

The incorporation of cellulose fillers in polypropylene led to a significant increase of water 

vapor uptake due to a higher affinity of water towards cellulose than polypropylene (Amick et 

al. 1980; Kulasinski 2016; Cordin et al. 2017). As expected, SCP-based biocomposites sorbed 

more water vapor than LCP-based biocomposites (Figure IV-1.4A). For all biocomposites, 

experimental data were compared to the curves predicted by a simple rule of mixture (Equation 

IV-1.11): 

 / = +  Eq.IV-1.11 

 

where /  is the water vapor content in biocomposites,  and  the weight 

fractions of cellulose and PP, and   and  the water vapor content of cellulose and 

PP at each RH. Experimental isotherms of biocomposites filled with 5wt% of cellulose were 

well fitted by a rule of mixture (Figure IV-1.4B). However, the rule of mixture over-estimated 

(almost doubled) the water vapor uptake of biocomposites filled with 30wt% of cellulose. This 

failure was particularly important for increasing RH. It can be concluded that for filler contents 

higher than 5 wt%, the water sorption behavior of biocomposites could not be explained by a 

simple addition of the contribution of each constituent. As already observed on PHBV/wheat 

straw fibers biocomposites (Wolf et al. 2016), this feature suggested that mixing and shaping 

constituents in a dense material could modify their individual behavior. Several assumptions 

could be proposed to explain this discrepancy between predicted and experimental values. First, 

it could be related to structural changes of the PP matrix induced by the presence of high 
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contents of cellulose fillers and resulting in a decrease of water sorption. However, this 

assumption should be rejected since no significant structural change of the polymer was 

evidenced by DSC analysis. The lower experimental water uptake of biocomposites would be 

most probably due to a sorption process of cellulose particles limited by the surrounding PP 

polymer matrix. Given the good distribution and dispersion state of cellulose particles within 

the polymer matrix qualitatively highlighted by SEM observations, it could be assumed that 

the polymer matrix prevented both the swelling of particles and the water clusterization effect, 

and/or that cellulose particles well entrapped in the bulk polymer had no or less access to 

moisture. It is worth noting that this discrepancy was even more pronounced for SCP-reinforced 

materials, showing that water sorption was event more limited in that case.  

Many models have been reported as effective in representing the water vapor sorption isotherms 

of cellulose-based materials and able to account for significant interactions between water 

molecules and cellulose. Among them, the Park model has been considered as the most relevant 

due to its ability to fit well experimental data while providing physical meaning. The Park 

model (Park 1986) is based on the dual mode sorption idea, in which a Langmuir-type 

adsorption on specific sorption sites ( : Langmuir capacity constant and : Langmuir affinity 

constant) is combined with an ordinary and non-specifically dissolution (absorption) in 

amorphous fraction of the material described by Henry’s law ( : Henry’s solubility coefficient). 

The large interest of the Park model is the introduction of a third contribution to account for 

water clustering, involving multiple ( ) self-associated water molecules inside the material and 

occurring mainly at high RH. This term is described by two further parameters, i.e., , a 

factor releated to heat of sorption, and  the mean number of water molecules per cluster. The 

total water vapor uptake of the sample is therefore the sum of these three contributions and 

includes 5 model parameters (Equation IV-1.12). 

 =
. .

+ .
+ . + .  

Eq. IV-1.12 

where  is the water activity. Hence, the Park model has been considered in the present study 

for the description of water vapor sorption isotherms, aiming at explaining the non-additive 

effect of each constituent and achieving a more thorough understanding of the sorption process. 

Table IV-1.3 presents the estimation of the Park parameters, which were obtained from the 

best fit (lowest RMSE value) of the sorption data. In all cases, the Park model provided a very 

accurate representation of the water solubility in cellulose and biocomposites.  

As regards cellulose, the Langmuir contribution was much lower than the ones reported in 

literature for cellulose whiskers and microfibrils (Belbekhouche et al. 2011; Meriçer et al. 2017) 

or lignocellulose fibers (Bessadok et al. 2009). This means that the Langmuir sites were 



Chapitre IV : Formalisation des relations structure/transfert de gaz dans des biocomposites 

- 176 - 
 

saturated at very low RH, i.e. lower than the first RH step of 10%, as confirmed by the shape 

of the isotherm.  was around 0.3 for both cellulose samples, showing that almost all the 

specific sorption sites located at the surface of cellulose (hydroxyl groups) were saturated 

(maximum of three water molecules per unit of glucose).  values were extremely lower that 

values reported in literature (59 for flax fibres (Alix et al. 2009), 24 for microfibrillated cellulose 

(Meriçer et al. 2017), and 230 for cellulose whiskers (Belbekhouche et al. 2011)). Considering 

water clustering, the decrease of the equilibrium constant Ka confirmed that this phenomenon 

was limited by the surrounded polypropylene matrix. However, it should be observed that the 

mean number of water molecules per cluster increased in the case of biocomposites (Table IV-

1.3). 

 

Table IV-1.3. Park parameters identified of cellulose fillers and biocomposite films 
(thickness of 100 µm). 

 Langmuir Henry Water clustering   

  
  

(g.g-1)    

  
(g.g-1.Pa-1)   n  RMSE 

PP 1.49E-08 2.4 0.0013 0.0018 0.957 5.35E-06 
SCP 0.2855 54 0.1774 0.1359 3.38 2.40E-05 
LCP 0.3024 26 0.1036 0.0623 5.67 8.50E-05 

PP/5wt%SCP 0.0478 9 0.0079 0.01 9.959 1.93E-05 
PP/5wt%LCP 0.0394 14 0.0065 0.0092 9.957 1.34E-05 
PP/30wt%SCP 0.1494 15 0.027 0.0098 7.6582 4.05E-05 
PP/30wt%LCP 0.1165 16 0.0212 0.0089 6.5533 3.96E-05 

 

 IV-1.3.3 Water vapor apparent diffusivity in biocomposites 

Water vapor diffusivity was estimated as a function of relative humidity for cellulose and 

PP/cellulose biocomposite films (Figure IV-1.5). Diffusivity remained constant over the all 

range of relative humidity for all materials, except for SCP, which allowed calculating average 

values (Figure IV-1.6). In this later case, a decrease of diffusivity was observed from 0 to 40% 

of relative humidity, which could be ascribed to a recrystallization of the amorphous regions 

(Thoury-Monbrun et al. 2018c). The development of crystals may increase the diffusion path 

of water vapor molecules, thus slowing diffusion (Kanehashi et al. 2010; Courgneau et al. 2011). 

In Water vapor diffusivity of LCP was 2 decades lower than the one of LCP. This could be 

explained by the higher cristallinity of LCP, hindering the diffusion of water towards 

amorphous regions of particles. 



Chapitre IV : Formalisation des relations structure/transfert de gaz dans des biocomposites 

- 177 - 
 

 
Figure IV-1.5. Apparent water vapor diffusivity of cellulose fillers and biocomposite films 
(thickness of 100 µm). From top to bottom: SP cellulose ( ), PP (o), PP/5wt%LCP ( ), 

PP/5wt%SCP ( ), PP/30wt%LCP ( ), PP/30wt%SCP ( ), LCP cellulose ( ). 

 

In spite of the higher hydrophobic character of PP, the water diffusivity was similar than the 

one in SCP, i.e. respectively 1.3 x 10-12 ± 3.3 x 10-13 m².s-1 and 2.0 x 10-12 ± 2.0 x 10-13. 

Incorporating increasing amounts of SCP in PP hindered the diffusion of water vapor, with 

diffusivity values of 6.7 x 10-14 ± 2.9 x 10-15 m².s-1 and 3.5 x 10-14 ± 1.5 x 10-15 m².s-1 m².s-1 for 

PP filled with 5 wt% and 30 wt% of SCP. This unexpected effect has been previously reported 

by Wolf et al. (Wolf et al. 2016) in the case of PHBV/wheat straw fibers biocomposites. The 

assumption regarding the modification of the polymer matrix was already rejected to explain 

such effect since no structural change was evidenced by DCS analysis. The generation of a 

“barrier” interphase at the filler/matrix interface could also be responsible to a tortuosity effect, 

which would be even more pronounced in the case of well-embedded and dispersed fillers. The 

presence of cellulose aggregates can also reduce the diffusivity (Seyni et al. 2011). Finally, the 

increase of the cluster size, reflected by the increase of , is in favor of a decreased diffusivity. 

It is worth noting that the difference between SCP and LCP diffusivity was annihilated once 

incorporated in PP. Indeed, water vapor diffusivity values in LCP-biocomposites were the same 

as in SCP-biocomposites (Figure IV-1.6).  
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Figure IV-1.6. Average apparent diffusivity of cellulose fillers and biocomposites films 
(thickness of 100 µm). 

 

 IV-1.3.4 Water vapor permeability in biocomposites 

Water vapor permeability (WVP) of PP was 5.5 x 10-13 ± 0.1 x 10-13   mol.m-1.s-1.Pa-1  (Figure 

IV.1.7), which was in agreement with data reported in literature. Polypropylene ranged from 

1 x 10-11 to 8 x 10-13 mol.m-1.s-1.Pa-1 according to the crystallinity of the matrix (Jasse et al. 

1994; Comyn 2012; Albach et al. 2018; Lammi et al. 2018). As expected, WVP of PP was not 

impacted by the thickness of the film. Whatever the film thickness and cellulose sample, the 

incorporation of cellulose within PP resulted in a significant increase of WVP up to 1.14 x 10-

11 mol.m-1.s-1.Pa-1 for PP30wt%LCP (Figure IV-1.7). Globally, the increase in WVP was related 

to the increase in water vapor sorption, which was predominant as compared to the decrease 

of diffusivity. 
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Figure IV-1.7. Water vapor permeability of biocomposites film filled with increasing 
weight contents of (A) SCP and (B) LCP. Films thickness of 100 µm ( ) and 350 µm ( ) 

 

Globally, in spite of the decrease from Figure IV-1.7A, it can be observed that the water vapor 

permeability of the tested samples WVP of SCP-based biocomposites with a thickness of 100 

µm increased proportionally with increasing filler content (Figure IV-1.7), by a factor of about 

1.2, 1.6, 1.7 and 2.8 proportionally with the addition of 5, 10, 20 and 30 wt% of SCP. Increasing 

the film thickness from 100 to 350 µm resulted in an increase of WVP, with a less marked 

effect of the filler content for filler contents higher than 10 wt%. For example, WVP of 

PP5wt%SCP was 0.7 x 10-12 and 2 x 10-12 mol.m-1.s-1.Pa-1 for film thicknesses f of 100 and 350  

µm, respectively. This could be explained by the microstructure of the matrix; indeed, thinner 

films were produced with higher pressure than thicker films and the pressure allows to reduce 

the free volume of the matrix (Matsuoka 1962). This free volume as well-known as a parameter 

impacting the permeability. As reported by Mondal et al. water vapor permeability increases 

as a function of free volume content (Mondal et al. 2006).  

The increase of WVP with increasing filler content was even more pronounced in the case of 

LCP-based biocomposites. In that case and contrary to SCP-based formulations, thinner films 

were more permeable than thicker films. Water vapor permeability of PP composites increases 

about a factor 2.0, 3.9, 13.3 and 20.6 proportionally with the addition of 5, 10, 20 and 30 wt% 

for the thinner films and about a factor 1.1, 1.7, 2.7 and 8.9 proportionally with the addition 

of 5, 10, 20 and 30 wt% for the thicker films. The poor barrier properties of thinner films 

compared to thicker films can be related to the preferential way generated by the cellulose 

fillers. The particle length was around 70 to 120 µm as observed in Figure 1. Particles can be 
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placed over the entire thickness of the film and generate a preferential path for water molecules 

leading to this increase of WVP (Cocca et al. 2015). 

By comparing the two fillers, the incorporation of small particles in polypropylene allowed to 

reduced water vapor properties by at least a factor 2 compared to long particles. This behavior 

can be attributed to different factors: a better distribution and dispersion with the short 

particles and the long particles can created a sort of preferential path for molecules and 

increasing the WVP (Avella et al. 2007; Avolio et al. 2012). According to Cocca et al. this 

difference can be progressively reduced by decreasing the length of particles (Cocca et al. 2015). 

 IV-1.3.5 Oxygen permeability in biocomposites 

Results of oxygen permeability of biocomposite films with a thickness of 100 µm are presented 

in Figure IV-1.8. The oxygen permeability measured for PP was around 4 x 10-18 mol.m-1.s-

1.Pa-1, which was in agreement with reported valued (Kanehashi et al. 2010). The incorporation 

of cellulose fillers resulted in a little but significant enhancement of oxygen barrier properties 

despite of the possible preferential path through the thickness film in the case of LCP-based 

biocomposites. The decrease of oxygen permeability was of about 1, 5, 8 and 14% with the 

addition of 5, 10, 20 and 30 wt% of SCP and about 2, 14, 16 and 22% for LCP. These results 

could be explained by the poor affinity between cellulose and oxygen molecules due to the non-

polar characteristic of oxygen . Same trends of results 

were observed by Jiménez et al. with a reduction of 90% of oxygen permeability with only 

3 wt% of cellulose nanowhiskers in PLA matrix (Jiménez and Ruseckaite 2012). This evidenced 

the poor tortuosity effect in the present study. 

 
Figure 8. Oxygen permeability of PP/cellulose films with a thickness of 100 µm. SCP ( ) 

and LCP ( ) 
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IV-1.4 Conclusion 
Mass transfer properties of PP/cellulose composites were investigated. Two celluloses 

morphology were considered: short cellulose particles (SCP) and long cellulose particles (LCP). 

Water vapor sorption kinetics were recorded at 23°C by using a dynamic vapor sorption 

equipment. The SCP sorbed more water vapor than the LCP due to the difference of 

crystallinity between the two fillers, the short cellulose particles had more amorphous region 

than the long cellulose particles. Analytical solution of diffusion in plane sheet was used to 

estimate apparent diffusivity of the composites. Cellulose content in polypropylene matrix 

allowed to reduce the water vapor diffusion with both cellulose fillers. Water vapor and oxygen 

permeabilities were measured, results revelated that the incorporation of cellulose fillers 

increased the water vapor permeability (200 % for 30%wtSCP and 800 % for 30%wtLCP) and 

leaded to a reduction of oxygen permeability (20 % for 30%wt with the both fillers). Cellulose 

fillers did not change the structure of the composites, indeed, the crystallinity of the matrix 

stayed constant with the incorporation of cellulose. Two thicknesses of biocomposite materials 

were also investigated on water vapor permeability, a significant impact of thickness was 

observed probably due to particles agglomeration or edge effects with long cellulose particles. 
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IV-2.1 Introduction 
The explosion of the market of plastics from petrochemical origin increase year by year. Indeed, 

these materials has many properties: cheap, available in large quantities and functional. But 

the use of these plastics lead to a depletion of the fossil energy and the environmental pollution 

with the accumulation of plastics allowed the authorities to find a way to stop these problems. 

The emergencies of “green materials” such as biocomposite by incorporation of natural 

lignocellulosic fibers is a way more and more developed to increase the renewable fraction in 

the biocomposite materials to reduce the environmental impact (Mohanty et al. 2000; 

Satyanarayana et al. 2009). Cellulose fibers present a good issue to reduce this environment 

impact knowing that cellulose is the most abundant organic polymer by substituting the 

petroleum-based products in the field of packaging. In fact, cellulose materials presented a 

solution in food packaging sector which is demanding  for this kind of materials (Weber 2000; 

Kale et al. 2007; Berthet et al. 2016).  

The properties of biocomposites are based on a good characteristic of the spatial arrangement 

of the constituent phases and the properties of each constituents. The microscopic structure of 

the matrix and the fillers plays a key role in the evaluation of the macroscopic properties of 

the biocomposite materials such as mechanical , thermal and permeability properties (Chawla 

et al. - . 

There is a whole numerical methods designed to estimate apparent properties assuming the 

properties of each constituents and their spatial arrangement are known based on finite 

elements models (Zeng et al. 2004; Chawla et al. 2006; Qing and Mishnaevsky 2009). The mass 

transfers properties are the key parameters for the food preservation. Indeed, transfers of gas 
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or water vapor lead to a reaction of food degradation (oxidation, accelerated aging, microbial 

development). The mass transfers properties of biocomposite materials are complex due to the 

diversity of materials and the different reaction with the food/packaging system. Thus, the 

mathematical modeling is essential to be able to characterize the mass transfer properties and 

to formalize the link between the structure and the mass transfer properties in packaging 

materials.  

The apparent diffusivity of biocomposite materials can be determined from sorption kinetics 

and by using analytical solution based on the second Fick’s law (Espert et al. 2004; Doan et 

al. 2007; Wolf et al. 2016; Thoury-Monbrun et al. 2018c). This approach is more common due 

to the complexity to access the real microstructure of the biocomposite materials but there are 

few studies on the estimation of diffusion coefficient in composite materials by finite elements 

models (Yang et al. 2010; Joliff et al. 2012; Arnold et al. 2013). All these studies shown that 

the best method was the use of finite elements approach, it was the most rigorous, has lower 

error and gave the best match to the experimental data. 

In this context, the aim of this work is to evaluate the impact of the 3D microstructure of 

polypropylene/cellulose biocomposites on the water vapor apparent diffusivity by finite 

elements model. For this purpose, a real microstructure of biocomposite obtained by X-ray 

tomography was used and compared to a generated microstructure. This estimation of water 

vapor diffusivity by finite elements model was discussed with analytical approach.  

 

IV-2.2 Materials and methods 

 IV-2.2.1 Raw materials 

Matrix. Polypropylene (PP) used as matrix was the PH9020 grade provided by Total 

Petrochemical. It is a homopolymer with a density of 0.905 g.cm-3 and a melting temperature 

of 165 °C. Water vapor diffusivity of the polypropylene was 1.3x10-12 m².s-1 at 23°C (Thoury-

Monbrun et al. 2018b)  

Fillers. Two samples of pure cellulose with different morphologies, with cellulose content of 

99.5 wt%, supplied by J. Rettenmaier & Sôhne Company (JRS) (Germany) were used to 

produce composite materials. The first one was Arbocel® BE600-10Tg grade, which was 

considered as short cellulose particles (called SCP) with an average length of 18 µm, an average 

diameter of 15 µm and a bulk density of 0.23 to 0.30 g.cm-3. The second cellulose was Arbocel® 

BC200, which was considered as long cellulose particles (called LCP) with an average length 

of 300 µm, an average diameter of 20 µm and a bulk density of 0.07 to 0.09 g.cm-3 according to 

the supplier For LCP, a reduction of the heterogeneity of size morphology was performed by a 
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sieving with a sieve of 25 µm. Particles above the sieve were used to this study by removing 

the small particles. The length and the diameter of these particules were 350 µm and 25 µ 

respectively. The dimension of the long cellulose particules had an average of length particles 

of 350 µm, an average particle diameter of 25 µm 

 IV-2.2.1 Film composite preparation by extrusion 

Polypropylene-cellulose composites were produced in a twin-screw extruder (Prism Eurolab 

16XL from Thermo Scientific, Germany) with a screw length to diameter ratio L/D = 40. A 

calender die was used in the end of the extruder to produce plane sheet with a thickness of film 

of 100 µm. Extruder was composed of ten-barrel elements (from the introduction of the polymer 

to the die). The temperature from the polymer feeding to the calender die ranged from 120°C 

to 190°C. The screw speed was 200 rpm and the global flow rate was 1 kg.h-1. Before extrusion, 

cellulose particles were dried in oven at 60°C for 72 hours. A passive vent was used in barrel 

9, just before the die to degas water still existing in cellulose fillers. A gravimetric feeder was 

operated to control cellulose particles flow in barrel 4 (Brabender loss-in-weight, twin screw 

feeder DDW-MD1-MT2) and a volumetric feeder was used to control matrix feed rate in barrel 

1(Brabender single screw volumetric feeder DSR28) to get the desired concentration of cellulose 

in polypropylene. Batches of composites with 5 wt% of cellulose particles were produced for 

both short and long cellulose particles. Additionally, a batch with a high content of short 

cellulose particles, 30 wt%, was extruded.  

 IV-2.2.2 3D microstructure of biocomposite materials 

In order to assess the water vapor diffusivity in composite materials, it was necessary to 

characterize the 3D structure of the materials, i.e. the in-situ organization (morphology, 

position, orientation) of the cellulose particles in the polypropylene matrix. A X-ray 

microtomography on the ID19 beamline at the ESRF in Grenoble with a resolution of 0.65 µm3 

per voxel for imaging the microstructure of the composite materials was used. Sample size was 

around 3000 µm x 2000 µm x thickness of the film (250 µm). It consists of superposition of 300 

2D images. One sample was tested per formulation.  

  IV-2.2.2.1 Image analysis 

Binarization. From the different stacks of 2D images obtained by X-ray tomography, a 

segmentation was applied by changing the grey scale image to a binary image: 0 for the matrix 

and 1 for the fillers. This step was realized by using the Fiji software (Schindelin et al. 2012).  

Particles detection. Cellulose particles were identified and estimated by the MorphoLibJ 

plugins  (Legland et al. 2016). Particles were assimilated to an ellipsoid, described by three 

dimensions: the length of the ellipsoid, the minor axis (dimension in the inscribed ellipsoid), 
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the major axis (dimension in the circumscribed ellipsoid) and also the volume of each particle. 

Orientation and position of each particles were also collected. 

Size distribution. A distribution in volume for the three dimensions of particles was 

calculated to evaluate the cellulose size population in the matrix. A size class of 5 µm was used 

to create these distributions.  

Image reconstruction. The 3D reconstruction was directly realized with the GeoDict 

software (Fraunhofer ITWM, 2017). Image treatment was necessary to introduce an 

intermediary region between the matrix and the fillers to create a discontinuity between these 

two elements. Indeed, the HeatTransfer module of Geodict assumes the continuity of the 

temperatures at the interfaces. Hence, it was necesity to introduce an intermediary region to 

take into account the discontinuity of concentrations. A dilatation step of the fillers was done 

with ProcessGeo module on GeoDict, a volume of one voxel (0.65 µm3) around the particles 

was created. This region has intermediary diffusivity of the matrix and the fillers defined by 

the Equation IV-2.1. 

 =  
+

 Eq.IV-2.1 

where D is the water vapor diffusivity. 

  IV-2.2.2.2 Numerical determination of apparent diffusivity (Dapp) 

Modelling approach. The apparent water vapor diffusivity in PP/cellulose composite was 

determined numerically by using the ThermoDict module of GeoDict software. The 

mathematical model of homogenization used in the ThermoDic module considered the solution 

of the steady state equation of diffusion of water vapor (Vassal et al. 2008; Caglar et al. 2017) 

. The apparent diffusivity  is a tensor of the properties of the individual materials,  and 

 are the diffusivity of the fillers and matrix respectively, = ( , ). 

 The gas diffusion in steady state can be described by the Laplace equation Eq.2. 

 . ( ) =  Eq.IV-2.2 

where  is the diffusivity,  the concentration of the water vapor and  is the source term. An 

assumption of no chemical reactions through the composites with the gas concentration as be 

done, thus, the source term is equal to zero. 

Thus, the following equations can be written: 

 . ( ) =  Eq.IV-2.3 

 . ( ) =   Eq.IV-2.4 
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Periodic boundary conditions ( ) were applied in all directions (x,y,z). Concentrations of water 

vapor can be expressed by the Equation IV-2.5 and Equation IV-2.6. 

 =  +  Eq.IV-2.5 

 =  +  Eq.IV-2.6 

where  is the initial concentration of water vapor. 

From Equation IV-2.5 and Equation IV-2.6, the Equation IV-2.3 and Equation IV-2.4 become 

 . ( ( + )) =  Eq.IV-2.7 

 . ( ( + )) =   Eq.IV-2.8 

When water vapor diffuses in cellulose, Equation IV-2.7 was used by the solver and when water 

vapor diffuses in matrix, Equation IV-2.8 was used. By the homogenization method which 

consists of replacing a heterogeneous material by a homogeneous material having the same 

macroscopic properties, an apparent diffusivity of the composite materials  can be find 

by the GeoDict solver by resolve numerical equation based on the second Fick’s law described 

by the Equation IV-2.9 where the total diffusion flux   

 =  .  Eq.IV-2.9 

where  is the total diffusion flux,  is concentration gradient. The apparent diffusivity  can 

be expressed by a tensor Equation IV-2.10. The total flux  of the two constituents is also given 

by the Equation IV-2.11. 

 

 =   Eq.IV-2.10 

where = ,  =  and =  corresponded to the coefficient diffusion in the 

principal directions ,  and z.  

 =  +  Eq.IV-2.11 

where  and  are the flux in the filler and in matrix respectably. 

Boundary conditions: Equation IV-2.6 was solved on a volume with the diffusion coefficient of 

cellulose  and the diffusion coefficient of matrix  as constant. The diffusion at the 

interface between the matrix and the cellulose particles was discontinuous with an intermediary 

diffusion in the discontinue area.  

 =  
+

 Eq.IV-2.12 

Concentration are specified at two external surfaces of the volume and the symmetry boundary 

conditions was applied at the four other surfaces. For example, for the x-direction, the front 
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and the back surfaces are specified with known concentrations while the rest of the surface: 

left, right, top and bottom are considered insulated.  

 

3D microstructure. In a first step, the in-situ morphology of cellulose was considered to 

evaluate the apparent diffusivity in GeoDict software. Each particle was characterized by its 

volume, length, major axis, minor axis, centroid (center of gravity) and its orientation. Then, 

in a second step, each particle was assimilated to a finite cylinder of same length and equal 

volume.  The radius of the equivalent cylinder was so calculated by the Equation IV-2.13. 

 =  
.

 Eq.IV-2.13 

Each cylinder was placed in same centroid and same orientation of particle in matrix using the 

GeoDict software. The volume fraction of the real microstructure and of the approximated 

microstructure with cylinder shape of particle were identical.  

Analytical solution. Results of apparent diffusivity estimated on the composite were 

compared to results obtained by Thoury et al. by using an analytical solution of diffusion in 

an infinite plane sheet isolated on its bottom (Thoury-Monbrun et al. 2018a). The composite 

film was assumed to behave like an homogeneous material with isotropic diffusion. Initial water 

vapor concentration was uniform in the film and the concentration at the boundary was 

assumed uniform and constant. The analytical solution based on the second Fick’s law for a 

plane sheet of thickness  (m) described by z  [ L/2, L/2] and isolated by its bottom was 

given by the Equation IV-2.14 (Crank 1975). 

 
  

=
( + )² ²

( + )² ²

²
  Eq.IV-2.14 

 

where D is the apparent diffusivity of the composite.  
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IV-2.3 Results and discussion 

 IV-2.3.1 Microstructure of the biocomposite materials 

Figure IV-2.1 shows the representation of cellulose particles in polypropylene matrix. A 

threshold was realized to affect one color for each constituent. Only two constituents were 

observed: the matrix and the cellulose particles. No intermediary constituent such as the 

interphase was visible between the matrix and the particles despite of the poor adhesion 

between the polypropylene matrix and the cellulose. It can be explained by a very thin thickness 

of interphase which was below the resolution of the equipment or by a density of interphase 

close to those of the matrix or the cellulose and so unidentifiable. 

Figure IV-2.1. Real distribution of 5wt% of short cellulose particles (A) and long 
cellulose particles (B) in polypyrene matrix, 200x200x200 voxel 

In Figure IV-2.1A, for the short cellulose particles, size heterogeneity was clearly observed with 

different size population: particles quasi spherical, elongate particles, small particles, big 

particles. The particle dispersion was rather homogeneous in the matrix with some 

agglomerates in some part of the materials. In contrast, long cellulose particles, in Figure IV-

2.1B, have more a ribbon shape with high length and width but a very thin thickness. The 

dispersion was also good with few connections between particles. Volume fraction was similar 

between the two samples, 3.16v% and 3.27v% for short and long cellulose respectively.      

 IV-2.3.2 Cellulose morphology 

Short cellulose particles morphology. Figure IV-2.2 shows the frequency in volume of the 

length, major axis and minor axis of short cellulose particles presented in polypropylene matrix. 

The median length in volume was 16.5 µm, the median major axis (high diameter of the 

ellipsoid) in volume was 10.2 µm and the median minor axis (small diameter of the ellipsoid) 

in volume was 9.7 µm. Heterogeneity of cellulose particles was clearly observed in Figure IV-

B A 
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2.2 with a broad spectral band of the distribution. These results confirm the observation 

realized on the Figure IV-2.1A. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure IV-2.2. Frequency in volume for the (A) length, (B) marjor axis and (C) minor 
axis of short cellulose particles. 

 

These dimensions were smaller by 50% than those obtained from 2D images analysis in Thoury-

Monbrun et al. (Thoury-Monbrun et al. 2018c). By 2D images analysis, the median major axis 

of the cylinder was 32 µm and the median minor axis was 19 µm. This result could be explained 

by the production of the biocomposite. Indeed, thermomechanical process as extrusion is a 

process using a high shear causing cellulose particles breakage (Joseph et al. 1999; Le Duc et 

al. 2011; Gamon et al. 2013). According to Di Giueseppe et al., the breakage mechanisms during 

compounding didn’t break vegetal fibers less than 60 µm (Di Giuseppe et al. 2017). Thus, short 

cellulose particles could be break with the extrusion process and reduce the size particles. The 

difference of size morphology of particle could also impacted by the type of images used. Indeed, 

Thoury-Monbrun et al. (Thoury-Monbrun et al. 2018a) used 2D images and assumed a cylinder 

geometry, i.e. considered that the third dimension (inaccessible data) is equal to the second 

one. In this study 3D images were considered to evaluate the cellulose morphology. The 

apparent water vapor diffusivity of the short particles was 3.1 x 10-12 m².s-1 (Thoury-Monbrun 

et al. 2018b). 

 

Long cellulose particles morphology. Figure IV-2.3 presents the frequency distribution in 

volume for the long particles. The median length in volume was 63 µm, the median major axis 

in volume was 23 µm and the median minor axis in volume was 5 µm. This particle population 

was also heterogeneous with a frequency disparity of particles in each class.  
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Figure IV-2.3. Frequency in volume for the (A) length, (B) major axis and (C) minor 
axis of long cellulose particles. 

 

The minor axis was very small compared to the major axis, this result shows a ribbon shape of 

particle as observe in Figure IV-2.1b. These long particles were probably reduced during the 

extrusion process (Di Giuseppe et al. 2017). The apparent water vapor diffusivity of the long 

particles was 2.5x10-14 m².s-1  (Thoury-Monbrun et al. 2018a). 

 IV-2.3.3 Water vapor diffusion in biocomposite materials 

Sample 1: polypropylene with 5wt.% of short cellulose particles. The apparent 

diffusivity was measured on three different cubic samples of size 200 voxel which correspond 

to three coring on the same sample and leaded to values , , . The apparent diffusivity 

was also estimated on the whole sample, with value . Estimated diffusivities are 

summarized in Table IV-2.1. 

 

Table IV-2.1. Results of water vapor diffusivity in the three-direction ( , , ) of 
PP/5wt.% of short cellulose particles. 

     

( )  1.34 x10-12 m².s-1 1.33x10-12 m².s-1 1.34x10-12 m².s-1 

( )   1.35x10-12 m².s-1 1.34x10-12 m².s-1 1.35x10-12 m².s-1 

(c)   1.34x10-12 m².s-1 1.34x10-12 m².s-1 1.34x10-12 m².s-1 

( )   1.34x10-12 m².s-1 1.34x10-12 m².s-1 1.35x10-12 m².s-1 

 

First, no anisotropy of the material was observed with same diffusivity in the three-directions. 

In biocomposite, an anisotropy was generally induced by the fillers. Indeed, fillers have a high 

length compared to their diameter and during the process fillers have a preferential orientation 
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then leading to an anisotropy on the structure. This observation is also confirmed with the 

Figure IV-2.3, where particles didn’t have a preferential orientation, this orientation is random 

inside the matrix. Thus, no impact was observed according to the sampling area in Table IV-

2.1. The volume of the sample was large enough to estimate the water vapor diffusivity. Indeed, 

the three small volumes gave the same results of apparent diffusivity than all the sample with 

a water vapor diffusivity of 1.34 x 10-12 ± 0.01 x 10-12 m².s-1.  

According to Thoury et al., the apparent diffusivity of this material estimated from analytical 

solution based on the 2nd Fick’s law, Equation IV-2.14 was 6.7x10-14 m².s-1 (Thoury-Monbrun 

et al. 2018c). This difference of a decade and half can be explained by the assumption made in 

the analytical solution such as considering a composite material as a homogeneous material. 

Or filler/matrix adhesion was very weak due to the hydrophobicity of cellulose fillers and the 

hydrophilicity of the matrix can generated an interphase between the two constituents (Mäder 

et al. 1994; Baley et al. 2006). This interphase can influence greatly the water vapor diffusivity 

of the composite.  

Sample 2: polypropylene with 5wt% of long cellulose particles. Same approach was 

realized with a composite with 5wt% of long cellulose particles to evaluate the impact of the 

cellulose morphology of the apparent diffusivity. This result is shown in the Table 2. First, an 

anisotropy was clearly observed in the y-direction for the small volume (200x200x200 voxel). 

In this direction, cellulose particles had a preferential orientation due to the extrusion process 

and these particles leaded to a preferential way for the water vapor molecules with a slowdown 

of the diffusion. Nevertheless, considering a bigger volume allowed to avoid this anisotropy as 

shown the results of diffusivity in Table 2. For the same fillers content, long particles and short 

particles biocomposite gave the same magnitude of diffusivity: 1.23 x 10-12 and 1.34 x 10-12 m².s-

1, this results highlights that cellulose particles (at low fillers content) had no significant impact 

of the water vapor diffusivity of the composite. The apparent diffusivity of the composite was 

the diffusivity of the pure polypropylene.  

Likewise, this apparent diffusivity was different as diffusivity estimated by analytical solution. 

Indeed, Thoury et al. proposed a water vapor diffusivity of 8.1 x 10-14 m².s-1 for this composite 

materials (Thoury-Monbrun et al. 2018a). 
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Table IV-2.2. Results of water vapor diffusivity in the three-direction ( , , ) of 
PP/5wt% of long cellulose particles. 

     

(a)   1.23x10-12 m².s-1 1.11x10-12 m².s-1 1.23x10-12 m².s-1 

(b)   1.21x10-12 m².s-1 1.19x10-12 m².s-1 1.22x10-12 m².s-1 

(c)   1.22x10-12 m².s-1 1.10x10-12 m².s-1 1.22x10-12 m².s-1 

(d)   1.23x10-12 m².s-1 1.24x10-12 m².s-1 1.23x10-12 m².s-1 

  

Sample 3: polypropylene with 30wt.% of short cellulose particles. Same approach was 

set up with a composite with 30wt% of short particles. A 3D reconstruction was presented in 

Figure IV-2.4. The particle dispersion in the matrix was good and size heterogeneity was 

observable. At high filler content, cellulose particles had more facility to create particle 

network. The particles touch neighboring particles. Thus, the identification of particles was not 

realized owing to the identification particles gave a size of agglomerate particles and not the 

single particle.  

Figure IV-2.4. Real distribution of 30wt% of short cellulose particles in polypyrene 
matrix, 200x200x200 voxel 

 

Results of apparent diffusivity was presented in the Table IV-2.3. The coring sample (b) 

presented a small increase of the diffusivity, it can be explained by the heterogeneity of the 

composite materials. Indeed, this sample had a filler content higher than the others: 24v.% for 

this one and around 20v.% for the others. The mean diffusivity was 1.85 x 10-12 ± 0.02 x 10-12 

m².s-1, an increase of 40% was observed compared to the pure polypropylene by introduced 

30wt% of short cellulose particles.  
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Table IV-2.3. Results of water vapor diffusivity in the three-direction ( , , ) of 

PP/30wt% of short cellulose particles. 

     

(a)   1.84x10-12 m².s-1 1.82x10-12 m².s-1 1.86x10-12 m².s-1 

(b)   1.90x10-12 m².s-1 1.86x10-12 m².s-1 1.91x10-12 m².s-1 

(c)   1.84x10-12 m².s-1 1.82x10-12 m².s-1 1.86x10-12 m².s-1 

(d)   1.84x10-12 m².s-1 1.81x10-12 m².s-1 1.86x10-12 m².s-1 

 

Apparent diffusivity of this composite was 3.5 x 10-14 m².s-1 according to Thoury et al, (Thoury-

Monbrun et al. 2018a) estimated by analytical approach while, here, for 30w.t% of short 

cellulose particles, apparent diffusivity was 1.85 x 10-12 m².s-1 (numerical approach).  

Sample 4: polypropylene with 5wt.% of short cellulose particles (generation of 

cylindrical particles). The effect of considering cylindrical particles instead of structure a 

real structure was studied on this part. Cylindrical particles were placed in the center of gravity 

of each particle in a volume of 60x60x100 voxel, an example was represented in Figure IV-2.5. 

The same volume fraction was tested (3.4%v.) to compare this representation with the real 

distribution used to evaluate the water vapor diffusivity.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure IV-2.5. Random distribution of 5wt% of short cellulose particles in polypyrene 
matrix, 60x60x100 voxel 

Table IV-2.4 illustrated the results of apparent diffusivity of the PP/short cellulose particle 

composites with 5wt% of fillers. No anisotropy was observed and also a good repeatability of 

A B 



Chapitre IV : Formalisation des relations structure/transfert de gaz dans des biocomposites 

- 194 - 
 

the results according to the generation of microstructure. The apparent diffusivity in this case 

was 1.33 x 10-12 ± 0.01 x 10-12 m².s-1, while with the real microstructure the diffusivity was 1.34 

x 10-12 ± 0.01 x 10-12 m².s-1. Thus, from this composite system, the real distribution had not 

significant impact of the apparent diffusivity. To evaluate the water vapor diffusivity at low 

filler content, an equivalent microstructure can be efficiently used ti replace to true 

microstructure. However, the morphological parameters of the particles could be estimated 

before. With high fillers content, this approach is not relevant, indeed, particles arrangement 

was composed with fillers agglomerations with particular shapes lead to an influence of the 

apparent diffusivity.   

Table IV-2.4. Results of water vapor diffusivity in the three-direction ( , , ) of 
PP/5wt% of short cellulose prticles with a random structure. 

     

(a)   1.32x10-12 m².s-1 1.34x10-12 m².s-1 1.34x10-12 m².s-1 

(b)   1.33x10-12 m².s-1 1.34x10-12 m².s-1 1.34x10-12 m².s-1 

(c)   1.33x10-12 m².s-1 1.34x10-12 m².s-1 1.33x10-12 m².s-1 

 

Assimilated this kind of particles as a cylinder represent well the reality. No difference was 

observed on the measured properties. The assumption of cylinder shape for the cellulose 

particles is therefore justified.  

 

IV-2.4. Conclusion 
The study used the real microstructure of the PP/cellulose biocomposite access by X-ray 

tomography to evaluate the macroscopic diffusion of this material by finite elements model. 

Two different morphologies of cellulose were tested. No anisotropy was detected in all the 

samples, water vapor diffusivity was the same in all the direction. The virtual microstructure 

generated gave the same diffusivity results. For, this kind of materials (particles randomly 

arranged), it is not necessary to quantify precisely the microstructure, the volume fraction was 

enough to estimate the water vapor diffusivity of the composite. These results were compared 

with results obtain with analytical solution based on the second Fick’s law. Results varied from 

7 x 10-14 m².s-1 for analytical approach to 1 x 10-12 m².s-1 for analytical, two decades of difference 

for the same materials could lead probably to a third compartment, a interphase between the 

matrix and the cellulose. Nevertheless, this interphase was not observable in X-ray tomography 

image, it should have a thickness lower than the resolution of the equipment, ie 0.65 µm. Or, 
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the assumption of constant properties of each point of the phase was not exact, there could be 

a gradient of properties 
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Chapitre I : État de l’art 

 
Chapitre II : Matériaux, techniques & méthodes expérimentales 

 
Chapitre III : Développement d’une méthodologie pour évaluer les transferts de 
vapeur d’eau dans des particules de cellulose micrométriques 

Partie 1. Evaluation du potentiel de la microbalance à quartz pour estimer le transfert de 
vapeur d’eau dans des particules de cellulose de taille micrométrique [Article 1]  

Partie 2. Impact de la distribution en taille à 2 dimensions sur l’estimation de la diffusivité 
apparente de la vapeur d’eau dans des particules de cellulose de taille micrométrique [Article 
2] 

Partie 3. Adaptation d’un équipement de mesure gravimétrique de sorption de vapeur d’eau 
pour estimer la diffusivité apparente de la vapeur d’eau dans des particules de cellulose de taille 
micrométrique [Article 3] 

Résultat complémentaire. Transfert de vapeur d’eau dans des particules lignocellulosiques. 
 

Chapitre IV : Formalisation des relations structure/transferts de gaz dans des 
biocomposites 

Partie 1. Propriétés de transfert aux gaz dans un biocomposite polypropylène/cellulose 
[Article 4] 

Partie 2. Diffusivité apparente de la vapeur d’eau dans un biocomposite 
polypropylène/cellulose en intégrant la microstructure réelle. [Article 5] 
 

Chapitre V : Impact de la nature du migrant et de la morphologie des particules 
sur les propriétés de transfert. 

Propriétés de transfert aux gaz dans des particules de cellulose de taille micrométrique. [Article 
6] 

  



Chapitre V : Impact de la nature du migrant et de la morphologie des particules sur les 
propriétés de transfert 

 

- 199 - 
 

Il a été mis en avant dans le Chapitre III (Articles 1 et 2) la possibilité d’utiliser une 

microbalance à quartz (QCM) pour mesurer des cinétiques de sorption de vapeur d’eau à 

l’échelle de particules de cellulose micrométriques. Nous avons également montré dans le 

Chapitre IV (Article 4) que la morphologie et la cristallinité des particules de cellulose 

pouvaient impacter fortement les propriétés de transfert à l’échelle des matériaux 

biocomposites. Pour permettre le déploiement de la QCM à l’étude des transferts de matière 

dans tout type de particules lignocellulosiques micrométriques, il est indispensable de la valider 

la méthode sur des particules présentant des morphologies et des compositions différentes. Par 

ailleurs, la QCM peut théoriquement être utilisée, sous réserve d’adapter l’équipement, pour 

mesurer des cinétiques de sorption de gaz, tels que l’oxygène  et le dioxyde de carbone .  

Dans ce contexte, le Chapitre V présente les premiers résultats obtenus sur l’influence de la 

morphologie des particules sur les transferts de vapeur d’eau, d’  et de . Pour cela, deux 

morphologies de cellulose ont été sélectionnées : des petites particules et des particules plus 

allongés possédant une longueur en volume 20 fois plus grande. La même méthodologie 

développée dans le Chapitre I est appliquée, la solution analytique de diffusion du cylindre fini 

pour des particules hétérogènes est utilisée pour estimer les coefficients de diffusion aux gaz des 

particules de cellulose.  
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Gas transfer in micrometric size cellulose particles 

[Article 6]  
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Pierre Viala, Bat 31, F-34060 Montpellier 01, France 

 
Abstract 

This study aims to confirm a methodology developed with a quartz crystal microbalance 

(QCM) coupled with an adsorption system to evaluate sorption properties in micrometric size 

cellulose particles. Indeed, it was shown the capacity to measure oxygen and carbon dioxide 

sorption kinetics from this equipment. Amorphous particles sorbed more gas molecules than 

microcrystalline particles. Gas molecules penetrated principally in amorphous region that is 

why the amorphous celluloses can sorb more gas. Apparent diffusivity was evaluated with the 

analytical solution of heterogeneous finite cylinder from the sorption kinetics access by the 

QCM equipment. The apparent diffusivity was impacted by the structure of the materials and 

the polarity of the penetrant. Amorphous particles diffused gas molecules around 5 x 10-13 m².s-

1 while microcrystalline cellulose particles diffused from 5 to 7 x 10-11 m².s-1. 

 

V-1 Introduction 
Cellulose, the most abundant natural and biodegradable polymer on earth, is already widely 

used in different forms (micrometric cellulose fibres, or nano-sized microfibrillated cellulose or 

nanowhiskers) for the fabrication of materials, including paper and bio(nano)composites. 

Whatever the field of application, a good knowledge of water vapor and gas transfer properties 

in cellulose is required in order to well understand the evolution of material performance in a 

moist and oxidative environment. And this is particularly of great importance in the field of 

food packaging since degradation reactions in packed food products are controlled by water 

vapor and gas permeability of packaging materials. However, if mechanical and thermal 

properties of cellulose particles, and more largely lignocellulosic particles, have been already 

extensively investigated and presented in numerous literature reviews (Baley 2002; John and 
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Thomas 2008; Ochi 2008; Satyanarayana et al. 2009; Faruk et al. 2012), water vapor and gas 

transfer properties, i.e. diffusion and sorption, in cellulose particles are poorly investigated. 

Water sorption kinetics of cellulose or lignocellulose-based materials has been extensively 

studied as reported by Okubayashi et al. for lyocell (Okubayashi et al. 2005), by Paes et al. for 

short cellulose particles (Paes et al. 2010) or by Meriçer et al. for microfibrillated cellulose 

(Meriçer et al. 2017). Nevertheless, sorption measurements were all realized on macroscopic 

samples with a weight higher than 1 mg, which is not suitable to quantify the sorption 

phenomenon occurring at the scale of individual particles. Regarding, the apparent water vapor 

diffusivity, diffusion was principally carried out for macroscopic samples or bed of particles 

(Bessadok et al. 2009; Bedane et al. 2012; Wolf et al. 2016) but rarely at the scale of micrometric 

size particles due to the complexity of evaluate the mass transfer properties in short particles 

and the lack of reliable methodology. Thoury et al. (Thoury-Monbrun et al. 2018a) proposed a 

methodology based on quartz crystal microbalance (QCM) to measure water vapor sorption 

kinetics and estimate water vapor apparent diffusivity in micrometric cellulose particles but 

this approach should be validated for different size of particles and also different penetrants.  

It is well known when a low molecular weight molecule, such as oxygen or cabon dioxide comes 

in contact to the polymer, the sorption of the molecule by the polymer occurs. Many studies 

have been devoted to the determination of CO2 solubility and diffusivity in biopolymers, 

including cellulose derivatives (Houde and Stern 1997; Doroudiani et al. 2002; Perko et al. 

2011) (Houde and Stern 1997; Doroudiani et al., 2002; Perko et al., 2011), since supercritical 

CO2 is widely used for the chemical and physical modification of polysaccharides (Yin et al. 

2007). Some data are also available on O2 transfers in cellulose derivatives (Houde and Stern 

1997) but in a lower extent. However, it is worth noting that gas transfers have never been 

measured at the scale of micrometric cellulose particles, mainly due to the lack of methodology 

and equipment but also with low gas permeability of the polypropylene.  

In this context, the objective of the present work was to measure water vapor, oxygen and 

carbon dioxide sorption kinetics as a function of gas pressure in two different cellulose particles 

morphologies and to evaluate gas sorption and apparent diffusivity at the scale of these particles 

by applying the methodology developed by Thoury et al. (Thoury et al., 2018b) For that 

purpose, two cellulose samples have been selected. A quartz crystal microbalance coupled with 

an adsorption system has been used to obtain sorption kinetics. Gas diffusivity was estimated 

by using the analytical solution of a finite cylinder for a heterogeneous population of particles. 
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V-2 Materials and methods 

 V-2.1 Materials 

Two samples of pure cellulose (cellulose content of 99.5 wt%) provided by J. Rettenmaier & 

Söhne (JRS) (Germany) were used: Arbocel® BE600-10 Tg, which was considered as short 

cellulose particles (noted SCP) and Arbocel® BC200, which was considered as long cellulose 

particles (noted LCP). According to the supplier, SCP were characterized by an average length 

of 18 µm, an average diameter of 15 µm and an apparent density of 0.23 - 0.30 g.cm-3 while 

LCP were characterized by an average length of 300 µm, an average diameter of 20 µm and an 

apparent density of 0.07 - 0.09 g.cm-3 for the LCP. Crystallinity was around 22% and 54 % for 

SCP and LCP, respectively (Thoury-Monbrun et al. 2018c). Before analysis, LCP were sorted 

with a sieve of 25 µm in order to remove small particles and to reduce the particle 

polydispersity. Gold crystals with a nominal frequency of 6 MHz were purchased from Neyco 

(France) and absolute ethanol with a purity of 99.9.9% was used to prepare the suspension of 

cellulose particles. 

V-2.2 Methods 

 V-2.2.1 Sorption kinetics 

Quartz preparation. To deposit cellulose particles on the quartz substrate, a drop of a 

suspension of cellulose in ethanol ( = 0.07 . ) was placed on the active area of the quartz. 

After, the quartz was placed under vacuum to evaporate ethanol and keep only cellulose 

particles on the quartz. Sample initial weight ranged from 1 to 1.5 µg. More details of this 

preparation was presented in the study of Thoury-Monbrun et al. (Thoury-Monbrun et al. 

2018a). 

Quartz crystal microbalance (QCM) coupled with an adsorption system 

measurement. Sorption kinetics on cellulose particles with water vapor, oxygen and carbon 

dioxide were measured using a QCM Maxtek TM-400 apparatus. This equipment allowed to 

measure the frequency modification  due to cellulose sorption of migrant over time. This 

frequency is connected to the mass variation  by the Sauerbrey relation (Equation V-1). 

 =
.

. .
 Eq.V-1 

where   is the nominal frequency (6 MHz) of the quartz not loaded,  an equipment constant 

(  = 1.65x105 cm.s 1),  = 2.65 g.cm-3 the quartz density and  the active area of the quartz 

(  = 0.5 cm²). In this study,  corresponded to the oxygen or carbon dioxide uptake or water 
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vapor (µg) of cellulose particles. The gas concentration of gas  was calculated with Equation 

V-2. 

 = .  Eq.V-2 

where  is the constant pressure of the step and  is the atmospheric pressure equal to 1013250 

Pa. Quartz loaded with cellulose particles was placed in a closed chamber at 25°C where the 

pressure rang from vacuum up to atmospheric pressure . Sorption was calculated from 

Equation V-1, where  is quantity of migrant sorbed by the cellulose particles (Equation V-3). 

 = . .  Eq.V-3      

Quartz substrate was desorbed at 25°C during 30 min under vacuum before starting 

experiment. Initial mass of cellulose deposited on quartz was determined by measuring the 

difference of resonance frequency between pristine quartz and loaded quartz. Seven successive 

steps of constant pressure from vacuum to atmospheric pressure were programed to access 

sorption kinetic (steps of 10 min each). Triplicate was realized on three different quartz. The 

gas sorption isotherms were determined from the equilibrium pressure values at each level. 

 V-2.2.2 Estimation of apparent diffusivity 

An assumption of cylindrical shape for cellulose particles was done. A finite cylinder is the 

intersection of an orthogonal infinite plane sheet of the same height and an infinite cylinder of 

the same radius. Thus, the analytical solution for the finite cylinder was obtained by combining 

two analytical solutions:  the infinite cylinder and the infinite plane sheet (Crank 1975). This 

association of solutions was described by Matthews and Walker (Matthews and Walker 1970). 

Migrant diffusion in the cylinder shaped cellulose particles were assimilated to a heterogeneous 

population characterized by two dimensions: the length and the diameter of each particle as 

described by Thoury-Monbrun et al. study (Thoury-Monbrun et al. 2018b) Diffusion was 

assumed to be isotropic and independent of position and time in cellulose particles. The 

population was structured in classes characterized by dimensions ( , ) with  and  the 

radius and the length of cylinders in class , respectively. The analytical solution used for the 

diffusivity estimation was described by the Equation V-4. 

 

=  . .
 ( ) 

 
×

( + )² ²

( + )² ²

²
  . 4 

 

where  is the mass fraction and  is the positive roots described by the Equation V-5 where 

 is the Bessel function of the firsts kind of order 0. 



Chapitre V : Impact de la nature du migrant et de la morphologie des particules sur les 
propriétés de transfert 

 

- 204 - 
 

 (  ) =         Eq.V-5 

 

V-3 Results and discussion 

 V-3.1 Water vapor sorption and diffusion in cellulose particles 

Differences in sample morphology were evidenced by SEM observations (Figure V-1). As 

previously described by Thoury-Monbrun et al., (Thoury-Monbrun et al. 2018c), both samples 

displayed a cylindrical morphology, with LCP clearly more elongated and homogeneous than 

SCP (Figure V-1B).  

Figure V-1. SEM images of (A) short cellulose particles and (B) long cellulose particles 
at the magnitude x120. 

Figure V-2A presents the water vapor sorption isotherms of short and long cellulose particles.  

Up to 30% of RH, water vapor uptake of SCP and LCP was significantly different. For higher 

RH, water vapor uptake was more important in SCP than in LCP, with a difference even more 

marked for increasing RH. For example, at 78 % of RH, SCP sorbed around 0.15 µg.µg-1 while 

LCP sorbed around 0.10 µg.µg-1. These results are perfectly in agreement with the ones 

obtained on the same samples but using a dynamic vapor sorption (DVS) methodology 

(Thoury-Monbrun et al. 2018c). The isotherms displayed a typically S-shape with two 

inflections point around 20 % and 50 % of RH, cutting the curves in three regions. The first 

region corresponded to the monolayer sorption of water vapor at the surface cellulose, the 

second zone corresponded to the non-specifically dissolution of water vapor in cellulose particles 

and the last region indicated the penetration the formation of water vapor clusters 

(Belbekhouche et al. 2011; Ioelovich and Morag 2011; Meriçer et al. 2017). As previously 

reported, differences between SCP and LCP behaviors could be explained differences in 

cristallinity, which was 22% and 54 % for SCP and LCP, respectively. Indeed, dissolution is 

assumed to only occur in amorphous regions (Paes et al. 2010). 

A B 
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Figure V-2. (A) Water vapor sorption isotherms and (B) apparent water vapor 
diffusivity of SCP (•) and LCP (•). 

 

Water vapor diffusivities of SCP and LCP were calculated from Equation 3. Figure 2B showed 

the evolution of apparent diffusivity over relative humidity. Six replicated were represented for 

SCP and three for LCP. No significant impact of RH on the diffusivity was observed. The 

mean water vapor diffusivity was respectively 3 x 10-12 ± 2 x 10-12 m².s-1 and 3 x 10-10 ± 1 x 

10-10 m².s-1 for SCP and LCP. In the previous study of Thoury et al. (Thoury-Monbrun et al. 

2018d), apparent water vapor diffusivity values estimated from DVS analysis on the same 

samples were respectively 2 x 10-12 m².s-1 for SCP and 3 x 10-14 LCP. For SCP, the same order 

of value was found with either DVS or QCM methodologies while a discrepancy of 4 decades 

was obtained for LCP. Regarding the estimation of diffusivity from QCM isotherms of LCP, 

estimated values must be considered with caution. Indeed, dynamics of RH and mass uptake 

seemed correlated and so the RH cannot be assumed as a constant, which is required for 

application of the considered analytical solution. 
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Figure V-3. One step of water vapor sorption kinetic (A) SCP and (B) LCP 

V-3.2 Gas sorption and diffusivity in cellulose particles 

Figure V-4A shows an example of sorption kinetics of carbon dioxide in LCP. As for water 

vapor, equilibrium was reached very fast, in less than 1 minute for each step (Figure V-4B). 

The same trend was obtained for oxygen as migrant. 

 

 

 

 

 

 

 

Figure V-4. Examples of (A) CO2 sorption kinetics in LCP at 25°C and (B) one CO2 
sorption step. 

From the equilibrium of each step, sorption isotherms were represented for oxygen (Figure V-
4A) and carbon dioxide (Figure V-4B). For both O2 and CO2, their solubility in cellulose 

increased with increasing saturation pressure. This is directly related to the proportionality 

between pressure and gas density. In the case of CO2, a plasticizing effect is also known to 

contribute to this effect (Shen et al. 2008). Assuming that sorption was null when = 0, a 

dual-mode sorption model was clearly observed for both cases (Equation V-6).  

 =  +  =  . +
. .

+ .
 Eq.V-6 

where  is Henry's law dissolution mode ( ),  Langmuir adsorption mode ( ),  is the 

Henry’s law coefficient which represents the penetrant dissolved in the cellulose at equilibrium, 

 is the pressure,  is the Langmuir hole affinity parameter which characterizes the sorption 
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affinity for a particular gas/polymer system and  is the capacity parameter which describes 

the amount of the non-equilibrium excess free volume in the glassy state (Paul 1979). This 

model considers the combination of two phenomena: First, molecules are sorbed on the surface 

of cellulose and also in specific sites such as microvoids and then, molecules are sorbed through 

a dissolution mechanism within the amorphous regions of cellulose. These two phenomena 

result in the combination of a Langmuir’s isotherm (the first part of the curve is characterized 

by a concave shape) and a Henry’s isotherm (the second part of the curve is characterized by 

a linear evolution of migrant uptake over pressure) (Wang and Kamiya 1999; Tsujita 2003).  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure V-5. (A) Oxygen and (B) carbon dioxide isotherms of SCP ( ) and LCP ( ) at 
25°C, dote lines were the fitting of dual-mode sorption (C) /  selectivity of SCP ( ), 

/  selectivity of LCP ( ) 
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Table V-1. Dual-mode sorption parameters for SCP and LCP with oxygen and carbon 
dioxide 

 

 

 

 

 

The particle morphology had no significant impact on oxygen sorption, due to high standard 

deviation values. However, a tendency could be observed over the all P/P0 range, with a 

slightly higher oxygen sorption of SCP than LCP (Figures V-5A and V-5B), probably due to 

the lower cristallinity of SCP. As compared to water vapor, O2 sorption was less important 

due to the non-polar character of oxygen (Mensitieri et al. 1994; Cozmuta et al. 2006), with a 

maximal oxygen sorption around 0.05-0.06 g.g-1. These values are in agreement with data 

reported by Belbekhouche et al. for microfibrillated cellulose film (maximal oxygen sorption 

around 0.049 g.g-1) (Belbekhouche et al. 2011). This highlighted that the non-polar character 

of  had a preponderant effect on sorption phenomena, with no significant impact of 

morphology or crystallinity. 

Both samples sorbed more carbon dioxide than O2, which is classically observed in the case of 

biopolymers, including cellulose (Houde and Stern 1997; Chaix et al. 2014). As reported in the 

review of Chaix et al.(Chaix et al. 2014), the fact that  was found to be more soluble in olive 

oil and sunflower oil than in water was explained by the lower affinity of oxygen molecules for 

polar products (water) than for non-polar products (oils) (Pénicaud et al. 2010) As for ,  

solubility was found higher in fat products than in aqueous ones. However, in water, values of 

 solubility were around 25 times higher than that of  at 25 C (Carroll et al. 1991; 

Geankoplis 1993) and 10 times higher at 25 C in fat products (olive oil), which means that 

the solubilization of  would be more visible than that of  in all kind of substrates. As 

mentioned by (Frisch and Stern 1983), the higher solubility of  is directly correlated to its 

higher critical temperature. Logicaly, SCP, that sorbed more water vapor than LCP, also 

sorbed 2 to 3 times more  than LCP. At high  concentration, LCP sorbed around 0.04 

g.g-1 of  against 0.13 g.g-1 for SCP. This means that amorphous SCP displayed a higher gas 

selectivity than crystalline LCP (Figure V-5C). This phenomenon could be explained by a 

favored sorption of  due to specific interactions setting up between polar groups of SCP 

and  and to a better accessibility to sorption sites. It is worth noting that the discrepancy 

between SCP and LCP behaviors increased with increasing saturation pressure of . 

 Langmuir Henry 

  

  

(g.g-1) 

  

(Pa-1) 

  

(g.g-1.Pa-1) 

Oxygen in SCP 3.51 0.229 4.69 

Oxygen in LSP 3.94 0.253 4.93 

Carbon dioxide in SCP 4.14 1.124 2.70 

Carbon dioxide in LCP 1.15 0.614 2.19 
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Apparent gas diffusivity values in cellulose particles were estimated from Equation V-4 by 

considering a heterogeneous population of particles. Results are presented in Figure V-6A and 

mean values are shown in Figure V-6B. It was clearly visible that pressure had no significant 

impact of the apparent diffusivity. Small cellulose particles diffused two decades slower than 

long cellulose particles, thus the morphology impact significantly the apparent diffusivity. The 

long particles created more easily preferential paths of diffusion due to the higher elongation 

factor compared to the small cellulose particles. 

Figure V-6. (A) Apparent diffusivity of oxygen in SCP (•), carbon dioxide in SCP (•), 
oxygen in LCP ( ) and carbon dioxide in LCP ( ), (B) apparent diffusivity of both 

celluloses morphology (SCP and LCP) and both migrant (O2 and CO2) 

Regardless, of the migrant, oxygen or carbon dioxide, the apparent diffusivity was the same 

for the short cellulose particles around 5 x 10-12 m².s-1, the polarity of the molecule had no 

effect of diffusivity on amorphous cellulose. Nevertheless, for long cellulose particles, it was 

different, with carbon dioxide apparent diffusivity was 3 x 10-11 m².s-1 while with oxygen the 

diffusivity was 1x10-10 m².s-1. The non-polar character of oxygen leaded to a reduction of 

diffusivity in the long celluloses particles compared to polar molecule such as the carbon 

dioxide, oxygen molecules can probably be slow down with the crystallinity due to the apolarity 

of the oxygen. 
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V-4 Conclusion 
The water vapor, oxygen and carbon dioxide sorption kinetics as a function of gas pressure 

were evaluated by using a quartz crystal microbalance. Cellulose particles sorbed more water 

vapor than carbon dioxide and oxygen because of the affinity difference of molecules with 

cellulose. The most crystalline cellulose sorbed less molecules compared to amorphous cellulose. 

It has been demonstrated for water vapor in previous study and this is also the case for oxygen 

and carbon dioxide. The apparent diffusivities of oxygen and carbon dioxide at the scale of 

these cellulose particle were estimated. The results shown a reduction of diffusivity when 

cellulose particles were amorphous with an apparent diffusivity around 5 x 10-13 m².s-1 while 

with microcrystalline cellulose particles the diffusivity was 5 to 7 x 10-11 m².s-1. Regardless the 

gas used as penetrant (oxygen or carbon dioxide), the apparent diffusivities were the very close 

for the same materials and the same structure  
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Les résultats de ce chapitre ont montré que la nature du migrant impacte fortement les 

propriétés de transfert dans la cellulose. Les isothermes de sorption de l’oxygène dans deux 

morphologies de cellulose différentes sorbes quasiment la même quantité, les longues particules 

sorbent un peu moins à cause de leur cristallinité plus importante. Pour les isothermes de 

sorption du dioxyde de carbone, on a obtenu le même phénomène qu’avec l’oxygène, les petites 

particules de celluloses sorbent beaucoup plus que les particules allongées.  Ces deux gaz, 

l’oxygène et le dioxyde de carbone sont nettement moins sorbées par les particules de cellulose 

qu’avec la vapeur d’eau, principalement lié à l’affinité des molécules avec la cellulose. Les 

molécules d’oxygène et de dioxyde de carbone diffuse à la même vitesse dans les particules les 

plus fines. Le poids moléculaire, le volume des molécules et les différences d’affinité des 

molécules de gaz avec la cellulose engendre une variation de la quantité sorbée. Au niveau de 

la diffusion pour les particules allongées, l’équilibre est atteint quasi instantanément et il est 

fortement influencé par l’évolution de la concentration. Les coefficients de diffusion ont malgré 

tout été estimés. Le dioxyde de carbone diffuse plus lentement que l’oxygène dans les particules 
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allongées d’environ une demi décade. La polarité du migrant a donc un impact sur les particules 

allongées de cellulose microcristalline.  
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Conclusions, discusion générale, perspectives 

Rappel des objectifs et des choix scientifiques. La formalisation des relations entre la 

microstructure d’un biocomposite à renfort lignocellulosique et ses propriétés de transfert de 

matière se heurte aujourd’hui à un certain nombre de verrous. Le premier verrou est lié à la 

complexité des matériaux. L’évolution des propriétés de transfert est en effet toujours difficile 

à interpréter du fait des effets antagonistes de paramètres intrinsèques des charges de renfort 

qu’il est difficile, voire impossible, de discriminer, tels que la composition biochimique, la taille, 

la morphologie ou la cristallinité.  Le deuxième verrou est lié à l’évaluation des transferts de 

matière dans chacun des compartiments. On est aujourd’hui capable de mesurer les propriétés 

de transfert dans la matrice polymère et dans le matériau composite mais par manque de 

méthodologies fiables, les propriétés dans des particules perméables de taille micrométrique 

sont encore mal maîtrisées. Par ailleurs, il est difficile de quantifier, voire de prédire, l’effet des 

modifications structurales de la matrice polymère induites par l’incorporation de charges de 

renfort sur ses propriétés de transfert. L’hypothèse est donc généralement faite que les 

propriétés de transfert de la matrice restent inchangées. L’évaluation directe des propriétés de 

transfert de l’interphase est quant à elle impossible. Aujourd’hui, la seule façon de les estimer 

est de connaître la nature et la structure de l’interphase, ce qui constitue le troisième verrou 

majeur.  

Dans ce contexte, l’objectif de mes travaux de thèse était de développer des méthodologies 

robustes pour évaluer les propriétés de transfert dans des particules perméables de taille 

micrométrique et d’apporter des éléments de compréhension pour aller plus loin dans le 

développement de modèles de prédiction des relations entre la structure et les propriétés de 

transfert de matière dans les biocomposites, et d’ainsi être en mesure de concevoir à façon des 

matériaux biocomposites en fonction de l’application et donc des propriétés visées. Je me suis 

ainsi focalisé sur les deux questions scientifiques suivantes : 

 Comment évaluer les propriétés de transfert de matière (vapeur d’eau, oxygène et 

dioxyde de carbone) dans des particules lignocellulosiques de taille micrométrique, à 

l’échelle de la particule ?  

 Comment formaliser l’influence de l’interphase sur les propriétés de transfert de matière 

dans des matériaux biocomposites ?  

Afin de s’affranchir du verrou lié à la complexité des systèmes biocomposites, un composite 

modèle a été formulé à partir d’une matrice de polypropylène et de particules de cellulose ultra-

pure. Deux échantillons de cellulose présentant des différences significatives de morphologie ont 

été sélectionnées (petites particules quasi sphériques et particules allongées) de façon à étudier 
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l’impact de la morphologie de la charge sur les propriétés de transfert de matière. Nous avons 

volontairement choisi de ne pas utiliser de compatibilisant dans la formulation, de façon à avoir 

une interphase modèle dont la structure soit facile à analyser (vides interfaciaux liés à une 

mauvaise affinité entre la matrice polymère et les particules de cellulose). On s’est 

principalement concentré sur les transferts de vapeur d’eau du fait de la disponibilité des 

méthodes et des équipements pour évaluer à la fois des propriétés à l’échelle macroscopique tel 

que la perméabilité et à l’échelle de chacun des compartiments tels que la sorption ou la 

diffusion. De plus, le caractère hydrophile de la cellulose permet d’avoir des transferts de 

matière assez important et donc de pouvoir détecter sans difficulté des prises en masse. 

Le développement méthodologique s’est axé sur l’utillisation d’une microbalance à quartz 

(QCM) couplée à un système de mesure d’adsorption, en collaboration avec Vincent Rouessac 

de l’Institut Européen de Membranes à Montpellier. Il s’agit en effet d’un équipement qui 

permet de détecter des variations de masse très faible, de l’ordre de 10-7 µg pour les équipements 

les plus sensibles. De plus, la possibilité de travailler avec des quantités très faibles de matière 

(quantité maximale autorisée par l’équipement autour de 10 µg dans notre cas) permet de 

réaliser des mesures à l’échelle de la particule, moyennant bien-sûr une préparation adéquate 

de l’échantillon.  

Validation de deux méthodologies pour l’évaluation des transferts de vapeur d’eau 

dans des particules de cellulose micrométriques. La première partie de ces travaux a 

permis de développer deux méthodologies pour évaluer les propriétés de transfert de matière 

dans des particules de cellulose micrométrique. La première méthode est basée sur l’utilisation 

d’une microbalance à quartz (QCM) couplée à un système d’absorption pour mesurer les 

cinétiques de sorption à la vapeur d’eau de la cellulose, avec une prise d’essai variant entre 1 

et 1.5 g. Nous avons vérifié par des observations en microscopie électronique à balayage que 

les particules étaient bien isolées les unes des autres et qu’elles ne formaient pas d’agrégats. 

Nous avons ainsi considéré cette méthode comme la méthode de référence car nous avions la 

certitude que la sorption de vapeur d’eau se faisait à l’échelle des particules. La diffusivité 

apparente à la vapeur d’eau et les isothermes de sorption ont été estimées à partir de ces 

cinétiques de sorption, via l’utilisation de solutions analytiques dont le choix a reposé sur 

l’évaluation de la morphologie de l’échantillon. Nous avons montré que pour un facteur de 

forme inférieur à 2, les particules peuvent être assimilées aussi bien à des cylindres qu’à des 

sphères car les deux solutions analytiques donnent des valeurs similaires de diffusivités 

apparentes. Pour un facteur de forme supérieur à 2, la géométrie cylindrique est plus pertinente 

(Article 1). Nous ainsi pointé du doigt l’importance de déterminer précisément la morphologie 

des échantillons par analyse d’images et d’éviter tant que possible de faire trop hypothèses sur 

leur forme et leurs dimensions. Il est extrêmement rare, voire impossible, qu’une poudre soit 
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parfaitement monodisperse. Cette méthodologie a donc ensuite été adaptée à une population 

de particules hétérogènes en considérant une distribution 2D (longueur et diamètre de chaque 

particule) et en testant différents maillages et descripteurs de cette distribution (centre, 

médiane, moyenne). Les résultats ont montré que la non prise en compte de la distribution 

conduit à une sous-estimation de la diffusivité apparente à la vapeur d’eau dans la cellulose. Si 

le maillage de la distribution est suffisamment fin, nous avons montré que la médiane ou la 

moyenne de chaque classe peuvent être utilisées comme descripteurs, tandis que l’utilisation du 

centre de chaque classe est à proscrire (Article 2). La QCM présente l’avantage de pouvoir 

travailler avec des échantillons de très faible quantité avec une très bonne résolution, ce qui 

rend les durées d’acquisition très faibles (environ 1 heure pour une cinétique). Les deux 

inconvénients principaux étaient dans notre cas la difficulté à ajuster les différents paliers 

d’humidité relative et la préparation de l’échantillon. Il faut en effet s’assurer que l’échantillon 

déposé sur le quartz ne se décroche pas, que les particules soient bien dispersées et que la masse 

déposée soit compatible avec l’appareil. Plusieurs protocoles ont été testés pour déposer la 

cellulose sur le quartz. C’est finalement le dépôt sur le quartz d’une goutte de suspension de 

cellulose dans de l’éthanol, suivi d’une évaporation sous vide, qui s’est révélé être la méthode 

la plus appropriée. Par contre, il est de cette manière compliqué de contrôler parfaitement la 

quantité d’échantillon déposée. Il arrivait ainsi régulièrement d’être hors de la plage de mesure 

de la QCM. Enfin, la QCM utilisée est une QCM adaptée avec un système d’adsorption qui 

n’est pas commercialisable en l’état. C’est pourquoi nous avons cherché à développer une 

méthodologie baséee sur l’utilisation d’une DVS, équipement beaucoup plus répandu dans les 

laboratoires.  

Pour cela, une combinaison de protocoles de préparation de l’échantillon et de solutions 

analytiques a été testée, en considérant les résultats obtenus par la méthode QCM comme les 

valeurs de référence. Nous avons montré que l’utilisation d’un lit de poudre de masse la plus 

faible possible (1 mg), combinée à la considération de la géométrie macroscopique de 

l’échantillon pour le choix de la solution analytique et à la prise en compte de la porosité 

apparente du lit de poudre permettait de s’approcher de la valeur de diffusivité à la vapeur 

d’eau trouvée par la méthode QCM (Article 3). Dans la dernière partie de la thèse, nous avons 

initié des travaux pour valider ces méthodologies pour d’autres particules et d’autres migrants. 

Pour cela, une autre morphologie de cellulose a été testée avec un facteur d’élongation plus 

important et deux autres migrants ont été expérimentés : l’oxygène et le dioxyde de carbone. 

Dans le cas des particules les plus allongées, la sorption est très rapide, l’équilibre est atteint 

en moins de 10 secondes et la prise en masse est corrélée avec l’augmentation de la 

concentration, on n’est donc pas sûr d’avoir un comportement 100% fickien. De ce fait, les 

coefficients de diffusion estimés sur les particules allongées sont discutables et nous pouvons 
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émettre des doutes sur leurs fiabilités. Il pourrait donc, être intéressant de vérifier ses valeurs 

par une approche de modélisation par éléments finis. Il faudrait également passer par une autre 

solution analytique qui considère une condition aux bords qui varie au cours du temps (HR = 

HR(t)). Nous avons montré que la morphologie de la cellulose n’a pas d’impact sur les 

propriétés de sorption à l’oxygène. Par contre, nous avons montré que les particules longues 

sorbaient 2 à 3 fois plus de dioxyde de carbone que les petites particules. Au niveau de la 

diffusion, les particules courtes diffusent l’oxygène et le dioxyde de carbone à la même vitesse 

alors que pour les particules longues, la diffusion est accélérée de deux décades. L’oxygène 

diffuse plus vite que le dioxyde de carbone d’une demi-décade dans les particules longues de 

cellulose (Article 4). Comme pour la vapeur d’eau, l’évaluation de la diffusivité dans les fibres 

longues devra être revue. L’évaluation des propriétés de transfert d’oxygène et de dioxyde de 

carbone à l’échelle de particules micrométriques est une première.  

Les perspectives de ces travaux de recherche sont de valider ces deux méthodologies (QCM et 

DVS) pour la caractérisation des propriétés de transfert de vapeur d’eau à l’échelle de la 

particule micrométrique dans des particules lignocellulosiques de compositions contrastées et 

des particules plus ou moins allongées. Dans le cas de la QCM, la principale difficulté sera de 

s’assurer que les échantillons lignocellulosiques ne se décrochent pas.  Les travaux portant sur 

l’identification des diffusivités dans les particules, et notamment les particules longues, devront 

être approfondis pour valider les premiers résultats. Pour l’estimation de la diffusivité, il a été 

observé pour certains échantillons que la prise en masse de la cellulose était directement corrélée 

à l’évolution de la concentration du migrant. Or les solutions analytiques utilisées ne prennent 

pas en considération cette corrélation, elles considèrent une concentration constante. Il faudrait 

donc essayer de nouvelles approches pour estimer les diffusivités apparentes en prenant en 

compte cette évolution de la concentration.  

 

Formalisation des relations structure/propriétés de transfert dans un système 

biphasique. La deuxième partie a été consacrée à la formalisation des relations 

structure/propriétés de transfert de matière dans les biocomposites PP/cellulose. Un premier 

volet de l’étude a porté sur la caractérisation des propriétés de transfert de vapeur d’eau et 

d’O2 dans les biocomposites (Article 4). Nous avons montré que l’incorporation de charges de 

cellulose conduit à une augmentation de la sorption et de la perméabilité à la vapeur d’eau, 

alors qu’une diminution significative de la diffusivité apparente à la vapeur d’eau est observée. 

La perméabilité à l’O2 est quant à elle légèrement réduite avec l’ajout des particules de cellulose 

(Article 4). Une approche de modélisation biphasique pour estimer la diffusivité apparente a 

été menée en considérant la matrice comme une phase continue et les particules de cellulose 
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comme une phase discontinue. L’organisation in situ des particules a été caractérisée par 

microtomographie aux rayons X en collaboration avec Sabine Rolland du Roscoat et Laurent 

Orgéas du laboratoire 3SR de Grenoble. Les résultats ont montré une différence entre cette 

modélisation biphasique et les propriétés du composite mesurées. Nous avons fait l’hypothèse 

que les propriétés étaient constantes en tout point de la phase, alors qu’il pourrait exister un 

gradient de propriétés. Dans cette approche, aucune résistance aux transferts n’a été prise en 

compte, ainsi, l’interphase a été négligée et peut potentiellement influencer les propriétés 

macroscopiques du matériau composite (Article 5). Ces travaux de recherche ont permis de 

caractériser des propriétés de transfert de vapeur d’eau et de gaz (sorption et diffusion) à 

l’échelle de la particule. À partir de ces caractéristiques et connaissant les propriétés de transfert 

de la matrice seule et du composite, des propriétés de l’interphase particules/matrice peuvent 

être estimer indirectement. Pour cela, il est important de bien connaître la microstructure du 

composite ainsi que la surface de l’interphase. La caractérisation de la microstructure a été 

réalisée par tomographie aux rayons X. L’analyse a été possible grâce à la différence de densité 

entre le polypropylène (0.91 g.cm-3) et la cellulose (1.56 g.cm-3). Par contre la caractérisation 

de l’épaisseur de l’interphase reste encore assez complexe. En effet, on s’attendait à avoir la 

présence d’une interphase du fait de la mauvaise affinité entre le polypropylène et la cellulose 

or il se trouve que quelles que soient les techniques de caractérisation étudiées : micro-

tomographie aux rayons X (résolution 0.65 µm) ou AFM (résolution 0.1 µm) aucune interphase 

n’a été observée. Cela signifie que cette interphase a une épaisseur inférieure à 0.1 µm, ou bien 

que le contraste de phase ou de densité entre l’interphase et la cellulose ou le polypropylène est 

très proche, ce qui ne permet pas de distinguer l’interphase des deux autres constituants. Nous 

pouvons donc penser qu’il n’était pas forcément aberrant de négliger l’interphase dans une 

première approche de modélisation. Cependant, au MEB, sur des échantillons fracturés avec 

de l’azote liquide, une interphase était observable. Cette interphase a probablement été générée 

par les contraintes mécaniques exercées sur le matériau lors de la fracture à l’azote liquide. 

L’interphase observée au MEB ne représente donc en aucun cas l’interphase réellement présente 

dans le composite. Ce composite modèle PP/cellulose n’était pas un composite si simple à 

étudier. En effet, la cellulose amorphe (les particules courtes) se recristallise au cours du temps 

avec l’évolution de l’humidité relative alors que la cristallinité reste stable pour la cellulose 

microcristalline (les particules longues). Les batchs commerciaux de cellulose utilisés sont très 

polydisperses en taille, il est nécessaire de passer par des étapes de tris pour obtenir des 

populations plus homogènes.  
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La macrostructure du matériau, que ce soit à l’échelle des particules divisées, du lit de poudre 

ou des matériaux composites évolue forcément au fur et à mesure de la sorption d’un migrant : 

gonflement, modification de la porosité, réaction chimique du migrant le matériau, or toutes 

ses évolutions ont été négligés dans les approches de modélisation. Il faudrait intégrer ses 

différentes évolutions dans les modelées de diffusion pour obtenir des résultats plus précis.     

Les connaissances sur les propriétés de transfert de matière dans l’interphase restent encore 

très limitées. En effet, on ne sait pas si cette interphase est constituée de vide et posséderait 

des propriétés isolantes ou au contraire si cette interphase est constituée d’air humide ou de 

‘matière solide’ ayant des propriétés différentes. Il faudrait être en mesure de bien caractériser 

la structure de l’interphase pour pouvoir être en mesure d’estimer les propriétés de transfert de 

matière de ce constituant. La meilleure des techniques de caractérisation serait d’utiliser la 

tomographie aux rayons-X avec des résolutions très fines de l’ordre du nanomètre, cependant, 

il faudra trouver un compromis entre la taille des particules et la résolution de l’appareillage. 

Il est difficile d’observe des particules micrométriques avec une résolution nanométrique. Il 

pourrait être envisageable de tester des nanofibres de cellulose à la place des particules 

micrométriques pour évaluer la structure de l’interphase.  
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Formalization of structure/mass transfer properties relationships in model 

biocomposites 

The objective of this thesis is to formalize the relationships between the structure and mass 
transfer properties (sorption, diffusion, permeability) in biocomposites for food packaging. It 
raises two main scientific questions: (i) how to evaluate the mass transfer properties in 
micrometric size vegetal particles and (ii) how to formalize the impact of the interphase on mass 
transfer properties by using experimental and modeling approaches. For this purpose, a model 
system has been considered, i.e. a biocomposite polypropylene (PP)/micrometric cellulose 
particles, produced by melt extrusion. The first part of this work focuses on the development of 
reliable methodologies to characterize mass transfer properties in micrometer size particles. A 
new method based on the use of a quartz crystal microbalance coupled to an absorption system 
has been developed and critically compared to classical methods such as DVS. The accurate 
characterization of the particle morphology distribution is a key point for estimating diffusivity 
parameters. The second objective is dedicated to the quantitative characterization of the 3D 
microstructure using X-ray micro-tomography. Structural parameters are used in biphasic and 
triphasic (consideration of the interphase) models of mass transfer. This thesis brings new 
knowledge in the modeling of structure/mass transfer properties relations in biocomposites, 
which is the necessary step for developing biocomposites based on a reverse engineering approach. 

Keywords: biocomposite, cellulose, microstructure, mass transfer properties, modeling  

 

Formalisation des relations structure/propriétés de transfert de matière dans un 

biocomposite modèle  

L’objectif de ce travail de thèse est la formalisation des relations entre la structure et les 
propriétés de transfert de matière (sorption, diffusion, perméabilité) dans des matériaux 
biocomposites pour l’emballage alimentaire. Pour cela, la thèse se focalise sur deux questions 
scientifiques majeures : (i) comment évaluer les propriétés de transfert de vapeur d’eau et de gaz 
dans des particules végétales de taille micrométrique et (ii) comment formaliser l’influence de 
l’interphase sur les propriétés de transfert de matière en utilisant des approches expérimentales 
et de modélisation. Pour cela, a système composite modèle a été utilisé : un biocomposite 
polypropylène (PP)/particules de cellulose micrométrique produit par extrusion. La première 
partie de ces travaux est axée sur le développement d’une méthodologie fiable pour caractériser 
les propriétés de transfert dans des particules de taille micrométrique. Une nouvelle méthode ad 
hoc couplant microbalance à quartz et cellule d’absorption a été développée et comparée aux 
méthodes gravimétriques classiques telles que la DVS. La caractérisation fine de la 
taille/distribution en taille des particules est une étape essentielle pour garantir la fiabilité de 
l’estimation des paramètres de diffusion. Le deuxième objectif s’appuie sur une caractérisation 
quantitative fine de la structure 3D des matériaux composites (micro-tomographie X). En 
finalité, ces travaux de thèse permettent d’aller plus loin dans le développement de modèles 
prédictifs des relations entre structure et propriétés de transfert de matière, ce qui est l’étape 
nécessaire pour développer des matériaux biocomposites basés sur une approche d’ingénierie 
inverse. 

Mots clés : biocomposite, cellulose, microstructure, propriétés de transfert de matière, 
modélisation 


